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Summary.

This report describes the phenomenon of dynamic stall and considers in detail the role of the
f so-called stall vortex. A survey of the available data reveals an anomaly concerning the dependency

of the convection speed upon aerofoil motion. The University of Glasgow Unsteady

Aerodynamics test facility is then described, and measurements of the stall vortex convection speed
from a variety of aerofoil models and pitching motions are presented. The results of the preliminary
analysis, relating to conditions at Reynolds and Mach numbers of 1.5 million and 0.11
respectively, strongly suggest that the convection speed is independent of the aerofoil motion and
model type to a first order, which disagrees with the results of other notable studies. This

disharmony is re-inforced by an independent analysis of an anomalous data set at the University of
' Glasgow. Differences in constraint effects were suspected to be the cause of the anomaly, and the
: report then continues to describe a test programme for a model of half the chord length of the

models so far tested at the University of Glasgow. The results of these tests show that wind tunnel

constraint, within the limits tested, does not significantly affect the vortex convection speed. An
enhanced technique allowed pressure data to be an,.-ysed at a much lower pitch rate than for the

preliminary analysis. In spite of the relatively poor accuracy of the susequent measurements, the
results suggest that the convection speed is reduced pitch rate dependent at low pitch rates for the
thicker aerofoil sections, although in an opposite manner to other results in the literature survey. A
further test programme investigated the effects of a leading edge boundary layer trip. The nature of
the dynamic stall and the stall vortex convection speed were seen to completely change throughout

the entire pitch rate range. Thus, although the basic convection speed/ pitching motion anomaly has
not been fully solved, it is suggested that the aerofoil model type, Reynolds and Mach numbers are
of importance, in that the flow conditions at the leading edge may influence the stall vortex ; .

convection speed.
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j i
Nomenclature. i

AR model aspect ratio

CD drag coefficient

CL lift coefficient

Cm moment coefficient

Cn  normal force coefficient

Cp pressure coefficient

Ct  thrust coefficient

c aerofoil chord length (in)

h wind tunnel height

k owc/2U reduced frequency (sinusoidal motion)

M. free stream Mach number

Re Reynolds number

r coc/2U reduced pitch rate

t time (s) (non-dimensionalised as tU/c)

U free stream speed (m/s)
u stall vortex convection speed (m/s)

x distance along aerofoil chord (in)

a incidence (degrees)

cc mean angle of oscillation (degrees)

a amplitude of oscillation (degrees)

o) pitch rate (ramp-up, radians/s), oscillation frequency (sinusoidal motion, radians/s)
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1. INTRODUCTION,

The major limitation on the performance of an aerofoil is the phenomenon of stall; at a high

enough fixed incidence, the effect of the increasingly strong adverse pressure gradient on the upper

surface boundary layer causes it to separate, which is manifested by a drop in CL and a rise in CD.

If the aerofoil is pitched rapidly, however, the symptoms of static stall can be suppressed and the

catastrophic effects can be delayed to a much higher incidence. This is known as dynamic stall.
Because of the delay in stall, very high lift coefficients can be generated, although very high drag

and pitching moment coefficients can also result. In dynamic stall, the pitch range a, mean pitch

angle a and reduced pitch rate r or reduced frequency k are of fundamental importance.

I. ynamic stall is normally characterised by the initiation, shedding and convection over the

upper surface of the aerofoil 'r .,. "!ike ":eturbance (the so-called stall vortex) which induces

a highly non-linear fluctuat;. ,,ress-re riel," .'!cCroskey et al (1981) described two fundamental

types of dynamic stall:

1) Deep stall, occurring under extreme conditions of pitch rate, cc and a. There are very large

fluctuations in the aerodynamic coefficients and the qualitative features of the flow field are

effectively independent of aerofoil shape, Re and motion type. Very strong vortex shedding

occurs and there are large hysteresis loops on the aerodynamic loading history curves.

2) Light stall occurs under less severe conditions. Hysteresis still occurs on the aerodynamic

loading history and the maximum values of the aerodynamic coefficients remain in the same

range as their static equivalents. In this regime, the stall vortex is still formed, although it is

quite weak.

Excellent descriptions of the overall effects of the stall vortex can be found in McCroskey et

al (1981), McCroskey (1981), and Lorber & Carta (1987). Figures 1, 2 and 3 show typical plots

of CL, CD and Cm versus a for the ramp-up pitching motion of a NACA 23012C aerofoil. Briefly,

the events that are influenced by the stall vortex are as follows:

It 1) The beginning of the increased rate of increase Of CL and CD and the fall in Cm (i.e.
I1. moment stall) relate to the formation of the stall vortex. Moment stall occurs as the stall

1 )Thbgnnngoftenceaevortex is released.o

2) The maximum lift coefficient occurs when the vortex is at such a position over the

14
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aerofoil to exert maximum suction.

3) Peaks in CD and Cm occur as the vortex approaches the trailing edge.

The unsteady increments to CL, CD and Cm are related to the strength and speed of the stall

vortex. Large changes in CP also occur as the vortex passes over the aerofoil. Excellent flow

visualisation pictures of the growth and convection of the stall vortex are presented by Walker et al

(1985).

1.1 Anolications of dynamic stall research and the oresent work.

Dynamic stall has always been of interest to helicopter researchers. The retreating blade is
prone to the effects of dynamic stall as it is pitched up to compensate for its lower airspeed. Blade

fatigue failure is to be avoided, so dynamic stall becomes a limiting factor (Ham & Garelick

(1968)).

