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THE DRAG OF A CIRCULATION - CONTROLLED AEROFOIL

SUMMARY

An experimental and a theoretical investigation has
been made of a 20% elliptic circulation-controlled
aerofoil with single leading and trailing edge blowing
slots.

Experimental Regnolds number based on the chord was
0.9 to 1.3 x 10°, with typical slot height to chord
ratio of .0020. The performance with no 1leading edge
blowing, a trailing edge blowing coefficient from O t8
0.04, and geometric incidence from -10 to +10
resulted in 1lift coefficients from -0.5 to +1.2.

Drag was measured using a rake, and comparison of the
momentum deficit downstream with the resulting force
on the model due to the pressure distribution and skin
friction gave reasonable agreement.

The theoretical work included develomment of a
discrete vortex model used to predict the growth and
eventual separation of the trailing edge wall-jet.

Preliminary results show that performance of the
theoretical model is comparable with the experimental
work.

COPYRIGHT

"Attention is drawn to the fact that copyright of this
thesis rests with its author. This copy of the thesis
has been supplied on condition that anyone who
consults it is understood to recognise that copyright
rests with its author and that no quotation from the
thesis and no information derived from it may be
published without the prior written consent of the
author".

"This thesis may be made available for consultation

within the University Library and may be photocopied
or lent %o other 1libraries for the purposes of

consultation".
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NOTATION

Lift-curve slope for the unblown model.

Constant used with subsripts O and 1 defined
in equation 5.9.

Aerofoil effective incidence (also used o(e).
Aerofoil geometric incidence (also used o(g).
Aerofoil induced incidence (=& 2 —p(e).
Model span (0.689m).

Constant used with subsripts O and 1 defined
in equation 5.9.

Width of wake at the +traverse point down-
gtream of the model.

Drag coefficient of a cylinder measured
directly using a balance.

Equivalent drag coefficient (see eqn. 2.18).
Induced drag coefficient (see section 2.2.4)
Thrust due to jet-blowing momentum.

Incremental drag coefficient due 4to the
kinetic energy of the jet (see eqn. 2.17).

Minimum drag coefficient.
Profile drag coefficient.

Drag coefficient due to blowing slot exit
pressure.

Rake drag coefficient (see egn. 2.22).
Section drag coefficient (see eqn. 2.14).
Wake drag coefficient (see eqn. 2.16).

Chordwise force coefficient resolved
parallel to the longitudinal tunnel axis.

Pressure drag coefficient resolved parallel
to free-stream direction.

Section skin friction coefficient.

VI



Jet-blowing momentum coefficient
(see egn. 2.7).

Moment coefficient about the IE.

Normal force coefficient due to surface
static pressure.

Pressure coefficient.
Jet-exit pressure coefficient.

Chordwise force coefficient due to surface
pressure.

Chordwise force coefficient corrected for
jet-exit pressure.

Aerofoil chord (0.593m).

Constant used with subsripts O and 1 defined
in equation 5.9.

Local skin friction coefficient.
Lip thickness (approx. = 0.25mm).

Constant used with subsripts O, 1, 2 and 3
defined in equation 5.11.

Time-step in seconds (also usedA t).
Blockage factor (see eqn.2.3).
Vortex frequency in Hz.

Constant used with subsripts O, 1 and 2
defined in equation 5.7.

Initial vortex stréngth.

Vortex strength in m?/s.

Total pressure measured in mm of water.
Modified boundary-layer shape factor.
Angular momentum.

Slot height.

Height of razor blade above static pressure
tapping.

Vortex strength decay rate.

VII



Starting length ratio (seé eqn. 4.9).
Constant used to relate induced drag with
lift coefficient squared. Defined in
equation 5.19.

Fmpirical constant used in equation 5.6.
Empirical constants used in equation 5.19.
Massflow rate in kg/s.

Static pressure measured in mm of water.
Number of discrete vortex pairings.:
General term used for pressure.

Mean jet-exit pressure.

Summation of external vortex strengths.
Dynamic pressure measured in mm of water.
General term used for dynamic pressure.
Lift augmentation rate ch/dc 3

Radius.

Gas constant.

Reynolds number based on chord.

Critical Reynolds number for boundary-layer
trangition from laminar to turbulent flow.

Reynolds number based on diameter.

Reynolds number based on the boundary-layer
energy thickness.

Vortex core radius.

Distance measured around the surface from
the blowing slot.

Vortex starting length (see eqn. 4.4).
Temperature in .
Maximm aerofoil thickness.

Age of vortex in seconds.

VIII
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fs

Free-stream velocity (also used U, ).
Excess jet velocity (Vj - Vp).
Induced velocity.

Jet exit velocity.

Jet velocity following an isentropic ex-
pansion from plenum to free-stream pressure.

Velocity at the lip due to the free-stream.
Induced slot surface velocity.

Distance in chordwise direction.

Distance normal to the chord.

Distance along vortex path.



Greek symbols.

€ Reo @ ® & = w R

Incidence.
Flow angle with respect to adjacent surface.

Angular position of the rear stagnation
point on an ellipse.

Vortex strength.

Angular position from the blowing slot.
Angular position of the LE stagnation point;
Air density.

Local skin friction in N/m2.

Stream function.

Subscripts.

atm Atmospheric condition.

fs Free-stream condition (also used . ).

i’ Suffix used for the image vortices.

J Relates to the blowing jet.

j Suffix used for the external vortices.

1 Lower-surface condition.

mc Mid-chordwise condition.

0 Stagnation or initial condition.

) Relates to potential flow parameters.

r Relates to razor blade parameters.

tr Transition from laminar to turbulent
boundary-layer

u Upper-surface condition.

wk Wake condition.



Abbreviations.

CC Circulation controlled.

CCA Circulation-controlled aerofoil.

DVM Discrete vortex model.

KE Kinetic energy.

LE Leading edge.

RMS Root mean square.

RPD Tunnel reference pressure difference.
TDC Top dead centre.

TE Trailing edge.

VTOL Vertical take-off and landing.

XTI



THE DRAG OF A CIRCULATION-CONTROLLED AEROFOIL

INTRODUCTION

A circulation-controlled aerofoil (CCA), shown in
Fig.1.1, is distinguished by its blunt +trailing edge
(TE) around which the separation point is moved in
order to develop lift. This is achieved by varying the
strength of a wall-jet which emerges from a slot on
the upper surface. Lift independent of incidence is
possible, but this is accompanied by increased drag

due to suction produced by the TE wall-jet.

Application of circulation control to future aircraft
design extends from simple 1ift augmentation (as
substitute for flaps or control surfaces) through to
reducing the mechanical complexity of rotorcraft hubs
by using sequential blowing along the blades to com-
pensate for cyclic variation in 1ift. Development of
dual fixed-rotor/wing aircraft operating with both
leading and trailing edge blowing slots has also
shown the potential for combining +transonic perfor-
mence with vertical take-off and landing (VTOL)

capabilities.

Demand for comprehensive design data has demonstrated
the usefulness of theoretical models to predict
performance with variations in geometry, free-stream

conditions and blowing strength. ZEarly experimental



work showed that performance was also dependent on
understanding of the interaction between the wall-jet
and the boundary-layers developing along the upper
and lower surfaces. Despite extensive theoretical éhd
experimental research with varying degrees of com-
plexity, a comprehensive understanding of the "TE

Coanda flow" is still unresolved.

The wall-jet interaction 'with- the upper surface
boundary-layer produces a two-phase shear flow, with
entraimment and vorticity being dominant features
immediately downstream of the 1lip. PFurther around,
curvature, angular momentum and a radial static
B pressure gradient define the streamline pattern and

separation from the surface.

The present study has involved both experimental
and theoretical work on a 20% elliptic CCA. This has
provided information about the TE region in addition

to overall 1ift and drag performance data.



1.1

PREVIOUS EXPERIMENTAL WORK

Relevant experimental work can be divided into two
categories. The first relates to work on cylinders
using either single or multiple tangential Dblowing
slots and the second is an extension of such work to
sections with fore and aft symmetry, the simplest

being an ellipse.

Lockwood (1), Jones(2) and Cheeseman(3) provided some
initial test data which was extended by Dunham(4) who
attempted to derive empirical correlations of 1lift and
drag for different CC-cylinder configurations. The
work by Levinsky and Yeh(5) performed on a 0.152m
diameter cylinder with a maximum slot height to radius
ratio of .015 resulted in data for comparison with
their theoretical model which was an extension of the
work by Dunham discussed in section 1.2. This data has
also been used while developing the proposed theoreti-

cal model discussed in section 4.2.

Work in the second category was performed at the
National Gas Turbine Establishment from 1965 to 1969
on elliptic section CCAs. This included wind-tunnel
tests at Mach numbers from 0.1 to 0.6 with Dblowing

coefficients up to 0.2.



A summary of this work is given by Osborﬁe(6) and
provides 1ift and pitching moment data with variations
in geometric incidence. Two near-elliptical aerofoil
sections with thickness to chord ratio of 10 and 20%
were tested by Barbour(7) under similar conditions to
the present study. The results included pressure
distributions in addition to 1lift, drag and pitching
moment obtained from a three-component mechanical
balance, with the compressed air supply fed to the
model through a 1labyrinth seal which removed any
mechanical contact which might interfere with the

balance reading.

Work in the United States on cambered and uncambered
elliptic CCAs was started at the David Taylor Naval
Ship Research and Develomment Center (DTNSRDC) in 1970
and has included work by Williams(8), Englar(9) and
Ostensoser(10) to name but a few. An extension of
this work, which includes the collection of a database
with the specific intention of developing efficient
transonic CCAs is also described in a bibliography of
the work at DINSRDC by Englar(11). In addition to
performance data, work at NASA-Ames by Bachalo(12)
has involved a flow visualisation study of the
trailing edge flowfield using holographic  inter-

ferometry.
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The wall-jet, which can be described in terms of
velocity profiles, turbulence parameters and shear
stress distribution, has been investigated by
Kind(13), Jones(14) and Wood(15). Kind's model at
Cambridge was probably the closest equivalent to the
present study, with a Reynolds number based on chord

of 0.8 x 106 and slot height to chord ratio of .0010,

as compared with 1.3 x 106 and .0024 for the present
study. Jones used a 1.2m chord model to increase the
scale of the wall-jet and measured shear stress, as

well as velocity profiles, with a single hot-wire

probe.

The work by Wood between 1977-80 on the present model
at Bath University involved measuring the turbulence
parameters in the vicinity of the +trailing edge. He
also integrated the pressure distribution around the
model centre-line to calculate the 1lift coefficient.
However, there were insufficient pressure tappings to

give reliable drag data.



1

.2

PREVIOUS THEORETTCAL WORK

One of the earlier theoretical models, suggested by
Dunham(16), contained the major elements of +the more
complex models which have emerged in the last 15
jears. It involved calculation of the appropriate
potential flow around the body. Superimposed on this
was develomment of the boundary-layer along the lower
surface, starting at the LE stagnation point, moving
downstream through transition and separation near the
rear of the aerofoil. A similar method was applied
along the upper surface upto the blowing slot. This
resultedvin a wall-jet/boundary-layer interaction and
the introduction of correct parameters to get the
wall-jet to separate at the same pressure as the lower
surface boundary-layer. If the separation pressures
were not the same, new wall-jet parameters were

inserted until the iteration loop could be satisfied.

Dunham's model was developed further by Levinsky and |
Yeh(5) who defined a four-layer wall-jet/boundary-
layer velocity profile and introduced expressions for
the shear stress distribution together with curvature
and induced pressure terms. The results were useful

but sensitive to the developing wall-jet profile.



Kind(17) extended Dunham's model to predict the
performance of an elliptic CCA. He revised the initial
wall-jet conditions: entrainment, separation and
curvature effects. He 1included an angular momentum
equation and developed an empirical expression for the
mean static pressure acrbss the jet. However, insuf-
ficient experimental data on the turbulent structure
within the wall-jet, and dependence on knowledge of
the experimental pressure distribution around the

trailing edge, restricted the usefulness of the model.

Ambrosiani(18) continued Kind's analysis and developed
a self-contained model which did not require such
experimental data. He also revised the previously
assumed Thwaite's criterion which imposed a constant
pressure within the TE separation bubble. Wall-jet
separation was formulated wusing a concept of
conservation of mass. The solution involved an
iterative matching of an assumed 1ift coefficient with
that calculated from the actual pressure distribution

over the section in the presence'of the TE blowing.

The computer program CIRCON was developed by Dvorak
and Kind(19) and applied to arbitrary CCAs by using a
vortex lattice arrangement to generate the potential

flow distribution. This was used as a basis for an



integral method along the boundary-layer. A finite
difference technique, which 1included the effect of
surface curvature and a transverse pressure gradient,
was used within the wall-jet. The model accounted for
viscous effects by including eddy viscosity based on:

intermittency, mixing length arguments and Reynolds
shear-stress terms. Results were encouraging but
sensitive to the wall-jet parameters and required the

use of semi-empirical expressions.

Dvorak and Choi(20) extended the above programme with
TRACON for application to +transonic CCAs, %aking
account of compressibility within the Dboundary-layer
analysis. Prediction of the pressure distribution
00ncufred with experimental results for both 1low and
transonic speeds at negative anglés of attack.
However, the model was insensitive to variations of
the TE surface and also unable to resolve the flow

downstream of a choked blowing slot.

An alternative approach was suggested by Smith(21)
using discrete vortices to approximate shear Dbetween
the boundary-layer and wall-jet emerging tangential to

the surface of a cylinder in a free-stream.

18



Smith's proposal was a theoretical model as shown in
Fig.1.2. Discrete point vortices were shed at a
regular interval from the lip, and their development
was calculated using the potential flow solution and
summing the induced velocity due to each vortex. Their
position was found after each time-step, and a new
vortex introduced at +the 1lip. This led to the
convection downstream of a starting vortex at the free
end of the vortex sheet, and eventual flow stabili-
sation as seen in Fig.1.3. Steady-state solution was
dependent upon the initial vortex strength, determined
by the velocity difference at the slot. To prevent the
model going unstable, Smith introduced artificial
viscosity, and a vortex decay-rate K, to take account

of entrainment.

Continuation of Smith's work by Soliman(22) clarified
some original problems and extended the concept for
comparison with elliptic sections. A universal
constant value for K produced similar experimental and
theoretical results, but a physical explanation for
the breakdown of the discrete vortex structure was not

. included.

Experimental justification for such a model has been
reported by Wood(15), who proposed that +the wall-jet
might be considered as a stream of coherent vortices

emanating from the lip region as shown in TFig.1.4.



Breakdown of the shear layer between the wall-jet and
upper surface boundary-layer leads to the formation of
discrete vortices with a frequency dependent on slot
geometry and the jet-blowing momentum. Entrainment
caused vortex growth ahd an eventual breakdown of the
vortex stream due to pairing when adjacent vortices
touched. The exact mechanism for the pairing process
was not understood and this aspect has been considered'
in more detail during the +theoretical part of the

present study.

1-10



1-3

1.5.1

1.3.1.1

1.3.1.2

PRESENT INVESTIGATION
Experimental Work

The purpose of the present experimental investigation
was to build upon the work by Wood(15) and investigate
the drag performance of a 20% elliptic CCA. The work
has been performed in three stages between which
improvements to the apparatus and expefimental

procedure were made.
Experimental Session 1

Following initial modifications described in section
2.1.1, this session was primarily a repeat of previous
work by Wood, but with a larger slot Theight,
additional pressure tappings and a modified boundary-

layer control system.

The results, recorded as RUN-1 to RUN-33, confirmed
the reliability of the data acquisition system
described in section 2.1.5. However some limitations
of the apparatus, due to three-dimensional effects,

were revealed by flow visualization work.
Experimental Session 2

Following improvements to the boundary-layer control
system, this session included the use of a fixed rake
downstream of the model and provision for the measure-
ment of skin friction. The results were recorded as
RUN-34 to RUN-77.

1-11



1.3.1.3

Experimental Session 3

Consisting of DRUN-1 to DRUN-44, +this session
concentrated on the wake region with the rake mounted
on a traversing mechanism and connected to a now
modified data acquisition system. This gave detailed
measurement of the flow angle, in addition to total
and static pressure for calculation of the momentum

deficit in the wake.



1.3.2

1.3.2.1

Theoretical Work

The purpose of the theoretical work was to extend the
model proposed by Smith(21) by relating both 1lift and
drag performance of the 20% elliptic CCA +to the
shedding of discrete vortices from the TE blowing lip.
The work was performed in two sessions during the

final 18 months of the three year study.
Theoretical Session 1

This session consisted of reconstructing the model
proposed by Smith and implementing some of  the

modifications which included:

(1) A vortex shedding frequency dependent on vortex

core gize, bloWing strength and slot height.

(2) A pairing process for when adjacent vortices
overlap, ensuring a rapid breakdown of the
vorticity and resulting in a realistic prediction

of the flow in the wake of the model.

(3) Detail of the flow pattern by "seeding" the model
with passive points. These are vortices with zero
strength which do not disturb the flow but are
translated with the streamlines, thus revealing

the local velocity and flow direction.

1-13



1.3.2.

The work, performed using an HP-85 computer, was
concerned with developing the correct algorithm,
rather than with speed and capacity for large '"number

crunching" routines.
Theoretical Session 2

Consisted of transferring the almost fully developed
program on to the mainframe Multics system available
at Bath University. This procedure involved a direct
line transfer via a serial(RS-232) interface from the
HP-85 to Multics, followed by a line-by-line edit +to
remove certain incompatibilities between‘the HP-Basic

and the Basic compiler available on Multics.

The compiled program used an a§erage CPU time of
between one to three hours for the majority of' the
cases considered. The model was first applied to the

experimental results of Levinsky and Yeh(5) about a

CC-cylinder before extending it to the elliptic CCA.

Chapter 2 of this dissertation describes the apparatus
and method usedvto record the experimental resqlts
which are shown in chapfer 3. The theoretical work is
presented (with results) in chapter 4 and Yboth
experimental and theoretical results are discussed in
chapter 5. Finally conclusions and recommendations for

further work are given in chapter 6.



2.1

2.1

A

EXPERIMENTAL METHOD

DESCRIPTION OF APPARATUS
Modifications %o the Original Model

The model used by Wood(15) is shown in Fig.2.1. The
20% elliptic section of 0.59m chord with 0.69m span
was mounted vertically between endplates in  the
2.1 x 1.5m wind-tunnel at Bath University. Separate
supplies to the leading and trailing-edge slots gave a
dual-blowing capability and +tip-jets inside the TE

slot reduced spanwise pressure variations.

The aerofoil section was constructed around a rectan-—
gular plenum box divided into two chambers by a main
spar as shown in Fig.2.2. Sixteen splitter plates
maintained the box geometry and the walls were
strengthegéd by cylindrical spacers. Six ribs, bolted
either side of the plenum, supported the skin which
maintained the elliptic profile. The upper and lower-
surface lips Were fixed onto the ends of +the plenum
wall-plates with the blowing slot between the LE and
TE tube and the moveable upper-surface lip as shown in

Fig.2.3.

The original +tubes, including +the TE wall-jet
traversing mechanism, were replaced with ground stain-

less steel tubes to produce a smoother surface finish,
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thereby reducing the possibility that separation of
the wall-jet from the surface would be caused by

excessive roughness or probe interference.

The modifications to the tubes included insertion of
pressure tappings near mid-span around the LE and TE
extending from 18° inside of the blowing slot to 138°
around from the slot onto the lower surface, with 6°
angular spacing. The tappings were staggered in two
rows up to 20mm either side of mid-span with each
consecutive tapping offset 2.5mm spanwise to minimise
interference downstream. Table 2.1 summarises the
exact location of the tappings giving both chordwise
and sPanwise position together with the angle from the

blowing slot around the circular tubes.

Tip~-jets suppressed the root vortex formed by the
interaction between the endplates and the adverse

pressure gradient over the rear half of the aerofoil.
These tip-jets were considered to be insufficient with
the higher blowing rates which were developed using an
increased slot height. On the recommendation of Englar
and Williams(24) endplate blowing +through slots
adjacent to the trailing edge, as shown in TFig.2.4,

was adopted.



2.1

.2

Tunnel

The dual-purpose wind-tunnel used for the experimental
work is shown in Fig.2.5. The tunnel was powered by a
170hp electric motor driving a four-bladed, 3.05m
diameter fan. The maximum velocity was 50m/s in the
working section and 12m/s in the industrial return

section, both of which could be vented to atmospheric

pressure.

The model was stored on a false floor below the
working section, and hoisted through the removeable
floor panel before cdnnecting the blowing supply pipes

and pressure tapping tubes.

Free-stream conditions were determined with a Betz
manometer, measuring the pressure difference (RPD)

along the contraction upstream of the working section.

Tunnel controls, together with all the instrument-
ation, were located within the operating area as seen

in Pig.2.6.



2.1.3

Blowing Supply

The external supply of compressed air was fed to both
ends of the model through the tunnel roof and floor as
shown in TFig.2.7. The three supply lines were
initially connected to the TE plenum chamber, the

tip-jets and the endplate blowing supply.

Following some early experimental work, the internal
tip-jet plenum chambers were removed and the redundant
supply line connected to the LE plenum chamber to

investigate the performance with LE blowing.

The compressed air was delivered direct to a settling
tank at 5.5 atms. After the main stop valve, the air
was filtered and divided into three channels, each
independently controlled by Hale-Hamilton RL6D dome
valves operated by separate I-15 controllers. The
model's main blowing supply was divided between two
50mm bore reinforced pve-pipes and thé mass flow was
measured using orifice plates before entering the
plenum chamber. The endplate and tip-jet flows (when
connected) were transferred to 9mm-bore nylon tubes
before entering their respective plenum chambers. Due
to the unequal length of these tubes, restrictor
valves were inserted to allow for finer spanwise

ad justments using the boundary-layer control Dblowing

supply.



