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SUMMARY L

This theslis feports on an experimental investigation
into the trailing edge pressure and losses of a symmetrical
isolated aerodynamic body uncder transonic flow conditions.

Tests were made in the 4" x 4" transonic wind tunnel at the

University of Liverpool.

The test programﬁeincluded bleed through three
different base configurations and the effect on base pressure
and losses. LExperimental measurements included base pressures,
static pressure variation over the model surface and wake
total pressure traverses, Schlieren photogfaphs were taken
and samples of these are presented to indicate the nature of

the flow in the wake region.
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HOTATION

C chord length

& centre line

Cpb _base pressure coefficient

Cq m/@w- U 2hs

Cv | viscous loss coefficient

h semi-thickness of base

L length of splitter plate

m base bleed mass flow |

M Mach nunber based on settling chamber total pressure

;E, Hach number at the edge of the boundary layer at a
distance of 0.03" upstream of the trailing edge

Me, Mach number at the edge of the boundary layer at a
distance of 0.4" upstream of the trailing edge

Mi Mach number of a layer in the boundary layer (Fig.l)

Moo Mach nunber based on settling chamber total pressure
and plenun chamber static pressure

MDp Mach number calculated from pitot-static tube

n Vortex shedding frequency

Pb base pressure

Po pitot total pressure (corrected for shock)

Po., settling chamber total pressure

P, plenum chamber static pressures

8 span

U | local veiocity

Ue velocity at edge of boundary layer

Uoo free strean velocity

wd transition wire diameter

Xe¥ cartesian co-ordinates

X, angle of incidence

Peo free streax density

S boundary layer thiclkness

S boundary layer momentum thicliness

6 boundary layer displacement thickness

]

ratio of svecific heats



1. INTRODUCTION

Interest in the practical use of aerofolil sections vith
traliling edges of fairly large thickness has been aroused

during recent years in the aircraft gas turbine industry.

The demand for lncreased efficiency ancd especially the develop-
ment of the high bypass ratio engine has pushed the tenmperature
of the gas upwards so that blade cooling is increasingly
necessary to reduce metal temperatures. One of the proposed
systens for the cooling of the blade involves ejection of

the coolant gas through the trailing edge. To facilitate

this the tralling edge of the blade has to be iﬁcreased in
thickness aﬁd‘as a consequence this creates a blunt base.

It has long been recognised that an essential feature of
the flow past a blunt tralling edge is the flow separation at
the trailing edge and the existence of a low pfessure region
behind the separation point as compared with.thé pressure in
the undisturbed stream. There is a high value of total
pressure loss as a consequence of the separated region behind
the trailing edge and the low value of base pressure. This
loss is particularly high in the transonic flow reginme.

7hile analytical approaches have not been able to keep
pace with the need for reliable design data a great number of
experimental Investigations have helped establish the significant
paraneters influencing the base pressure.

The object of this investigation is to compare the base

pressure and losses in the walte of three base configurations

with and without the ejection of air through the base. The



base geonmetries investigated are that of a rectangular slot;
a series of circular holes and finally a series of flared
holes. For the latter base geometry the hole dlameters at
inlet are the same as those for the circular holes but they
nerge together at their outlets. The flared holes were
manufactured at Rolls-Royce as an insert to the model: this
was done by electrochemical means using a nimonic material.
It is anticipated that this geonetry will renresent the nost
relevant fornm for a possible production blade. All the base

cross-sectional areas are the same. TFor detalls of the base

geonmetry see fig. (12).

%

The work.haé been carried out on a simple isolated
aerodynanic body since the objective was to investigate the
nature of the flow round the base.

Finally, the author must direct attention to the work
of Kadir (Ref. 24) from which this thesis follows on.
Numerous refersances will‘be made to his work, and where

applicable his results will be reproduced for the purvose

of comparison.

2e aEVIEVY OF PREVIQUS WORK

This chapter presents a review of recent experimental
and theoretical research on two-dimensional base flows., The

nain object is to illustrate the extent to which the basic

nature of the flow is understood in each of the flow regines:

suhsonic, transonic and supersonic.



2.1 Subsonic flow

One essential feature of subsonic base flows is the

periodic shedding of vortices. This was first demonstrated

by Hoerner (Ref. 1,2) when investigating base flows on
aerofoils. He found that for both aerofoil and backward
facing step the base drag depended on the ratio of the base
height to that of the boundary layer thickness ahead of the
base. However, the two sets of resulis remained distinct

from one another, the base pressure on a blunt-trailing-edged
aerofoll being rather less than that on a backwagd facing step
for the same ratio of base height to boundary layer thickness.
Hoerner attributed the discrepancy to the exdstence of a
RKarman vortex street in the wake of the aerofoil, whereas in
the case of a backward facing step the presence of a dowvm
stream wall inhibited the formation of any such vortex system.

In support of this was the work conducted by Roshko
(Ref. 3, 4) on cylinders. He was able to show that as a
splitter plate was moved downstream out of the body the base
pressure rose and the shedding frequency of the periodic
vortices decreased. Tﬁomann (Ref. 5) conducted some tests on
a single-wedge at M = 0.556 to show that as the length of the
splitter plate was increased the point at which the vortices
formed was pushed further downstream and their strength
reduced.