The present work, however, relates to a fundamental process in dynamic stall, that of the
convection of the stall vortex, and finds its most direct application in the design of

super-manoeuvrable aircraft. Super-manoeuvrability is a term used to describe flight patterns that
involve drastic, dynamic changes in flight path, e.g. from a level cruise to nose vertical in a matter

of seconds, perhaps as part of a missile avoidance procedure or a "point to shoot" manoeuvre.
Lang & Francis (1985) present a detailed account of the requirements and likely flight envelope of

a super-manoeuvrable aircraft. As an example consider the case of a pitch-up to high cc (after Lang

& Francis (1985)). Figure 4 shows the aircraft attitudes and important features of the flow. Figure

4a shows the initiation of the manoeuvre, which may require large amplitude control surface

deflections. These will generate powerful vortex structures which will affect neighbouring and

downstream lift and control surfaces. At higher aL, as in Figure 4b, the high pitch rate will lead to

dynamic stall of the lift and control surfaces; there is a temporary reorganisation of the flow field

and high aerodynamic coefficients are generated. If these are to be exploited then the prediction and

control of dynamic stall becomes necessary. Poor structural design and incorrectly tailored flight i

control system parameters, which would be the result of a poor appreciation of the dynamic stall
effects, could lead to a catastrophic failure of the aircraft or an unsuccessful attempt at that

manoeuvre.

Thus, potentially serious implications accompany any research into dynamic stall and this
leads to the present problem. Since the motion of the stall vortex influences the dynamic response , ' ,' .',;

of the flight vehicle, the stall vortex convection velocity needs to be considered.While it is

15
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generally accepted that this velocity is around one third of the free stream velocity, a degree of

controversy exists over its dependency on the aerofoil motion. The convection velocity has been

measured in a variety of ways by several researchers. Lorber & Carta (1987) performed a series of

ramp-up tests on a Sikorsky SSC-A09 aerofoil; their data show that downstream of x/c=0.1 the

vortex speed is uniform and that it increases linearly with reduced pitch rate from a value of about

0.13U at r=0.001 to 0.33U at r--0.02 (Figure 5). This conclusion that the convection speed is a

function of the aerofoil motion is in agreement with the works of Carta (1974), St. Hilaire & Carta

(1983), Robinson & Luttges (1983) and Aihara et al. (1984). No functional dependency was

reported by Chandrasekhara & Carr (1989) and Jumper et al. (1986), however. In addition, a

j preliminary analysis of the stall duration by Galbraith et al. (1986) showed no functional

dependency on aerofoil motion. The following section discusses the results and measurement

techniques in greater detail.

1.2 Previous measurements of the stall vortex convection speed.

As the stall vortex passes over the aerofoil, the pressure on the aerofoil surface changes. This

appears as a wave on the surface pressure time history, as in Figure 6. Carta (1974) calculated the

velocity of the wave over a sinusoidally oscillating NACA 0012 aerofoil by contour plotting C. in

time and space. The contour plot derived from Figure 6 is shown in Figure 7; the locus of the

wave is indicated on the figure by the ridge line. Note the kink in the ridge line at x/c=0.25. In the

vicinity of the leading edge, multiple waves were seen to emerge, and Carta attributed the presence

of the kink to wave coalescence. The wave speed is given by the gradient of the ridge line. Figure

I 8 shows Carta's measurements of the initial and average wave velocities as a function of reduced

frequency. The results indicate that the mean convection speed is increasing with increasing

reduced frequency and that it depends on the mean incidence. Of particular concern, however, is

the accuracy of measurement, which must ultimately depend on how well defined the ridge line is.

The above method of analysis may therefore be prone to subjective errors.

The same contour plot/ridge line technique was used by St. Hilaire & Carta (1983), again on

a sinusoidally oscillating NACA 0012. They measured the wave velocity over three portions of the

aerofoil (x/c = 0.004 to x/c = 0.028, x/c = 0.028 to x/c = 0.149 and x/c = 0.149 to the trailing

edge). The vortex convection speed increased with reduced frequency over each part of the

aerofoil, the variation being stronger further along the aerofoil. They also observed that the wave

speed was lowest where the pressure gradient was highest, i.e. in the leading edge region.

: a. The analysis technique adopted by Lorber & Carta (1987), although related to the contour

plot/ridge line method, was more direct and was not prone to subjective errors. Data was gathered
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for ramp-up and sinusoidal motions of a Sikorsky SSC-A09 aerofoil. They observed that minima

in the local pressure-time histories accompanied the passage of the stall vortex. The chordwise

positions of these suction peaks were then plotted against time, and the resulting straight line

showed that the convection speed (equal to the gradient) was constant along the chord. The vortex

speed was found to increase linearly with reduced pitch rate, as shown in Figure 5. These data
were a significant improvement on Carta's (1974) data by virtue of improved facilities and

instrumentation and a greater number of pressure tappings on the model (18 chordwise locations as

opposed to 10). Thus, Lorber & Carta's (1987) data tends to confirm the dependency of the

convection speed or. the aerofoil motion.

Other contributions are as follows:

1) Robinson & Luttges (1983) performed their experiments at substantially lower Reynolds

numbers than Carta (6< Re x 10-4 <14 compared to Re >106). Convection speed was
measured from flow visualisation results, and it was found to increase with increasing

reduced frequency (from u/U=O. 17 at k=0.25 to u/U=0.28 at k=0.75). Interestingly, there

was no dependency on the Reynolds number.