2.1.4

Present Experimental Model

The general layout of the model mounted vertically in
the working section is shown in Fig.2.8. which gives a

view of the upper and lower surface.

Tappings 91 to 94 and 96 to 99 were connected to a
multi-tube manometer to check the spanwise pressure
distribution. Tappings T5 to T12 on the TE blowing
lip, which were used when adjusting the endplate and
tip-jet blowing supplies, were also connected in this
way. Tappings St to $4 on the upper surface and S5 to
38 on the lower surface were used in conjunction with
the skin friction measurements as described in section

2.2.5.

For the first experimental session, pressure tappings
1 to 79 were connected to two scanivalves so that only
the mid-span pressure distribution was recorded with
various blowing conditions, thereby giving an
indication of the model's performance. Flow visuali-
zation showed strong three-dimensional interference;
the internal tip-jet plenum chambers were therefore
removed to obtain a clean blowing slot across the

complete span of the model.
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The second experimental session concentrated on
collecting reliable two-dimensional section data for
both the pressure distribution and skin friction drag,
together with a preliminary investigation of the wake

using the rake described in section 2.2.6.

The final experimental session involved eXtending the
work downstream of the model by mounting the rake on a
traversing mechanism, disconnecting the model pressure
tappings and using one of the scanivalves connected to
the rake pressure probes to measure the momentum

deficit and flow angle in the wake of the model.
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2.1.5

Data Acquisition and Hardware

A diagram of the data acquisition hardware used
during the first two experimental sessions is shown in
Fig.2.9. The system was controlled by a Hewlett—'
Packard HP-85 desk—top computer, using a R3-232 serial
interface and a HP-IB (IEEE-483) parallel interface
bus. An addressable asynchronous receiver/transmitter
(AART) positioned the scanivalves, and a dual channel
analogue to digital (A/D) converter monitored the

pressure transducer outputs.

The 79 pressure tappings around the model centre-line
were distributed between the two 48-port scanivalves.
Scanivalve q contained a 2.5psi Statham transducer
which read tappings 5 to 52. Scanivalve 2 contained a
5psi Setra transducer which read the TE pressure
tappings 53 to 79 and 1 to 4. The remaining ports were
connected to tappings located inside the TE blowing
slot, together with tappings S1 to S8 used for skin

friction measurements.

The output from the transducers was converted by the
A/D into three bytes of information. The first +two
bytes contained the eight most significant bits (MSB)
of data from each channel respectively. The final byte
contained the four least significant bits (ILSB) from
channel 1 and the four ILSB from channel 2. Thus 12

bits were available to cover the 10 volt range of



each A/D converter giving an accuracy of 2.44mV per

LSB.

The output from each transducer was calibrated
regularly during each experimental session. A typical
transducer gain of 1mV per N/m? resulted in a

resolution of 0.25mm of water per LSB.

The sampling rate could .be altered by a variable
trigger unit which allowed rates from 25 to 200
samples per second. The majority of +the scans
consisted of 50 samples recorded at 5O0Hz. This
provided a reasonable indication of the mean pressure
and a complete scan could be stored within the

available memory.

.Befbre starting a scan, the +transducer datum was
checked at port O which was open to atmosphere on both
gcanivalves. If the offset was more than 10N/m2, a
correction to the calibration constant was applied and
a new datum reading taken. This reduced drift due to
variations in ambient temperatures during long running
periods. If the RMS of the-datum sample was greater
than mV, the hardware was not sampling properly and
data had been lost while transferring through the
serial interface. A simple manual resetting of the

AART remedied this.

For the final experimental session which concentrated

on measurement in the wake of the model, the 0.38m
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span rake shown in Fig.2.10 was comnected to one of

the scanivalves with a 0.5psi Druck transducer.

The rake was positioned horizontally in the working
section at the model's mid-span location and 1.4 chord
distance downstream of the trailing edge. The location
of the 22 total pressure, 4 static pressure and 3

pairs ‘of yaw-head +tubes is given in Table 2.2.

The traversing mechanism was located below the working
section with a thin slot in the floor for the rake
support fod. Movement was limited to across the wake
at a fixed sﬁanwise and chordwise location. The yaw
heads gave an indication of flow direction and ~the
rake could be rotated if necessary, to point directly
into the wake flow.



2.2

2.2.1

MEASUREMENT PROCEDURE
Free-stream Conditions

Measurements upstream as well as along the 1length of
the working section and across the plane 1level with
the drag rake downstream of the model helped to
determine the free-stream flow. Entry conditions
slightly upstream of the model were considered to be
uniform following the results of preliminary cali-

bration work in the empty working section.

The tunnel reference pressure difference (RPD) in mm
of watef, measured using a Betz manometer connected
between two pressure +tappings along the upstream
contraction, determined +the free-stream working

section conditions in ffont of the model.

Calibration in the empty working section using a
pitot-static tube on the tunnel centre-line at mid
chord location, revealed a linear variation of total
pressure given by

H = .046 x RPD in mm -2
and for static pressure

P=1.18 x RPD in mm - 2.2

Applying the Dblockage correction suggested by
Pankhurst and Holder(25), p. 334, the blockage factor

o = (.822/2) (1+¢/%) (+/n)° - 2.3
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where ¢ is chord, h is tunnel height (= 2.1m) and
t is the maximum aerofoil thickness; ey = .00805
and the mid—chord dynamic pressure is

ch =1.156 x RPD in mm - 2.4
Hence the mid-chord static pressure is given by

Pmc =1.110 x RPD in mm - 2.5

The 1longitudinal static pressure gradient in the
working section was measured on a sloping multitube
manometer using six pressure tappings located along
the far side-wall. With the model in +the working
gection, the gradient based on chord length was found
to be 4.0% of the dynamic pressure. This gave a chord-
wise static pressure correction
p' = p+ .04(x/c - O.5)/qmc - 2.6

where p is the measured static pressure on the aero-

foil a distance x behind the leading edge.
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2.2.2

Jet Blowing Momentum Coefficient

The blowing coefficient Cj is defined as

m'v.fs
cy = —d25 - 2.7
qmcbc
The mass flow rate m was measured using individually
calibrated standard orifice plates as specified in
reference (26). The pressure difference across the
plates was read using vertical U-tube water manometers

permanently connected to each plate.

The jet velocity ijs is that due to an isentropic
expansion from plenum stagnation conditions to free-

stream static pressure given by
_ -nyy1/2
Vips = (2RI (1 ~(pee/p)™™) - -2.8

where n is 3.5 for air. It has become adopted by
convention as suggested in reference (24) because of
the difficulty in many test situations of measuring

the ambient static pressure at the slot.



2.2.3

Pressure Distribution

The 79 static pressure tappings located around the
model centre-line are shown in Fig.2.11. They were
connected to the data acquisition system using two
scanivalves as described in section 2.1.5. The
numbering is anti-clockwise around the model as shown,
starting with tapping number 1 slightly upstream of
the TE blowing lip. Station O is a fictitious tapping
at the lip, used to pad either end of the pressure
integration routine. The table included in Fig.2.11
gives the chordwise position of each +tapping. Each :
scan consisted of a satisfactory datum reading, before
stepping both scanivalves simultaneously through ports
1 to 46. A dwell time of 250ms at each port allowed
the transducers to settle before sampling for one

second.

During the scan, it was necessary to check that the
tunnel conditions and the blowing supply remained
stable, and to read the pressure difference across the
orifice plates and the plenum stagnation pressure and
temperature. These values determined the blowing
coefficient, Cj’ calculated using the relationship

described in section 2.2.2.

Following a scan, the program would decode the
readings and calculate the mean and RMS values so that

data could be stored or analysed immediately.
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Before integrating, the static pressure was corrected
using equation 2.6 to take account of the longitudinal

pressure gradient.

The subroutine to calculate the normal and chordwise
force coefficients CN and CX divided the surface into
79 panels each extending between the respective

pressure tapping locations.

Stepping.around the model calculating the resultant
normal and chordwise forces, the integration routine
placed a cubic curve through the four data points
either side of each panel and then integrated across

the panel area.

The normal force coefficient CN was assumed equivalent
to the 1lift coefficient CL’ while the chordwise force
coefficient CX was modified to take account of the
pressure across the blowing slot. The slot exit
pressure p, was measured on tapping 79 and corrected
using equation 2.6 to give ps'. The static pressure
across the slot is to a first approximation given by
p=ps'-ngy/R - 2.9
where ¢ is density, y the distance normal to the
surface, R the radius of curvature of the flow
(approximately 25mm) and Vj the jet velocity at the
slot found by substituting ps’ for Peg in equation
2.8. Fquation 2.9 with y = h/2 estimates the mean slot

exit pressure pj at mid-slot height. With y = h then p
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approximates to the pressure at the lip which was used

to pad the integration routine.

The chordwise force correction term due to the slot
exit pressure is given by

CDpj -—--(pj - pfs)h/qmcc - 2.10
which was found experimentally to be linear against Cj
with a slope of 0.21 so that a modified force
coefficient taking account of the slot pressure is

'= + 0.21C. - 2.11

% =% ] |
Resolving parallel to the tunnel axis takes account of
the drag contribution from +the normal force and

assuming cos® = 1 gives the pressure drag

g
coefficient
The inclusion of skin-friction gives the profile drag
coefficient
- t -
CDP = CD + Cf 2.13

and subtracting the induced drag leaves the sectional
drag coefficient

Cpg = CDp - Cpy - 2.4

Englar(27) suggests correctihg the sectional drag to
take account of the thrust due +to the jet blowing
momentum defined as

=0, / V. - 2.
CDJ CJ / Vst 5

where ijs = ijs/Uoo - 2.15(a)
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g0 that the drag which relates directly to the

momentum deficit in the wake is given by

Cp, = Cpg - CDj - 2.16

Equation 2.16 shows that with high blowing rates the
net drag may be negative, representing a thrust

component.

The power necessary to produce the kinetic energy of
the jet is considered by Englar(28) as an incremental
drag coefficient,

Pke T o

so that a corrected equivalent drag coefficient is

on =G +\iill—°§r~ - 2.18
De DW 2 Vj ®

Equation 2.18 allows comparison of the 1lift to drag

ratio with conventional aerofoils.
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2.204

Induced Drag

A major source of error when measuring the drag of
CCAs is estimating the effective incidence which is
related to the overall 1lift of the model. Small errors

in&:(.e lead to large variations in the induced drag.

Comparison of the mid-section (0.2 < x/c < 0.8)
pressure distribution with inviscid potential flow
theory allows an estimate for &, to within + 0.5°. An
example of this is shown in Fig. 2.12 for Run 45 where
the theoretical distribution is drawn with o= —3° and

-5°. A first approximation is = —4.0°.
%

Collecting all the available data and assuming a
linear relationship between the induced drag and the

1lift coefficient équared, where

Cp; = Cy sin®y - 2.19
resulted in an empirical relationship where
Cp; = 082 Cy° - 2.20

as shown in Fig.2.13.

Substituting into equation 2.19 allowed a revised
value for the effective incidence since

o = %y - sin” (.082 Cy) - 2.21
which for Run 45 led to the modified value of
dé = -4.1°, This method gave a grid of effective
incidence against 1ift coefficient with variation' of

geometric incidence as shown in Fig.2.14.
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2.2.5

Skin Friction Measurement

Following a review of available methods given in

‘reference (29) and by Winter(30), the razor blade

technique described by East(31) was adopted as a
means of measuring the gkin friction drag. The method
is based on measurement of total pressure close to the
surface. The razor blade is placed parallel %o the
surface with the sharp edge just covering the static

pressure tapping hole.

Eight razor blades araldited to pvc-tape were attached
to the model surface. This gave a secure hold with the
blade mounted 0.2 to O.4mm above the surface and also
allowed easy removal by simply peeling away the tape.
The blades designated S1 to S8 were staggered and
slightly offset from the centre line as shown

previously in Fig.2.8.

The pressure p, measured at 31 to S8 as part of each
scan was subtracted from +the adjacent mid-span
pressure tabping to determine (p - pr). Dimensional
analysis shows that this difference in static pressure
compared with the undisturbed pressure in the boundary
layer can be related to the local skin friction as a
function of:

h - height of the sharp edge above the surface.

d - diameter of the pressure tapping hole.

1 - length.
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b - width of the razor blade.
x'- distance of the leading edge of the blade
behind the front edge of the hole.

Bast(31) found that with b/h > 30, b/d > 5 and x'= 0
the relationship was
2
n¥* - _N92Z 0N A8 p* + L0165 p*¥T - 2,22
where cp* = 10g1o(cf' 27gv23 5
wheré cp* = log,lce'h™/gV") - 2.22(a)

and p* = 1og1o((p—pr)h2/gv2) - 2.22(p)

The main consideration when adopting this technique
was that the change in pressure due to the expected
shear stress should be measurable using the pressure

transducers.

Considering the model as a flat plate immersed in a
turbulent boundary-layer suggested a maximm local
skin friction value of about 3N/m2. Using equation
2.22 with h = 0.2m then (p-p.) is 10mm H,0 which
compares favourably with the 0.25mm HéO resolution of

the pressure transducer.

Experimental verification of equation 2.22 wusing an
annular calibration tunnel suggested a slightly
modified relationship as shown in Fig.2.15. The
experimental points compare two similar razor blades

with h varying from .075 to .312mm.

The variation of +the curve from that of Fast is

probably due to slightly different blade geometry.
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Fast found that if x'/h < 0.5 then the error in

measuring pressure was less than 5%.

The calibration work gave a linear relationship of the
form

cf* = 0.85p% - 1 - 2.23
Equation 2.23 shows that a 10% error in measuring h

leads to a 3.0% error in the value of cf' . Similarly a

10% error in (p - pr) leads to a 8.5% error in cp'
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2.2.6

Wake Traverse

Measurement in the wake of the model was performed
using the 0.38m span rake described in section 2.1.5.
The static probes were calibrated with respect to an
adjacent wall tapping, which was used as a datum to
eliminate fluctuations in free-stream static pressure
due to slight variations in tunnel conditions during

each run.

A scan consisted of first moving the rake into
position uging the traversing mechanism. Following =a
check on the atmospheric datum at scanivalve port O,
the transducer measured the static reference pressure,
the four static probes and the three pairs of yaw head
tubes. There was then a new datum check before
scanning the 22 total pressure probes. The duration of
a scan was about one minute and typically another
minute was required to reposition the rake and check
the tunnel conditions before continuing. Between three
and seven scans were necessary to satisfactorily
define the wake distribution, with the rake moved

12.5mm (1/2") between each scan.

Calculation of the drag coefficient from the measured
total and static pressure in the wake was derived

using equation 2.24 proposed by Jones(32)

Cp, = jwk ¢'p, d(y/e) - 2.24
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where the integral is across the wake and

c'Dr =2(g - p)1/2(1 - g /2) - 2.24(a)
H. -H
g= Y& I8 - 2.24(b)
Qfs
P._-P
p= Wk fs - 2.24(c)
Qg '

Equation 2.24 is a simplified expression based upon
earlier work by Betz(33). Both methods are discussed
by Schlichting(34) pp. 758-762 and have proved to be
satisfactory when determiningbprofile drag for both
in—flight and wind-tunnel measurements. The rake
coefficient CDr represents the momentum deficit of the
fluid in the wake of the model and is assumed
equivalent to the wake drag coefficient CDW defined in

equation 2.16.

The method of Jones was checked by traversing in the
wake of a cylinder,'which was mounted vertically in
the tunnel with one end fixed through the roof to the
drag balance above the working section as shown in
Fig.2.16. The free end of the cylinder was just clear
of the tumel floor so that the effective two-
dimensional drag per unit span CDb could be measured

directly from the balance reading.
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Three runs labelled CRUN-1 tb % were recorded with
free-stream velocities similar to the proposed
CC-model testing conditions. The . results are
sumarised in Table 2.3. CRUN-2 is at a slightly
higher tunnel speed compared with CRUN-1 while CRUN-3
is a repeat of CRUN;Q.

Reynolds number Rd is based on the diameter
d (= 41.1mm) and the colum b'/d represents the wake
width as defined later in equation 2.25(c). As shown
in the table, slight variation in cDr was possible
depending upon where one chose to place the waké
limits ¥y and Yo- In general a 5% error in determining

the wake width could result in a 1% error in Cp_.

The drag coefficient Cp, = 1.1 is as expected from
published two-dimensional cylinder data. (Refer, for
example, to Hoerner(35) p. 3-9). In practice the arag
measured using the balance should be slightly less
than that derived from the rake measurements because
the boundary-layer along the +tunnel roof and floor
lead to a reduced effective aspect ratio for the
cylinder. The percentage difference of 5-7% shown in
column 4 for CRUN-2 and 3 merely reflects that CDb
does not directly equate with CDr' As discussed below,
the optimistic value for CRUN-1 is within the proposed
- mean error of the measurement method, but may also be

due to Reynolds number effects.
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The total pressure distribution for CRUN-3 is seen in
Fig.2.17, which shows the raw data points for each of
five scans as well as a calculated mean distribution

and an empirical relationship within the wake of the

form
H, =H cos2‘6(Tf( -y )/b') + H - 2.25
wk =~ T pk Yo fs )
where
Hpk =H - He - 2.25(a)
Vo = (53 +3,)/2 - 2.25(Db)
b = (y, - yy) - 2.25(c)

The static pressure distribution shown in Fig.2.18 is
defined empirically in terms of the measured mean

pressure within and outside of the wake.

The linear relationship

P s = constant =P - 2.26(a)

an
is compared with the empirical relationship

- Pfs)cosz(‘l'f(y-yo)/b') + Pog
- 2.26(p)

=1.8(P

F mean

wk

Considering CRUN-3 and substituting the measured mean
total distribution into equation 2.24(b), and equation

2.26(a) into equation 2.24(c) results in a drag

"

coefficient Cp, 1.141 which compares with the

1.065. Applying equation 2.26(b)

balance drag CDb
instead leads to an almost neglig i ble increase in Cp,

of less than 14. This suggests +that using a mean
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static pressure across the wake 1is perfectly
reasonable. However, note that the table does not show
that a 54 error in measuring the static pressure

results in a 4% error in Cp_.

The preceding discussion shows that the proposed wake
traverse method was consistent and adequate for the
proposed CC-drag investigation and that, provided care
was employed in measuring the static pressures,

accuracies to within 3 or 4% were possible.

Finally, observation of the flow angle shown in
Fig.2.19 for CRUN-2 reveals a characteristic shape due
to the reduced‘static pressure within the wake causing
the flow to move towards the centre-line. Again, under
such steady conditions, a resolution to within ip.1°

was possible.
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3.1

EXPERIMENTAL RESULTS.

INTRODUCTION

The following chapter describes a selection of the

results from the experimental work. These were

obtained using the 20% elliptic CC-model at Bath

University which is described in chapter 2.

The objectives of the work were:

(1)

(2)

(3)

(4)

To obtain detailed pressure measurements around
the trailing edge (TE) in the vicinity of the
separation region.

To integrate the mid-spanwise pressure distri-
bution around the model and determine the 1ift and
drag components of the resultant force.

To measure the skin-friction distribution with
respect to chord location and thus obtain an esti-
mate for the skin friction drag coefficient Cf.
To measure the momentum deficit in the wake of the
model and compare the rake drag CD£ (see equation
2.24) with the resultant wake drag coefficient Cp,,

(see equation 2.16).

The work involved:

(1)

(2)

Modification of +the original model wused by
Wood(15).

Development of an "on-line" data acquisition and
analysis system for taking pressure measurements

around the model and downstream in the wake.
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(3) Investigation of skin friction measﬁrement techni-
ques and calibration of both razor blades and
Preston tubes using a small annular calibration
tunnel. |

(4) Calibration §f>orifice plates used to measure the
mass flow into the model's plenum chamber.

(5) Calibration of various pressure transducers used
with the scanivalves.

(6) Calibration of the empty tunnel working section.

(7) Development of a method for reducing spanwise flow
variations using endplate blowing.

(8) Flow visualization using titanium-dioxide in oil
and paraffin to reveal both endplate interference
effects and surface streamline patterns around the
model.

(9) Development and calibration of a rake with total
pressure, static pressure and yaw head +tubes,
mounted on a manually operated traversing

mechanism located downstream of the model.

Section 3.2 presents the results of measurements on
the model with no blowing, then TE blowing only and

finally LE blowing only.

The RUN numbers were recorded in chronological order.
Not all are included as some were repeats of previous
conditions to check the consistency of the data and

measurement technique.



Section 3.3 covers results from measurements made in
the wake of the model and the presentation is limited
to a selection of the results available. These are
labelled as DRUN with numbering in chronological

order.

Section 3.4 presents the overall performance of the
model for 1lift, drag and pitching moment. It includes
a comparison between the drag measured around the

model (CDW) and drag using the rake (CDr)‘

The notation used with the graphic presentation of the
results has had to be slightly modified due to
limitations of the plotting routine - suffices and
greek symbols were not available. A revised notation
list is not included because the alterations should be

self-explanatory.

The graphs when subdivided into quadrants are labelled
alphabetically reading from left to right with (a) as

top left and finally (d) as bottom right.



3.2

3.2.1

MODEL MEASUREMENTS
No Blowing (Figs.3.1 to 3.3 and Table 3.1)

The mean experimental pressure distribution is plotted
against chord x/c% in Fig.3.1 with the model at four
different geometric incidences. Comparison is made
with .theoretical potential flow for a pure 20%
ellipse. There are irregularities due to the model
having rounded leading and trailing edges, and the
presence on the upper surface of the LE and TE blowing
slots. An alternative presentation is shown in Fig.3.2
where the pressure distribution is plotted with

respect to the distance normal to the chord line.