Thonann suggested that the likelihood of the walke
breaking down into strong vortices was greatest when the shear
layers springing from the body surface were thin compared twith
the distance between them. Thus the action of the splitter
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plate was to allow the shear layers to diffuse to some extent
before they were free to engage, thereby reducing the severity
of any possible instability. The concept that wake instability
is attenuated by the reduction or cancellation of the large
transverse velocity gradients is in accordance with the
conclusions of Hoerner who polnted out that the base pressure
on wings with only a small trailing-edge thickness, where the
veloclity gradients are quicXly cancelled by the merging of the
shear layers, tended towards the values for the backward facing
steps. 1t has since been showvm, however, that the periodicity
1s still present on sections with a very small base height.

Presumably the strength of the vortices is then greatly

reduced.

2.2 Transonic flow

Apart from a very few measurements of base pressure
through this speed range (Ref. 6, 7, 8, 9) little advance in
understanding of transonic base flow has been made.

The breakdown of the wake into periodic vortices which
dominated the flow picture at low subsonic speeds extends
through the transonic range also and values of the base pressure
on models with a severe degree of trailing-edge bluntness are

found to be considerably lower than could be estimated fronm

tentative steady-flow calculations.

With an increase of Mach number from subsonic speeds,
shock waves develop on the body surface and the novement of
these towards the tralling-edge appears to be associated in

sone cases with small rizes and falls in base pressure.



Further increase in Mach number causes the shocks to trail

behind the section at the end of short well-defined shear

layers extending almost parallel to each other downstreanm of
the tralling edge. In this condition there is a complicated
interplay between movements of the trailing shock system and

the formation of the vortices. Measurements (Ref. 10) have

showm. that the Strouhal number (non-dimensional vortex shedding

frequency“nh/Um) increases through this short Mach number

range. The walke dovnstream of the trailing shock waves
spreads out, accompanied by the fall of the base pressure
coefficient to a minimum value.

- A small increase of Mach number from this condition causes

an abrupt change in flow pattern. The shear layers from the

body surface now turn sharply at the tralling edge and converge
to a narrow walst apvroximately two base-heights dovmstream.
There is a short Mach number range in which the trailing

shocks are bifurcated but very shortly the more familiar
supersonic type base flow with a simple trailing shocl: system
is established and further increase of Mach number does not

produce any significant shange in the flow picture. Between

Mach numbers of 1.0 to l.4 the intensity of the vortices does
not appear to be very great but there is no evidence that the
periodicity entirely dies out at higher Mach numbers. Indeed
certain.Schliergn photographs (Ref. 1ll) suggest that discrete

eddies may persist in the wake behind the blunt trailing edge

sections even up to M = 4. Above a Mach numer of 1.4, however,

1t can be safely concluded that any instability which persists

will no longer have a significant'effect on the base flow.



2.3 Supersonic flow

In supersonic base-flow, the shear flows originating in
the boundary layers on the body surface are deflected by
centred expansions at the trailing edge to converge to a narrow
waist a short distance dowm-stream of the base. The base
pressure depends on the ability of the shear layers to negotiate
the sharp pressure rise through the region of confluence: the
low velocity fluid in the shear layers is reversed to form a
slowly circulating vortical flow in the cavity while the higher
velocity fluid is able to overcome the pressure rise and escape
into the dowvnstrean walke.

When the flow in the early part of the waike is entirely
larinar or entirely turbulent the problem is simplified and the
dependence on other parameters can be examined in more detail.
Tests have showm that‘the base pressure is a function of the
thickness of the boundary layer on the body surface just
upstrean of the trailing edge. At a given Mach number the bése

pressure increases with the ratio (th) of the boundary-layer

momentun thickness to the base height (Ref. 12, 13, l4). As

yet there is insufficient data to predict accurately the base

pressure given the conditions of the boundary layer on the

surface of the body.

Geometrical parameters such as body shape appear to
influence the base pressure on two-dimensional sections mainly
in the way they control the effect of the boundary layers on
the base flow. Numbers of experiments have been nmade to
measure the base pressure on wing nodels over a range of

incidence (Ref. 16) but any effect was very slight so long as




the flow remained attached to both surfaces and in different
cases an increase or a decrease in base pressure was observed.
Section boat~tailing appears to have a larger effect than angle
of attack (Ref. 15, 16). Slight positive boat-tailing, i.e.

with section thicltness decreasing towards the trailing edge,

gives a small increase in base pressure until the boundary layer

separates from the afterbody.

2.4 The reduction of base drag

Base drag constitutes an appreciaﬁle part of the total drag.
MacMartin and Norbury (Ref. 17) found that in a particular
supersonic turbine cascade a very large proportion, perhaps 80
to 90 per cent, of the high value of total pressure loss was é
consequence of the thickness of the trailing edge and the value
of the base pressure coefficient.

ExXperiments concerned with the reduction base drag can
usually be divided into two groups: the first is concerned

with the use of mechanical devices; the second with the ejection
of alr through. the base (base bleed).

The most common mechanical device is the splitter plate.
This 1s a thin, two-dimensional flat plate extending into the
wake from the centre of the base. This device works on the
principle that it interferes vith and suppresses the formation
of a vortex street. Such methods have resulted in a 50%
reduction of base drag.

Bearman (Ref. 18) investigated the effect of varying the

length of a splitter plate on the subsonic base drag. He found

that the base pressure rose rapidly as the length of the splitter



plate was increased. When the ratio of the length of the

splitter plate to the height of the base was unity the base

pressure was a maximunm. Thereafter the base pressure decreased
until.(L/Zh) was approximately equal to 1.5 aand then the base

pressure began to rise again.

The effect of the splitter vlate on base drag reduction

decreases as the Mach number is increased.

