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ABSTRACT

SRS b W b

A new facility for the investigation of dynamic
stall on two~-dimensional aerofoils has been developed.
This facility has been used to initiate a program’ ‘of L
research into the nature of trailing-edge flow '~ :
separation effects on the dynamic stall process. An
initial series of tests have been conducted to validate:
the results and to provide a data base for fUrther "
investigations. :

The facility has utilised a DEC MINC-1ll micro-
computer to control the tests,’ acquire and present- the
data. Details of the design of the*facility, including ~
the wind tunnel aerofoil, the ‘aerofoil pitch drive N
mechanism, instrumentation and data acquisition system
are described. A package of software has been developed-
for the microcomputer in order to perform a variety of
functions relating”to the successful operation of the
facility. f’ ~ , A

The NACA 23012 aerofoil was selected for the initial
investigations, the aerodynamic characteristics ‘of which
were ‘examined under*both static and oscillatory angle of
attack conditions. " The outputs" from thirty miniature
pressure transducers, distributed around the aerofoil '
chord, were acquired simultaneously along with the =
geometric angle of attack and free-stream dynamic
pressure. A limited amount of hot-film anemometry data
were also acquired for analysis.

Prior *o the measurement5“ a series of ‘flow: visualéﬁ
isation tests were conducted to assess the quality of
the two-dimensional flow over the aerofoil surface, 'which- ™~
was found to be good up to the onset of stall. Static

stall was found to occur on the aerofoil by the mechanism '™

of abrupt trailing-edge separation, with an increasing
stall abruptness with increasing Reynolds number.

Generally,: the qualitative features.inferred during
dynamic. stall were similar to those documented,previously
by other investigators, including the formation of a
vortex disturbance .shed from .the aerofoil leading—edge
region. Although traliling-edge flow separation was found
to be suppressed, even at very low pitch rates, flow
reversals within the boundary layer prior to the vortex
shedding were discerned. A possible interaction between_%f
the flows at the:aerofoil trailing and leading-edges may =~
have existed,..although it was.clear that further
experiments would be required to clarify the true nature
of this interaction, -and relate this to the . aerofoil
pitch rate. Some suggestions have been put forward in -
order-to achieve this goal. based on observations in the

present work.

F a4
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NOMENCLATURE
C aerofoil chord
CL l1ift coefficient
CL,, lift curve slope, /deg
C, MAX maximum lift coefficient
Cm quarter-chord pitching moment

Cm MIN minimum pitching moment
Cm LE leading-edge pitching moment

CN normal force coefficient

Cp pressure coefficient

D.Fe. pitch damping factor, - (i) Cme do‘

£ oscillation frequency, Hz

k reduced frequency, WC/2U

Meo free-stream Mach number (also M)

Re Reynolds number based on aerofoil chord
t time, sec

Ueo free-stream veloclity

X chordwise co-ordinate

vertical co-ordinate

angle of attack, deg

pitch rate, deg/sec

oscillation amplitude, deg

mean angle of attack, deg

static stall angle, corresponding to CpL MAX
reference angle, wt x 180/n , deg
increment

phase angle

angular frequency, rad/sec

viscosity




CHAPTER 1

INTRODUCTORY

l.1] Introduction

Dynamic stall occurs on a lifting aerofoil when subjected
to an increase in angle of attack which takes it thréugh the
normal static stall angle at some significant rate. During
this process, it is generally observed that the lift on the
aerofoil increases, without any major change in the lift-
curve slope, until at some angle of attack, depending on the
preceding motion, a surge in the lift force and roll-off in
the pitching moment occurs.

The phenomenon of dynamic stall, which is largely
controlled by the viscous boundaryflayer on the aerofoil

surface plays an important role in the successful aerodynamic
design and operation of helicopter rotor blades. Under high

speed forward flight conditions, the blades on the retreating
side of the rotor disk encounter a reduced dynamic pressure
and as a result of this, high blade performance requires

high 1lift coefficients in this region. These large lift

coefficients are generated through large angles of attack,
often exceeding the maximum angle for which the boundary
layer can remain attached to the aerofoil surface, and take
advantage of dynamic effects on the aerofoil stall process.
Until recently, it has been difficult to quantify the

magnitudes of the aerodynamic loadings during dynamic stall
and to define completely the significance of the aerofoil

motion, the Reynolds number and free-stream Mach number.