The skin friction in Fig.3.3 shows +transition from
laminar to turbulent boundary-layer by a sharp
increase in the local coefficient of skin friction

with cf' <.002 representative of a laminar boundary-

“layer. A turbulent boundary-layer with an adverse

pressure gradient eventually leading to separation is
shown by a gradual decrease in cf’, for example the
upper surface distribution in RUN-65 shown in

Fig.3.3(d).



3.2.2

3.2.2.1

TE Blowing Only
TE Blowing at 0° (Figs.3.4 to 3.7 and Table 3.2)

The empirically derived effective incidence (see
equation 2.21) in conjunction with the measured normal
force coefficient shows a good.agreement between the
experimental and theoretical pressure distribution in
the region 0.2 < x/c < 0.8 as seen in Pig.3.4. The
same pressure distribution plotted against normal

distance y/c% is shown in Fig.3.5.

The TE mean pressure plots show details around the
TE wall-jet measured in radians from the lip. The RMS
pressure distribution is included below each plot. The
magnitude along the vertical axis in N/m® is dimen-
sional which means that direct comparison between runs
is inappropriate due to variation in free-stream

dynamic pressure.

In Fig.3.6(a) for RUN-48 the pressure distribution
around the TE wall-jet is too weak to be distinguished
by its characteristic peak. This starts to develop in .
Fig.3.6(b) with a slightly higher blowing coefficient.
The respective RMS plots are shown in Figs.3.6(c)
and (d). In Fig.3.7 the peak in the TE RMS pressure
for RUN-46 and RUN-44 reflects the disturbed nature of
the wall-jet/boundary-layer interaction lin the

vicinity of separation.



3.2.2.2

3.2.2.3

The results are summarised in Table 3.2. There is no
data for the skin friction distribution as the razor

blades were not mounted to the model before RUN-49.
TE Blowing at -6.8° (Figs.3.8 to 3.12 and Table 3.3)

The pressure distribution at negative geometric
incidence is shown in PFigs.3.8 and 3.9 with details of
the TE pressure in Figs.3.10 and 3.11. In Fig.3.12 one
must be wary of direct comparison of the skin friction
due to changing Reynolds number, R : RUN-56 and RUN-59
were at similar values. The reduced Reynolds numbers
for RUN-57 and RUN-58 favour a laminar boundary-layer.
Despite these limitations on the results it'is evident
from Fig.3.12 that, as would be expected, increased TE
blowing stabilises the upper surface boundary-layer
and draws the point of +transition downstream. The

lower surface seems to be relatively unaffected.
TE Blowing at +3.7° (Figs.3.13 to 3.16 and Table 3.4)

Results with a positive geometric incidence are
limited to one unblown case RUN-69 and two blown cases
RUN-74 and RUN-73. Figure 3.13 shows the experimental
mean pressure distribution which ig in good agreeménl -
with the potential flow distribution. In Fig.3.14 +the
pressure is plotted against distance normal to the
chord line. Figure 3.15 shows an irregular TE pressure

distribution suggesting spanwise variations due to the
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alternate spacing of the pressure tappings which has

already been discussed in section 2.1.1.

The skin friction distribution is shown in Fig.3.16.
The upper surface experiences an adverse gradient and
is "tripped" by the protruding LE blowing slot so that

the boundary-layer is completely turbulent throughout.

The lower surface is more susceptible to variation of
free-stream Reynolds number and TE blowing coef-
ficient. In Fig.3.16(a) with no TE blowing, transition
on the lower surface occurs near x/c = 0.4. In
Fig.3.16(b) with Cj = .015 +the 1lower surface skin
friction distribution is unchanged. In Fig.3.16(c)
with Cj = .028 the same distribution has  become
completely laminar. This is partly due to the 16%
reduction in free-stream Reynolds number and partly
due to the blockage effect of the TE wall-jet as it
moves further around onto the lower surface before

gseparating downstream.



3.2.3

3.2.3.1

3.2.3.2

LE Blowing Only
1E Blowing at 0° (Figs.3.17 to 3.21 and Table 3.5)

Figure 3.17 shows the mean pressufe distribution with
LE blowing. The effect on the lifting performance of
the model is negligible as the LE wall-jet has limited
influence on the pressure distribution beyond

x/c = 0.1.

Fig.3.18 shows that the LE wall-jet moves onto the
lower surface and removes the LE stagnation point
resulting in a net reduction of the drag coefficient
Cx- The LE pressure distribution in Figs.3.19 and 3.20
shows considerable spanwise variation with the alter-
nate positioning of the pressure tappings highlighted
by joining with a solid and a dashed 1line

respectively.

In Fig.3.21 the ILE blowing disrupts the laminar
boundary-layer over the front part of the model thus
increasing the skin friction drag coefficient Cf.
There is small change in skin friction distribution

with increased blowing.
IE Blowing at 3.7° (Figs 3.22 to 3.26 and Table 3.6)

With a positive geometric incidénce the LE wall-jet is
distinguished by the return of a LE stagnation point

where Cp = +1. This is shown in Fig.3.22 and more
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cléarly in Fig.3.23 when plotted against distance

normal to the chord line.

The LE distribution for the no blowing case in RUN-69
(Fig.3.24(a)) shows a smooth mean-pressure distri-
bution with stagnation at s/R = 1.6 radians from
the LE blowing slot and a continuous low RMS pressure
distribution. The LE pressure distribution for RUN-T1
in Pig.3.24(b) shows a reversed LE wall-jet with a
spanwise variation of the separation point. The solid
line shows an increasing pressure coefficient; with
the RMS distribution suggésting IE separation close to
the blowing slot at s/R = 0.3. The dotted line joining
tappings at a slightly different spanwise location
(moved 3.3% of the total Span) shows a decreasing
pressure coefficient with a peak Cp =-1.0 at
s/R = 0.4 where the wall-jet is still attached and IE
separation occurs slightly further around at
s/R = 0.5. For RﬁN—7O in Fig.3.25(a) and (c) one again
needs to consider the alternate spacing of the
tappings in order to interpret the results. The smooth
cur&e for RUN-72 in Fig.3.25(b) is probably due to
fortuitous location of the pfessure tappings relative

to the spanwise veriation of the LE separation line.

The skin friction measurements‘in Fig.3.26 show that
with the LE wall-jet folding back along the upper

surface there is small change in the lower surface



distribution with increased LE blowing. Transition is
maintained at about one-third of the distance along
the chord. The upper surface is initially turbulent
for the unblown case in RUN-69 and, though the
measured skin friction is reduced when the LE blowing
is applied, the upper surface boundary-layer is
probably turbulent for 2all four cases shown in
Fig.3.26.



3.3

3.3.1

WAKE MEASUREMENTS
No Blowing (Figs.3.27 to 3.30)

Results from one of three wake traverses behind the
unblown model at zero geometric incidence are shown in
Fig.3.27 for DRUN-6. The total pressure in mm of water
below atmosphere 1is plotted against +the normal
distance measured as a percentage of the chord leﬁgth
from the tunnel centre line. The data collected during
seven scans, with the rake moved 12.5mm (1/2") between
each, defines a mean distribution with an wupper and
lower wake limit, similar to the method described in
section 2.2.6 for the cylinder. The table of
experimental results includes the assumed total
pressure Hfé‘across the wake in absence of the model.
This is calculated as the mean of four readings (two
either side) adjacent to the wake limit. The width D'
is given as a fraction of +the chord. The 1if%
coefficient is calculated by measuring the difference
in pressure between the mid-chord tappings on the
upper and lower surface of the model» and using the

empirical relationship,

Cp = 1.44(CP1 - Cpu) - 34

The static pressure for DRUN-6 is plotted on a similar
scale to the total pressure and shown in Fig.3.28. The

results measured, using four static pressure probes on

3-11



the rake, show a slight reduction in pressure within
the wake. The algorithm for the integration routine to
calculate the drag coefficient CDr assumes a constant
distribution as shown by the dotted 1line, where +the
experimental points are used to :calculate a mean
static pressure in the wake (Pwk) and in the free—

stream (Pfs).

Total pressure profiles with variation of geometric
incidence are shown in Fig.3%.29 for increments of 2.5°
from -7.5° to +7.5°. The peak reading represents a
loss in total pressure equivalent to about 15% of the
dynamic kpressure which was maintained relatively

constant at 73mm of water.

Fig.3.30 shows the flow angle across the wake with
model incidence at ~7.5°, 0° and +7.5°. The positive
flow angle depicts streamlines moving from the upper-
surface side towards the lower-surface side. The
slight offset from zero for DRUN-6 is due to the rake
not being exactly aligned with the free-stream. The
reduced static pressure in the wake induces flow
towards the wake centre-line thus increasing the angle
at the upper wake limit and reducing it at the lower
10

limit. For DRUN-6 this variation was while for

DRUN-30 it was sbout 3°.
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3.3.2

3.3.2.1

3.3.2.2

3.3.2.3

TE Blowing Only
TE Blowing at 0° (Figs.3.31 and 3.32)

The variation of the mean total pressure distribution
across the wake with increasing TE blowing coefficient

is shown in Fig.3.31.

The mean wake static pressure increased from 77.6mm of
water below atmosphere to 80.4mm with maximum TE
blowing. However, the non-dimensional wake static
pressure remained constant so that,

i%k = Pwk / ka = 1.040 +.005 - 3.2
Fig.3.32 presents the variation of the flow angle
across the wake showing movement to the side, and
increased flow angle at the +traverse plang with

increased TE blowing.
TE Blowing at -5° (Figs.3.33 and 3.34)

Fig.5.53 shows the mean total pressure across the wake
with the model at —50 geometric incidence. The flow

angle is shown in Fig.3.%4.
TE Blowing at -7.5° (Figs.3.35 and 3.%6)

Fig.5.35 shows the mean total pressure across the wake
with the model at —7.50 geometric incidence. The flow

angle is shown in Fig.3.36.
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3.4

3.4.1

OVERALL PERFORMANCE
No Blowing

The lift performance of the unblown model is shown in

Fig.3.37 and comparison is made with earlier work by
Wood(15) and the two-dimensional 1lift-curve slope
predicﬁed by Hoerner(35). The slight increase in lift-
curve slope when compared with the work by Wood
reflects the improved efficiency of the end-plate

blowing slots.

Comparison between the weake drag coefficient CDw and
rake drag coefficient CDr’ both plotted against
geometric incidence, is shown in Fig.3.38. Both
methods include some scatfer, but their similarity
suggests an accuracy in CD to within +0.002 with a
minimm drag coefficient Cp, = .0120 at —2° geometric
incidence. The offset is due to the asymmetric contour
of the model with upper—-surface blowing slots. The
skin friction component represented about 404 of the

minimum drag coefficient.
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3.4.2

TE Blowing Only

The 1ift performance of the 20% elliptic CCA with
TE blowing is shown in Fig.3.79 for geometric
incidence of —6.80, 0° and +3.7°. With TE ‘blowing
coefficient limited to 0.05, the measured maximum 1if%
coefficient of 1.2 is well below stall. Comparison is
made with the work by Wood(15) on the same model with
two lower slot heights both at zero geometric
incidence. The reduced performance for +the present
investigation agrees with the speculation by Wood that.
an optimm slot height to chord ratio for +this
specific model is about .0020. The graph highlights
the benefit of a smaller slot height for obtaining
larger augmentation rates. Wood measured dCN/de up to
70 at the lowest slot height, compared with 36 for the

present investigation.

The mid-chord pitching moment is shown in Fig.3.40
plotted against 1lift coefficient with variation of
geometric incidence. The unblown model shows the
conventional characteristic of positive (nose-up)
pitching with increased angle of attack. TE Dblowing
has a nose-down influence thus increasing +the moment
about the elastic axes for CCAs when operating at
negative geometric incidence. The linear relationship
shows the independence between pitching moment due to

geometric incidence and that due to blowing.
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3.4.2.1

5.4.2.2

Fig.5.41 shows the centre of pressure location due to
TE blowing. The 1limited movement (<3% of chord)
suggests that it is almost independent of both
geometric incidence and blowing coefficient. Note that
it is important to distinguish between the centre of
pressure due to blowing and that due to geometric

incidence.
TE Blowing only at 0°

Fig.3742 shows a direct comparison between the wake
drag and rake drag coefficients plotted against TE
blowing coefficient for the model at zero geometric

incidence.
TE Blowing only at -6.8°

Fig.3.43 sumarises the drag results for the model
with TE blowing at negative geometric incidence.
The reke measurements at -5° and -7.5° show a slight
decrease in drag with increased blowing rate. The wake
drag measured at -6.8° reveals a slightly spurious

scatter which is discussed further in section 5.3.
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30403

LE Blowing Only.

In Fig.3.44 comparison is made between the LE ahd TE
blowing performance. Figure 3.44(a) shows that the LE
wall-jet alone does not produce any significant 1lift.
However, Fig.3.44(b) shows that it does reduce the
chordwise force CX and increases the mid-chord
pitching moment as shown in Fig.3.44(c). The effect of
the TE wall-jet alone is also shown (but at a
different slot height).

The performance with the model at +3.7° is similarly
shown in Fig.3.45. The mid-chord moment in Fig.3.45(c)
reveals an unexpected reduction with increased LE

blowing. This is discussed further in section 5.4.1.
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4.1

THEORETICAL DISCRETE VORTEX MODEL.

INTRODUCTION

The model presented in this section has been developed
from the original cdncept suggested by Smith(21) for a
circular cylinder with a blowing slot at top dead
centre (TDC). Discrete vortices, with a strength
related to the blowing coefficient, are shed sequenti-
ally from the lip with a frequency determined by the
fime—step of the program. Before each time-step, image
vortices of equal but opposite strength to their
respective external vortices are 1located so as to
maintain zero flow across the surface boundary. The
velocity vector at each external vortex is calculated -
by summing the induced velocity due to the remaining
vortices and the free-stream potential flow. The
external vortices are then relocated, assuming a
constant velocity during the time-step. A new vortex
is shed from the 1lip, and respective image vortex
location and strength are calculated before continuing

with the next time-step.

The earliest reference to modelling a shear layer by
discrete vortices was made by Rosenhead(36) when
dealing with the Helmholtz instability of two parallel
streams flowing in opposite directions. Extension of
this work was later performed by Birchoff(37) and
Hama(38).



Smith(21) gives a brief history of discrete vortex
modelling with numerous references showing that the
technique has been used in treating a variety of
two-dimensional shear layer problems. He showed that
when applied to the prediction of the Coanda flow due
to a wall-jet on a circular cylinder, the vortex
development approached a steady-state condition. He
predicted the Dblowing momentum coefficient by
considering the induced velocity on the surface at the
slot, and the 1lift coefficient by finding the point of
zero induced velocity around the trailing edge (TE)
surface. Artificial viscosity and a time-dependent
vortex decay rate helped to stabilise the vortex
development and simulated the dissipative effects

encountered in real fluids.

Performance was comparable with the experimental work
of Levinsky and Yeh(5) indicating that the technique

was essentially correct. However, semi—eﬁpirical |
determination of the decay rate detracted from the

initial simplicity of the model.



4.2

4.2.1

MODEL DEVELOPMENT
The Starting Process.

The experimental work by Wood(15) suggested that under
certain blowing conditions the vortex sheet, formed at
the 1lip due to the shear between the jet and upper-
surface boundary-layer, was rapidly broken down and
rolled up to form discrete vortices as shown in

Fig.4.1(a).

Considering a slot height h, with a Dblowing coef-

ficient Cj resulting in a jet velocity Vj then

cy = m(Vj‘Vp)/qwC - 4.1

where m is the mass flow rate in kg/s per unit span
and Vp the free-stream potential flow velocity at the
lip. Expanding equation 4.1 and considering incompres-
sible flow where the free-stream and jet exit den-

sities are equal, leads to

.z -2 —\1/2 _
vj.(vpﬂu(vp +20j/h)7 ) /2 4.2

For a cylinder with a blowing slot at TDC, Vp =2 and

equation 4.2 becomes

‘73 =1+ (1+ Cj/2;1)1/2 - 4.2(a)

where the ~ denotes a non-dimensional form so that

Vj=Vj/Uw and h = h/c
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Let s be the 1length of the vortex sheet before
breaking down to form the firgt discrete vortex, which

is relocated at the lip as shown in Fig.4.1(b).

The induced velocity due to the adjacent image vortex
is

Vi =¥, / (2w.2h) - 4.3
where ¥, is the strength of the first vortex and 2h an
épproximation to the distance between this vortex and

its image.

The starting length s can be related to the time-step

Akby
s = (Vp + Vy)aE - 4.4

Defining the excess jet velocity by
V=V-_V - .
e j P 4.5
and assuming that the vorticity along the sheet is
rolled into a concentrated vortex, then

xo-_:Ves | -406

Substituting frequency f, with the inverse of time
gtep (1/At) and for convenience using an equivalent
frequency velocity

Ve=Urht - 4.7
leads to

Ve Ve

Y=V - 4.8

P (Vp-TVe) £

hence relating vortex strength with frequency.
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The relationship between the vortex core size 1 and
the starting length s is critical in‘ determining the
frequency f. The simplest relationship satisfying the
boundary conditions is

r

=2 = constant = k - 4.9

S

where the core diameter (2ro) is equivalent to the lip

thickness d.

The resulting relationship for frequency has two terms

KV
f=—P4+ & - 4.10

where the first term is considered to be a threshold
frequency dependent upon free-stream velocity and slot
geometry. The second term is a function of Dblowing

strength and slot height.

Pig.4.2 shows the relationship of frequency for
blowing coefficient up to 0.5 at U_, = 44m/s. The
three plots are with k = 0.35, 0.30 and 0.25. Each
shows variation with slot height (1, 2 and ?mm) and
initial core radius (0.4, 0.6 and 0.8mm). Preliminary
work revealed that with k > 0.4 the vortices started
pairing unrealistically close to the 1lip, and with
k < 0.2 the spacing was so large that pairing was not
initiated during the intended development ‘of the

vortices downstream.



4.2.2

Increasing slot height h, and lip thickness d, hence
Tos decreases the shedding frequency. With increasing
slot height the frequency augmentation rate df/de is
reduced. At low slot heights +the frequency becomes
unrealistically high for the proposed flow regime and
it is suggested that the stability of the vortex sheet
increases due to the proximity of the surface, thus
delaying the roll up into discrete vortices and

altering the condition set by equation 4.9.

Vortex Growth and Pairing

The strength of the vortices is determined by an expo—
nential time dependent decay as suggested by
Smith(21) with

% = ¥pexp(-Kt) - 4.1

where K is a decay rate constant and t, the age of the

vortex in seconds.

The core size is calculated assuming a conservation of
angular momentum H, so that
H

I

2501‘02 =yr?
r, exp(Kt/2) - 4.12

H

and r

Eventual overlapping of the vortices starts a pairing
process involving a summation of the cross-sectional

core area and again conservation of angular momentum.



4.2.3

For pairing between the jth and j+1 th vortex the new
radius r' is given by

r' = (1'3.24-1'2:]4_1)1/2 - 4.3
and new strength by

%' = <“j1"j2 + ?fj+1r2j+1)/r'2 - 4.14

Thé new position is such that the distance to the new
vortex location x' is inversely proportional to the
original radii for both vortices; if x is the distance
from a colinear datum then

- 4.15

x'r' = (Xjrj * Xy rj+1)

Lift Prediction

It is shown in Appendix A section 8.1.3 that the
circulation about a cylinder due to a discrete vortex
pair is equivalent to the image vortex strength sz/s.
The total circulation due to blowing can therefore be
related to the sum of the image vortices within the

flow-field so that

n

M= 2 % - 4.16

Lz

Remembering the relationship L = g Uw n

then 9.0
Lt - 417

and the 1lift coeffiéient - due to blowing can be

expressed independently of incidence effects as,

n
ACLb\oo.ms: _1— Z 3L - 4.18

Uwc i.:\
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4.3

PERFORMANCE OF A CYLINDER WITH CIRCULATION CONTROL

For comparison with the experimental work by Leyinsky
and Yeh(5) calculations were made for a condition
where vortices were shed from the lip of a cylinder,
with radius 76.2mm and a slot at its top dead centre
of height 1.14mm, in a horizontal free-stream velocity

of 44.2m/s.

Equation 4.2 with h = h/2R = .0075 limits cj to 0.5
for subsonic slot flow. Equation 4.10 shows that with
a starting length s equal to the slot height, the
threshold frequency is 76kHz increaéing to 91kHz
with maximum blowing coefficient. The initial vortex‘
strength from equation 4.8 is 0.25 m?/s, resulting in

an induced surface velocity at the slot of 200m/s.

Fig.4.3 shows the external and image vortex distri-
bution after 20 time-steps for a blowing coefficient
of 0.2 and a shedding frequency of 85kHz. The slot
surface velocity is 211m/s and the vortex strength,
O.14m2/s. The vortex path curls to form the charac~
teristic "starting vortex" which is carried downstream

before a steady-state solution is reached.

The programme continues shedding vortices and after
each time-step checks the vortex spacing. The pairing
process described in section 4.2.2 gtarts when

adjacent vortices overlap. The distribution after 500

time-steps is shown in Fig.4.4.
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Pairing results in a rapid dissipation of the vortex
strength thus reducing the significance of the
vortices. As these disappear downstream of a cut-off
line they are removed from the computation. The
downward slope of the vortex path is due +to the
induced velocity from the starting vortex which has
only just passed the cut-off 1line. The stabilised
distribution immediately downstream of the slot is
shown in Fig.4.5(a) for comparison with Fig.4.3. The
vortex strength and growth in core size is éhown in
Figs.4.5(b) and (c): Z is the distance along the

vortex path from the lip.