2) Jumper et al (1986) measured the stall and separation angles relative to the static case for
ramp-up motions of a NACA 0015 aerofoil. The Re range investigated was

1.58< Re x 10-5 < 2.81. The convection speed was deduced from the delay angle and it was

found to be independent of reduced frequency with a value of 0.4U.

3) Chandrasekhara & Carr (1989) performed flow visualisation tests on a sinusoidally

oscillating NACA 0012 aerofoil in the range 2< Re x 10-5 <9. Their results showed that the

convection speed was constant at 0.3U.

4) Finally, rather than using Carta's contour plot/ ridge line analysis technique for

determining the wave speed, Galbraith et al (1986) used two distinct features associated with

the passage of the stall vortex to determine a stall vortex time delay. These features were the

divergence in Cp at 34% chord and the minimum Cp at the trailing edge. The time delay was

found to remain constant as reduced pitch rate was varied. Galbraith et al. also used timing ii
marks on McCroskey et al's (1982) data to measure a time delay, which was also found to be

independent of reduced frequency. An appraisal of time delay measurements is given in

. :section 5.

"It may be conclue;d from the above that, where the dependency of convection speed on

aerofoil motion is concerned, significant differences exist between the various works.
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Other aerodynamic phenomena were reported to depend on reduced frequency, a description

of which follows.

1.3 Stall events and aerodynamic coefficients.

The formation and release of the stall vortex influences the behaviour of the lift, drag and

pitching moment coefficients (see earlier). Lorber & Carta (1987) reported on how the stall event

angles (i.e. the incidences at which moment stall, lift and drag rise, minimum C, and maximum

CL and CD occur) increased with increasing reduced pitch rate. These results are shown in Figure

9. The difference between the incidences at Cm min and Cm stall varies approximately linearly with
4 r. According to Lorber & Carta, this shows that the convection speed is proportional to r

(compare this with Jumper et al's observations). Lorber & Carta also reported that the dynamic

increments in CL, Cm and CD had an approximately linear dependence upon r (Figure 10).

St. Hilaire & Carta (1983) defined the stall inception angle as the incidence at which the first

precipitous collapse in Cp occurred. This angle was found to increase linearly with reduced

frequency. In addition, they found the aerodynamic damping to be reduced frequency dependent.

Increasing the reduced pitch rate reduces the lift-curve slope, as has been reported by several

authors (e.g. Jumper et al (1986), Lorber & Carta (1987)).

1.4 The present work.

The purpose of this report is to outline a course of research that is intended to shed light on

the convection speed problem. Those works involving Carta are of most direct relevance, since the

test conditions most closely resemble those of the University of Glasgow database, although the
results of other studies will be useful. Carta's data suggests that the model motion is important,

whereas analysis of the University of Glasgow database suggests the opposite. A point which at

this stage can be noted is, that if the vortex speed is reduced pitch rate dependent for ramp-up

motion, then why should a similar dependence exist for a sinusoidal motion, where pitch rate is

constantly changing?

It may be that the free stream Mach number has an important effect on the dynamic stall

( process. Lorber & Carta (1987) performed tests at M.o = 0.2, 0.3 and 0.4. As M0., increased,

convection speed was still found to increase with r. The University of Glasgow data, however, is

mostly for Moo=0.12. For M,,o=0.12, Cp sonic=-46.3, whereas for M..=0.2, Cp sonic= - 16 .3 ,

although at M, = 0.2 Lorber & Carta's data did not appear to show any locally supersonic flow.
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Chandrasekhara & Carr (1989) caried out a series of flow visualisation tests in the range 2<Re x !
10-5 <9 with Moo increasing from 0.15 to 0.45. They observed that the behaviour of the stall

vortex (particularly its inception) changed above the range M. = 0.25 to 0.3; the point of inception

was seen to move downstream as Moo increased. Further more, the inception became reduced

frequency dependent above this critical Mach number. They proposed that locally supersonic flow

could play an important part in the process of vortex formation, and that the effects ofII, compressibility could weaken the stall vortex. Certainly, stall was observed to occur at lower

incidence as Mach number increased.

An additional influence on the data is the restricted wind tunnel flow. All of the experiments

cited have fairly high blockage ratios. As dynamic stall occurs large changes in wind tunnel

dynamic pressure will occur, which may to some extent drive the dynamic stall phenomena. Table

1 shows the test conditions for all the works cited. The original measurements of convection speed

by Carta (1974) were from a model with AR=0.8 and a chord to tunnel height ratio (c/h) of 0.28.

These compare to Lorber & Carta's (1987) model dimensions of AR=5.56 and c/h=0.18. The

conditions for the University of Glasgow data are AR=2.91 and c/h=0.26. Thus, although Lorber

& Cartas (1987) measurements were at high AR and low c/h, Carta's (1974) measurements at low
AR and high c/h still produced a motion dependency. This matter complicates the assessment of the

University of Glasgow data (moderate AR and c/h comparable to Carta (1974)) for wind tunnel
effects. Ericsson & Reding (1971) commented that the effect of a change of AR was enough to

change the stall type from trailing edge to leading edge. This comment was based on data available

from tests on a NACA 0012 aerofoil, which is liable to experience changes in stall type. However,

the effect of a change of stall type on the convection speed is not clear, since after the stall vortex

has been released the aerofoil is fully stalled anyway.

1.5 Summary,

There appears to be a significant disharmony between the existing data as to the convection
speed of the dynamic stall vortex. A comprehensive analysis of the University of Glasgow

Dynamic Stall database to measure the stall vortex convection speed over a number of aerofoil

models as a function of pitch rate and motion type will be carried out in an attempt to shed light on .

the problem.
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2. THE UNIVERSITY OF GLASGOW DYNAMIC STALL

TEST FACILITY AND AEROFOIL MODELS.