Although much has been learned of the gross features, it 1is
apparent that further research is required into the detailed
fluid mechanics of dynamic stall.

During unsteady aerofoil motion, the fluid mechanics of
the stall can be considerably different to its static counter-

part. Firstly, at significant rates of pitch it has been
observed that the boundary layer remains attached to the
aerofoll surface to angles of attack substantially higher than
could be attalned under static conditions, with a corresponding
increase of maximum lift. LKramer'(1932) appears to have been
one of the first to recognise this fact. Secondly, when stall
occurs, it is often characterised by the shedding of a vortex-
| like disturbance from the aerofoil leading-edge region. The
passage of this vortex across the aerofoil upper surface not
only induces increases in 1lift, bu£ also significantly
increases the nose-down pitching moment, due to the redis-
tribution of chordwise pressure. A conceptual understanding
of this vortex shedding phenomenon was first given by Ham

(1968) . After the vortex disturbance passes the aerofoil

trailing-edge, a sudden loss of lift occurs, accompanied by

a peak in the pitching moment: Subsequently, the flow
progresses to a state of full separation over the aerofoil

upper surface, and when the angle of attack falls below the
static stall angle, the flow will reattach from the leading-

edge. The dynamic stall process is illustrated schematically
in Fig. l.1 for a NACA 0012 aerofoil under an oscillatory
change of angle of attack.

Experimental investigations by numerous researchers, have
shown that the detalils of dynamic stall depend on a large

number of parameters (Table l.l). Furthermore, a number of



phenomena have been noted that may share roles of importance
in determining the onset of stall. The characteristic
leading~edge vortex shedding phenomena has been well
documented in the literature (see for example - Ham et al,
1968; Scruggs, 1971:; Johnson et al, 1972; Carr et al, 1977.)
Various degrees of vértex shedding intensity may occur,
depending primarily on the aerofoil motion and the extent to
which stall is penetrated. Under "strong" dynamic stall
conditions, that is when the fluid mechanics are dominated
by the vortex shedding phenomena, the qualitative results
have been shown to be relatively independent of the para-
meters listed, for example in Table l.l. However, under
“iight“ stall conditions, the greatest variability in the
fluid mechanics are evident, with the aerofoil geometry and
static separation characteristics being importént factors
for consideration. A discussion of the features of "light"

and “strong" dynamic stall are given by McCroskey et al,
(1980) . Also, it appears that "light" dynamic stall is an

area into which further research should be directed.
Theoretically, the fluid mechanics of dynamic stall are

governed by the Navier-Stokes equations. Because of the

enormous amount of computing time involvéd in their solution
and the present inability to successfully model turbulence,
this approach has not been widely contemplated. However,
analysis by the Navier-Stokes equations for laminar flow on
oscillating aerofoils has led to some interesting results
(see Mehta, 1977).

Experimentally, a number of approaches have been made to
examine the features of dynamic stall under widely varying

conditions. Much of this research has been carried out



using two-dimensional wind tunnel tests on oscillating -
aerofoils by the helicopter (and related) industries, where
stall is often a limiting factor of the rotor design and
accurate predictions are consequently of great importance.
As a product of this research, a number of semi-empirically
based dynamic stall predictive models have been developed,
which have been used with variable amounts of success to
determine the dynamic airloadings on heliéoPter rotors.
Although much has been learned of dynamic stall, it is
clear that its understanding is still far from complete.
Theoretical methods for analysis are still in their infancy,
primarily because of present computational limitations. -
Until such time when a more complete theoretical analysis is
possible, more research is required into the detailed exper-

imental aspects of dynamic stall.

The present work is conéernedwith the development of a

facllity to investigate aspects of dynamic stall on two-
dimensional aerofoils in the environment of a wind tunnel,
and in particular, to provide preliminary information into

the effects of trailing-edge separation on the onset of the

dynamic stall process.

l.2 Background to the problem considered.
l.2.1 Helicopter rotor environment

The helicopter, by design, operates within its own
turbulent wake. Thus, there are numerous unsteady aero-
dynamic phenomena to which the rotor blades may be subjected
to within the course of a single rotor revolution. Unstead-
iness exists, to some degree, throughout the rotor flight

envelope, however, the severity of the dynamic airloads



associated with the unsteady aerodynamics depends upon the
actual flight conditions, i.e. forward flight, manoeuvers,
etc. Some of the most obvious unsteady aerodynamic phenomena
that contribute to the rotor airloadings are illustrated in
Fig (1.2).