Fig.4.5(d) summarises +the results after 500 iter-
ations. The six digit run-number (542035) describes
the main variables. Reading from left to right the
first digit is the number of iterations in hundreds
(e.g. 5 for 500). The second digit represents the
free-stream velocity (all runs with 4 were at 44.2
m/s). The next two digits (20) show the blowing
coefficient 0.20. The final two digits describe thé
starting length ratio 0.35.

During the first 5.9ms, (500 time-steps) there were
346 pairings, leaving 93 vortices distributed
downstream with a summed strength of 9.98m2/s. The

remaining 61 vortices had passed the cut-off line.
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A steady-state solution is approached after 9.4ms
(800 time-steps) as shown in Fig.4.6 for run 842035.
The vortex path is aligned with the free-stream
having recovered from earlier influence by the
starting vortex which was still evident after 500
iterations. The circulation due to the remaining 89
vortices is 9.82 mz/s which from equation 4.20
predicts a 1lift coefficient of 2.91. The steady-state
distribution of vortex strength and core size is shown
in Fig.4.7(a). The spikes show that pairing is not
instantaneous but depends on a semi-random sequence
with some vortices remaining single for longer than
others. TFig.4.7(b) shows the resulting growth in
vortex size representing the breakdown of the discrete
vortex structure to a large scale eddy flow in the

wake.

Before the final iteration the model is "éeeded" with
a passive point grid. The velocity and direction is
calculated at each passive point and plotted as
pressure coefficient and flow angle with respect to
the adjacent surface. The grid consists of 75 points
in three rows of 25 each. The radial distances are
one, two and three slot heights from the surface,
starting ét 70° from the lip with an angular spacing
of 2.5° up to 130°.
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Fig.4;7(c) shows +the pressure coefficient for the
three rows adjacent to the surface. The TE separation
point where Cyp = +1 has moved 1.5° onto the' lower
surface. The lower surface distribution is due +to
free-stream potential flow while the upper surface
shows a reduction in Cp due to the induced vortex

velocity.

Fig.4.7(d) shows the flow angle with respect to the
adjacent surface. The lines represent the three grid
rows, and depict the flow which changes from being
almost parallel with the surface before separation,
to moving perpendicularly and finally to being in a
reversed orientation with respect to the TE on the
lower surface. The small movement of the stagnation
point reflects the early breakdown of the vortices due

to pairing, which started about 67° from the lip.

Fig.4.8 shows the effect of increasing the blowing
coefficient to 0.3 with the stagnation point moving

about 30 on to the lower surface.

Fig.4.9 shows performance after 500 iterations with k
varying from 0.30 to 0.38 and with blowing coefficient
up to 0.3. Comparison is made with the experimental
work of Cheeseman(?) and Levinsky and Yeh(5). The
accompanying table summarises the results showing also
the shedding frequency and the initial vortex strength

predicted by the model.
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The overall performance of the cylinder with a fixed
starting length ratio k = .35 is shown in Fig.4.10.
At the two lowest blowing rgtes of Cj = 0.1 and 0.2
only a minor change is achieved by extending the
number of iterations beyond 500. The effect of 800
iterations is shown with Cj = 0.2 to produce .05
reduction in CL' With Cj = 0.3 the model required 800
iterations to reach a steady-state solution. Finally
with Cj = 0.4 predicted CL is above the extrapolated
curve. The vortex development shown in Fig.4.11

reveals incomplete breakdown of the vortex structure.

The perfbrmance results are limited in scope and more
work is required to reduce the bcomputation time and
clarify the relationship between vortex size, strength
and frequency. However, they represent an extension of
the work by Smith(21) and are an attempt to impose
physical constraints on a theoretical ooncept_ thereby
extending its application into an engineering environ-
ment. The work providéd experience in methods of
stabilising vortex models and result presentation. It
was also a useful stepping stone for developing the
theoretical model applying to elliptic aerofoils which

is described in the next section.
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4-4

PERFORMANCE OF AN ELLIPSE WITH CIRCULATION CONTROL.

The effect of vortex shedding from an elliptic aero-
foil was investigated by firét considering the
potential flow around a cylinder, and then using
conformal transformation to calculate the equivalent
flow around an ellipse. A programme listing together
with explanatory comments is given in Appéndik B

section 8.2.

The vortices were shed into the potential flow from
the 1ip located at 96.5% chord. Positioning of the
image vortices was slightly modified due to the
changing curvature, the criterion being that the 1line
joining the external vortex with its image was
perpendicular to the surface at the point of
intersection. The radial distance was then calculated
by extending this line to the x-axis and wusing the
relationship R2 = Ri'Rj where R is the distance from
the x-axis intersection to the surface and Ri’ Rj are
the respective distances to the image and external

vortex.

The equation for predicting the vortex strength and
frequency is described in section 4.2. Using the
present experimental model as an example with a
typical slot height to chord ratio of .0012 and a
blowing coefficient of 0.02 in a tunnel free-stream of

30m/s leads to a slot exit velocity of 120m/s.
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The free-stream potential flow at the 1lip is about
40m/s and with a starting length equal to the slot
height, this leads to a threshold frequency of 65kHz.

The elliptic model DVM-ellipse was developed with a
slot to chord ratio of .00125 based on a 20% ellipse
with chord .6096m (24") and at a free-stream velocity
of 30m/s. The preliminary work with a starting ratio
of 0.35 and a core radius of 0.2mm (representative of
the lip thickness), led to premature pairing. Reducing
the starting ratio to 0.25 resulted in a shedding
frequency of 45kHz at a blowing coefficient of

c, = 0.01.
J

The numbering of the elliptic model is similar to
that used for the cylinder model. For run number
"320125" the first digit "3" represents 300
iterations, the second digit "3" shows that the free-
stream velocity was 30m/s. The next +two digits "O1"
describe the blowing coefficient _Cj = 0.01 and the
final two digits "25" show that the starting ratio
k = 0.25.

Fig.4.12 shows the vortex develomment downstream of
the elliptic CCA after 300, 400 and 500 iterations.
Fig.4.12(a) exhibits two classic features of discrete
vortex models; the rolling up of the tail end into a
"starting vortex", and the tendency of the path to

curl into a S-shape. This is a characteristic mode of
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instability 1leading to possible breakdown of the

vortex path.

The programme gradually removes the older vortices by
checking, after each time-step, the vortex path and
removing the last vortex if the path extends beyond
the cut-off 1line. The position of this 1line is
estimated by considering the breakdown of the
vortices. Locating the line too close to the model
results in the premature removal of vortices which
still influence the TE flow pattern. Locating the
cut-off line too far downstream leads to unnecessarj

computation.

After 500 iterations (about 11.1ms) the model has
reached a steady-state solution with the vortex path

separating from the lower surface.

An extension of the passive point grid technique
discussed in section 4.3 is shown in Fig.4.13. The
grid is distributed about XTE in four rows with
angular spacing of 50, starting 20° above the TE.
Row 1 is on the ellipse surface and the remaining rows
are located 2h, 4h and 6h distance from the surface.
The point XTE lies at the intersection of the x-axis
and the line perpendicular to the ellipse surface
passing through the blowing slot location (not shown).
It has been adopted as a convenient reference point

with regards to the TE geometry and is also used in

4-15



conjunction with the algorithm for calculating the
location of the image vortices to ensure that there is

no flow across the ellipse surface.

Inset Fig.4.13(a) is a plot of the pressure distri-
bution for Row 1 plotted as angle in degrees about

XTE' The separation point is 20° below the TE.

Fig.4.14 reveals how the pairing process gradually
dissipates the strength of the vortices as they flow
downstream. Plots (a), (b) and (c) show strength
against distance Z for the three runs already
discussed in Fig.4.12. The initial slope is due to the
exponential decay determined by the decay rate Kf
Pairing starts 42.7mm downstream of the 1lip after
about 1.0ms and remains unaffected by the later

develoments downstream.

Fig.4.15 shows the yortex path after 300 iterations
for two partially developed flows both with Cjz 0.01.
Increasing k to 0.30, changes the frequency from 45.0

to 53.0kHz and moves the onset of pairing from 42.3mm
downstream of the lip after 1.0ms to 36.0mm after only
0.83ms. It also reduces the induced velocity on the
lower surface and the location of the TE separation
point as shown by the surface pressure distribution in
Fig.4.15(a). The relationship between the TE

separation point S and the 1lift coefficient is not
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certain. Potential theory states that

Cp, = 2w(1+t/c) sinn_ - 4.19
where the angle n_is as shown in Fig.4.15. TUsing
equation 4.19 to predict the 1lift coefficient at such
an early stage of the vortex development is unrealis-
tic due to the proximity of unpaired ?ortices. These

will disappear downstream when the steady-state

solution has been reached.

Such a condition - is shown in Fig.4.16 after 600
iterations which is equivalent to 11.%ms '"real-time".
The vortex path and strength are compared with the
situation after 300 iterations. Inset Fig.4.16(a) is a
comparison between the vortex strength plotted against
distance along the path. Note that the axes have been
shifted by +5 units for 330130 to separate the graphs.
The resultant flow pattern around the TE is shown in
Fig.4.17. This can be compared with Fig.4.13 which is
after 500 iterations but at a lower frequency and
represents 11.1ms "real-time". Run 530125 seems to be
fully developed Jjudging by the vortex stfength
(Fig.4.14(c)). However, the 1ift coefficient based
upon the separation point is well above any realistic
value (=1.27). Run 630130 with a shedding frequency of
= 0.52 and shows that

L
the induced flow around the TE has stabilised

53.0kHz and Cj= 0.01 predicts C

following some initially large fluctuations.
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In Fig.4.18, the vortex path is shown with Cj = 0.02
after 600 and 800 iterations and compared with the
previously discussed Run 630130 (Fig.4.17). Changing
Cj from .01 to .02 increases the frequency from 53.0
to 55.5kHz and also extends the time needed to reach a

steady-state solution.

The path shown by 60230 after 10.8ms '"real-time" is
still irregular, and the ddwnward slope towards the
end of the path is due to the earlier influence of the
 starting vortex. The situation after 800 iterations
830230 (14.4ms) is a slightly undulating path, which
is beginning to re-align itself with the free-stream.
The vortex strength is still in the process of
dissipating and a steady-state 1ift coefficient will
be slightly lower than the value of 1.27 as shown and

would be attained after about 18ms of "real-time".

It is regrettable that limitation on time has reduced
the available performance data. However, this section
is intended to show the potential of the discrete
vortex modelling technique for pfedicting the

performance of CCAs.
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5.1

DISCUSSIONS OF RESULTS

INTRODUCTION

This chapter considers the results obtained during
the present study. The discussion also draws on the
experience of other researchers so as to develop an
understanding of the main parameters which determine

the drag of a circulation-controlled aerofoil(CCA).

A turbulent boundary-layer model has been used for
comparison with the skin friction measurements and
prediction of the TE separation point. This is based
upon a method proposed by Truckenbrodt(39). Two dif-
ferential equations (given in reference (34) as
equations 22.11(a) and (b)) are solved using a fourth-
order Runge-Kutta method. The initial conditions are
assumed from the experimental data at transition and
boundary-layer development determined by the measured
pressure distribution. From the transition point the
model steps downstream calculating: Reynolds number Re
(based on the energy thickmess of the boundary-layer),
a modified shape factor H, and the coefficient of
local skin friction. Separation can be assumed - when
the shape factor is in the region 0.74 > H > 0.72. 1In
general H < 1 represents flow subject to an adverse
pressure gradient and H > 1 a favourable pressure
gradient. The calculations continue step-by-step until
separation at H = 0.723 asrsuggested by reference (34)
equation 22.6.
5-1



In addition to quantitative - measurements the
discussion includes results from flow visualization
work using titanium-dioxide powder mixed with oleic
acid and paraffin. This revealed details of the flow
pattern which helped interpretation of +the experi-

mental results.

Section 5.2 presents drag results for the unblown
model +together with some typical boundary-layer
development along the upper sﬁrface. Measured results
are compared with those predicted by the turbulent
boundaiyalayer model. | »

Section 5.3 is devoted to a more detailed discussion
of the results obtained for the model with TE blowing.
Because of the quality of the results it was decided
to include some of +the aspects which, though not
directly felated to the drag, may be of interest +to
others doing similar work. Originally it was antici-
pated that this section would also include results
from the theoretical Discrete Vortex Model described
in chapter 4. Limitations on time, rather than on the
proposed model, has meant that this has had to be
postponed. However; the recommendations for future
work in chapter 6, include suggestions based on the
experiences gathered during the present study thch

should be useful if the'wbrk-is to be continued.



Section 5.4 is included because of current interest in
the LE wall-jet in conjunction with the application of

CC-symmetrical rotor-blades which require dual

blowing.



5.2

5.2.1

NO BLOWING
The Unblown Drag

The experimental lift-curve slope of 3.60 (shown in
Pig.3.37) for the unblown model is as would be
expected slightly lower than the two-dimensional value
of 4.0 predicted by Hoerner(35).

Experimental drag data for elliptic profiles is
limited to work on struts at Reynolds numbers less
than 0.2 x 106, compared with 1.0 x 106 for the
present study. Such work is described in references
(40) and (41). Hoerner(42) suggests 0.016 for the
minimum drag coefficient. This is assuming a com~
pletely turbulent boundary-layer with the model at
zero geometric incidence. The measured value.of 0.012

(see Fig.3.38) includes a partly laminar boundary-

layer and is considered to be in good agreement.

As will be shown in section 5.3 the resultant chord-
wise force due to the pressure distribution (CX), can
be defined empirically as a function of geometric
incidence and 1ift coefficient, (see equations 5.7 and
5.8). The derived relationship is shown in Fig.5.1(a)

together with the measured experimental results.

Assuming a linear lift-curve slope of the form

QN = Elo(g - 5.1
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as shown in Fig.3.37 where a = 3.60 x /180 and:xg is
in degrees, then CX can be simplified to a function of
geometric incidence which is shown in Fig.5.1(b) and
reproduced from equation 5.10 using the coefficients
given in equation 5.11. The experimental points are
also given for comparison. This curve 1is redrawn in
Fig.5.1(c) together with the expression for streamwise
drag given by

CD' = Cxcosocg + CNsino<g - 5.2

Equation 5.2 represents the force due to the pressure
distribution which acts along the tunnel axes. For
small angles (<10°), COS K is taken as unity. The
minimm value occurs at -1.2° geometric incidence due

to the asymmetry of the model.

The two-dimensional, sectional, weake drag coefficient
ch is calculated as shown in section 2.2.3. TFor the

unblown model, the relationship simplifies to
_ . 2

This is the sectional streamwise drag, minus the
induced drag, plus the skin friction. The 1last term
was found to be almost constant at .0050 for the
unblown model. Equation 5.3 is shown in Fig.5.1(d)
along with the calculated value for Cp_ and the

measured rake drag coefficient CDr‘ These have already
been shown in Fig.3.38. Equation 5.3 has an unrealis-—

tic turning point at +6.1°. The most likely source for
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such error is thought to be in the term for induced
drag. This observation is discussed further in section
5.3 when considering the more complicated condition

with TE blowing.



5.2.2

e

Boundary-Layer Development

To help understand the turbulent boundary-layer model
used in section 5.3 a simple presentation from RUN-69
with the unblown model at +3;7° geometric incidence is
included in this section. The pressure distribution
along the upper surface is shown in TFig.5.2(a) (see
also Fig.3.1(c) and Fig.3.22(a) for the same plot).
Transition is assumed to occur at x/c = .09 with the
local coefficient of skin friction Cp = .004. The
measured skin friction is shown as the solid 1line in
Fig.5.2(b) (see also Fig.3.3(c) and Fig.3.26(a)), the
dotted 1line is tﬁat predicted by the ‘turbulent
boundary-layer model. Fig.5.2(c) shows the growth of
the energy thickness, defined by the Reynolds number
Re’ which has been scaled by its value at transition.
The plot reveals a modest growth in the size of the
boundary-layer. Fig.5.2(d) presents the modified shape
factor H plotted against chordwise location. This
shows a stable boundary-layer which (because H < 1) is
subjected to a slight adverse pressure gradient. With
H considerably greater than 0.74 at the final
iteration point (x/c = .91), separation occurs even

further downstream, which is as would be expected.



5.3

5.3.1

" TE BLOWING

\
The Overall Drag Performance

Experimental results from the +two different methods
for measuring the drag have already been presented in
chapter 3. Figure 3.42 shows that with the model at
zero geometric incidence then comparison of drag with
increased TE blowing is excellent. With the model at
negative geometric incidence (shown in Fig.3.43), the
proposed method for reduction of CDw is missing a
correction term dependent upon geometric incidence.
The quality and consistency of the rake measurements
suggest that Cp. 1s representative of the correct
drag. To explain why the measurements do not agree we
musf consider the individual terms which represent the
wake drag coefficient CDw° These have already been
presented as equations 2.10 to 2.16 in section 2.2.3.

Summarising we have

C'])W=CX+CNsin‘>(g—CD:.L+C_f+CDpj—CD:j -5.4

Two of the terms (CDpj and CDj) are dependent upon Cj
and have limited influence because they almost cancel

each other out. It was found that

1/2
C.
Cp.y = —4— - 5.5(1)
Pl 20.2
and
Opy = 0.21 Cy - 5.5(ii)



With a maximum blowing coefficient of 0.04, the sum of
these two terms constituted only an additional .0015
to the value of CDW. The skin friction component Cf
was found to vary from .0050 to .0080, being primarily
dependent upon free-stream Reynolds number rather than
blowing coefficient or geometric incidence. It is
reasonable to assume a constant value of .0065 for

these three terms.

The induced drag (CDi) has been discussed in section
2.,2.4. The curve in Pig.2.13 shows a linear relation-
ship with respect to the lift coefficient squared so
that equétion 5.4 can be rewritten in the form
ch=cX+chino(g—ch2-ko - 5.6

where k = .082 due to induced drag and ko = ,0065 is
from the jet and skin friction contribution. The term
CX can be large compared with CDW and is difficult +to
measure accurately. It represents the force due to the
pressure distribution acting along the chordline. The
second term resolves this force to the drag acting
parallel to the tunnel axis. A plot of the measured
experimental points for CX against CN is shown 1in
Fig.5.3 with geometric incidences -6.8%, 0° and +3.7°.
From inspection it is sensible +to assume that the

relationship can be described in the form

_ 2
QX = fo + f1 CN + fé CN - 5.7
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where the coefficients fo’ f1 and fé have a iinear

relationship with respect to the geometric incidence

so that
£, =8+ X, - 5.8(1)
£, =Dy + DK - 5.8(ii)
and £, =c_ + C1 R g - 5.8(iii)

Considering each of the three experimental cases with
o% = -6.8, 0 and +3.7°; ‘using a method of least
squares to estimate the coefficients fo’ f1 and f2,
then linear regression to find the coefficients a, b

and ¢ with suffixes o and 1, produced the empirical

coefficient
a, = 00959 : bO = .,004208 :'cO = 074345 - 5.9(1)
a, = .00079 : b1 =-,015607 : ¢ =-,005046 - 5.9(ii)

This empirical relationship is also shown in Fig.5.3.

The case of no blowing, with variation of geometric
incidence has already been mentioned in section 5.2.1.
It was considered by substituting equation 5.8 for 5.7
and assuming a linear lift-curve slope as given in
equation 5.1. Equation 5.7 can be written as a cubic

in & o with the form

_ 2 3 .
Cg = dg + &0+ 07 + G, 5.10
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a, =a = .009590 ' - 5.11(1)

| =2 +b,a = ,001054 - 5.11(ii)
d2 = a(b1 + ¢, a) = -.000687 7 - 5.11(iii)
ds = o ¢, = —.000020 = 5.11(iv)

BEquation 5.10 has already been drawn in Fig.5.1(b) and
(¢). It has a maximm when o(g=0.74o ' vhere
Cy = .009986. Note that because of the cubic relation-
- ship there is also a second turning point when

= - . 0.
o<g 23 74

The relationship between CN and Cj shom in TFig.3.39

approximates to the empirical relationship

2

CN=aOLg+36Cj—ZOOCj - 5.12

where a is (3.60 xTI/180) the unblown lift-curve slope
per degree. With Cj limited to 0.04 then equation 5.12
can be approximated by a linear relationship with the
form

CN=ao(g+qu - 5.13

where q is an approximate 1lift augmentation rate taken
as 32. Equation 5.13 reflects the independence between
1lift due to geometric incidence and 1lift due to
blowing which was found to exist for +this particular
experimental model. Both equations 5.12 and 5.13 are

shown in Fig.5.4.



Substituting equations 5.7 and 5.8 in- equation 5.6
leads to
_ . 2
Cp, = (£, = k) + (£ + smot.g) Cy + (£, - k)Cy
- 5.14

Differentiating with respect to Cy (assume partial
derivatives where appropriate),

dCDW - (£ + st .
— = (¢, smtxg)+2(f2—k) Cx - 5.15

%y

At fixed geometric incidence,

EE"L = EEPY.’EC_N - 5.16
. d .
dCJ CN dCJ
ac
where — =g from equation 5.13 so that
ac.
J
1 dCp
- —¥ = (f, + sina ) + 2(f, - kX)(aet_ +q C.)
1 g 2 g J
q de
- 5.7
with & g = O this simplifies to
1 4acC
-2y s 2(e - wq o, ~5.18
) o) j
q de

Equation 5.18 describes the gradient of the empirical
curve for CDW against Cj based on the experimental
results presented in Fig.3.42. With no bYlowing the
empirical slope is slightly positive because from
equation 5.9(i) b, > O. However with k > ¢, increased

blowing reduces the drag CDw as shown in Fig.3.42.
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Returning to the more general equation 5.17 Qith
oé <0 then f2 is 1increased so  that the term
(fé - k) >0 which means that Cp, will start
increasing with more blowing. The measurements using
the rake show that this is not the case. Comparison
with Fig.3.43 suggest that the gradient dCDw/de
should be almost independent of the geometric

incidence in the measured range where Cj < 0.04.