Another device which has been found to reduce the base drag

is a trailing edge cavity. Little is known about the effects of
cavity geometry in the simple case of no base bleed., The test
reported in Ref.(10) showed a reduction in base drag of about
20 per cent for a square cavity of stream wise depth equal ©o
the trailing edge thickness. '

A ﬁost extensive study of the effect of trailing edge
configuration on base drag was conducted by Jaspel (Ref. 19).
Such configurations as square cut, half rounded, rounded bevel

and flat bevel shapes were conmpared. He found that the drag

for rounded bevel and flat bevel shaped trailing edges was less

than that for the more conventional square cut or rounded
trailing-edge nodels for the same ratio of tralling edge thick-

ness to chord. The effect of ~cavity or base bleed on drag was

not investigated.

The other group of experiments concerned with the reduction
of base drag is that involving base bleed, i.e. the continuous
ejection of alr through holes in the base. Sone early
exploratory work on base bleed was done by Holder and this was
followed up by some tests on the same model by Moulden (Ref. 20).

This work established that significant reductions in drag could

be achlieved over a range of bleed quantities. Fron the worl: of



Bearmen (Ref. 21, 22) and Woods (Ref. 23) it is clear that base
bleed affects the vortex formation in a sirmilar manner to that

of the splitter plate, but the general question of the mechanisn

behind the effect of bleed on the base flow has not yet been
elucidated.

2.5 The flow in the base rerion

M

The steady flow in the wake behind the base of a

synmetrical aerofoll at zero incidence is assumed to be

symmetrical about the centre line.

FMg. 1 shows sketches of the base flow at subsonic and

supersonic speeds. The flow separates at S and reattaches at

R. Thus a dead-alr region (SRA) is formed in which the

velocity is low and the pressure is assumed to be constant

everywhere and equal to the base pressure. The streamline SR

is called the dividing stream line.

Because of the viscous interaction between the external

stream and the flulid inside the dead-air region, a mixing layer

which is called the free shear layer is developed after

separation and entrains fluid from the dead-alr region. Since

the mass in this region must be conserved, a recompression is

needed at the reattachment zone to slow dovn and eventually

reverse part of the free shear layer back to the dead-alr region.

The reconpression process was investigated by Xadir.

™Mg. 3 shows sone of his results. It is seen from these results

tnat the pressure renains almost constant and equal to the base

X
pressure for a distance of about /2h.= 2/3. Thereafter, the

pressure starts to rise rapidly and the flow reattaches in a
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region where the pressure is still rising. There is an

appreciable pressure to be recovered by the flow between the
reattachment point and far down stream. ZEZventually, the rate
of the pressure rise becomes smaller and the flow presumably

will recover to the free strean conditions far dowvmnstrean.
The adverse pressure gradient facilitates flow reversal and
hence returns nmass that has been entrained by the shear layers.

The features which distinguish boundary layer separation
at a corner fron the usual boundary layer separation are the
sigﬁand nagnitude of the pressure gradient. In the classical
separation the shear stress is zero at the point of separation
and the pressure gradient is adverse causing the boundary layer
to thicken, whilst at a corner the shear stress is high but

finite and the pressure gradient is favourable causing the

boundary layer thiclkness to decrease. Iig. 2 shows the flow

approaching a corner wvith a boundary layer thiclkness 5,, and

expanding at the base to form a new boundary layer of thickness

8, Just after separation.

The shape of the boundary layer velocity profile just after
separation will play an important rols in governing the rate of

fluid entralnment by the free shear layer and hence the base

pressure values.

The relationship between base pressure and Maca number for

s particular case can be seen in Flg. 4 which is reproduced from

Kadir's work.

In that part of the curve marked AB the flow up to the

trailing edge is subsonic. As'ﬁé, is increased towards unity,

boundary layer thinning occurs. Together with increased flow

speed, entrainment is increased, and increased flow reversal
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produces a reduction in the base pressure.

At B the value of-ﬁ;‘ becomes unity. TFrom thnis point a
Prandlt-Meyer expansion centred near the corner causes the flow
to turn towards the centre line. As'ﬁé. increases beyond unity,
that part of the curve marked BC, tne angle of turn increases
rapidly causing increased entrainment and rapid reduction in

base pressure.

In MMg. 4 is showm Kadir's plot of the Prandlt Glauert

solution:
Pb 1 + ¥Mso Cpi
S -_—
Peo 2(1-Mg )?

wﬁere Cpi is the equivalent pressure‘coefficient for
incompressible flow. For Cpli Kadir used experimentally
measured values recorded by éibbings and Sproston (Ref. 26).
There 1s seen to be excellent agreement when the flow in the
mainstrean is subsonic.

At the point marked C, Ph/Px,is at a nininmunm value.

It is interesting to note that the minimum value of pb/Pw,
occurswhen the Mach numbér jusf ahead of the trailing edge
(ﬁ%l) is approxdmately l.42. According to Weinbaum's analysis
(Ref. 25), 1f the supersonic portion of the boundary layer is
assunied to consist of an infinite nunber of layers with slightly
different Mach numbers, then there will be waves reflecting from
the slip lines that separate these layers, see Fig. 5. 1If
Mi <JQ or Mi YW then the reflected waves are compression and
expansion twaves respectively. These waves will reflect at the

sonic lines as waves of different signs. Therefore, compression

waves are reflected as expansion waves at the sonic line as
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shovn in Fig. 6a. Both these sets of waves are such as to
jncrease the angle through which the flow turns. The lncrease
in the degree of expansion will increase the thinning of the

boundary layer at separation, leading to a more vigorous
entrainment effect, and consequently Pb/Px,will decrease.

whenMi?hﬁf; then the reflected expansion waves will reflect
as compression waves at the sonic line as shown in Fig. 6b.
Now both sets of waves are such as to decrease the deflection

of the flow. The reduction in the degree of expansion, vwill

reduce the thinning of the boundary layer at separation and
Pb/p

consequently w Will increase.