In order to maintain lateral trim and propulsive force
in forward flight, the rotor blades are subjected to a (once
per rev.) periodic change in angle of attack. Stall may
then occur on the retreating side of the rotor disk where
the angle of attack is greatest. A typical angle of attack
distribution for a contemporary helicopter rotor in forward
flight at a moderately high speed is illustrated in Fig 1l.3.
Up to the onset of stall, the loadings on the rotor can be
represented by quasi-static aerodynamics. When stall occurs
however, the rotor blade dynamics and elastic properties
become important in determining the local blade angles of
attack, and the subsequent aerodynamic loadings and aero-

elastic response can lead to the onset of stall flutter.

This phenomenon often limits the rotor flight envelope and

conseqﬁently, the understanding-of dynamic stall and the
prediction of its onset, is important from a rotor-design

point of view. Excellent reviews on the occurrence of dynamic

stall within the helicopter rotor environment are given by

-Jones (1972) and Bvham et al (1977).

l.2.2 Static aerofoil stall

Stall 1s most easily described in terms of a nomal force

(or 1lift) relationship with the aerofoil angle of attack. At
low angles of attack, no significant amounts of boundary

laver separation are present on the aerofoll surface, and



the normal force varies linearly with angle of attack (as
predicted by inviscid flow theory). At higher angles of
attack however, the nomal force versus angle of attack
relationship becomes non-linear:; the decrease in the slope

of the curve being due to thickening of the boundary layer
(and perhaps some trailing-edge separation). Further increases
of the angle of attack lead to larger deviations from the
linear relationship, and eventually a condition corresponding
to a maximum in the normal force is reached, after which a
further increase of angle of attack leads to a decrease of
the normal force. The viscous flow about the :aerofoil under
these conditions is characterised by large separated regions
on the aerofoil upper surface ané in the wake - and the aero-
foil is said to be stalled. 1In addition to the normal force
variation during stall, the pitching moment variation about
the quarter-chord axis shows large changes from the near zero

value characteristic of unstalled flow, indicating a signifi-

cant change in the centre of pressure.

There are a number of mechanisms that can be involved
during the static stall of an aerofoil in subsonic flow.

A general stall classification has been postulated by
McCullough et al (1951), in which there are three categories:

(1) thin-aerofoil stall,
(2) leading-edge stall,
(3) trailing-edge stall.

As the name suggests, thin-aerofoil stall is usually
observed on thin or sharp leading-edged aerofoils, and is
categorised by the formation of a "long bubble", in which the
reattachment point moves rearward with increasing angle of
attack. Stall occurs when the reattachment point reaches the

trailing-edge.



Leading-edge stall is usually related to the formation.
of a laminar separation bubble just downstream of the leading-
edge suction peak. With increasing angle of attack, the
leading-edge adverse pressure gradient becomes too great for
the boundary layer to support, and the resulting separation
leads to an abrupt loss of lift. Observations indicate that
there may be two subsets of the leading-edge stall class.

One is known as "bubble bursting", which i1s due to the sudden
failure of the turbulent boundary layer to reattach to the
aerofoil surface. The other is due to "reseparation", which
is an abrupt separation of the turbulent boundary layer down-
stream of the laminar separation bubble. Gault (1956), and
more recently Van den Berg (1980), have shown that in the
majority of practical aerofoil applications, reseparation may
be the more likely mechanism of leading-edge stall. A corre-
lation curve has been obtained by Evans et al (1959), in
which a relationship was formed between the suction peak
velocity and an idealised adverse velocity gradient on aero-

foils which exhibited stall by the reseparation mechanism.
As will be described later, use can be made of this correla-

tion to predict the angle of attack for stall, but only for

this class of aerofoil.