Reconsidering equation 5.4 and +taking note of the
above discussion, it 1is questionable whether the
derived value for the induced drag CDi is correct.
Barbour(7) found that predicted induced drag did not
produce a linear relationship with respect to the 1lift
coefficient squared. This linear relationship has been
the basis for the pfesent method as described in
section 2.2.4. If one considers k (see equation 5.6)

to be a function of geometric incidence with the form,

k = k, +k20(g - 5.19

where k1 = .082 and k2,= -.003, then a modified ex-

pression for induced drag becomes

2

Cp; = (g +kyot)) Oy - 5.20

The original empirical relationship for the wake drag
coefficient is shown in Fig.5.5 with dashed lines

drawvn for the +three incidences which were
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investigated. Two of these lines (O(g = 0° and -6.8°)
can be compared with the measured experimental results
in Figs.3.42 and 3.43 respectively. The third 1line
withwxg = +3.7° has been extrapolated by using the
assumed relationship for CX from equation 5.7. The
modified relationship for estimating CDi using
equation 5.20 is shown for the same cases with solid
lines in Fig.5.5. These do not agree exactly with the
measured rake drag coefficient, but +they show that
similar trends of reduced wake drag with increased TE
blowing can be obtained by slight alterations of

induced drag.

Fig.5.6 shows the resulting modified relationsip
between 1ift coefficient and effective incidence,
together with the original relationship which has
already been shown in Fig.2.14. The change is small,
but has a great influence on the predicted wake drag

coefficient.
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5.3.2

The LE Stagnation Point

Flow visualization around the LE with TE blowing
revealed that the spanwise distribution of the IE
stagnation point was uniform. Fig.5.7 shows the
location of the stagnation point, measured in arc
angle (radians) from +the 1lip, plotted against
effective incidence for the unblown case and with TE
blowing at -6.8°, 0° and 3.7°. The circular profile of
the IE makes it impracticable to compare the plot with
theory. However, it is interesting to note that the
stagnation point can be uniquely defined as a function

of geométric incidence and blowing coefficient.

For the present study, with modest blowing rates and

angles of attack, the empirical relationship is
=1.36 + 0.06 .25 C, - 5.21
B, =136 +0.0685% , + 7.25 C; 5
where ¥ g is measured in degrees.

Equation 5.21 shows that measuring the location of the
LE stagnation point to within 1% one can check the
geometric incidence to within 1/4o or the TE blowing
coefficient to within 0.0025, which is equivalent to
6.5% of the maximm value of 0.04 measured during the

present study.



5.3.3

The Upper Surface Coundary Laer

The upper surface boundary-layer is subject to a
favourable pressure gradient except when the model is
at a large positive geometric incidence with a low TE

blowing momentum coefficient.

For much of the work at negative geometric incidence
the boundary-layer was laminar with Rc < 106. At
positive incidence the boundary-layer "tripped" at the
IE blowing slot and remained turbulent. An example of
this is shown in Fig. 5.8 where comparison is made
between the measured and theoretically derived
boundary-layer development for RUN-73 at +3.7°
geometric incidence with TE blowing: Figure 5.8(a)
shows the experimental pressure distribution and
Fig.5.8(b) compares the coefficient of 1local skin
friction with the tﬁeoretical boundary-layer model.
The slight difference is considered to lie within the

expected experimental error and both curves show an

almost constant value along the chord length.

The Reynolds number Re in Fig.5.8(c) is interesting
when considering the influence of the boundary-layer
on the 1ift augmentation capability of the model. The
theoretical discrete vortex model in section 4.2.1
calculates 1lift coefficient using +the velocity
difference between the jet and the potential flow at

the 1lip. Wood(43) extends the relationship and
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suggests that the ratio of -jet-momentum to  the
boundary-layer momentum deficit determines the 1ift
increment due to blowing. An exact relationship is not
known but it is suggested that consideration of energy
levels may be useful. If the energy thickness of the
boundary-layer is reduced, this should increase the
wall-jet effectiveness (which may be considered in
terms of kinetic energy). The 1lift augmentation rate
should therefore increase slightly when the geometric
incidence becomes more negative because this will tend
to reduce the upper surface boundary-layer growth.
This cannot be confirmed using the experimental
results from the present study because there is not
enough detail of 1ift performance with 1low blowing
rates typically Cj < 0.01.

The shape factor in Fig.5.8(d) shows that the
boundary-layer is stable. This is due to the re-

energising effect of the TE blowing slot.
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5.3.4

The Lower Surface Qound ar 4 m% ar

The lower surface has a relatively clean profile
which, with a favouréble pressure gradient (as is the
case when geometric incidence is positive), leads to a
laminar boundary-layer over a large portion of the
surface. A feature of the boundary-layer is its change
from being almost two-dimensional to being a distinct-
ly three-dimensional flow regime when approaching the
TE wall-jet. This is a recognized problem when testing
CCAs, the extent of which may be underestimated when
considering the validity of "two-dimensional" data. Ah
extreme example is shown by flow visualization in
Fig.5.9. Photograph (a), taken during some preliminary
work at the start of the present study, shows the
lower surface near the TE and bottom endplate
junction. The main feature is the spanwise (downward)
movement of the lower surface flow towards the bottom
endplate. A strong root-vortex emanates perpendicular-
ly to the TE surface and extends downstream with a
clockwise rotation (when viewed looking from
upstream). The strength of this vortex is shown by the
strong transverse flow pattern along the endplate.
Note also the distinct line separating the upper and

lower surface flow.

Photograph (b) was taken following inclusion of the

endplate boundary-layer control blowing slot. This
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counteracted +the rotation of the root-vortex and
considerably reduced the spanwise flow on the lower

surface.

Analysis of the boundary-layer using a typical case of
TE blowing a,t'—6.8O incidence is shown in Fig.5.10 for
RUN-59. Figure 5.10(a) is the experimental pressure
distribution showing an adverse gradient. Transition
was found experimentally to occur at x/c = 0.3 where
the local skin friction coefficient .is 0.004. The
measured local skin friction is noticeably 1less than
that predicted by the two-dimensional boundary-layer
model. The results are not surprising when one
considers the already mentioned spanwise movement
which will tend to reduce the predicted value. The
Reynolds number in Fig.5.10(c) shows a thickening
boundary-layer, and the shape factor in Fig.5.10(d)

shows that the flow is near to separation.
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5.3.5

The TE Wall-Jet

Investigation of the TE wall-jet was 1limited to
pressure measurements and flow visualization work. The
pressure distribution, when moving around the TE from
the blowing slot, exhibits a characteristic suction
peak before a sharp fall (rise in pressure) followed
by separatioh when approaching the 1lower surface
boundary-layer. Figure 5.11 is a photograph of the TE
wall-jet viewed looking onto the mid-span region of
the upper surface blowing-lip and TE  +tube. The
free-stream flow is moving from right to 1left. The'
photogréph was taken following a modest blowing rate
Cj = 0.02. The white streaks show the two-dimensional
wall-jet emerging from the slot. The denser white area
is the almost stagnant lower surface flow. The span-
wise (vertical) sinusoidal path of the separation line
was observed throughout the flow visualization work
and is discussed further in section 5.3.6. A notable
feature of the wall-jet is how the streamlines move
spanwise when close to the separation line. This would
suggest the development of longitudinal streamwise
vortices emanating from the TE surface and being
conveyed downstream in the wake. An example from the
preliminary work performed at the start of the present
study did in fact reveal eight of these vortices
evenly distributed across the span. Two of these (near

the mid-span region) are shown in Fig.5.12 which is a
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view looking upstream onto the TE tube. The vertical
white line to the right is the TE blowing lip and the
white area on the left is the oncoming lower-surface
boundary-layer. Sellotape covering the static pressure
tappings during the flow visualization work is evident
and obviously influences the 1location of = the
separation point. These longitudinal vortices may be
due to strong endplate root vortices which induce
spanwise flow variations. Alternatively %this is a
phenomenon which is also present on fully two-

dimensional CCAs.
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5.3.6

The TE Separation Point

Extension of the turbulent boundary-layer model to
predict the TE wall-jet provided useful comparison
with the experimental results for estimating the TE
separation point. Tnitial conditions assﬁme that the
TE wall-jet becomes turbulent at the blowing siot. The
model steps around the TE, calculating skin friction,
Reynolds number and shape factor at each pressure
tapping location. The method progresses up to the

point of separation where H = 0.723.

The measured separation point from +the RMS pressure
distribution for RUN-56 is seen in PFig.5.13(a) and
compared with the shape factor H in Fig.5.13(c). The
curve 1is extrapolated to H = 0.723 and predicts
separation at s/R = 0.8 with Cj = .016.

A similar trend is shown in Figs.5.13(b) and (d) for
RUN-59 with a blowing coefficient Cj = .041. The peak
near s/R = 1.0 in the RMS measurements around the TE
coincides with the location of the TE separation poiﬁt

predicted by the boundary-layer model.

Figure 5.14 shows the predicted boundary-layer growth
and local skih friction coefficient for the same two
runs discussed above. The boundaryblayef growth in
Figs.5.14(a) and (b) remains comparatively steady. The

local skin friction calculated in N/m® shows (see
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Figs.5.14(c) and (d)) a shallow pesk followed gy a
gradual reduction in both cases. This is similar +to
trends measured by Warsop and Marrero Santo(44) during
earlier work on the same experimental model. A sample
of this 1is reproduced in Fig.5.15 showing skin
friction measured around the TE tube plotted against
angle from the blowing slot. The higher maximum values
from their measurements is due to a lower slot height

and increased blowing coefficient.

Figure 5.16(a) is a photograph showing the spanwise
distribution of the TE wall-jet separation line. There
is no obvious relationship. between the sinusoidal
distribution and the internal layout of the TE plenum
chamber. Figure 5.16(b) is a close-up photograph of
the mid-span section showing detail of the spanwise

movement of the separation line.
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5.3.7T

The Wake Struchure

Measurements in the wake of the model revealed regular
mean trends which provided sensitive drag values and

indicated flow direction.

The experimental work showed large fluctuations of
total pressure in the core region of the wake. Damping
the pressure transducer signal with a low-pass filter,
extending the sampling time and performing several
scans produced a reasonable mean total pressure
distribution. This led to some very satisfactory
results as shown for example in Figs.3.31, 3.73 and
3.35. However, the apparatus was not capable of
measuring details relating to the rotational nature of

the flow.

Extending the hypothesis for the flow structure pro-
posed by the theoretical discrete vortex model and
considering the physical constraints on such flow,
suggests that the original discrete vortices initially
pair as shown by the model. The ideal two-dimensional
flow conditions rapidly break down, and the vortices
turn longitudinally and break up to produce a large
"eddy-flow" reminiscent of the breakdown of the two-
dimensional discrete vortex model but on a three-
dimensional level. This means that detailed investi-
gation of the wake must be done using a three-dimen-—
sional wake traverse method capable of measuring flow
angle and having a frequency response upto 100kHz.
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By considering conservation of momentum upstream and
downstream of the CCA, one should relate +the angular
momentum of the flow in the wake to the jet blowing
momentum. This is best understood ﬁy first considering
ideal conditions with no blowing: In which case there
should be no rotational component in the wake flow. If
we now start blowing, the extra moﬁentum due to the
jet is transferred into discrete vortices which have a
finite strength, size and frequency. These pair down-
stream with conservation of angular momentum and are
only subject to viscous losses predicted by the vortex
strength decay rate. There should therefore be a
relationship between the Dblowing momentum and the
angular momentum of the flow in the wake.
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5.4

5.4.1

LE BLOWING
The LE Wall-Jet

A limited amount of work was done to investigate the
behaviour of the LE wall-jet. The results described in
sections 3.2.3 and 3.4.3 have confirmed earlier obser-
vations by Wood(15) that there are two <types of ILE
flow. The first is when the LE wall-jet is too weak to
move around onto the lower surface and is therefore
forced by the oncoming free-stream to fold-back along
the upper surface. This means that there is a re-
attachment point somewhere downstream of the blowing
slot as shown in Fig.5.17(a). The extent of the
recirculation region will vary. Figures 3.22(b) and
(c) show that there is a "bubble" of disturbed flow
lying over the LE blowing lip and extending downstream
to about 15% chord. This leads to an increased
mid-chord pitching moment as shown in Fig.3.45(c).
With incre;sed LE blowing coefficient, the extent of
the recirculating region decreases and the re-attach-
ment point moves close to the LE blowing slot. This is
shown by the IE pressure distribution in Fig.3.22(d).
The LE wall-jet is still flowing back along the upper
surface, but there is only slight disturbance down-
stream of the LE Dblowing slot. Hence a reduced

mid-chord pitching moment as shown in Fig.3.45(c).
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5.4.2

Further increase of the LE blowing coefficient leads
to the wall-jet moving around the LE and onto the
lower surface as shown in Fig.5.17(b). The velocity
ratio VJ.:U'°° when this change occurs depends upon
which type of flow exists when one starts to change

the parameters. There 1is a hysteresis situation.

The LE Stagnation Point

The LE pressure distributions showed (see Figs.3.19,
3.20, 3.24 and 3.25) that the flow varied with
spanwise location. The experimental results suggest
that when the LE wall-jet folds back (see run 70, 71
and 72) then there exists a sinusoidal LE stagnation
line similar to the flow type found with the TE wall-
jet. This of course disappeared once the LE wall-jet
moved completely around onto the lower surface in
which case the LE stagnation point becomes indeter-
minate as was the case for run 51, 52 and 53. This
latter type of LE flow resulted in a suction peak
around the IE tube (see Fig.3.17) and hence a marked

decrease in the drag value.
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6.1

CONCLUSIONS AND RECOMMENDATIONS

THE EXPERIMENTAL WORK

An experimental investigation has been carried out on
a 20% elliptic circulation-controlled aerofoil with
both leading and trailing edge blowing slots. Detailed
pressure measurements have been made around the model
and downstream in the wake. These provided experimen—
tal data relating drag measured on the model with the

resulting momentum deficit in the wake.

Integration of the surface static pressure distribut-
ion showed that 1lift performance compared favourably
with previous results and confirmed +trends found by

other researchers.

Measurement of shear stress using flush-mounted fazor
blades provided a simple but effective means for de-

termining the magnitude of the skin friction drag Cf.

A method for calculating the momentum deficit from the
rake measurements was initially checked by measuring
the drag of a cylinder using a drag balance. Results
suggested an experimental error of. less than 4%.
The overall drag for the unblown model agrees with

limited previous work.

Reduction of the results when calculating drag with TE
blowing has included a discussion showing the correc-

tion terms necessary due to tunnel constraints and the
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jet-blowing momentum. The results were sensitivé to
the value of effective incidence and induced drag. A
slightly non-linear relationship between induced drag
versus (lift coefficient)z, helped to equate drag
measured on the model with the value measured down-

stream using the rake.

The results showed that the resultant force due %o
pressure acting along the chordline can be approxi-
mated by a quadratic relationship with the 1ift

coefficient.

Details of the pressure distribution around the
trailing edge showed that separation of the TE wall-
jet from the TE surface could be recorded by measuring

the RMS of the fluctuating static pressure.

The experimental separation line was shown (using flow
visualization) to exhibit a sinusoidal spanwise
pattern which was not related to the intérnal‘geometry
of the blowing slots. It 1is not clear whether the
spanwise variation is due to endplate interference or
a characteristic phenomenon associated with the TE

Coanda flow.

The experimental pressure distribution along the lower
surface was used as input to a  two-dimensional
turbulent boundary-layer model. This predicted the
boundary-layer development and showed that the

measured skin friction was (on approaching the TE
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wall-jet) 1lower than the predicted value. This
suggests a spanwise movement of the lower surface
flow when close to separation. This was confirmed by
flow visualization even after improvements to the

endplate/boundary-layer control blowing system.

The turbulent houndary-layer model was also used to
predict the TE separation point which agreed with the

value suggested from the TE RMS pressure measurements.

Comparison of predicted TE skin friction distribution
with that measured previously on the same model, but
with a  rougher TE surface and higher blowing
coefficients at a lower slot height, shows similar

~

trends but with lower magnitudes.

The aerodynamic characteristics of a CCA can be
distinguished Ybvetween those parameters due to
incidence changes and those due to Dblowing.
Specifically it has been shown that for the experimen-
tal conditions investigated then 1ift, mid-chord
pitching moment, centre of pressure and location of-
the leading edge stagnation point are four such para-

meters.



6.2

THE THEORETICAL WORK

The present study has extended +the theory that
discrete vortices control the development of the
Coanda flow associated with a circulation-controlled

aerofoil.

The work has included development of a theoretical
model which simulates shear between the upper surface
boundary-layer and the TE wall-jet using discrete
vortices. These are shed from the TE 1lip with
frequency and strength determined by the blowing para-
meters and TE geometry. Vortices of equal but opposite
strength, located inside the aerofoil section, main-
tain no-flow across the TE surface. It is shown that
for a cylinder their summed strength is equal to the
circulation and hence lift due to the blowing coeffi-
cient. The vortices develop downstream influenced by
the induced velocity and potential flow. Viscosity and
entrainment is modelled by a nominal decay constant.
Vortex strength and size is related to conservation of
angular momentum with eventual overlapping resulting
in a pairing process. Once initiated +this process
rapidly breaks down the discrete vortex structure
resulting in a large-scale eddy flow representative of

the flow in the wake of the model.

Performance results for the model, when applied to a

circular cylinder with a blowing slot at top dead
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centre, showed good agreement with previous experi-

mental work.

The theoretical analysis suggests that 1ift should be
related to the total strength of the discrete vortices
and is independent of +the location of +the TE

separation point.

Extension of the model for comparison with a 20%
elliptic CCA has led to realistic vortex development.
Prediction of separation and overall 1ift performance
is similar to the present experimental study.
Limitations on time has meant that detailed results
are not yet available. However, it is hoped to
continue the work and publish extensive performance

results in the not too distant future.
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6.3

RECOMMENDATIONS FOR FUTURE WORK

The present study has developed the work of Wood(15)
and Smith(21) in an effort to confirm the presence of
discrete vortices around the TE of a circulation-
controlled aerofoil by relating their influence to the
resultant preésure distribution and hence drag of such

aerofoils.

Extended performance measurements with 1ift "cbeffici-
ents greater than 1.5 is not recommended on the
present model at Bath, due to the low aspect ratio
which adversely affects the two-dimensional nature of
the flow. However, the work has suggested severai
features of the vortex structure, such as frequency,
size and strength, which can be confirmed by means of
detailed measuréments immediately downstream of the

blowing lip using hot-wire or holography methods.

There is still only limited experimental data relating
to low-speed aerodynamic characteristics of CCAs with
forward facing blowing slot. The present model could
provide valuable information by investigating the two-
different types of LE wall-jet flows which have been
found. This work could be supplemented by adapting the

discrete vortex model to predict the LE flow pattern.
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8 APPENDICES
8.1 Appendix A
8.1.1 The Induced Velocity due to a Discrete Vortex

Consider a vortex I with strength y m %/s (+’ve is clockwise)
which is located at the point I(R,,® ). The origin of the

polar co-ordinate system is at O as shown in Fig.Al.

The point P can be described as P(r,®) with respect to O, or
as P(s,B) with respect to the polar co-ordinate system with its

origin at L.

Considering the stream function ¥ due to the vortex I it is
evident that the radial velocity at any point P(s,B) is zero so

that,

19V
—=0 Al.l

s 9B

It can be readily shown that the tangential velocity at P is ¢,

where,

g =" Al.2
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Resolving g, to its velocity components tangential and radial

about O it is shown by geometry that

v, =¢,sin® Al3

which can be written as

R, sina
v, =g, Al4
s
similarly
v, =g, cos® Al5
so that
r —R:cosa
v =q T Al.6
s

Thus providing expressions for the radial and tangential velo-

city induced at P about the origin O by the vortex I.



8.1.2

The Induced Velocity due to a Discrete Vortex Pair

Consider a vortex pair I and J, where J is of equal but
opposite strength to I lying on the extension of line OI at a

radial distance R i from the origin O.

Take the point P(r,®) where the distance IP is S; and JP is
S j as shown in Fig.A2. The stream function at P due to each
vortex is ¥, and ¥ j respectively, so that using equation

Al.4 the radial velocity at P due to I and J is,

. R R
20 Si 2 Sj2
if
R,- Rj
—_— = A2.2
s, 8}

then the radial velocity at P is zero for all values of a. This is

the condition for a cylindrical surface streamline.

Expanding equation A2.2

R‘. 2+r2—2R'. r cosa Rj2+r2-2Rjrcosa
= A2.3

R, R,

Hence

= A24
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Cross-multiplying and re-arranging gives

2
R‘.RJ. (R i —R‘.)=r (Rj—R‘.) A25
Provided R, #*R i then
E.R;=r 2 A2.6

Hence if r=R is constant then the locus of P is a circle with

radius R which represents a cylinder within the flow field.

By using equation A1.6 the tangential velocity along the sur-

face at the cylinder is,

y R ~R,cosa R -R j cosa
v, = ) - ? A2.7
Using the relationship in equation A2.2 leads to
RJ 1 1
b = - A2.8

Equation A2.8 represents the tangential velocity around a cir-
cle with center O and radius R due to a vortex pair located so

that the radial velocity is zero.