The test aerofoils, of chord length 0.55m and span 1.61m were constructed of a fibre-glass

skin filled with an epoxy resin foam and bonded to an aluminium spar. The profile shapes were

accurate to 0.1mm. Data from the NACA 23012, 23012A, 23012B, 23012C, 0012, 0015 and
0018 aerofoils were analysed and the aerofoil shapes and coordinates are shown in figures 11 to 17

respectively. The NACA 23012 is essentially a trailing edge stall type aerofoil. The 'A'
modification has a reflex trailing edge to enhance forward movement of the separation point, the

'B' modification is a thickened version of the NACA 23012 with a modified lower surface, and the

'C' modification is a high camber version of the basic profile designed to enhance trailing edge
separation. Each model was mounted vertically in the University of Glasgow Handley-Page wind

tunnel, which is a low-speed, closed-return type with a 1.61m by 2.13m octagonal working

section as shown in figure 18. The aerofoil models were pivoted about the quarter chord point

using a linear hydraulic actuator and crank mechanism.

The instantaneous aerofoil incidence was determined by a linear, angular potentiometer

geared to the model's tubular support. The dynamic pressure in the wind tunnel working section
was obtained from the difference between the static pressure in the working section, 1.2m

upstream of the leading edge, and the static pressure in the settling chamber, as measured by an
electronic manometer. Thirty ultra-miniature pressure transducers were installed below the surface

of the centre-span of each model.
S I,

A series of experiments was performed on each aerofoil by rotating it about the quarter chord

axis under four types of motion: steady, oscillatory (sinusoidal) and constant pitch-rate ramp
motions in both positive and negative directions. The collected data were stored in unformatted
form on a DEC MicroVAX mini-computer in a dedicated database.

2.1 Test nrocedure.

2.1.1 Ramp-uo test.

During a ramp-up test, tie model's angle of attack was changed at a constant pitch rate over a

preset arc, in this case from -10 to 400. Five sets of 256 data sweeps were recorded for each test

condition.
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2.1.2 Sinusoidal test.

For a sinusoidal test, the model was oscillated about its quarter chord point so that its angle
of incidence varied sinusoidally with time. Ten sets of 128 data sweeps were recorded for each test

condition.

3. PRELIMINARY RESULTS OF ANALYSIS OF THE UNIVERSITY OF
GLASGOW DYNAMIC STALL DATABASE.

Collected data for the NACA 23012, 23012A, 23012B, 23012C, 0012, 0015 and 0018
aerofoils were analysed. This section discusses measurements of the stall vortex convection speed
for all the above aerofoils. Some assessments of the aerodynamic coefficients are also presented.
For the NACA 23012C aerofoil, additional measurements of the stall vortex velocity found using
the pressure contour technique and the stall vortex duration time are discussed. The nominal test

conditions were Re= 1.5 x 106 and M., = 0.11. The complete test data for the above aerofoil

models are described in Seto & Galbraith (1984) for the NACA 23012, Niven (1988) for the
NACA 23012A, Herring & Galbraith (1988) for the NACA 23012B, Gracey & Galbraith (1988)
for the NACA 23012C and Angell, Musgrove & Galbraith (1988a, b) for the NACA 0015 and
NACA 0018 sections. The NACA 0012 has only recently been tested and the test data is not yet
available in a standard report form.

3.1 Stall Vortex Convection Speed
.,4

3.1.1 Ramp-up Motion.

To measure the vortex convection speed from the pressure data, the suction peak technique I
adopted by Lorber & Carta (1987) was used; its advantage over the contour plot/ ridge line
technique used by Carta (1974) is its systematic nature. Figure 19 shows the pressure data for the
NACA 23012C aerofoil performing a ramp-up pitching motion from -10 to 400 at a reduced pitch
rate of 0.032. Only the pressures on the upper surface are shown. Each trace shows the pressure
recorded as a function of time at a particular chordwise location. The variation of incidence with . 1
time is shown at the bottom of the figure. The suction peaks caused by the passage of the stall
vortex are indicated by the symbols. As the vortex passes over the trailing edge, an in-rush of air

develops (a vortex shedding from the trailing edge), and the pressures measured by the last three
transducers (at x/c = 0.9, 0.97 and 0.9875) are indicating this rather than the stall vortex motion
itself. Thus, the suction peaks measured at these locations were not used in the analysis. 11

V
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The timing of the relevant suction peaks was measured using an interactive graphics

programme running on the MicroVAX. The software could be used to analyse any run of any
motion type. After measuring the occurrence time of each of the suction peaks, the passage of the

vortex was plotted in terms of chordwise position, x/c, against non-dimensional time, tU/c. The
plot of vortex position against time for Figure 19 is shown in Figure 20. The important region is

the last 70% of chord. The motion of the stall vortex in the range 0.27<x/c<0.83 is approximately

uniform and the least squares straight line fit through the relevant points gives a correlation

coefficient of 0.994. The gradient of the straight line is a measure of the stall vortex co-vection

speed and Figure 20 shows that at a reduced pitch rate of 0.032 it is 34.9% of the free stream

speed.

! The above analysis technique was applied to the ramp-up test cases for the NACA 23012C
aerofoil in the reduced pitch rate range 0.008<r<0.034. Excellent least square fits in the range

0.27<x/c<0.83 were obtained in each case, and the correlation coefficient was always above 0.97.
Figure 21 shows the stall vortex convection speed for this aerofoil plotted as a function of reduced

pitch rate. Although the scatter is large, the tentative conclusion made from this Figure is that the

stall vortex convection speed is independent of reduced pitch rate in the range 0.008<r<0.034
under the present conditions. It is important to note here that measurements of the convection

speed for r<0.008 were not taken because the induced suction peaks were too weak.