Trailing-edge stall generally occurs on moderately thick

aerofoils (210% X/C). With increasing angle of attack, the
turbulent boundary layer at the aerofoil trailing-edge
eventually reaches a ébndition when it can no longer sustain
the adverse pressure gradient and separates from the surface.
Again, trailing-edge stall can be divided into two subsets:
gradual, or abrupt. With a gradual trailing-edge stall, a

well rounded peak in the lift-curve slope 1s generally evident.



With an abrupt trailing-edge stall however, there is little
change in the lift-curve slope prior to stall, and it is
often difficult to distinguish from a leading-edge stall in
the absence of any further information.

Examples of the characteristics of the three basic types
of static stall described above are illustrated schematically
in Fig. l.4. It should be noted however, that an aerofoil
may exhibit a stall characteristic which i1is a hybrid of the
basic stall types. Also, Reynolds number effects are often
significant in relation to the aerofoil stalling character-

istics (see for example; McCullough, 1955 and Gault, 1957).

l.2.3 Laminar separation bubbles and turbulent separations.

From the foregoing, and as a preface to the discussion of
dynamic stall, it is clear that two important flow phenomena
require further detailed consideration; the formation of a
laminar separation bubble, and turbulent separation.

For many aerofoils, the transition from laminar to
turbulent boundary layer flow is carried out via a separation
bubble (Fig 1l.5). The bubble begins at the point of laminar
separation, and the flow above the separation zone becomes
turbulent. Under moderately adverse pressure gradients, the
turbulent boundary layer will reattach to the aerofoil surface

and close the separation bubble. The length of this bubble is
typically 1-2% of chord, and generally makes a small, but

significant alleviation to the leading-edge adverse pressure
gradient (Fig l.6). Under certain aerofoil pressure loadings,
the leading-edge adverse pressure gradient becomes too great

for turbulent reattachment downstream of the bubble to occur,

and the bubble is said to have "burst". This subsequently
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leéds to an abrupt separation over the remainder of the.

aerofoil upper surface, with a corresponding loss of 1lift.

Studies on laminar separation bubbles have been carried out

by many investigators, inciuding'Gault (1955), Owen et al

(1955), woodward (1967), Dobbing (1972) and Erlich (1973).
Apart from the previously described reseparation

mechanism, turbulent separation first occurs near the

tralling-edge of an aerofoil and moves forward with increasing
angle of attack. Separation refers to the detachment of the
flow from the aerofoil surface, and in steady two-dimensional
incompressible flow its onset corresponds to the vanishing of

the average surface shear stress; that is where

_,0u]
TW_“@Y y:o-o

The separating bouhdary layer subsequently exists as a free

shear layer which forms the boundary of the aerofoil wake
(see Figs 1.7 and l.1ll). This classical definition of

separation, however, has been shown to be strictly true only

for laminar flows, and that turbulent separation is not a

single event but rather occurs over a zone which encloses a
transition from attached to separated flow. This is detailed
by Sandborn et al (1961), and extended by Kline et al (1981).

l.2.4 Dynamic stall.

The performance of an aerofoil during dynamic stall plays
an important role in determining the overall performance of a
helicopter. The lift from the aerofoil (and hence the thrust
from the rotor) is highly dependent on the aerofoil dynamic
stall characteristics and their variation within the unsteady
periodic environment of the rotor flowfield. Furthermore,

undesirable effects such as stall flutter give rise to aircraft
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vibration and undue stress levels which can reduce the -
fatigue life of the rotor - hence the requirement for an
adequate understanding of the dynamic'stall phenomenon.

One of the major reasons that dynamic stall is more
difficult to analyse than static stall is its dependence on
a much wider range of parameters. Furthermore, a number of
boundary layver phenomena may share roles of importance in
detemining the stall onset and the subsequent development
of separated flow.  Attempts have been made both experiment-
ally and theoretically to analyse the mechanisms involved
and to assess their relative importance.