Expanding equation A2.8

YR 1 1
v = -

2m R, 2-—2RR,. cosa+R 2 Rj2—2RR jcosa+R 2
A2.9




Using the substitution R 2=R|. R i from equation A2.6 then,

YyR | 1 1 1
v, =
27

1 J

Re-arranging equation A2.10

YR (1 1 ] 1
v, = -
f 2w R, R,' R,-+R,-—2Rcosa
_'yR (Rj—Rt ] 1
2w \ p? R;+R;—2R cosa
Y [RJ—R:J 1
27R Rj-f-R’. 2R cosa
(R;+R;)
Let
2R
A=
RJ.+R’
and
2R
B=
RJ.—R,.
so that

v=—"_|—"\\|7"7/"/"
2wR \ B 1—A cosa
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A2.10

A2.11

A2.12

A2.13

A2.14(a)

A2.14(b)
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8.1.3

The Circulation about a Cylinder due to a Vortex Pair.

The circulation within a closed system is defined by the

relationship

r=[v, de A3.1

where v, is the tangential velocity along the small increment

of circumference dc . -

Considering the cylinder mentioned in Appendix A (section
8.1.2) and using the relationship for v, from equation A2.15

then

T
A da
A Ly A32
2w | B 1—A cosa
-

where d a is the angle at the origin subtended by the incre-

ment of circumference dc . Using the substitution

a

t =tan— A3.3
2
so that
2dt
a= A3.4
1+t2
and
1-¢?
cosq= A3.5
1+¢2
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Then substitution into equation A3.2 leads to

oo

v |A 2dt
r=— |— A3.6

2w LB (1-A)+(1+A)t?

—00
Let
1-A

a’= ( ) A3.7

(1+4)

Re-arranging equation A3.6,
(00]
yA dt

r=—o» A3.38

mB(1+A) © g’+¢?

—00
A ¢

F=y— tan~! [— ] ] A3.9

waB (1+A4) all__

—vA

F=‘“;L—— A3.10

aB(1+A4)

By squaring equation A2.14(a) and using the substitution
R®=R R, then it is readily shown that

. 2% RJ'—R"
(1-AY=— | A3.11

RJ.+R‘.



Taking equation A3.10 and using equation A3.7, then

%
1+A 1
= 'YA H ) A3.12
B l(1-4) ] (1+A)
a %
A 1
r=y— A3.13
B L(1-A)(1+A)
using equations A2.14(a) and (b) leads to
(R j —R,) 1
I'=+«y o A3.14
(R,' +R;) (1-A°)
Hence from equation A3.11 we have
I'=+«y A3.15

In other words the resultant circulation about a cylinder due

to a vortex pair is equal to the strength of the image vortex.



Figs.AI and A2

A cot©

- <Vt. («*- 1lt;co>«.)

Fig.AI: Induced velocity at P due to the vortex I.

Fig.A2: Induced velocity at P due to the vortex pair I and J.



8.2 Appendix B "DVME" side 1 of 2

8.2.1 DVM-Ellipse Programme Listing

10 ' Program developed by C.W.Hustad, Bath University, 1984.
20 ' Applies Discrete Vortex Modelling(DVM) to a 20 % ellipse.
30 ' Similar to experimental work of the present study.

40 ’ Incorporates pairing as proposed by Wood(15).

45 ' Frequency is determined by the blowing parameters.

50 ’ Slot height is 0.762mm (.030") at 96.5 % chord.

60 ' Freestream velocity is 30 m/s.

70 ' Maximum number of vortices N1 is 400.

80 ’ Maximum number of passive points P2 is 80.

Radius of vortex core in m.

Length along vortex sheet in m.

Strength of each vortex at TO=t

Age of each vortex

Passive point velocity components
Location of vortices at TO=t in column 0
: and TO=t+dt in column 1 of the arrays.
160 DIM D(40) ' Dummy array for variables

100 DIM R(401)

110 DIM Z(401)

120 DIM G(802)

130 DIM T(802)

140 DIM U(80),V(80)

150 pIM X(1,880),Y(1,880)

. % % W W -

170 REM ***x*x%x Listing of the D() array variables **k%&xk%

Array No. Variable Comments

1 R TE radius wrt XTE (see D(27)).
2 H Slot height, h.

3 RO Radius to the lip (ie. R+H).
4 Ll No. of external vortices.

5 N2 No. of passive point rows.

6 P2 No. of passive points.

7 P No. of pairings.

8 LO Tabulation step for print out

of results (default=1).

9 TO No. of iterations.

10 Tl Time~step, dt.

11 Fl Frequency, 1l/dt.

12 K2 Starting length ratio, ro/s.
13 o3 § Lift coefficient, CL.

14 Not used

15 C3 Blowing coefficient, Cj.
16 W3 Jet-exit velocity.
17 K3 Downstream cut-off line.
18 vo Free-stream velocity.

19 A3 Angle between passive points

wrt XTE. ’

20 G Total circulation in m2/s.

21 GO Initial vortex strength.

22 K1l Decay rate.

23 R1 Initial vortex core radius, ro.
24 10 Artificial viscosity.
25 Q0 Angle to slot from chord line.
26 Q1 Angle to first passive point.
27 X0 TE axes datum, XTE.
28 C Chord length.
29 D(29) Percentage thickness, t/c.

30 Not used

31 Not used
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"DVME" side 2 of 2

Array No. Variable Comments
32 Hl Distance between passive point rows.
33 c9 Chordwise slot location.
34 Not used
35 Not used
36 F4 Flag used when running as absentee job.
37 F5 Flag set to display induced velocity.
38 F6 Flag set to show pairing process.
39 F7 Flag set to show image vortices.
40 D(40) If =1 then quits program.

200 REM ***xx** Set the default input parameters in D() array ****xx*

210 D(2)=.03*.0254 ' Slot height h in m.

220 D(5)=4 : D(6)=80 ' 80 passive points distributed in
four rows around the TE.

230 D(8)=1 ' Tabulation step used when printing
results.

240 D(9)=600 ' Number of iterations.

250 D(12)=.20 * Initial vortex spacing K2.

260 D(15)=.01 ' Blowing coefficient Cj.

270 D(17)=2.1 ' Downstream cut-off line K3.
280 D(18)=30 '* Freestream velocity in m/s.
290 D(22)=100 ' Decay rate K helps to simulate

entrainment.
300 D(23)=.0002 ! Initial core radius in m.
310 D(24)=.013 * Artificial viscosity - the value

(gamma 0) has been taken from

the work by Smith(21).

Passive point angular spacing.
Angle to the first passive point.
Chord (24") in m.

20% thickness of ellipse.

Passive point row spacing (H1)

set to 2h.

370 D(33)=.965 * Chordwise location of the TE slot.

320 D(19)= 5*PI/180
330 D(26)=15*PI/180
340 D(28)=24*,0254
350 D(29)=20,/100
360 D(32)=D(2)*2

- wm e w o=

380 D(37)=0 : D(38)=0 : D(39)=0 ' When set to 1 then these act as
flags which are useful for checking induced velocity, the
pairing process and the image vortices respectively.

1000 L$="DISCRETE VORTEX MODEL OF A C=C ELLIPSE" ’ Title string.

1010 CALL "INIT" (LS$,D()) ' This subroutine allows interactive
use of the program. For listing see section 8.2.2.

1020 if D(40)=1 goto 9900 * Stops the program.

2000 cALL "MAIN" (X(,),¥(,),z(),u(),v(),G(),T(),R(),D()) ’ This
routine includes the main number crunching algorithm. For
listing see section 8.2.3.

6000 CALL "RESULT" (X(,),¥(,),2(),u(),v(),G(),T(),R(),D()) ' This
routine presents the results in tables or as data stored on
files. For listing see section 8.2.4.

6010 if D(36)=0 goto 1000 ' Flag used when doing absentee runs.

9900 end
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8.2.

10

30

100
110
120
130
200

210

2 INIT - S

"INIT" side 1 of 2

ubroutine Programme Listing

SUB "INIT" (L$,D()) ’ Initialises program DVM-Ellipse.

' Allows interac
' data on the te

tive use of program. Displays default input
rminal and prompts for new input, run or quit.

REM **x**xxxx**x* Define variables from D() array ***xxkkxkkkkx

H=D(2) :+ K2=D(
C3=D(15) : vO0=D(
F4=D(36)

REM **kkkkkkkk T

12)
18) : G=D(20) : C=D(28)

nitialise program variables ***kkkkkkkkkkkx

gosub 650 : gosub 500 ' Display on terminal

if F4=1 goto 810

print "Enter #1-

print "Enter 12,
print "Enter 12,

REM **x*x%x* Waits
on i goto 290,30

REM ***** Change
C=j/500 : D(28)

D(29)=j
D(33)=j,/100

H=j/1000 : D(2)=

D(3)=R0
D(6)=]

D(9)=]

K2=j : D(12)=K2
C3=3 : D(15)=C3
V0=3 : D(18)=V0
D(22)=j
D(23)=3,/1000

7 kdkkkk Display
print Whhkhkhkhkhkkkk

! Exit sub on absentee run
#11,’'value’ of parameter" : print
0 to run program" : print
1 to quit program "; : input i,j

on line 230 for interactive input **x*xkxxx
0,310,320,330,340,350,360,370,380,390,800

program variables if desired **kk¥kkkkkkk

=C : goto 200 ! Chord in m.

: goto 200 " Thickness/Chord ratio.

: goto 200 ' Chordwise slot position in %.
H : RO=D(1)+D(2)

¢ goto 200 ' Slot height in mm.

: goto 200 ! Number of passive points.

: goto 200 ' Number of iterations.

: goto 200 ! Initial spacing, s=ro/K2

: goto 200 ' Blowing coefficient Cj.

¢ goto 200 ! Free-stream velocity in m/s

¢ goto 200 ! Vortex decay constant

: goto 200 * Initial vortex core size in mm

variables on 80 character width terminal **#*%¥*x*
kkkkkdkk Na[SN kkkkkkkkkkkkkkkkk " . print

print"” 1 Half-chord ="; : print using "-####.4 mm", D(28)*500;

print tab(26); :
print tab(52); :

print using " 2 Thick/Chord =-#.##",D(29);
print using " TE Axes =—-####.4 mm",D(27)*1000

print" 3 Slot chord = "; : print using "-##.## %", D(33)*100;

print tab(26); :
print tab(52);

print using " 4 Slot height =-#.## mm",D(2)*1000;

: print using " 5 Passive points =-###",D(6)

print " 6 Iterations = ";D(9);tab(29);"Vortices = ":D(4);
print tab(55);"Pairings = ";D(7) : print

print using "  CL=-#.4###4",D(13);

print tab(29); : print using "CD=-#.4###",D(14) ;

print tab(52); : print using " 7 ro/s =—#.#4",D(12) : print
print tab(52); : print using " Freq =—#4##.# kHz",D(11),/1000

print using " 8
print tab(29);

print tab(52);

print using "10
print using "Go
print using "11
print : return ’

C(mu) =-#.###",D(15);

: print using "Vj =-#$#.4 m/s",W3;
: print using " 9 Ufs =—444.4 m/s",D(18)

Decay =-####",D(22); : print tab(29);
=—%.4#4## m2/s",D(21); : print tab(52);
Core rad =-#.## mm",1000*D(23)
End of display routine #*#*kkdkkkkkkkkhkhkhkhhkkhkkk
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650

660
662
665
670
672

675

680
690
695
697
700
710
720
730
750
760

800

810

"INIT" side 2 of 2

REM **x*xk*xkxk**x* Suybroutine to calculate Blowing parameters ***x

A=C/2 : B=C*D(29)/2 : X6=D(33)*C-A ' Calculate TE geometry.

Y6=B*sqr(1l-(X6/A)"2) * Slot co-ordinates (x6,y6).

Q6=atn(D(29)"2*X6,/Y6) : Q0=PI/2-Q6 : D(25)=Q0 ' Angle to slot.

X3=Y6/tan(Q0) : R=sqr(X3*X3+Y6*Y6) ! XTE=x6-x3

D(1)=R : D(27)=X6-X3 : D(3)=R+H : RO=D(3) ’ R is the distance from
from XTE on the x-axis
to the blowing slot.

CALL "PFLOW" (Ul,V1,X6,Y6,D()) ' Potential flow at the lip.
W7=SQR(U1"2+V1°2) : AQ0=C3*V0"2/(2*H/C)

W3=(W7+SQR(W7"2+4*A0))/2 : D(16)=W3 ' Jet exit velocity.
D(11)=K2*W7/D(23)+(W3-W7)/(4*P1*H) ' Frequency (see eqn.4.10).
D(10)=1/D(11) : T1=D(10) ' Time-step dt=1/f.
Al=(W3-W7)*T1l : R8=R*R/R0 : Bl=2*PI*(R0-R8)

IF A0<>0 then goto 730 ' Check for Cj=0.

G0=0 ¢ goto 750

A2=1/A1 : B2=1/Bl : GO=W7/(A2-B2) ' Initial vortex strength.

D(13)=2*G/(C*V0) : D(21)=GO ’ Calculate lift coefficient CL.

return ' End of routine for the blowing parameters ****kkkkk*
D(40)=j ! j=1 to quit program.
SUBEND
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"MAIN" side 1 of

8.2.3 MAIN - Subroutine Programme Listing

150

160
170

190

650
680
690
700
710
720

730

740
742
745

750
760
770
775

785
790
795
800
805
810
812
815
817
820
825
830

832

SUB "MAIN" (Xx(,),¥(,),2(),u(),v(),G(),T(),R(),D())

Main subroutine for DVM-Ellipse. Last edit 28 Nov 1984.
Applies Discrete Vortex Modelling to a cylinder/ellipse.
Incorporates pairing as proposed by Wood(15).

Set F5 to check the induced vortex velocity.

Set F6 to check the pairing procedure.

Set F7 to check the image vortices.

Sets F8 to remove end vortex.

P2 is number of passive points, N2 is number of rows

K3 is downstream cut-off point. The empirical relationship
in line 170 has been derived from experience.

W W N W N " N N ww

REM ***x**kkxkkx*x* Declare variables from D() array #**xkkkkkkkikk

R=D(1) : RO=D(3
V0=D(18) : A3=D(1
Q0=D(25) : Ql=D(2
F5=D(37) F6=D(3

) & N2=D(5)
9) : GO=D(21)
6) : X0=D(27)
8) : F7=D(39)

P2=D(6) T0=D(9) : Tl=D(10)
Kl=D(22) : R(1)=D(23) : SO=D(24)
C=D(28) Hl=D(32)

D=2*PI : F8=0 : T2=0

A=C/2 : B=A*D(29) : M2=1-D(29)*D(29) ' Ellipse geometry.

K3=D(17)*D(29)70.275 ! Downstream cut-off. °
P=0 ! Reset pairing counter.
DIM I$(100) ' Used to store image format strings.

REM **kkkkkkhkkkkkkkkkk VOrtex COUNLELS ** ki ki ik ki kkkkkkk ki k ok ok ok ok ok

L =P2+2 ' L is total number of vortices in the flow field
Ll1=(L-P2)/2 ' Total number of external vortices

L2=L1+1 ' First image vortex
L3=L1%*2 ' Final image vortex
L4=L3+1 ' First passive point

S=S0*sqr(G0) ’ Artificial viscosity as used by Smith(21).

Y(0,1)=R0*sin(Q0) : X(0,1)=R0*cos(Q0)+X0 ' First vortex at lip.

G(1)=G0 : T(1)=0 ' Strength and age of first vortex.

Y=¥(0,1) : X=X(0,1) : T2=0 ' 72 is set =1 on final iteration
(see line 785).

for K=1 to TO ! *kkkkkkkhkkkkkkkkk* Time LOOD *hkkkkkdhkhhhhkhhkkk

R8=R*R/R0 : G(L2)=-GO : T(L2)=0 ! First image vortex.
Y(0,L2)=R8*sin(Q0) : X(0,L2)=R8*cos(Q0)+X0
if K<>TO0 goto 835 : X0=D(27) ' Check for final iteration.

T2=1 : for Jl=1 to N2 : N3=int(P2/N2) ’ Final iteration only *¥*#*
for J=L4+(J1-1)*N3 to L4+J1*N3-1 : J2=J-L4 ' Passive points **
Q=Q1-A3*(J2-N3*int(J2/N3)) ’ Angular location in radians. *
Z=tan(Q)/B : E2=Z*Z+(1/A)"2 *
El=-2*X0*Z*Z : EQ0=Z*Z*X0*X0-1 *
X=(sqr(E1*E1-4*E2*EQ)-E1)/(2*E2) *
Y=B*sqr(1l-(X/A)"2) *
X=X-X0 *
R3=sqr(X*X+¥Y*Y) ’ Radial distance to passive point. *
X(0,J)=(R3+(J1-1)*H1)*cos(Q)+X0 *
Y(0,J)=(R3+(J1-1)*H1)*sin(Q) *
next J [T Z222222 2222222222222 2222 22222222222 22222 R R 2 £

next Jl1 ' **%xkk%xx**x PASSIVE POINTS ROW COUNTER ***kkkkkkkkkkkikkkx
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835

840
850
875
885

890
900
910

920
930
940
950
955
960
970
980

1000

1010
1015
1020

1050
1060

1070
1075

1080
1090

1100
1105

1110

1120
1130
1140
1150
1155

1160
1170
1180
1182
1184

1186

1190

"MAIN" side 2 of 4

for M=1 to L1+(P2+L1)*T2 ’ External vortex loop **kkkkkkkkkkhkkkk

U=0 : V=0 ! Total velocity component
X9=xX(0,M) : Y9=Y(O0,M) ' Local coordinate of vortex M
CALL "PFLOW" (U1,V1,X9,Y9,D()) ' Calculate potential flow at M
U2=0 : V2=0 ' Zero induced velocity components

if F5=0 goto 920 : print ’ Heading for displaying induced velocity.
print " M N R2 w2 U2 va"
print " mm m/s m/s m/s"

for N=1 to L3 ' Vortex induced velocity loop **kkkkkkkkkkkkhkhkikk

if M=N goto 1050 : if G(N)=0 goto 1050 ’ Skip to next vortex *
X2=X(0,N)-X9 : ¥2=Y(0,N)-Y9 *
R2=sqQr(xX2°2+Y2"2) ' Distance M to N *
if R(N)>R2 goto 1050 ' Checks for realistic vortex spacing *
if T(N)=0 goto 990 *
E=R2*R2/(4*S*T(N)) : if E>10 goto 990 ’ Skip exponent *
W2=G(N)*(l-exp(-E))/(D*R2) : goto 1000 ’ *
W2=G(N)/(D*R2) *
U2=U2+W2*Y2/R2 : V2=V2-W2*X2/R2 *
*

if F5=0 goto 1050 ’ *
IS= " —##4# —##4 —#id. BHH s 22 2% 310 —H#H. 44 ~HEH . HEE"
%*

print using I$, M,N,R2*1000,W2,W2*Y2/R2,-(W2*X2/R2)
*

next N ’ End of induced velocity loop 7 ks dkokkkkkik
U=U1+U2 : V=V1+V2 ' Velocity components at vortex M.

if K=T0 goto 1075 : goto 1090
if M>L3 goto 1080 : goto 1090 ’ Final iteration only.

J=M-L3 : U(J)=U : V(J)=V ’ Passive points
X(1,M)=X(0,M)+U*T1 : Y(1,M)=Y(0,M)+V*T1 ’ New M

if M<>L1 goto 1110
M=L3 ' Skip image vortices and goto the passive points.

next M ’ End of exernal vortex loop % Je % g e Kk ok gk ok ko ke Kk ok Kk ok ok Kok ok ok ke ok ok

for M=L1l to 1 step -1 ' *** March vortices **kkkkkkkx
X(0,M+1)=X(1,M) : Y(O,M+1)=Y(1,M) ‘ *
T(M+1)=T(M)+T1l : G(M+1)=G(M)*(1-K1*Tl1l) ' *
R(M+1)=R(M)*(1+K1*T1/2) *
next M 7 %ok k% ok ok e ke ke g ok dk ok ke ok ke ok ke ke ok ok e ke e ke ok e ok e ok ok e ok ke ok ok ke ok e e ok ke

* kkkkxxkkx Calculate the vortex spacing **kkkkkkikdkkkhhikddk
for J=1 to L1 : X=X(0,J+1)-X(0,J) : Y=Y(0,J+1)-Y(0,J)
Z=sgr(X*X+¥*Y) : Z(J+1)=2(J)+2

if Z=0 goto 1800 ' Check for error during the pairing process
if K=T0 goto 1500 ’ Skip pairing on final iteration

if X(0,J+1)<K3*A goto 1190 : F8=1 ’ Remove end vortex if a
external vortex has passed
beyond the cut-off line.

if R(J)+R(J+1)<Z goto 1500 ’ Check if adjacent vortices touch.
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1200

1210
1220
1224
1226
1230
1240
1250
1255
1260
1270
1280

1290
1300
1310
1320
1325
1330

1340
1350
1360

1370

1380
1390
1400
1402

1404
1406
1408

1410
1420
1430
1435
1440
1450
1460

1480
1482
1500
1502

1504
1506

"MAIN" side 3 of 4

REM **k*xx%x**x Calculating the vortex spacing **kxkkkkkkkkhkkkik

if F6=0 goto 1290 ' Heading for displaying the pairing process.
print

print "Iteration No ";K;" No of vortices ";L1l

print " Pair vortices";J;"and";J+1

print : print " X Y z R G"
print " cm cm cm mm m2/s" : print

for J1=J to J+1

IS= "-$4. 4884 —HH. HEE -HEH.HH -#4.444 . H#44"

print using I1$,100*x(0,J1),100*Y(0,J1),100*zZ(J1),1000*R(J1),G(J1)
next Jl 7 de %k e de de ke d Fe %k ke ek de ke ok ok ok sk ok e e e T ok v de sk gk Fe ke ok ok ok e e ke ok vk ke e Kk ke Kk ok kK ke

print

REM ***kkkkkkkkkk Pair adjacent vortices ¥ kkkkkkkodkkokkkkkkkk
Z1=Z*R(J+1)/(R(J+1)+R(J)) : Z(J)=Z2(J)+21
X(0,J7)=X(0,J)+x*21/2 : Y¥(0,J)=Y(0,J)+Y*Z21/Z ' New location.