3. APPARATUS

3,1 The transonic wind tunnel

The tests were carried out in a transonic wind tunnel with

slotted walls (Fig. 7). |
The test section is nominally 4" by 4" with slotted upper

and lower surfaces. In each wall there are slots having a total

open to closed area ratio of 1/14.

Schlieren glass windows are provided on the two solid side
walls of the test section to enable flow visualisation.

The general layout of the closed air circuit for the
transonic wind tunnel is showmn in Fig. 8. The air is passed
through a filter on an intake valve which is controlled by a
remote control pressure regulator in the wind tunnel roon.

The air is compressed by a 4 stage turbo air compressor up to
three atmospheres absolute,

The compressed air is then passed through an after cooler
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and a settling chamber before entering the slotted wind tunnel,
an after cooler by-pass being provided for fine temperature
adjustment. After leaving the tunnel, air is c¢cycled back to
the intake valve. The huridity of the closed circuit air can
be controlled by passing some of the air through a dryer.

A pitot-tube is provided in the settling chamber for

nmeasuring the total pressure. The settling chanber temperature

is measured using a thermocouple.
To measure the boundary layer velocity profile and to
investigate the wake, pressure probes can be inserted inside

the working section through the solid side wall. A traverse

gear is designed for this purpose. VNovement along the length

of the tunnel was facilitated by a crank and pinion mechanisn,

with the crank shaft extending through the tunnel wall. A

rotation of I.OO of the cranlkk (measured with the use of a

protractor as a dial) produced 0.001" movement of the probe

~along the length of the tunnel. Vertical movenment was

measured by the use 0f a dial-gaunge graduated in intervals of

0.001".

3.2 The base bleed air supvly ézstem

Fig. 9 shows the bleed air supply system. Air from the
reciprocating compressor passes through throttle valves, a
pressure control valve and an orifice plate. The orifice plate
is nade according to B.S. specifications with inside and
outside diameters of 27/32" and 13" respectively. A thermoumeter

is used to measure the air total temperature downstreanm of the

orlifice.
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5.5 ZIhe test models

Fig. 10 shows the rodel dimensions. The nodels are
synnetrical about the centre~line with pressure tappings on
both upper and lower surfaces and at the base (Fig. 1ll).

For the circular hole base and the flared hole base the base
pressure tapping was situated above the centre-~line of one of
the holes near the centre of the base. The three models used
are identical in form and dimensions and only differ in the
nature of their base geonmetries (Fig. 12).

To provide for the base bleed, the models are hollow with
an alr inlet port through each side.

The aft part of the model is'designed wvith a contour
similar to that of a supersonic nozzlé, in which the contour

must first curve outward and then backward until it is
parallel to the flow direction.

The nodel can be set at different angles of incidence
with resvect to the tunnel. In this way different lMach number
distributions can be created on the upper and lower surfaces
of the model. 1In particular, ﬁifferences of Mach nunber and
boundary layer thickness across the trailing edge can be
obhtained to simulate conditions at the trailing edge of a

turbine bhlade.

5.4 The pressure probe

The measurement of static pressures in the transonic

flow reglime presents some difficulty. In this flow regime

the static pressure tapping does not give an easily interpretable

measurecent. However, experimental results (Ref. 27) have
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shown that by using a conical probe, a correction of 0.002 to
0.004 is needed for the Mach number correction over the range

of 0.98 to 1l.2.
The probe (Fig. 13) was calibrated in the uniform flow

in the otherwise empty test section; the static pressure
tapping beiﬂg at the same streanwise position as that of the
plenum chamber tappings. It was assumed that there was no
difference between the static pressure recorded by the plenun

chamber tappings and the true static pressure of the undisturbed

flow. Fig. 14 shows the calibration curve for the pilot-static

probe.

. XPERIMENTAL PROCEDURE

Two identical circular wires were fixed along the span on
the upper and lower surfaces of the model at a chord-wise

distance of 0.475" from the leading edge. The purvose of the
wires was to fix transition at the wire pgsition and to afford
a variety of boundary layer thicknesses. KXadir in his investi-
gation on the slotted model.uséd two vire diameters: 0.007"
and 0.024", TFor comparison vwiith Kadir's results and invesitigation
of the effect of boundary layer thickening, a palr of 0.092"
diameter wires was attached to the model with a slot base and
a pair of 0.007" diameter wires was attached to each of the
other two models.

The model was aligned at zero angle of incidence by

balancing the pressure recorded by the tappings on the upper

and lower surfaces.
The base pressure was investigated for a free stream Mach

nunber range of 0.6 to 1.3,



16

De EXPERIMZNTAL RESULTS AND DISCUSSION

5.1 Surface pressure distributions

These are showvm as a variation of Mach number corresponding
to local static pressure on the upper surface of the model.

Figse 15 (a, b, ¢, d) show surface Mach number variation
forithe slotted base with zero base bleed flow and a transition
wvire diameter of 0.092",

For 0° incidence there are two principal features, the
first being the penetration of the low base pressure upstream
of the trailing edge gliving expansion towards the corner. The
distance to which the low base pressure penetrates upstrean
dininishes with increasing liach number. The second principai
feature is that for lMach numbers greater than 0.85 a surface
shock wave develops.