Pressure data held on the University of Glasgow Dynamic Stall database for the NACA
23012, NACA 23012A, NACA 23012B, NACA 0012, NACA 0015 and NAA 0018 aerofoils

undergoing ramp-up motions were analysed as above. The data for the NACA 0021, NACA 0025

and NACA 0030 aerofoils could not be analysed in the same way since the vortex induced suction

peaks were too poorly defined. The individual results for vortex speed as a function of reduced

pitch rate for each aerofoil are shown in Figures 22 to 27. All the vortex speeds were measured

over the last 70% of chord, and in each case the least squares fit correlation coefficient was good
indicating a uniform convection speed. In general the convection speed is independent of reduced

pitch rate for each case, over the measured range of reduced pitch rate. At low r, the suction peaks
for the NACA 0015 and 0018 models become too poorly defined, hence the range of reduced pitch

rate shown for these two models is restricted. Some results, notably Figure 26 for the NACA 0015 I
appear to show an oscillatory variation of the convection speed about the mean value. When the
general level of scatter shown by the results of the other aerofoils is considered, this apparent

variation becomus insignificant. In addition, the variation disappears when the unaveraged data are
analysed (see later).

, . . , ., Figure 28 shows all the measured stall vortex convection speeds plotted together. The level o¢ :.
of scatter is large, although the result of over one hundred tests are shown. If the scatter is taken
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into account, it may be concluded that the mean convection speed is the same for each aerofoil,

with the notable exception of the NACA 0012, which has a mean convection speed an appreciable

amount lower than the rest of the models. This will be referred to later. The data strongly suggest

that the stall vortex convection speed is independent of reduced pitch rate to a first order.

3.1.2 Oscillatory Motion and Effect of Motion Type.

The dynamic stall database contains a great deal of data relating to sinusoidal tests. To

measure the stall vortex convection speed, Lorber & Carta's (1987) suction peak analysis

technique was applied in the same way as for the ramp-up cases. Figure 29 shows the plot of

vortex position against time for the NACA 23012C aerofoil oscillating at a reduced frequency of

0.176 with a mean angle of 200 and an amplitude of 100. It is important to note that in the region

of interest (x/c>0.27) the vortex speed is uniform in spite of the non-uniform aerofoil motion. The

least squares straight line fit is excellent and the vortex convection speed is 32.7% of free stream.

Figure 30 shows the variation of convection speed with reduced frequency for the NACA 23012C

oscillating with a mean angle of 200 and an amplitude of 100 and 80. The amount of scatter is

similar to the results for the ramp-up motion and the conclusion made from this Figure is that the

convection speed is independent of reduced frequency for sinusoidal oscillations.

It is felt that the convection speed is independent of motion type in general. A region of

non-linear motion is indicated on Figure 28 for the ramp-up data (the degree of non-linearity

increases with increasing reduced pitch rate). In this region, the aerofoil is decelerating to zero

pitch rate while the vortex is still over the aerofoil surface, and in spite of this the convection speed

is independent of reduced pitch rate throughout. In addition, Figure 30 shows that the convection

speed is independent of oscillation amplitude for a sinusoidal test (instantaneous pitch rate is

proportional to amplitude). Thus, the results shown in Figures 28 and 30 in fact indicate a range

of motion types as well as pitch rates, and the convection speed is constant throughout.

3.1.3 Ramp-and-hold motion tests on the NACA 0012

Further testing at University of Glasgow involved ramp-and-hold motion tests, where the

aerofoil was pitched up and held at a comparatively low incidence, particularly below the start of

vortex convection. The purpose of these tests was to further assess the effect of motion type upon

convection speed. The results are shown in table 2 for a variety of hold angles and pitch rates. Also

shown on this table are the incidences at which the stall vortex is at x/c=O.17 for the standard test

case at each pitch rate. Considering the normal level of scatter for the NACA 0012, the hold angle
: " ' ," .i: ~~~can be judged to have had no noticeable effect upon the vortex speed, i.e. the vortex convects at the '...." ?::'"

--.. . same speed even though the aerofoil is no longer pitching. Note that the motion of the stall vortex
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remained uniform throughout the ramp-and-hold period.

3.2 Summary of results of nrellminarv analysis.

Measurements of the stall vortex convection speed from pressure data held on the University
of Glasgow dynamic stall database show that:

i) The convection speed is independent of reduced pitch rate for a ramp-up motion and
reduced frequency for a sinusoidal motion to a first order.

ii) The convection speed is independent of model type to a first order.

iii) The convection speed is independent of motion type to a first order.

The above statements are made with th- reservation that the NACA 0015 and NACA 0018

data analysis was confined to high r only, and that the scatter in the data is high. That the results

for the NACA 0012 are consistently lower than for the other models may be significant, and
further comment is offered in section 7.