R(J)=sqr(R(J)*R(J)+R(J+1)*R(J+1)) ' New radius.
T(J)=T(J+1) ' Set time to the oldest of the two vortices.
G(J)=GO0*(R(1)/R(J))"2 ! Combined circulation.

if F6=0 goto 1370
print using L$, 100*X(0,J),100*%Y(0,J),100*2(J),1000*R(J),G(J)
print

if J=L1 goto 1410 ’ No need to back-step if only the end vortex
vortex has paired.

for J1=J+1 to L1 : R(J1)=R(J1l+1l) ' Back-step vortices
X(0,J1)=xX(0,J31+1) : ¥Y(0,J1)=Y(0,J1+1) ' when pairing has
T(J1)=T(J1+1l) : G(J1)=G(J1l+1) ' occured.

next jl

L=L-2 : Ll=L1-1 : L2=L1+1 ' Reset the vortex counters.
L3=L1*2 : L4=L3+1 : P=P+l ' Increment pairing counter.
goto 1160 ' Re-calculate the vortex spacing.
if F6=0 goto 1480

print " M Z R G"

print " cm mm m2/s" : print

IS="-4#4# —##.#e# -#. 444 et X% 2110

for Jl=1 to L1 7 ks sk ok ok e ook de e de ok ok e o ok ok e ok ok ok ok ke ok e o ok ok ok ok
print using I$, J1,100%2(J1),1000*R(J1),G(J1l) *

next J1 7 dedodedkdodk deok gk ok Kook ok ok ok ok g e ok o etk ok sk sk ok ok ok ok ke de ok o o ok o e ke ke ke ke

L=L-2 : Ll=L1-1 : L2=L1+1 : L3=L1%*2 : L4=L3+1 ’ These two

P=P+1 ’ lines reset the vortex counters if the end vortex
has paired.

next J ’ ***x** End of the vortex spacing loop ***kkkkkkkkik

if F8=0 goto 1510 ' Remove end vortex if F8=1,

L=L-2 : Ll=L1-1 : L2=L141 : L3=L1%2 : L4=L3+1
F8=0 ' Reset flag(8) to 0 (see line 1186).
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1510 for J=L2 to L3 ’ Image vortex J ik ki ki kkk ko kkkokkkkkk
1520 J9=J-L1 ' Exterior vortex of J

1525 X9=X(0,J9+1) : Y9=Y(0,J9+1)

1530 X=X9-X0 : Y=Y9 : RI9=sqr(X*X+Y¥Y*Y) : Z=Y/X

1532 gosub 1810

1535 M1=Y4/X4/D(29)/D(29) : X0=X9-Y9/M1 ‘

1537 if X0<A goto 1540 : X0=D(27) ' Check that XTE is inside ellipse.
1540 X=X9-X0 : ¥Y=Y9 : RI9=sqr(X*X+¥*Y) : Z=Y/X

1542 gosub 1810 ' Repeat iterative procedure once.
1545 X5=X4-X0 : R=sqr(X5*X5+Y4*Y4) : R8=R*R/R9

1550 T9=Y4/X5 : Q=atn(T9) : X(0,J+2)=R8*cos(Q)+X0

1555 Y(0,J+2)=R8*sin(Q) : G(J+2)==G(J9+1) : T(J+2)=T(J9+1) : X0=D(27)

1560 next J 7 dodeddkdd ko okok ok koo dok g g ok g ok o dede gk o o ok ok ok ok sk sk ok sk sk b e ok ok ok ok ok ok ok ok ok ok ok

1570 if F7=0 goto 1690

1580 print ' Heading for image vortex table.
1585 print " Ext X Y G T Im X Y G "
1590 print " cm cm m2/s ms cm cm m2/s ms"

1595 IS= "—## —#. 8% B8 - HEE - BRE B8 -HHE -H.HE - HEE - HEEV

1600 for J=L2 to L3 : JOmJ=L1  deskddddis sk ik
1610 X9=X(0,J9+1)*100 : Y9=Y(0,J9+1)*100 : G9=G(J9+1) : T9=T(J9+1) ’*
1615 X=X(0,J+2)*100 : Y=Y(0,J+2)*100 : G=G(J+2) : T=T(J+2) '*

1620 print using I$, J9,X9,Y9,G9,1000%T9,J,X,¥,G,1000%T "
1625 next j P sk % % %k k% ok ok %k v dk ok dk T dk ke ok ok e e ke ok T e A ke sk ke ok Tk Tk ok K ke A e ke e ok sk sk ke e ke ke ke k kK

1690 if K=T0 goto 1780 ' Final iteration only
1700 L=L+2 : Ll=(L-P2)/2 : L2=L1+41 : L3=L1*2 : L4=L3+1 ’ Reset counters

1770 next K ' **%%xx End of time 100D #¥ ki dd ki khk

1780 G=0 : for J=1 to L1
1785 G=G+G(J) : next J : D(20)=G

1790 D(13)=2*G/(C*V0) : D(4)=L1 : D(7)=P : goto 1830

1795 REM *** Error routines which check for instability **%xk&x%
1800 D(36)=2 : goto 1830 ’ Problem with vortex spacing

1805 D(36)=3 : goto 1830 ' Problem with XTE

1808 REM This routine solves for intercept between the ellipse and *

1809 REM a straight line with slope Z passing through (X0,0). *
1810 E2=Z*Z+D(29)*D(29) : El=-2*X0*Z*Z : E0=(X0*Z)"2-B*B *
1820 X4=(sqQr(E1*E1-4*E2*E0)-El)/(2*E2) : Y4=Z*(X4-X0) *

1825 return 7 ko k ok ok ook o g ok Kk ok ok o ok o de e o ok ok o ok ok ok gk ko ok b bk ok e ok ok ok ok ok ok ok ok ok ok ok

1830 SUBEND

8-16



8.2.

10

100
110
115
125
130
140

210
220
222
225
230

250

270
280

300
320
325
335
340
350
370
380
390
400

500
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507
510
540
550

600

620
630
640
650
670

690

1000
1020
1030
1035
1040
1050
1060

1800
2000
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4 RESULT - Subroutine Programme Listing

SUB "RESULT" (X(,),¥(,),z(),u(),v(),G(),T(),R(),D())

REM Tabulates and stores data on file "ellipse.data".

DIM B(80) ' Flow angle wrt surface

DIM C(80) ' TE pressure coefficient

DIM W(80) ! Passive point velocity in m/s
R=D(1) : H=D(2) : R0O=D(3) : L1=D(4) : P2=D(6)
V0=D(18) : F4=D(36) : N3=int(D(6)/D(5)) : A3=D(19)
Q0=D(25) : Ql=D(26) : X0=D(27) : C=D(28)

for M=1 to P2 ' *kkkkkkkkk Passive POIints *kkkkkkkiskkikkkikkkkk
B(M)=atn(V(M)/U(M))*180,/D(35) ' *
if U(M)>0 goto 225 : B(M)=B(M)-180 ’ Flow angle wrt chord. *
W(M)=sgr(U(M)*U(M)+V(M)*V(M)) ' *

C(M)=W(M)*W(M)/(VO*V0) =1 : next M 7 sk etk sk ok
on F4+1 goto 1000,600,270,280

print "Error with vortex spacing" : goto 1800

print "Error with Xo " : goto 1800

REM *%%kkkkhkhkhhkhhhhhhhhhhdhhhikk Tabulate Results % J Je % de J d e ok de e e Ik K % ok
print " M X Y z T G R"
print " cm msec m2/s mm"

cm cm
IS="#44# ~FH.HHE  -HEHEE —HER.RE -HE.H4H ~$H.HEE  -HE.HEE"
M=0 : X=100*X(M,1l) : Y=100*Y(M,1l) : Z=0 : T=0
print using I$, M,X,Y,Z,T,G(1),1000*R(1)

for M=1 to L1 step D(8) ’ ***x**x External vortices **xkkkkkkkkkkk
X=100*X(1,M) : Y=100*Y(1,M) : T=1000*T(M+1l) ’ *
print using L$,M,X,Y,100*Z2(M+1),T,G(M+1),1000*R(M+1)" *
next M : goto 1000 7 dede g ke de K de e K de K de K K de ok de g ok gk de gk de vk ok A e A de ok e ok ok e e ok ok e ok ok
print " M X Y W Beta Cp U v
print " cm cm m/s deg m/s m/s"
IS="H##% —##H. 8% —HHH. 84 -HEE. 44 BB HE —HEH. B -BBEHE -REHE. R

for M=1 to P2 : J=M+L1%2 ' *xkkk*x*x* Pagsive points *kkkkkkkkkhkikk

print using I1$, M,100*%X(1,J),100*Y(1,J),W(M),B(M),C(M),U(M),V(M)
next M : goto 1000 7 kst s ek ek dk ok e e dedk ok ok e de ok ok e de ok ok o e o ok ok ok

file#l:"ellipse.data” ' Print data onto file *kkkkskdkkkskskkkhkikkikk
for j=1 to 34 : print #1 :D(j); : next j

for j=1 to L1 step D(8)

prigt_#lz X(1,3):¥(1,3):;2(j+1);T(j+1);G(j+1);R(j+1);

next j

for J=1 to P2 : print #1: B(J);C(J);X(1,J+L1*2);Y(1,J+L1*2);

next j

if F4=0 goto 1000 else goto 2000

print . print Mhikkkkkhkhkkk dum table *kkkkkkikhhkdkhk" print
print " #1 Print external vortices"

print " $#2 Print passive points"

print " #3 Store data in file"

print " #4 Quit" : print " #5 Continue" : print

print " Enter option #1-#5 "; : input i

on i goto 300,500,600,1800,2000

D(36)=1 ' set flag F4
SUBEND
8-17



"PFLOW" side 1 of 1
8.2.5 PFLOW - Subroutine Programme Listing

10 suB "PFLOW" (U,V,X,Y,D()) ' Calculates potential flow.

12 REM ** Written by C.W.Hustad - Bath University, May 1984.
15 REM ** Note that the variables used in this subroutine

20 REM ** are not compatible with the main program.

25 v0=D(18) ' Free-stream velocity in m/s.

30 C=D(28) ' Chord length in m.

35 T=D(29) ' Thickness to chord ratio.

40 K=0 ' Circulation due to rotation (not used).

50 A=(1+T)*C/4 : B=sqr((1-T)*A*C/4)

60 REM ** Transfer (x,iy) in z-plane to (e,in) in the g-plane **
65 REM ** Use transformation z = g + (b"2)/g on the circle IgI=a
70 REM ** in the g-plane where a is radius, z and g are complex.
75 X7=X : Y7=Y : gosub 300 : Q=Q7 : R=R7

80 R1=R*R : Ql=2*Q " z"2

85 X2=Rl*cos(Ql)-4*B*B : Y2=Rl*sin(Ql)

90 X7=X2 : Y7=Y2 : gosub 300 : Q2=Q7 : R2=R7

95 R3=sqr(R2) : Q3=sgn(Q)*abs(Q2/2) ' SQR(z°2-4b"2)

98 E=(R*cos(Q)+R3*cos(Q3))/2 : N=(R*sin(Q)+R3*sin(Q3))/2

100 REM **kkkkkkkkkkkk Transformation Function *%kkkkkkkkkkkkk
110 X7=E : Y7=N : gosub 300 : M=Q7 : S=R7

120 S1=S*S : Ml=2*M : El=Sl*cos(Ml) : Nl=Sl*sin(Ml)

130 E2=E1-B*B : N2=N1

140 X7=E2 : Y7=N2 : gosub 300 : M2=Q7 : S2=R7

150 S3=81/S2 : M3=M1-M2 : T1l=S3*cos(M3) : T2=S3*sin(M3)

160 REM % % % % % % % v % % % % % % Complex Function Je % de K e & de ok K de de ke de g de K de g ok Kok
165 REM ** Velocity (u-iv) at (e,in) in the z-plane #**x*x*kkkkkk%
170 S4=V0*A*A/S1 : M4=-M1

180 E5=K*sin(M)/S : NS=K*cos(M)/S

190 X7=E5 : Y7=N5 : gosub 300 : M5=Q7 : S5=R7

200 Cl=v0-S4*cos(M4)+S5*cos(M5) : C2=-(S4*sin(M4))+S5*sin(M5)
210 U=C1l*T1-C2*T2 : V=-(Cl*T2+C2*T1) : goto 400

300 REM **%*kkkkhkkkkkkhkkxk Subroutine for arctan * % kdk kok ok kod ok kok ok ok ok k
310 if X7=0 goto 370 : if Y7=0 goto 380

320 W=Y7/X7 : if X7>0 goto 340

325 Q7=atn(W)~-PI : if Y7<0 goto 390 : Q7=Q7+2*PI : goto 390
340 Q7=atn(Ww) : goto 390

370 Q7=PI/2*sgn(¥7) : goto 390

380 Q7=PI/2*(1-sgn(X7))

390 R7=sqr(X7*X7+Y7*Y7) s return 7 Fodeodeodk deode ok de ok ek ok kg ook ook ok ok o ok e ke ok

400 SUBEND
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Table 2.1

Tapping Chordwise Spanwise Angle from Arc angle
No. Location location slot in from slot
x/c% from mid degrees s/R in
IE TE 1E TR span y/b% radians
- 79 - 96.64 - 2.04 0 0
18 78 2.93 97.07 1.67 6 105
19 T7 2.52 97.48 - 1.67 12 .209
20 76 2.12 97.88 2.04 18 314
21 75 1.75 98.25 -1.20 24 419
2 T4 1.40 93.60 2.41 30 524
23 T3 1.09 98.91 - 2.78 36 .628
24 72 81 99.19 2.78 42 133
25 M 57 99.43 - 2.4 48 .838
26 70 ST 99.63 1.30 54 . .942
27 69 .21 99.79 - 2.04 60 1.047
28 68 .09 99.91 1.67 66 1.152
29 67 .02 99.98 - 1.67 T2 1.257
30 66 0 100.00 2.04 78 1.3%61
31 65 - .02 -99.98 - 1.30 84 1.466
32 64 - .09 - 99.91 2.41 90 1.5T1
33 63 - .21 -99.79 - 2.78 9% 1.675
34 62 - 37 - 99.63 2.78 102 1.780
%5 61 - 5T -99.43 - 2.4 108 1.885
36 60 - .81 -99.19 1.30 114 1.990
37 59 -1.09 - 98.91 -2.04 120 2.094
38 58 -1.40 - 98.60 1.67 126 2.199
39 57 -1.75 - 98.25 - 1.67 132 2.304
40 56 -2.12 - 97.88 2.04 128 2.408

Table 2.1: Location of pressure tappings around LE and TE tubes.



Total pressure

19
32
45
70
83
95
121
133
146
172
184

Tables 2.2 and 2.3

Static pressure

57
159

Yawheads

0]
108

Distance in mm from either gide
of the rake centre-line.

Table 2.2: Location of the total, static and yew head probes on
the 0.38m drag rake.

CRUN No. C
T

1 1.092
(81.4x10°)

2 1.061
(89.3x10°)

3 1.065
(89.2x10°)

CDr

1.097
1.105

1.122

—_

.129

1.141

Py

.148
1.133

A CD%

+ 0.5
+ 1.2

+ 5.7
+ 6.4

+ 7.1
+ 7.2
+ 6.4

b'/d

8.0
8.0

8.3
8.3

8.3
8.3
8.0

Egn. number
from section
2.2.6

2.26(a)
2.26(Db)

2.26(a)
2.26(Db)

2.26(a)
2.26(b)
2.26(b)

Table 2.%: Drag of a cylinder measured directly and using the
wake traverse method of Jones(32).



Tables 3.1 and 3.2

RUN Cive Cwn Cx Cow Crmmec al phag al pha- Q¢
deg deg N/m=
o4 0.000 -.594 -.0459 L0122 -—-.1786 -8.70 -5.02 693
sS4 0.000 -—-.435 -.0223 0160 —.1362 —-6.80 -4.25 600
&3 Q.000 -—.467 -—.0224 0147 -.1334 -6.80 —-4,06 691
49 0.000 -.017 . 0087 .0145 —-.0030 0.00 .08 699
69 0.000 -.179 . 0051 . 0202 . 0489 3.70 2.97 700
65 0,000 .451 -—-.0296 . 0249 . 1544 7.70 6£.18 692
b6 Q. 000 462 -—-.0309 . 0243 . 1544 7.70 6.14 494

Table 3.1: No Blowing with variation of geometric incidence.

RUN Cive Cn Cx Cow Crmme alphag alphae Qem
deg deg N/m=

49 0.000 -.017 . 0087 .0145 —-.0030 0.00 .08 6359
S0 . 008 . 263 . 0020 0064 -—.0330 Q.00 -1.23 767
48 .011 . 280 .0158 .0117 -.0333 0.00 -1.32 358
47 . 020 .976 - 0343 L0097 —.0664 0.00 -2.71 441
44 . 027 . 786 . 0579 -0099 -—-.0925 0.00 -3.469 397
45 . 027 . 854 . 0629 . 0063 -—-.0983 Q.00 -4.01 693
44 037 1.099 -.0974 -.0018 -—-.1240 0.00 -5.17 685
RUN CDJ CDpJ CDk- L/D- )(:p LE-tag TE--p

% s/R s/R
49 0.0000 —-.0001 0.0000 -1.1 32.3  1.36 0.00
S0 . 0041 0012 0078 18.5 60.8 1.40 0.00
48 - 0052 - 0016 L0116 12.0 60.2 1.42 0.00
47 . 00469 - 0034 L0292 14.8 60.7 1.48 .42
44 - 0082 . 0048 .0444 14.4 61.2 1.55 .24
45 - 0081 - 0052 -0451 16.6 60.9 1.55 .24
44 . 0094 . 0069 L0725 14.8 60.8 1.61 1.15

Table 3.2: TE Blowing at O degs. gecmetric incidence.



RUN Cive
oS4 0.000
59 . 008
56 .016
S8 021
57 =031
&0 041
29 .041
RUN Coy
54 0.0000
55 . 00446
Sb6 . 0062
58 . 0072
a7 - 0087
a0 0101
=2 L0101
Table 3.3:
RUN Civre
&9 0.000
74 015
73 . 028
RUN Cos
&9 0.0000
74 . 0061
73 . 0082
Table 3.4:

Cr

-. 435
—.124
- 140
. 262
. 498
713
- 741

Coe s

- 0002
-.0018
. 0034
. 0044
- 0060
. 0083
. 0082

TE Blowi

Cn

-.179
- 726
1.084

Coe s

- 0025
. 0049

TE Blowing at +3.7 degs.

Cx

—. 0223

—. 0063
= 0204
. 0443
.0818
- 1457
« 1422

CDk-

0.0000
- 0070
- 0205
- 0305

. 0532

. 0832
. 0B36

ng

Cx

. 0051
. 0046
. 0239

CDk-

Q. 0000
.0185
. 0477

CDN

01460
. 0100
. 0050
. 0094
. 0008
.0134
. 0024

L/Da

-27.2
7.3
5.9

(5 = B 1)

6.
8.
7.
8.

at -6.8 degs.

Cow

. 0202
L0166

L0133

L/Da

8.8
20.7
17.8

Cl‘lmc

—. 1362
—. 1655
—. 19212
—. 2042
—. 2302
—-.26%8
—-. 2641

¥ep

%

18.7
37.4
39.6
7.8
60.1
6l.6
60.9

Tables 3.3 and 3.4

alphag
deg

-6.80
—-6.80
—-6.80
-6.80
—-6.80
-46.80
-4.80

LE-t ;g
s/R

=90
. 78
1.03
1.06
1.12
1.14
1.14

al pha-
deg

-4.25
—-&.08
=-7.62
-8.34
-9.72
-10.99
-11.15

TEwep
s/R

0.00
.92
.73
.84
=95

1.05

1.05

geometric incidence.

CMM:

. 04689
.0137
-.0190

alphag
deg

3.70
3.70
3.70

LE-tag
s/R

1.60
1.72
1.80

alphaa
deqg

2.97
.73
—-.71

TEaee
's/R

0.00
0.00
.80

gecometric incidence.

Qf-
N/m=

600
625
632
499
344
610
616

le-
N/m=

700
9531
374



Tables 3.5 and 3.6

RUN Cise Cn Cx Crme al phag LE-t-g Qfw
deg s/RK N/m=
49 0.000 -.017 . 0087 . 0008 0.00 1.36 459
S3 060 -—-.008 -.0728 . 0097 0.00 None 549
52 . 089 001 —.1222 -.0150 0.00 None 365
51 113 -—-.015 -—-.1638 . 0164 0.00 None 293

Table 3.5: LE Blowing at O degs. gecmetric incidence.

RUN Cise Cwn Cx Crme alphag LEatag O+¢=
deg s/R N/m=
67 0.000 -.179 . 0051 . 0689 3.70 1.60 700
71 . 031 . 229 -.0353 .1124 3.70 1.41 =T1-v4
70 .08 . 223 -—-.0348 1139 3.70 1.40 704
72 .044 173 —-.0232 . 0748 3.70 1.58 501

Table 3.6: LE Blowing at +3.7 degs. geometric incidence.



TE blowing slot.

Wall-jet (Coanda flow) separating
from the TE surface.

TE separation bubble between the
wall-jet and the lower surface
boundary-layer.

Turbulent boundary-—layer
developing over the upper
surface.

Internal plenum chamber

Leading Edcje
stagnation point.

Fig. 1.1: CIRCULATION-CONTROLLED AEROFOIL WITH TE BLOWING.

Interaction of the
wall-jet with the
upper and lower
surface boundary-
layer .

Trailing Edge
separation point.



Fig. 1.2

Slot exit External vortices model
discontinuity of velocity
Initial thickness * at outer edge of wall-jet.