At 2° incidence the surface pressure distribution is very
much the same as for 0° incidence.

When the angle of incidence is 40 the shock wave causes
separation of the boundary layer from the model surface for
Macﬁ nunbers of 0.9 and 1.,0l. At a }Mach number of 1.15 the flow
has reattached to the model surface.

For an angle of 6° the shocks have increased in strength.
The flow is separated at the trailing edge for Mach numbers of
0.935 to 1.07, and reattaches at a llach number of 1.16. It is
apparent that as the Mach number is increased the position of
the shock wave moves towards the traliling edge.

Figs. 16 (a, b, ¢, d) show surface Fach number variation

for the circular hole base with zero base bleed flow and a
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transition wire diameter of 0.007".

For 0° incidence the penetration of the low base pressure

upstrean is again evident.

At 2° incidence the surface pressure distridbution is very

much the same as for 0o incidence.

At 40 incidence, separation of the flow fro: the model
surface occurs at Mach numbers of 0.8 and 0.9. The flow
reattaches at a Mach number of 1l.0.

For 6° incidence the flow is separated for lach numbers of

0.9 and 1l.0.

Generally, the same features occur for the circular hole
base as for the slot but the general level of Mach number over
the dovmstream part of the blade is lower than in Figs. 15 and
therefore lower than in Kadir's case. This implies higher
values of static pressure, less diffusion and therefore thiclker
boundary layers (for wd = 0.007") than in Xadir's at the
trailing edge.

Tig. 17 shows the surface lMach number variation for tae
flared hole base with zero base bleed flow and a transition
vire diameter of 0.007".

The results are similar to Fig. l6a for the circular hole

base.

5.2 Boundarvy layer traverses upstream of the trailinz edge

Boundary layer measurements were talten at O0 incidence and
at a point 0.4" upstream of the trailing edge. At this point

the pressure gradient in the stream-wise direction was small.

Therefore, the static pressure across the boundary layer was
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assuned constant and equal to the pressure recorded by the
surface tapping at that point.

Figs. 18 (a, b, c) are non-dimencsional and show the same
general forn of velocity distribution. A near-~correspondence
vith the 1/7 power law confirms that the boundary layers are
turbulent.

Table 1 gives the boundary layer nmomentum and displacemeqt
thicknesses for M= 0.6, 1.0 and 1.3 for the three models and
their respective transition wire diameters. Table 2 shows the
boundary layer characteristics as neasured by Kadir on the
slotted model for transition wire diameters of 0.007" and 0.024".

Comparing the results for the slotted model shows that as
the transition wire diameter is increased so is the boundary
layer thickness (and as a consequence so is the base pressure).
This 1s discussed further in section 5.3.

The effect of increasing the Mach number is to reduce the
boundary layer thickness.

The boundary layer characteristics for the circular hole
and flared hole base are virtually identical. Conmparison of
these results with those measured by Kadir on the slotted base
with a 0.007" diameter transition wire shows that in all cases

the boundary layer thickness on the slotted base is larger.

5> Base vpressure - slotted base, 7d = 0.092"

Figs. 19 (a, b, ¢, d) show the variation of pb/Pm, vith
Mach number for the slotted base with a transitionwvire diameter

of 0.092", Kadir'!s results for thinner transition wires are

also shovm.
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For 0° incidence the results for wd = 0.092" lie everywhere
above those for wd = 0.024" and wd = 0.007". Thus a thicker

boundary layer gives a higher value of Pb/E.,a.
As the Mach number (M,) is increased Pb/PM, decreases to a
mininunm value at which M, is approxinmately 1l.1l. Thereafter?b/Rw

Pb/ F.is a

increases as the ifach number is increased. ‘hen
minimum, Me, (the Mach number at the edge of the boundary layer
0.4" upstrean of the trailing edge) is approximately 1l.27 and
Me, (the Mach number immediately before the tralling edge) is
approximately l.41l. Thlis evidence supports the hypothesls given

- 4n section 2.5.

For M approximately equal to 0.8 (Eél" 1.0), Pb/

Peo
begins to fall more rapidly than for lower Mach numbers. This
is in accordance with the idea that as the Mach number at the
point ﬁf separation becones unity a Prandlt-Meyer expansion
develops, causing the flow to turn more severely, which results
in greater entrainment in the shear layers and as a consequence
the base pressure decreases.

For 2° incidence and a Mach number of 0.6 there is very
little difference in = °/P, to that at 0°. For 0.7< } & 0.85
the greater diffusion on the blade surface gives a thicker
boundary layer and therefore less entrainment. This leads to
a higher ° °/P, value. At My = 0.85 (fe,~ 1.0) T°/P begins
to fall more rapidly (as for < = 00) but diffusion is greater
and therefore P17'/?,,‘,‘:, remains higher. At M,,= 1l.l (Eer": l.4) a
mininmun 1s reached and for M,y l.l the results are similar to

those for zero angle of incidence.

At 4° incidence, the point at which Pb/Puo begins to fall

rapldly occurs between M, = 0.85 and 0.9 (ffel ~ 1.02).
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Diffusion on the blade surface is greater still and therefore
Pb/PM, is higher for all Mach numbers up to 1.1 (Me, =~ 1.4 to
1.5) at which the minimum ‘value of Pb/P..a. is equal to 0.4.

For a Mach number greater than l.l, the effect of incidence is

snall.