3.3 Alternative Measurements of Convection Speed

Carta's (1974) contour plot/ ridge line analysis technique was applied to a few test cases
from the database. Figure 31 shows the contour plot for the NACA 23012C aerofoil performing a
ramp-up motion at a reduced pitch rate of 0.032. The upper surface of the aerofoil is on the left half

of the plot and time is plotted on the vertical axis. The trailing edge is on the left and the leading

edge is at the centre of the plot. The stall vortex wave starts at tU/c=l 1.4 just behind the leading

edge, which then appears as a ridge on the contour plot pointing from right to left and in the

direction of increasing non-dimensional time as indicated. The ridge line is curved near to the
leading edge, indicating non-uriform motion, although over the rest of the aerofoil surface the

ridge line locus is reasonably straight. The gradient of the ridge line indicates the wave speed, and

in this case the measured wave speed is 30% of the free stream speed. Figure 32 shows the

variation of convection speed with reduced pitch rate for the NACA 23012C aerofoil undergoing

ramp-up motion found using the contour plot/ ridge line analysis technique. Also shown on this
Figure are the results from the previously described suction peak location technique. In general,

the comparison bet- n the two techniques is good, although the less systematic nature of the
contour plot technique generates more scatter.

The contour plot analysis technique was also used for sample ramp-up test cases for all the
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other aerofoils and for a sinusoidally oscillating NACA 23012C test. Table 3 shows how the

results from this technique agree with those of the suction peak analysis technique. On the whole

the agreement is good, although during the analysis it was noticed that the likely error on
measuring the ridge-line gradient was large when the vortex induced suction was weak, i.e. at low

pitch rate or on a thick aerofoil.

3.4 Analysis of Unaveraged Data.

The results discussed so far have related to the analysis of averaged data only; ramp-up

motions were averaged over five cycles and sinusoidal motions were averaged over ten cycles.

Three sets of unaveraged data for the NACA 0015 results were analysed. Table 4 shows how the
unaveraged data results compare with the averaged data. The first point to note is that the two sets

of data are slightly different which is a consequence of the averaging process. However, the
results of the averaged data lie within the range of scatter of the unaveraged data, which indicates
that the analysis of the averaged data gives representative results. Additionally, the apparent
oscillatory variation of convection speed with reduced pitch rate shown by the averaged data

referred to earlier is not shown by the unaveraged data, and so is insignificant within the level of

scatter shown.

3.5 Stall Duration Time

The subject of Galbraith et al's (1986) paper was the duration of dynamic stall as defined by

the time delay between the rise in Cp at x/c=34% and the peak suction at the trailing edge (see the

later section on the appraisal of this technique). Cp rise at x/c=34% was chosen because it is the

first manifestation of dynamic stall for the particular aerofoil (this phenomenon coincides with Cn
rise). Their measurements indicated that the stall duration was independent of the reduced pitch

rate. (Note that the stall duration is equal to a vortex development time plus the time for the vortex
to convect over the aerofoil, and it cannot therefore be compared directly to the present

measurements of convection speed.)

These stall duration time measurements were repeated during the present analysis. The
transducer at x/c=83% was used for the final timing mark rather than one close to the trailing edge

since the pressure traces there appeared to show the development of an in-rush of fluid and the
formation of a trailing edge vortex. Figure 3 shows the results of the present analysis for the J j
NACA 23012C; the stall vortex duration is independent of reduced pitch rate. This result verifies

Galbraith et als' (1986) original measurements....
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3.6 Aerodvnarnic Coefficients

The development aid convection of the stall vortex influence the timing and magnitude of the

aerodynamic coefficients. For example the times of Cjise and Cp divergence at x/c=34% are

strongly correlated with each other, as are the times of Cmax and Cpmin at x/c=48%. Likewise,

Cma divergence correlates with C, rise, and Cmmin occurs when the stall vortex is close to the

trailing edge.

As part of the analysis, the incidences at which Cmax and Cmmin occurred were measured

for each aerofoil for ramp-up motions. In addition, the incidence at C,rise was measured. Only the

results for the NACA 23012C aerofoil are presented here, since the results for the other aerofoils

showed similar trends. Figure 34 shows the variation oi x at Cmax with reduced pitch rate. The

variation is linear up to r<0.029. Above this pitch rate, the aerofoil motion becomes non-linear

during the vortex convection phase; the aerofoil is decelerating to zero pitch rate. Figure 35 shows

the corresponding variation of Cmax with r, which approximately reflects the variation in stall

vortex strength with reduced pitch rate. The corresponding incidences and coefficient values for

minimum Cm are shown in Figures 36 and 37. Finally, the incidences at Cn rise and Cm divergence

vs r are shown in Figures 38 and 39. All the variations with reduced pitch rate are linear, as shown

by the excellent least square fits to the data.

4. COMPARISON OF THE RESULTS OF THE UNIVERSITY OF

GLASGOW DATABASE WITH THE RESULTS OF LORBER & CARTA (1987).

The present section compares the data from the University of Glasgow tests with results presently

available. Lorber & Carta's (1987) results are also assessed based on analysis of their data at

University of Glasgow.

4.1 Stall vortex convection speed.

Figure 28 shows how the measurements of convection speed from the present analysis

compare with the results of Lorber & Carta (1987). The University of Glasgow data strongly

suggests that the convection spmd is independent of reduced pitch rate. Lorber & Carta's (1987)

results, however, indicated that the vortex velocity increased linearly from u/U--O. 13 at r=0.001 to
f u/U=0.33 at r=0.02, which is in direct contrast to the present results. In spite of the large amount

S-of scatter contained in the present results, no dependency similar to Lorber & Carta's result can be
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reasonably found to fit the data. Similarly, the stall vortex speed for a sinusoidally oscillating

aerofoil is independent of reduced frequency (Figure 30), whereas the results of Lorber & Cara's

data appear to siow a strong dependency on reduced pitch rate at stall, and the results of Carta

(1974) show a strong dependency on reduced frequency.