= slot width
G

Image vorticess Ct
maintain condition _4 Q&
of no-flow across the
boundary.

Central doublet 2
with strength=2wR

. /
Core image vort
strength=n¥ %

Image vortices are
positioned such that

—_——
R, .R, =R®

External flow
velocity = Uy

The flow is analysed as a starting problem, a
new vortex being introduced after each time step,
. Steady Coanda flow of the wall-jet about the
cylinder is determined when the configuration of
the boundary becomes constant.

N is the number of external vortices.
¥ is the strength of each external vortex.

Fig.1.2: ELEMENTS OF THE OISCRETE VORTEX MODEL PROPOSED 8Y
SMITHQD).



Fig. 1.3

y(£t)
Roll-up of the vortex
spiral at the free end
of the developing vortex
0.2 1 sheet.
2 msec 4 msec
Oo" b
,
o ) ) A ~x(ft)
N6 0.5 0.6
6 msec
-001
-002
q»= 60 m/s
_0‘03 )

¥ = 4.0 exp(=350t) m2/s

Fig.1.3: TYPICAL DEVELOPMENT OF THE VORTEX SHEET USING THE
METHOD OF SMITH(D).
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Fig. 2.1
BLOWING SUPPLIES (BOTH ENDS OF AEROFOIL)
TO TRAILING EDGE
TIP-JET SUPPLY TO LEADING EDGE
TUNNEL ROOF
PIVOT SUPPORT TUBE
END PLATE
IP-
L.E. SLOT
gz'is%SLOT 3.55%¢
- 29%¢e FLOW U
HOT WIRE PROBE
SUPPORT TUBES
PRESSURE TAPPINGS
TRAVERSING GEAR
TIP-JET.
END PLATE
STEPPER MOTOR & DRIVE
SHAFT TO TRAVERSING
GEAR V =
TUNNEL FLOOR
12
ELEVATION
0 10 20 30
cm.
T.E. SLOT L.E. SLOT
SECTION ON £ FLOW U,
CHORD ¢ 23.376
. L.E (593 . 75mm)

END PLATE SIZE
O.D. TUBES

Fig. 2.1: GENERAL ARRANGEMENT OF THE MODEL USED BY WOOD (15).
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.Fig.2.2: SECTION OF THE MODEL SHOWING INTERNAL PLENUM CHAMBERS.

22614



Fig.2.3

Dimensions in mm

Slot lip adjust-

ment and securing
screws.

Blowing lip rad 50.8

Blowing slot
height 0.53

‘ \‘!w‘:l ” :lﬂmu Chamber
Cadmium plated \‘ \\] &JI\\
hydraulic tube. \ v ; % L
N\ 7979, /Y.
Plenum-
Chamber
rad 38.1
Sealastic gggi:ter

Soft rubber strip

Lower lip securing secrews.

Fig.2.3: DETAIL OF THE ORIGINAL BLOWING LIP.
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Fig. 2.5

10-0"
D(A

4 BLADE
OPERATING FAN
AREA
exiT
Mm-~n - CELL TXEEOSER.
CONTRACTION 4:1 RATtO
V Lz TL»»wid GAUZE
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12'x»0' (3-7, n3s) HIGH SPEED~ IGO0 Sf/fax (s-0~A«0
1'xs' (2-Imx JSV)

777777.
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SECTION A-A SHOWING THE TWO WORKING SECTIONS, EITHER OF WHICH
MAY BE OPERATED AT AMBIENT PRESSURE, AS REQUIRED

Fig.2.5: THE DUAL-PURPOSE WIND-TUNNEL AT BATH UNIVERSITY.
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Fig. 2.6: THE TUNNEL OPERATING AREA.

Fig. 2.6
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Fig. 2.7

Endplate supply Upper Or ifice Plate

Tip-jet supply

Tunnel roof
TE Plenum supplv.
LE supply disconnected.

Endplate
Plenunm \ LE Slot
TE Slot Pienum
CD
Tunnel floor
Lower Or ifice
Plate
RL 6D/H-H
TE supply
Stop
va Ive
Endplate Boundary-Layer
control supply.
Filter

o Restr ictor
Tip-jet Boundary- va Ive
Layer control supply.

Fig. 2.7: THE BLOWING SUPPLY CONNECTIONS TO THE PLENUM CHAMBERS
AND BOUNDARY-LAYER CONTROL SYSTEM.



Tip jet
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Fig.2. 8 THE MODEL IN THE WORKING SECTION SHOWING LAYOUT OF THE PRESSURE
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Fig. 2.9
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Fig. 2. 9: THE DATA ACQUISITION HARDWARE.

EXTERNAL PLOTTER
ADDRESS 708.

EXTERNAL PRINTER
ADDRESS 705.



View from front.

View from above.

Fig. 2.10: WAKE TRAVERSE RAKE MOUNTED DOWNSTREAM OF THE MODEL
IN THE WORKING SECTION.
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Fig.2.11: LOCATION OF THE
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see table 2.1for
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11 7 'bu



Pressure -Cp
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TECj=.027 alpha g = 0.0 deg alpha @ = -3.0 deg : +

+ upper surfaca CL = .850
o lower surface alpha @ = -5.0 deg
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B+ +

Chordwise location x/c¥%

Fig.2.12: EXPERIMENTAL AND THEORETICAL PRESSURE DISTRIBUTION AT ZERO INCIDENCE

WITH TE BLOWING. '
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Induced drag coefficient CDi
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Fig.2.13: EMPIRICAL RELATIONSHIP BETWEEN INDUCED DRAG AND THE LIFT COEFFICIENT.
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Fig.2.14: EMPIRICAL RELATIONSHIP BETWEEN LIFT COEFFICIENT AND THE EFFECTIVE
INCIDENCE OF THE MODEL.
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cf*
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Non-dimQnsional

Blade No.l

h=0.102 mm
h=0.204 mm
o h=0.312 mm

* 4+

Blade No.2

+ h=0.075 mm
h"0.127 mm

o h=0.312 mm
2.0

—
(e)
e

Eqn.

2.23 - Present study

[y

2.22 - East (31)

F
3.5 4.0

Non-dimensional logarithmic p*

Fig. 2.15: CALIBRATION CURVE OF RAZOR BLADES USED FOR SKIN FRICTION MEASUREMENT.
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Fig. 2. 16

Rake

Fig.2.16: CYLINDER AND RAKE MOUNTED IN THE WORKING SECTION
USED TO CHECK THE WAKE DRAG MEASUREMENT.



Total Pressure v y/d CRUN 3

30
Hmax
25
5 scans 89.2 x 10E3
Pfs-75. 39 mm Hfs- 3.65 mm Mean experimental distribution
Pmc*72.42 mm Pwk“77.27 mm
20 Qmc-69. 64 mm Qwk"71.74 mm
Empirical distribution
CDb° 1.065 CDr- 1.142 b'/d- 8.3 see ecjn. 2.25.
15
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5 Hfs
yl lower y2 upper
Limit Llimit
0

Distance y/d

2.17: TOTAL PRESSURE DISTRIBUTION IN THE WAKE OF A CYLINDER.
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2.18:

Static Pressure v y/d CRUN 3

Cylinder Drag - 3

5 scans Rd » 89.2 x 10E3
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Pmc-72. 42 mm Pwk"77. 27 mm

Qmc“69.64 mm Qwk®71.74 mm

CDb= 1.065 CDr- 1.142 b'/d= 8.3

Distance y/d

STATIC PRESSURE DISTRIBUTION IN THE WAKE OF A CYLINDER,

Mean wake static pressure.

Empirical distribution
see eqn. 2.26 (b).
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Cylinder Drag - 2
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Fig.2.19: FLOW ANGLE IN THE WAKE OF A CYLINDER.
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+ Uppar surface
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Fig.3.1: MEAN PRESSURE DISTRIBUTION V X/CX FOR UNBLOWN MODEL WITH VARIATION

OF GEOMETRIC INCIDENCE.
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Mean Pressure v y/cX RUN 64
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Fig.3.2: MEAN PRESSURE DISTRIBUTION V Y/CZ FOR UNBLOWN MODEL WITH VARIATION

OF GEOMETRIC INCIDENCE.
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Fig.3.3: SKIN FRICTION DISTRIBUTION V X/C% FOR UNBLOWN MODEL WITH VARIATION
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Fig.3.4: MEAN PRESSURE DISTRIBUTION V X/CZ FOR MODEL AT ZERO INCIDENCE ¥WITH

TE BLOWING ONLY.
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Fig.3.5: MEAN PRESSURE DISTRIBUTION V Y/CZ FOR MODEL AT ZERD INCIDENCE WITH

TE BLOWING ONLY.
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TE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR MODEL AT ZERO INCIDENCE

WITH TE BLOWING ONLY.
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Fig.3.8: MEAN PRESSURE DISTRIBUTION V X/CZ FOR MODEL AT -6.8 DEG.

WITH TE BLOWING ONLY.
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Fig.3.9: MEAN PRESSURE DISTRIBUTION V Y/CZ FOR MODEL AT -6.8 DEG. INCIDENCE
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Fig.3.10: TE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR MODEL AT -6.8 DEG.

INCIDENCE WITH TE BLOWING.
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Fig.3.11: TE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR MODEL AT -6.8 DEG.

INCIDENCE WITH TE BLOWING.
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Fig.3.12: SKIN FRICTION DISTRIBUTION V X/CX FOR MODEL AT -6.8 DEG. INCIDENCE

100

21€br4



_CP

Pro6sur«

_@

Proseuro

4.0

2.0

1.0

0.0

2.0

1.0

0.0

Mean Pressure v x/cZ RUN 69

Exparlaantal Results

CN - .1707 CX - .0051 CM --.0205
TE CJ -0.000 alpha g - 3.7 dag

Thaoratlcal Distribution
CL - .180
alpha a - 2.9 dag

uppor surface
o losor aurfaca

20 40 60

Chordwise location x/cZ

Mean Pressure v x/cZ RUN 73

Exparlaantal Rasults
CN - 1.0837 a - .0239 CM --.5000
TE CJ - .028 alpha g - 3.7 dog

Thaoratlcal Distribution
CL - 1.080
alpha a - -1.4 dag

¢ upper surface

i
o 16sor surface

2 40 60 80

Chordwise location x/cX

Mean Pressure v x/cZ RUN 74

Thaoratlcal Distribution
.730

.3 dag

4.0
Exparlaantal Results
CN - .7257 CX - .0040 CM --.3402
3.0 TE CJ - .015 alpha g - 3.7 dag
uppor aurfaca
[?[L cL -
o losor aurfaca
2.0 | alpha a -
a
% 1.0
a
L r
CL
0.0 ——p—
. r
r 20 40 00

Chordwise location x/cZ

Fig.3.13: MEAN PRESSURE DISTRIBUTION V X/CZ FOR MODEL AT 3.7 DEG. INCIDENCE

WITH TE BLOWING ONLY.
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Fig.3.14: MEAN PRESSURE DISTRIBUTION V Y/CX% FOR MODEL AT 3.7 DEG. INCIDENCE

WITH TE BLOWING ONLY.
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Fig.3.17s MEAN PRESSURE DISTRIBUTION V X/CZ FOR MODEL AT ZERO INCIDENCE WITH

LE BLOWING ONLY.
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Fig. 3.19: LE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR MODEL AT

WITH LE BLOWING ONLY.
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Fig.3.20: LE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR

WITH LE BLOWING ONLY.
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Fig.3.21: SKIN FRICTION DISTRIBUTION V X/C% FOR MODEL AT ZERO INCIDENCE WITH
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Fig. 3.23s MEAN PRESSURE DISTRIBUTION V Y/CX FOR MODEL AT 3.7 DEG.
WITH LE BLOWING ONLY.
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Fig.3.24; LE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR MODEL AT 3.7 DEG. INCIDENCE

WITH LE BLOWING ONLY.
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Fig. 3.25s LE PRESSURE DISTRIBUTION V ANGLE FROM LIP FOR MODEL AT 3.7 DEG. INCIDENCE
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Fig.3.26: SKIN FRICTION DISTRIBUTION V X/C% FOR MODEL AT 3.7 DEG. INCIDENCE

WITH LE BLOWING ONLY.
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Fig.3.27: TOTAL PRESSURE DISTRIBUTION IN THE WAKE OF THE UNBLOWN MODEL AT ZERO

GEOMETRIC INCIDENCE.
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Fig.3.28: STATIC PRESSURE DISTRIBUTION IN THE WAKE OF THE' UNBLOWN MODEL AT

ZERO GEOMETRIC INCIDENCE.
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Fig.3.29: TOTAL PRESSURE DISTRIBUTION IN THE WAKE OF THE UNBLOWN MODEL WITH
VARIATION OF INCIDENCE.
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Fig.3.30: FLOW ANGLE IN THE WAKE OF THE UNBLOWN MODEL AT -7.5 0 AND +7.5 DEGS.
GEOMETRIC INCIDENCE.
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Fig.3.31: TOTAL PRESSURE DISTRIBUTION IN THE WAKE OF THE MODEL WITH TE BLOWING
AT O DEG.
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Fig.3.32: FLOW ANGLE IN THE WAKE OF THE MODEL WITH TE BLOWING AT O DEC.
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Fig.3.33: TOTAL PRESSURE DISTRIBUTION IN THE WAKE OF THE MODEL WITH TE BLOWING
AT -5 DEG.
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Flow Angle v y/c% at -5 deg
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Fig.3.34: FLOW ANGLE IN THE WAKE OF THE MODEL WITH TE BLOWING AT -5 DEG.

vg '€ bry



Patm-H in mm of water

Total Pressure v y/b% at -7.5 deg
12 T

-60 ~40 -20 0 20

Normal distance y/c%

Fig.3.35: TOTAL PRESSURE DISTRIBUTION IN THE WAKE OF THE MODEL WITH TE BLOWING
AT -7.5 DEG.
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coefficient CN

Lift

LIFT OF THE UNBLOWN 20% ELLIPSE

Hoerner(35) = 4.0 /rad.

Experimental lift-curve slope
for the present study = 3.60 /rad.

Wood(15)

0.0

Geometric incidence in degrees

Fig.3.37: LIFT PERFORMANCE OF THE UNBLOWN MODEL WITH VARIATION OF GEOMETRIC
INCIDENCE.

= 3.25 /rad.
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DRAG OF UNBLOWN MODEL
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* Wake drag coefficient CDw

— x— Rake drag coefficient CDr
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Minimum drag coefficient as
proposed by Hoerner(42) for
a 20% ellipse at 0° assuming

a fully turbulent boundary-
layer.

0.00 -

Geometric incidence in deg

Fig. 3.38: DRAG PERFORMANCE OF THE UNBLOWN MODEL WITH VARIATION OF GEOMETRIC
INCIDENCE.



Lift coefficient CN

LIFT PERFORMANCE WITH TE BLOWING
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Fig.3.39: LIFT PERFORMANCE OF THE MODEL WITH TE BLOWING.
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Centre of pressure XCP

CENTRE OF PRESSURE DUE TO TE BLOWING
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.75 + *+ TE Blowing at 3.7 deg
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Fig.3.41: VARIATION OF THE CENTRE OF PRESSURE DUE TO TE BLOWING.
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Drag coefficient CD
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Fig. 3. 422 DRAG PERFORMANCE OF THE MODEL WITH TE BLOWING AT ZERO GEOMETRIC INCIDENCE.
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- Fig.3.43: DRAG PERFORMANCE OF THE MODEL WITH TE BLOWING AT NEGATIVE GEOMETRIC

INCIDENCE.
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Fig.3.44: PERFORMANCE OF THE MODEL WITH LE BLOWING AT O DEG.
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Fig.3. 45: PERFORMANCE OF THE MODEL WITH LE BLOWING AT 3.7 DEG.
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breakdown of the vortex sheet.

(b) Theoretical model of the
starting process.

Fig.4.Is THE STARTING PROCESS FOR THE PROPOSED DISCRETE VORTEX MODEL.
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Fig.4.2* VARIATION OF THE VORTEX SHEDDING FREQUENCY VITH BLOWING COEFFICIENT.
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Fig. 4.3: EARLY DEVELOPMENT OF THE VORTICES PREDICTED USING THE THEORETICAL

MODEL DVM-CYLINDER.
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Fig.4.4: PREDICTED DEVELOPMENT BEFORE A STEADY-STATE SOLUTION USING DVM-CYLINDER.
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Fig.4.6: TYPICAL STEADY-STATE VORTEX DISTRIBUTION AFTER 800 ITERATIONS USING

DVM-CYLINDER.
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Fig.4.7: TYPICAL STEADY-STATE SOLUTION USING DVM-CYLINDER WITH CJ=0.2,
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Performance

Experimental data
by Cheeseman|(3)

of DVM-cylinder

Levinsky & Yeh(5)
.0075
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h/c =

F£=_3§ Rc =

Assumes initial vortex core

radius is 0.4 mm
Run No c . Freq. Strength

3 Ch kHz m*/s

541030 0.1 2.12 70.8 .105
541032 0.1 1.97 75.1 .098
541035 0.1 1.83 81 .7 .090
541038 0.1 1.66 88.2 .083
542030 0.2 3.45 73.9 .165
542032 0.2 3.29 78.3 .155
542035 0.2 2.96 84.8 .141
542038 0.2 2.68 91 .3 .130
54303.5 0.3 4.15 87.3 .182

Blowing coefficient

Fig.4.9: PREDICTED PERFORMANCE AFTER 500 ITERATIONS USING DVM-CYLINDER.



Lift coefficient CN

Performance of DVM-cylinder
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' x 541035 0.1 1.83 81.7 .090 yes
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842035 0.2 2.91 84.8 . 141 yes
843035 0.3 3.83 87.3 .182 yes
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Fig.4.10: PERFORMANCE OF THE THEORETICAL MODEL DVM-CYLINDER WITH K=0.35.
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Fig. 4.12: DEVELOPMENT OF THE VORTEX STRUCTURE PREDICTED BY THE THEORETICAL

MODEL DVM-ELLIPSE.
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DVM-Ellipse 530125

10 Grid lines indicate velocity
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Fig.4.13: PREDICTED FLOW PATTERN ARGUND THE TE OF A 20X ELLIPTIC CCA USING
DVM-ELLIPSE.

£1 4 b4



Strength m2/s x 10E-3

Strength m2/s x 10E-3

(@ DVM-Ellipse 330125

Pairing starts here
after 1.01 ms.

e

50 100 150

Distanca Z in mm

() DVM-Ellipse 530125

100 150
Disetanca Z in mm

8

Strength m2/e x 10E-3

() DVM-Ellipee 430125

Slope due to exponential
decay determined by K.

r—

-

Dietance Z in mm

(dd Thaoretical Rasults

ssssss DVM-ELLIPSE 530125 ssssas

Cj= .010 Ve = 78.2 m/s
Go= .037 m2/e Dacay rate = 100
Circulation= 2.76 m2/e CL= .30
f= 45.0 kHz ro= .25 e N=500
No. of vorticas =135 P=254

Fig.4.14: BREAKDOWN OF THE DISCRETE VORTEX STRUCTURE PREDICTED BY DVM-ELLIPSE.
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Fig.4.15: PARTIALLY DEVELOPED FLOW AFTER 300 ITERATIONS WITH K=0.25 AND 0.30
USING DVM-ELLIPSE.
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Fig.4.16: VORTEX STRUCTURE IN THE WAKE PREDICTED BY DVM-ELLIPSE WITH CJ=0.0l.
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Fig.4.17: FLOW PATTERN AROUND THE TE PREDICTED BY DVM-ELLIPSE WITH CJ=0.01.
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Fig. 4.18: VORTEX DEVELOPMENT AFTER 600 AND 800 ITERATIONS PREDICTED BY DVM-ELLIPSE.
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Fig. 5.1: THE DRAG TERMS USED TD DESCRIBE THE WAKE DRAG COEFFICIENT FOR THE

UNBLOWN MODEL.
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Fig.5.2: TYPICAL BOUNDARY-LAYER DEVELOPMENT ALONG THE UPPER SURFACE FOR THE
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Fig.5.5: WAKE DRAG COEFFICIENT USING A MODIFIED INDUCED DRAG RELATIONSHIP.
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Fig. 5.9

Lower surface

—. Bottom
endplate

(a) Original flow near the junction between the TE tube
and the bottom endplate.

View looking onto the lower surface with free-stream
flow moving from left to right.

Bottom end-
plate blow-
ing slot.

(b) Modified flow following the addition of endplate
blowing slot.

Fig.5.9: FLOW VISUALIZATION OF THE LOWER SURFACE SHOWING THE
IMPROVEMENT WITH ENDPLATE BLOWING.
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Fig.5.10: PREDICTED LOWER SURFACE BOUNDARY-LAYER DEVELOPMENT FOR RUN-58.
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Fig. 5.11
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ment.
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Fig. 5.12s FLOW VISUALIZATION SHOWING TWO STREAMWISE VORTICES
EMANATING FROM THE TE SURFACE.
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Fig.5.14: TE BOUNDARY-LAYER DEVELOPMENT PREDICTED FOR RUN-56 AND RUN-59.
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Fig. 5.15:. LOCAL SKIN FRICTION
WARSOP AND MARRERO SANTO (441-

TE AS MEASURED BY

Fig. 5.15 :



(a) View looking upstream.

(b) View looking onto the mid-span section of the TE tube

Fig.5.16: FLOW VISUALIZATION SHOWING SPANWISE DISTRIBUTION
OF THE TE SEPARATION LINE.



(@) LE Wall-jet folds back
along the upper surface.

Wall-jet
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(b) LE Wall-jet flows around
onto the lower surface.
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Fig. 5.17. SKETCH OF TWO POSSIBLE TYPES OF LE WALL-JET FLOW.
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