It has been recognised for some time, that the boundary
laver remains attached to the aerofoil surface to higher
- angles of attack under unsteady conditions, than could be
obtained under static conditions. Carta (1971) postulated
that the departufe of the aerdfoil pressure distribution at
a given angle of attack from its steady flow counterpart may
be of importance in delaying the onset of separation, due to
the alleviation of chordwise pressure gradients. McCroskey
(1973) showed that this postulation was essentially wvalid,
although it was clear that other mechanisms were involved in
the stall delay. Singleton et al (1973) and Nash et al (1973)
have examined the development of an unsteady boundary layer in
a prescribed external pressure distribution. Thelr work has
shown that, time-dependence results in delays of the pressure
development and in the onset of flow reversal within the
boundary layer. They have suggested that these mechanisms
could also be of significance during the conditions which

exist on an aerofoil in pitching motion.
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The classical Prandtl boundary layer equations which -

are simplifications to the full Navier-Stokes equations,
give considerable insight into the analysis of the flow
development on an unsteady aerofoil. (The Prandtl boundary
layer momentum equation is defined in Fig 1.9). Several
authors have utilised these boundary layer equations,
incorporating a turbulence model modified to include
unsteady terms, to investigate some of the problems assoc-
lated with the delay in the onset of dynamic stall. For
example, Fig 1.8 illustrates a situation of an aerofoil at
a relatively large angle of attack undergoing pitching
motion. At the leading-edge, large external pressure
gradients exist, and the unsteady derivative in the boundary
layer equation, du/dt, is relatively unimportant compared
with the spatial gradient U.dU/dX. Because of this, the
leading-edge laminar boundary layer development would be

expected to differ only slightly from its static counterpart,

and this speculation has been borne out by calculation and
experiment (see McCroskey et al, 1975). However, at the
aerofoil trailing-edge, the unsteady boundary layer derivatives
and the external velocity gradients are of comparable magnitude,
and the aerofoil motion would generally have a considerable
influence on the onset of flow reversal and separation (Fig.

1.10).
Both the effects of pressure gradient modifications and

the development of the unsteady boundary layer have been
analytically examined by Scruggs et al (1974) who have shown
that the onset of flow reversal.is delayed on a pitching

aerofoil. It should be pointed out that flow reversal and

separation are distinct boundary layer phenomena in unsteady
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flows and the point where the average surface shear stress,
Tw » 1s zero, has no special significance. This has been
demonstrated by Telionis (1977) and Williams (1977). Also,
Sears et al, (1975) have indicated that for unsteady flows,
separation always occurs downstream of the flow reversal
point. Experimentally, this phenomenon has been shown to
exist on a pitching aerofoil by McCroskey et al, (1976),
where suppression of trailing-edge separation and observations
of regions of flow reversal prior to separation were evident.
This situation is illustrated, for example, in Fig (l.11)

for a pitching aerofoil with minor trailing-edge separation,
and is detailed in Fig (1.12).

Numerous experiments have shown the presence of a vortex-
like disturbance, which is shed from the vicinity of the
aerofoil leading-edge during dynamic stall. The consequences
of this vortex in relation to the airloadings‘have been
indicated previously. The actual process of the vortex
initiation, however, has been the subject of a certain amount
of controversy. Four boundary layer phenomena have been
identified as possible mechanisms for the initiation of
vortex shedding:

(1) The "bursting® of a laminar separation bubble.

(2) Reseparation downstream of a laminar separation bubble.

(3) Propogation of flow reversals witﬁin the turbulent
boundary layer, towards the aerofoil leading-edge.

(4) Leading-edge shock wave = boundary layer interaction

(for Mach numbers ==0.3).

Initiation of leading-edge vortex shedding may involve one |
or more of these mechanisms, and will depend on the aerofoil

geometry, etc. (as listed in Table l.l). Further details of
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vortex initiation mechanisms are given by Young (1981) .-

As mentioned previously, deep dynamic stall is
characterised by a well defined vortex shed from the leading-
edge region, which subsequently dominates the_aerofoil flow=-
field. It has been shown by McCroskey et al (1980), that
under these conditions qualitative results for different
aerofoils are very similar, except when the flow becomes
supersonic at the leading-=edge region at higher Mach numbers
(=Z0.3). Light dynamic stall on the other hand, that is when
only small amounts of separation are allowed to develop on
the aerofoil before the angle of attack is reduced, is known
to be especially sensitive to all the parameters listed in
Table l.l. The quantitative behaviour is closely related to
the static boundary layer separation characteristics, for
example, leading-edge versus trailing-edge separation and
changes in this behaviour with variations in the aerofoil
motion, Reynolds and Mach numbers. It appears however, that
irrespective of an aerofoil's static stalling characteristics,
under dynamic conditions, the trend is towards leading-edge
separation, although it is clear that this is an area where

further research is required.’

l.2.4 Predictive methods

Several approaches have been taken in the past to predict
and analyse dynamic stall, both theoretical and empirical.