4.2 Aerodynamic coefficients.

Table 5 shows how the dependency of the aerodynamic coefficients on reduced pitch rate

from the present analysis compare with the results of Lorber & Carta (1987). Only the gradients of
the straight line fits are presented, since the actual coefficient values depend on the aerofoil shape

and individual stalling characteristics. Note that measurements of Cnmax are being compared with

Lorber & Carta's results for CL.

The incidence at Cnmax compares well with Lorber & Carta's result for CL, although the

comparison of the actual values of Cnmax with Lorber & Carta's CL is poor. However, the wide

variation between the Cnmax values shown by the different aerofoils in the present analysis

suggests that the latter comparison may only be qualitative; Cnmax is influenced by the behaviour

of the flow prior to stall, and not just the stall vortex, and therefore, it is hardly surprising that the
variations are different from one another. A similar pattern can be seen when comparing the

maximum absolute moment coefficient; the incidence shows a similar trend to Lorber & Carta's

data, while the value of Cm itself compares relatively poorly.

As a final comparison, figure 40 shows the time delay between Cd rise and Cm min for the
NACA 23012C and Lorber & Carta's data as a function of reduced pitch rate. The agreement

between the two data sets is excellent and this is discussed in section 5.

4.3 Anpraisal of Lorber & Carta's data

Lorber & Carta's (1987) data were made available to the University of Glasgow by the
AFOSR for our own scrutiny. This provided an ideal opportunity to assess the data and eliminate

differences such as analysis technique.

4.3.1. Lorber & Carta's experimental ri,

As part of thei :est programme, Lorber & Carta (1987) performed ramp-up tests on a .

*, . Sikorsky SSC-A09 aerofoil, the profile and surface coordinates of which are shown in figure 41.
The Sikorsky SSC-A09 is a 9% thick, supercritical section with a sharp leading edge (0.7% a
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leading edge radius) and the model used had a chord length of 43.9cm. The model was constructed
from a 14cm wide by 2.5cm thick steel spar which spanned the 2.44m working section of the
UTRC Large Subsonic Wind Tunnel. It was supported at the ends by 10cm diameter circular
shafts, and two quarter chord supports were attached to the spar to add further support and to
prevent excessive oscillations during testing. Spar bending and twist deflections were measured
using strain gauge bridges. Fibre glass panels were mounted along the spar to make up the surface
profile. Each end of the model span was driven by a hydraulic actuator, the positions of which

were set by rapidly responding servo valves. High frequency angular transducers were mounted at
each end of the spar, and safety circuits were used to shut down the actuators if the angular
difference between the two ends became too great. A digital waveform synthesiser supplied the

external signal to the controller for the actuators.

The model was instrumented with surface mounted pressure tram ducers, pressure tappings

and hot film anemometers. In all there were 72 surface mounted pressure transducers (Kulite

model XQC-73U-093-15D) positioned in four arrays. The main array consisted of 36 (18 on each
surface) mounted 20.3cm away from the wind tunnel centreline. Two secondary arrays of 10

I| upper and 6 lower surface mounted transducers were positioned 40.6cm and 70cm away from the
tunnel centreline. These secondary arrays were used to assess the two dimensionality of the flow

Sl which was found to be satisfactory. Finally, four pressure transducers were mounted at an angle of
30 degrees to the flow direction which were for use in future swept wing experiments. The surface

Ipressure tappings were connected via a scanivalve to a single pressure transducer, and they were
used to measure the steady flow and to verify the operation of the pressure transducers. These
tappings were situated on the opposite side of the wind tunnel centreline (15.2cm) to the surface

1. mounted gauges. Finally the hot film gauges were located in a staggered array near to the primary
pressure transducer array. The positions of the pressure transducers and hot film gauges are shown

in figure 42.

Data acquisition was performed as follows. Analogue signals from the pressure transducers,
hot films, pitch angle transducers, spar twist angle and bending strain were first conditioned by a
set of pre-amplifiers. Additional signal conditioning (subtracting of offsets, amplification and low
pass filtering) was performed by a pre-programmed 26 channel ATLAS. A Perkin-Elmer 3210

jsuper mini-computer acted as the central processor. Simultaneous sample-and-hold analogue to
digital converters (variable sampling frequency between 0.3KHz and 250KHz) digitised the

signals and held the measured voltages in local memories of 1024 samples each. A separate
: digitising system driven by the Perkin-Elmer was used to measure parameters such as barometric

pressure, dewpoint, wind tunnel temperature, total pressure and test section static pressure.
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4.3.2 Test details 1[
The data provided by the AFOSR were mostly from ramp-up tests, although one sinusoidal

test case was included. The tests at a Mach number of 0.2 were of greatest importance, since they

most closely resemble the test conditions at University of Glasgow. FORTRAN subroutines were

written which read in the supplied data in a format which allowed all the standard analysis software

at University of Glasgow to be used. In this way, any ambiguities in the analysis techniques could -

be eliminated and any important differences in the pressure data would be apparent.

Figures 43a and b show the standard plots (pseudo 3-D surface pressure plot and Cn, Ct,

Cm as a function of incidence and time) from the primary pressure transducer array for ramp-up

tests at r=0.001 and r=0.02 respectively. A vortex like disturbance moving along the aerofoil

surface can be clearly seen on both of the test cases.