At 6° incidence and for Mach numbers up to 1.0, the results

are similar to those for 40 incidence. Above M= 1.0 the

surface shock wave approaches the tralling edge giving flow

separation for M < 1.07. At M= 1.16 (Me, ~= 1.6) the flow is
_attached, At this Mach number Pb/PM, is a minimun and is

approximately 0.46, i.e. higher than for 0% X {4°.

In general the effect of the thicker transiti;n wire (and
consequently a thicker boundary layer) is to increase the value
of Pb/Pw including the mininmum value,

The Weinbaum—ﬁased hypothesis given in section 2.5 appears
quite good up to six degrees incidence - but at this incidence

and for My greater than 1.0 the trailing edge boundary layer is
greatly influenced by the shock wave on the model surface

upstream of the tralling edge.

- Also, from Kadir's results it is seen that the increasc in

wire size from 0.COP" to 0.24" has 1little effect on ?b/P°<3 for

a glven angle of incidence. However, the further increase to

0.092" does have an appreciable effect.

S4 Base pressure - circular hole base

Figs. 19 (a, b, c, d) show the variation of pb/Pu, with

Mach number for the circular hole base with a transition wire

diameter of 0.007",
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For 0° incidence and 0.6 { M, < 1.25 the values of Pb/Pw
are everywhere higher than those for the slotted base with the

same transition wire diameter. For M_)» 0.8, Fig. 16 shows
lover values (than those recorded by Xadir) of surface Mach
nunber near the trailing edge, so that the boundary layer will
be thicker, giving higher values of Pb/Pw.

At 2° incidence there is a close correspondence between
the results for the slot and the circular hole base up to

My = 1.0, Thereafter the curve for the circular hole base

follows that for the slot base with a transition vire diameter
of 0.092",

At 40 incidence there is a complete corresvondence with
Kadir'!s results up to M= 1l.l, including the mininum value of
o . |

For 6° incidence the correspondence with Kadir's results

is good except for one point at M= l.l.

A comparison of the general character of the curves for
the slotted base and the circular hole base with the same
transition wire diameter for zero incidence and in the Mach
number range 0.6 < M_,< 1.0 shows a close similarity even though
the base pressure for the circular hole base are higher. It is
for 1.0 { Mw< 1l.25 that differences in the character of the
curves develop. In this Mach number range the curve for the
circular hole base is similar in nature to that for the slotted
base with a transition wire dianeter of 0.092%., As indicated

in sectlon 2.2 it is in this lMach number range that the

transition from unstdady periodic base flow to steady base flow

probably occurs.
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5.5 Base pressure - flared hole base

Fi1g. 20 shows the variation of Pb/PGD vith Mach number for

the flared hole base and the circular hole base with a transition
wire diameter of 0.007".

It is seen that the results are identical. The difference
in the nature of the base geometries has no effect on the base

pressure for the case of no base bleed.

5.6 Effect of base bleed - slotted base, wd = 0.092"

Figs. 21 (a, b, ¢, d) show the variation of Pb/P00 with
Cq for various Mach numbers and angles of incidence.

The general trend of these results is that as the rate of
base bleed 1s increased the base pressure is increased until

the base pressure reaches a maxinum value. Thereafter, the base

pressure decreases with a further increase of base bleed rate.
The bleed rate at which.Pb/P“, is a maxdnum will be referred to
as the optimunm bleed rate.

~ The effect of the bleed air on the base pressure is
explained as follows (refer to Fig. 22). As Cq increases fron
zero the bleed alr occupies an increasing part of the separation
region. The bubble of recirculating air is moved away fron the
slot and reduces in size. As the arount :of recirculation
diminishes the pressure gradient to reattachment diminishes
and Pb/Poa increases to a maxdnmum value. As Cq increases
further the reclirculation becones confined to the lee of the

two lips on either side of the slot. The bleed air now acts to

increase entrainment from these regions and Pb/Pﬁa is reduced.,
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The effect of base bleed on base pressure for the slotted
base with a transifion wire diameter of 0.C2L" was investigated
by Kadir (these results are not presented here). Conmparing his
results with those for the slotted base with a transition wire
diameter of 0.092" at zero angle of incidence reveals that for
subsonic flow the effect of the thicker boundary layer is to

produce higher values of Pb/P“, throughout the range of bleed

rates. However, at M,= 1.0 there is not nuch difference and

P

for Mo > 1 the value of ( b/R,a) nmax., for the case with a

thicker transition wire, is marginally lower.

Therefore for the thicker boundary layer, blowing is less
effective in increasing the value of base pressure up to
(Pb/Rw) maxe At higher values of Cq the differences due to
boundary layer thickness are quite small, indicating that the

entrainment due to the bleed air is the determining factor.

For angles of incidence greater than 0° the effect of

P

incidence is to increase the values of b/Pweverywhere (as in

the case for zero blowing). The effect of the thicker boundary

layer is quite small over the vthole range of bleed rates.

5.7 Effect of base bleed - circular hole base, wd = 0.007"

Refer to Figs. 23 (a, b, ¢, d). A comparison with Kadir's
results for the slotted base with a transition wire diameter of
0.024" will be made where relevant.

At 0° incidence and for Mach numbers up to 1.3 there is
little difference between the curves for the slotted base and

the circular hole base for small values of Cq. However, the

Pb

value of (" "/P_) max. occurs at lower values of Cq for the
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circular hole base. For higher values of Cq, 1.e. greater
blowing rates, the values of pb/Pua for the circular hole base
are substantially smaller than for the slot. It appears that the
greater peripheral area of a circular jet when compared with

that of the sheet-like nature of the ejected air from the slot,
pronotes greater entrainment of air from the base region.