Theoretical progress remains rather slow on this difficult
problem, although a number of semi-empirical methods have been
developed and continue to be improved. All the techniques

that exist invoke assumptions and restrictions and are often

tailored to model features of a specific stall regime. Brief



- 14 -

descriptions of current approaches are reviewed by McCroskey

(1978) and Beddoes (1979).

The most fundamental formulation of the equations of

motion for a viscous, compressible fluid are the Navier-Stokes
equations. The present inability to solve for the turbulent

boundary layer and the computing effort required, has so far

limited their solution to low Reynolds numbers 0<104), which

are much lower than is realistic for most practical applications.

The specific problem of dynamic stall under harmonic angle of
attack variations has been examined by Mehta (1977), which
probably represents the present state-of-the-art for this
approach. Correlations with flow visualisations performed by
Wwerlé (1976) for identical flow conditions have met with
considerable success. The dynamic stall development was also
found to be qualitatively similar to that which has been
observed at higher Reynolds numbers. This has also been

verified by low Reynolds number flow visualisations carried

out by McAlister et al, (1977).

Current computational limitations and difficulties in
defining the flow-field have, however, restricted most dynamic
stall analyses to boundary layer and viscous-inviscid inter-
action approaches. The relevance of the Prandtl boundary

layer equations in the understanding of dynamic stall onset,
has been indicated previously. Calculations have so far

indicated possible mechanisms (eg Scruggs et al, 1974), but

it is clear that a coupled viscous-inviscid interaction

procedure is required to overcome limitations of this approach.
Viscous=-inviscid analyses have been made by Crimi ét al,

(1972) , Crimi (1974) and Rao et al, (1978), each with variable

amounts of success when applied to unsteady aerofoil problems.
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Crimi et al based th;r analysis on a.laminar'separayion
bubble bursting criterion, but which has not gained widespread
acceptance because of certain shortcomings in the analysis.
This method has however, been examined in more detail by
Shamroth et al, (1974), but modelling of trailing-edge
separation was not included in the analysis. Rao et al, (1978)

have modelled the effects of trailing-edge separation, but
simplifications and assumptions in their analysis have led

only to limited success. Recently, the justification of a
laminar separation bubble bursting analysis for vortex initi-
ation under dynamic conditions has been called into question
by some investigators. By the application of a bounday layer
trip designed to eliminate the leading-edge bubble, McCroskey
et al, (1980) have shown that for aerofoils tested, the
qualitative dynamic stall behaviour'was similar to that of
the untripped aerofoil. This observation suggests that
bubble bursting may not be as an important mechanism as was
previously thought, and that reseparation or the rapid forward
movement of a thin region of reversed flow from the trailinge
edge may be the more likely mechanism for vortex initiation.
This is not to say that bubble bursting does not exist as a
stall trigger mechanism, only that vortex shedding can exist
without the presence of a laminar separation bubble. Clearly,
interactions between flow -reversals and the separation bubble
may exist, and further research is required fo confirm this
speculation.

A number of semi-empirical predictive models for dynamic
stall have been formulated, mainly on the basis of experimental
data from oscillating two-dimensional aerofoil wind tunnel

tests. Contributions in this field have been made by Johnson
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(1969) , Arcidiacono et al (1970), Bielewa (1975), Ericcson
et al (1976), Beddoes (1978) and Tran et al (1980). These
models attempt to correlate force and moment data as
functions of the relevant parameters. Common to all the
models is the fact that unsteady effects increase with
increasing pitch rate, that is, rate of change of angle of
attack. Also, it is clear that dynamic stall events develop
over a finite time period. Hence, the non-dimensional
parameters o C/ U, and UmAt/ C appear in some form in all the
empirical models. Current models are reviewed by Beddoes
(1979) , who also detalledone model of particular interest.
This model is based on the concept of time delays, in
recognition of the fact that dynamic stall events occupy
finite time periods. As mentioned previously, there is a
strong trend towards leading-edge type separation under-
unsteady conditions, irrespective of the aerofoil static
characteristics, etc. This suggests that the use of a
leading-edge flow criterion may be appropriate to indicate
the onset of separation. The correlation of Evans et al,
(1959) can be used to predict the angle of attack for stall

onset for aerofoils which exhibit static stall by the

reseparation mechanism (see for example Kao, 1974). This
has been extended to the unsteady case by Beddoes (1978) who
has incorporated it within the time-delay model, giving
confident predictions of separation onset within a global
model of dynamic stall. Beddoes has found however, that the
behaviour of aerofoils which exhibited trailing-edge
separation statically, were found to be more difficult to
predict, especially at low pitch rates where the impact of

trailing-edge separation is more significant.
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l.2.6. Experimental facilities -

McCroskey (1971) has shown that three-dimensional effects

assoclated with the helicopter rotor geometry do not signifi-
cantly contribute to the dynamic stall process. Further,

Hicks et al (1971) have analytically shown that three-

dimensional effects associated with the steady turbulent
boundary layer on the rotor do not sién;ficantly delay the
onset of stall. These observations lend encouragement to

the investigation of dynamic stall on two-dimensional aero-
folls. Experimental work has mainly proceeded along lineé
intended to simulate actual flight conditions for a
helicopter rotor, and in the majority of cases, large data
bases have been generated for use in semi-empirical dynamic
stall predictive models. A number of experimental facilities
have been developed, mainly within the USA (NASA, Boeing-
'Verfol), the UK (ARA) and France (ONERA). 1In particular, the
NASA-Ames faclility (see Carr et al, 1977 and McAlister et al,
1978) has been extensively used to examine the fundamental
aspects of dynamic stall and probably represents the source
of the bulk of published information on this complex phenomenon.

In general, the features of each facility are very similar,

with the use of a two-dimensional aerofoil undergoing pitching

motion in a wind tunnel. Chordwise pressure information is
usually recorded from miniature pressure transducers which are
logged either in an analogue or digital format. Previously,

only the ARA facility (see Landon, 1977) has utilised real-

time analogue-to-digital conversions, the others using
analogue records with off-line digitisation. An important

disadvantage with the latter method is that data analysis is

generally performed some time after the data was actually




recorded, and this procedure often makes a subsequent re-run
of the test difficult or impossible if corrupted data is

found. Also, with analogue recording, the analysis
procedure is a much larger and more complex task, and in

general, the advantages of on-line digitisation far outweigh

analogue recording techniques in this respect.

One of the objectives of the present work was to design
and develop an experimental facility for the investigation
of dynamic stall, using a microcomputer to control the
experiments, perform real-time analogue-to-digital data

acquisition, with the corresponding analysis and presentation

of results.

4

l.3 Purpose of the Eresent'wofk

The main objectives of the present work have been
indicated or implied in the previous Sections. The object-

ives may be stated more precisely as follows:-
(1) to select an aerofoil profile, typical of current

helicopter rotor profiles, which exhibits stall by the
mechanism of trailing-edge separation at low Mach

numberse.
(2) to suggest modifications to the selected aerofoil, that

‘'may enable the enhancement of trailing-edge separation,

but without significantly altering the leading-edge

pressure distribution.

(3) to design and develop both mechanical and electronic
hardware to investigate the aerofoil's steady and

unsteady aerodynamic characteristics within the

environment of a low-speed wind tunnel, and to interface

transducer outputs to a microcomputer for acquisition.



(4) to develop software for the microcomputer in order to -
acquire, process and present the data relating to the
aerofoll aerodynamic characteristics.

(5) to investigate the steady and unsteady aerodynamic
characteristics of the selected aerofoil profile for
a wide range of test conditions in order to validate
the test facility, and also to provide a data base for

subsequent investigations.
(6) To make a preliminary investigation into the effects

of trailing-edge flow separation on the dynamic stall
process for the selected aerofoil, and to assess the

direction in which future research in this area should

be directed.

l.4 Outline of the Dissertation

The main body of the Dissertation is divided into eight
Chapters headed by the Introductory.

Chapter 2 presents the reasoning behind the choice of
aerofoil section for the present work. The latter part of
this Chapter deals with an investigation into geometry
modification of the basic aerofoil designed to enhance
separation at the aerofoil trailing-edge.