At M,= 1.3 there is little difference between the results
for the circular hole base and the slot.

For angles of incidence greater than 0° and Moo= 0.6
(Fig. 23b) the incidence angle has less effect for the circular
holes than in the case of the slot - values of pb/Pu, are
generally lower for higher values of Cq.

For Mo = 1.0 (Fig. 23¢c) there is virtually no effect of
incidence for « élpo. The values of Pb/Pw are nuch lower than
for the slot and the curves have a sharpgr marirmum. At 6°
incidence, values of base pressure are nuch increased over the -
whole range 0f bleed rates - but still lower than for the slot.

It appears that there is a substantial change in flow

O and « = 6°. The bléed air maintains lower

regime between X = 4
values of Pb/Pw until the effect o0f the blade surface shock
becomes assertive at 6° incidence.

For a Mach number of 1.3 (Flg. 23d) the curves are identical
for X = 0° and « = 2° and for « = L+° and « = 60.. Once again
there is evidence of a change of flow regime. TFor 2° 4 >4 é 60,

values of Pb/Pu, are everywhere lower than for the slotted base,

reflecting the greater entrainment effect.
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5.8; Effect of base bleed -~ flared holes, wd = 0.007"

Refer té Fige. 24 Results are only available for 0°
incidence;

The effect of base bleed is much the same as for the
circular hole base (compare Fig. 24 with Fig. 22a). The only
difference is that for M, 1 the values of (Pb/Rﬂ) max. are
smaller and occur at higher values of Cq. The effect of flaring
is to diffﬁse the jets of bleed air and it appears thét at sonic
and sﬁpersonic speeds they becone less effective in opvosing
the recirculation and moving the recirculation zone dovwnstrean.
However, at higher values of Cq they are equally effectivedin

producing entrainment and reducing the value of base pressure.

5.9 \Yake total nressure nrofile ~ circular hole base,

‘?d - O-OOE"

A viscous loss coefficient, Cv, , is defined as:

Cy, = ‘ =B d(¥h)
L .__EL .

where‘: d marks the edges of the viscous shear flow in the wake.

L

Values of Cvy are given in Tables 3 and 4 along with a

pressure coefficient, Cpb, defined as:

' - o

Cp= EELZEB'
b By~ o

- i ?l-
S T & AT LD SRS
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A1l the wake traverses were taken at a distance of
X/2h = 8.33 dowmstream of the trailing edge.

™Mgs. 25 (a, b, ¢, d) show the wake profiles for the

circular hole base at 00 incidence.

MMg. 25a gives the results for M,= 0.6. As the base bleed
rate increases from zero to the optimum value (i.e. for
(Pb/Rw) max.) there is an increase in base pressure even though

the total pressure on the wake centre line is lower than for
the case of no base bleed. This is probably because the
initial effect of the base bleed is to move the recirculation

zone away frorn the trailing edge and therefore nearer to the

traverse plane.

The value of CvL is reduced from l.?7 for the case of no
bleed to l.41 for optimun blowving. This is in spite of the

reduced total pressure on the centre line,

M.g. 25b shows the results for Mo,= 1.0. The wvalue of Cq
optimun, i.e. for (,Pb/Pw) maX., 15 smaller than for M= 0.6
and correspondingly the bleed mass flow rate is smaller.
Pb/Pug is also lower corresponding to more acute turning of tkhe
shear layer. Presumably the recirculation zone renains nearer
to.the trailing edge so that the total pressure distribution
at the traverse plane is more orthodox - as blowing increases
the base pressure the total pressure on the walie centre line
also increases. It is at this Mach nuaber that the maXdinun
value of viscous wake loss occurs. However, the effect of
blowing for (Pb/Pw) nmax. gives a large reduction in Cv .

At the édge of the viscous walzte the total pressure is

reduced as a result of losses through shock waves.

The results for M = 1.135 are given in Fig. 26c and are
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qualitatively similar to those for M ,= l.0.

Fig. 25d shows the results for Myp= 1l.3.

The effect of optinum blowving is to recduce the total
pressure on the centre line of the wake (as for M, = 0.6).
For this case Cq opt. is lower than for M, QLO and therefore
M opt. is lower. The recirculation zone will be near to the
trailing edge but the flow immediately adjacent will be the
low-nomentun bleed alr and this presumably causes the low
centre~line total pressure. However, the effect of blowing
on Cv| 1s very snall.

For the effect of angle of incidence on CvL refer to
Megs. 26 (a, b), 27 (a, b) and 28 (a, b).

The general character of the results is similar to that
for 0° incidence but with the wake centre line offset. At 6°
incidence and My = 0.6 the value of Cv| is increased by blowing
which causes a marked .asynetry of the total pressure distribution
in the wake, possibly by a displacement of the recirculation
zone. For a Mach number of 1.0 and'an angle of incidence of
2° and 4° the values of Cv, are lower than for OO, but the
effect of blowing changes little. At M, ,,= 1.3 the effect of
bloving in reducing CvL'is somewhat enhanced for 2° and 40 as
conpared with 0°. In this case by contrast with M= 0.6 the
effect of blowing is to improve the symmetfy of the flow in the

wvalze .
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5.10 Wake total pressure profile - flared hole base,
wd = 0.007"

Refer to Figs. 29 (a, b, ¢, d). Results are only
available for 0° incidence.

The general form of the wake profiles is sirdlar to that
for the circular hole base and values of Cpb are virtually
{dentical. For M, 1.0, however, the values of Cv_ are snaller
than for the circular hole base. Presumavly, the difference in
CvL is occurring as a result of the effect of the base geonetry
on the base flow. The difference becomes smaller at M,y= 1.155

and practically dlisappears at M= 1l.3.
The effect of blowing virtually eliminates any differences

%
as can be seen from the values of Cvl_. 1t may be that the
di fferences for the different base geonetries arise from the
effect of the base shape on shed vortices and that the effect

of base bleed is to reduce the strength of the vortices in a

similar manner to that of a splitter vlate (refer to section
2elt) o

5.11 Results of Schlieren Photogranhy

Schlleren photographs were taken of the base reéion with
the models set at 0° incidence and for Mach numbers of 1.0, l.l
and 1.5, For each Mach number the case of no base bleed and
optimum base bleed were photographed.

Plates 1 (a, b), 2 (a, B) and 3 (a, b) show the base flow
for the circular hole base for }Mach numbers of 1.0, l.l and 1.5

respectively.
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Plate la shows the base flow with zero bleed rate and
Plate 1b shows the base flow with optimun bleed rate. In
Plate la the darlkk region set at an angle and extending dowvn-
stream from the corner of the base, marks the region in vhich
a Prandlt-Meyer expansion occurs. Also visible are the thin

shear layers and further dommstrean a trailing-edge shock.

A comparison of Plate la wvith lb snows that the effect
of base bleed is to reduce the angle through which the flow
turns at the separation point.

In Plate 2a the increased Mach nunber results in an
increased angle of turn and a more prominent trailing edge
shock. Once again the effect of base bleeé (Plate 2b) is to
reduce the aangle through which the flow turns at the separation
point.

Plates 3%a and 3b were taken wita a longer exposure time
for the purpose of showing the reflected pressure waves fron
the tunnel wall. This set of photographs shows a typical
supersonic base flow pattern. The effect of base bleed on the

flow pattern 1s small, although the change in direction of the
shear layers is again reduced.

Plates 4 (a, B), 5 (a, b) and 6 (a, b) show the base flow
for the flared hole base for Mach numbers of 1.0, 1.1l and 1.3
respectively..

The features of the base flow for the flared hole base
appear to be much the same as for the circular hole bvase.
However, the greater diffusion of the base bleed jets affects

the base flow to a greater degree. The shear layers are less

evident than for the circular hole base.
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6. PROPOSALS FOR FUTURE VIORK

It app;ars that a full understanding of the fluid
mechanics of the base region requires an understanding
of the role of periodic'shed vorticity. It would be
valuable to undertake an indepth investigation of the
nature of shed vortex motions and the effect on then

of base georetry and base bleed.

If data from the 1lsolated aerofoll is to be used
for turbine blade loss prediction it will be necessary
to develop a means of calculating flows through turbine
cascades talking account of base pressure effects and
then to carry out cascade experiments to correlate the

cascade results with those from the isolated aerodynarmic

body..



1

7.  CONCLUSIONS

1. For the slotted base, as the transition wire diameter is
increased and hence the boundary layer thickness, the

base pressure 1ls increased as a consequence.

e The base pressure for the circular hole hase and the
flared hole base was found to be the same throughout

the Hach number range for zero incidence.

3, For the sarme diameter transition wire of 0.007" and
zero angle of incidence, the base pressure on the
circular hole base was greater than that for the slotted
base. However, at positive angles of incidence the base

pressures vere very sirilar.

L As the bleed flow rate is increased from zero the base

pressure rises to a maxinmum. 7Tiith further increase in
bleed flow rate the base pressure begins to fall. The
rise to and including the maxdnmum base pressure for the
slot and circular hole base are much the same. At
greater bleed rates the rate of fall of base pressurs
for the circular hole base is greater. This reflects
the greater entrainment occurring as a result of the

larger peripheral area of the circular jets.

Se The vlscous wake losses for the flared hole base are
smaller than for the circular hole base with zero
bleed; however, with base bleed the losses are

approzimately the same. The effect of base bleed on
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the total pressure losses in the walze is most effective

at Mach numbers of 1.0 and 1l.135. At these Mach numbers
the total pressure loss in the wake flow was reduced by

approximately 40% as a result of base bleed.
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_ TABLE 1
BOUNDARY LAYER DIMENSIONS AT
04" UPSTREAM OF THE
TRAILING EDGE

W

([ m=0 . x=0°)

SLOT , wd..O 092

0 820 {0161 10.097
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TABLE: 2
KADIRS RESULTS FOR THE
BOUNDARY LAYER DIMENSIONS AT
0., UPSTREAM OF THE
TRAILING EDGE
([ m=0 ., «x=0°)

SLOT , wd=o.oza"
o | 5 | 8 | 8
0.6 0-040" |0-028°
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TABLE 3

VISCOUS LOSS COEFFICIENTS FOR
ZERO ANGLE OF INCIDENCE

CIRCULAR HOLES

0 -3 0
0 .2 0

FLARED HOLES

+ With optimum base bleed .



VISCOUS LOSS COEFFICIENTS FOR

CIRCULAR HOLES

“ 1.74 1 1.51 029 | 0.18
2:75 | 1-72 0-34 0:35
1-47 | 126 028 | 0.9

w5 | % | 5

" 2:2 4 2:37 015 018
236 1:45 0-42 0:29
1-38 1-20 0-26 018
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FIG 2 FLOW MODEL AT THE EXPANSION CORNER
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