The details of the experimental apparatus are described
in Chapter 3. This Chapter is divided into two main sections.
The first part describes the mechanical aspects oﬁ the
hardware, with the second part dealing with the data
acquisition system and the interface of transducers to the
microcomputer.

Chapter 4 presents details of the software which was

written to control the experiment, acquire the data and




present the results.

In Chapter 5, a summary is made of conditions under which

the aerodynamic tests were carried out.

The results and discussion of the tests described in
Chapter 5 are presented in Chapters 6 and 7; Chapter 6
dealing with the static tests, and Chapter 7 with the

oscillatory tests.

Finally, Chapter 8 summarises the work of the previous
Chapters, and highlights the main conclusions of the
Dissertation. Also, a few suggestions are made to improve
the experimental test facility and consideration is given
to further research into trailing-edge flow separation

effects on aerofoil dynamic stall.
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CHAPTER 2
SELECTION OF AEROFOIL PROFILE

2.1 Introduction

As discussed in Chapter 1, aerofoil stalling
characteristics are generally divided into three basic
categories: thin-aerofoil stall, leading-edge stall or
trailing-edge stall. Further, the leading-edge stall
category can be subdivided into either laminar separation
bubble "bursting” or reseparation, and trailing-edge stall,
can be subdivided into either progressive or abrupt.
Various combinations of all the preceding stall types are
also known to exist.

For helicopter rotor applications, most aerofoils in
general usage tend to lie within the leading-edge or abrupt
stall category. However, the more recent use of cambered
and unconventional aerofoil profiles have expanded the
variability of stall characteristics, mainly towards

trailing-edge stall types.

Under unsteady motion, trailing~edge separation has been
noted to have certain effects on the dynamic stall onset.
(See McCroskey et al, 1977, 1980 and Beddoes, 1979). Beddoes
has speculated ~ that irrespective of an aerofoil's static
stall characteristics, under unsteady motion gross flow
separation is still dominated by flow conditions at the
aerofoil leading-edge, although trailing-edge separation
still has some degree of influence, especially at low‘pitch
rates. The exact nature of the influence of trailing-edge

separation on the stall onset is at present unclear, although
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it is known that a certain amount of flow reversal takes
place within the boundary layer at the aerofoil trailing-
edge, prior to the onset of separation.

Two further objectives in the present work were defined
on the basis of the preceding discussion. Firstly, to select
a suitable aerofoil profile with a leading-edge suction
distribution similar to those currently used in rotor
applications, but which exhibited limited trailing-edge
separation at low Mach numbers. Secondly, to'suggest
modifications to the basic aerofoil in order to enhance the

degree of tralling-edge separation.

2.2 Basic profile

The aerofoil chosen for the current investigation was the
NACA 23012 (Fig 2.1). This choice was made after consultations
with Westland Helicopters Limited and was based on two main
considerations:

(1) From reported lift and pitching moment data by Loftin et
al, (1949) and Althaus et al, (1980) the NACA 23012 exhibits

a rounding-off of the lift-curve slope close to maximum lift,

which at low Reynolds numbers is characteristic of -trailing-
edge separation. With increasing Reynolds number however,

the onset of stall becomes more abrupt, which is more
characteristic of a leading-edge stall type. Thus, if tested
under unsteady conditions, this aerofoil offered possible
scope for the investigation of the dynamic effects of
trailing-edge separation.

(2) The NACA 23012 is typical of current and projected
helicopter main rotor profiles, and accumulation of unsteady

pressure data at the lower Reynolds/Mach number regime, more

appropriate to the inboard sections of the retreating blade,
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may assist in dynamic stall prediction modelling. -

Although originally reported by Jacobs et al, (1935)
the NACA 23012 aerofoll and derivatives have received
attention from the helicopter industries during the 1960°'s
and 1970°'s.

Prior to this, helicopter rotor structural and dynamic
problems were of primary consideration, and the symmetric
NACA 0012 profile gave a good compromise for rotor require-
ments in terms of maximum lift, minimum pitching moments
and drag divergence characteristics. Use of leading-edge
camber, such as on the NACA 23012, leads to a significant
aerodynamic improvement over the symmetric profile (Fig 2.2).
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