4.3.3 Results of analysis

Lorber & Carta's (1987) analysis technique was applied to their data in the same way as to

the University of Glasgow data. Figure 44 shows the pressure data/ surface-time history for a 0-30

deg ramp-up at r=0.02. The trailing edge pressure trace is at the lower portion of the figure and the

leading edge trace is at the top. The measured timing points are indicated by the symbols. The

vortex locus is shown in figure 45, and it can be seen that it is linear over the majority of the

aerofoil surface (i.e. the convection speed is constant). The convection speed is equal to the

gradient, which was found from the least squares fit. The convection speed measurements for the

0-20 deg and 0-30 deg ramp-ups plotted as a function of reduced pitch rate are shown in figures

46a and 46b. As can be seen, the speeds increase with increasing reduced pitch rate. The

agreement between the measurements for a 0-20 deg ramp and for the 0-30 ramp is good, which

indicates a respectable level of repeatability and accuracy. Lorber & Carta's original measurements

for the 0-30 deg ramp are also shown, together with their straight line fit; the overall level of

agreement between the independent analyses by Lorber & Carta and at the University of Glasgow

is excellent.

4.3.4 Discsso

The analysis of Lorber & Carta's data at University of Glasgow has shown that the

discrepancy between the two data sets is not due to a fundamental difference in analysis technique.

The problem is complicated, however, by the excellent agreement between the pitch rate trend

shown by the time delay between CD rise and Cm min (figure 40). (CD rise is associated with stall
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vortex growth, while Cm min occurs when the vortex is near to the trailing edge.) Cm min isII
primarily influenced by the strength of the stall vortex, while the timing of CD rise can indicate the

encroachment of trailing edge separation, so the above described quantities may not be entirely
relevant to the convection speed.

An important difference is that Lorber & Carta obtained measurements at a lower pitch rate

than would be expected from the University of Glasgow data. As the reduced pitch rate decreases,

the strength of the stall vortex also decreases. It was found during the analysis of the University of

Glasgow data that if the stall vortex was too weak, then the convection speed was difficult to

measure since the suction peaks were also too weak. Until the testing of the NACA 0012 the

lowest pitch rate at which the convection speed was measured was r=0.008 for the NACA

23012C. The suction peaks for Lorber & Carta's data, however, were strong enough even at

i=-0.001 for sufficiently accurate definition of the vortex convection.

The main difference between the two data sets at low pitch rate is the sampling frequency. At

r0.001, Lorber & Carta used a sampling frequency of 470Hz, while a 54Hz sampling rate was

used at r=0.0016 for the NACA 0012 tested at University of Glasgow (compare figures 47 and 48

for the two tests respectively). The effect on the quality of the data is significant; Lorber & Carta's

data is smooth, while the University of Glasgow data shows poorer resolution., which is a
consequence of the smaller number of samples in the incidence range of interest. The main reason

for the difference in sampling rates is that the DEC MINC II recorded up to 256 sweeps, while

Lorber & Carta's system recorded up to 1024. In addition, the University of Glasgow data was

sampled over -10 to 400 with a period of hold afterwards, while Lorber & Carta's data was

sampled over an incidence range of 200 or 300 with no period of hold. Therefore, in an attempt to

obtain data of similar resolution to Lorber & Carta's at low r, tests were performed on the NACA

0012 model with high sampling frequency over the relevant incidence range (the maximum

sampling frequency was 550Hz). Figures 49a and 49b show the data at r--0.006 for a low and a

high sampling frequency respectively. The passage of the vortex is clearer and the resolution of the

suction peaks is much better. Using the higher sampling frequency, the convection speed down to

r=0.006 could be measured for the NACA 0012 (compared to r=0.01 under normal circumstances

for this aerofoil).

In a response to the preliminary analysis at the University of Glasgow, Lorber & Carta

(private communication) suggested that the convection speed was constant at high r, while at low r

it was pitch rate dependent. The University of Glasgow high sampling frequency result at r=0.006,

however, shows no reasonable indication that this might be true.
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As a final note, Lorber & Carta (1987) performed ramp-up tests with limited ramp arcs.[ 1
Although they found that stopping the aerofoil motion while the vortex was still convecting did not

affect the value of the convection speed, they noticed that the motion of the vortex was temporarily

affected, which they attributed to the formation of a stopping vortex which convected downstream
from the leading edge. (Compare this with the University of Glasgow result for the NACA 0012,
where the vortex convects uniformly through the ramp-and-hold.) During the convection of this
vortex, the stall vortex motion was interrupted, which then continued at the same speed as before

after the two vortices merged. (The implication is that the stall vortex motion would be unaffected
if the stopping vortex had not formed from the leading edge.) These tests suggest that the role of
pitching motion even in Lorber & Carta's data is secondary once the vortex is convecting; i.e. the

behaviour of the vortex is dictated before it has shed, through its size, strength and position of

origin.

4.4 Summary of comoarison of University of Glasgow data with Lorber &
Carta's data and continuation of the research

A significant anomaly exists between the convection speed measurements of Lorber & Carta

(1987) and those obtained at the University of Glasgow for its seven aerofoils. Independent

analysis of Lorber & Carta's data and further experiments at University of Glasgow have

reinforced the anomaly, rather than lead to any clues as to its cause. Various features, such as the
variation of the aerodynamic coefficients with reduced pitch rate, are common between the two data

sets, however.

In an effort to further validate the University of Glasgow data, it was decided to build and

test a NACA 0015 model with a blockage half that of the exisiting models. This model would

therefore be of slightly superior dimensions than Lorber & Carta's SSC-A09. The motivation

behind this test programme was to assess the University of Glasgow data for constraint effects,

which at this stage might be seen as a major cause of the anomaly (see table 1). The testing and

results of this new model are described in section 6.

5. APPRAISAL OF MEASUREMENT OF TIME DELAYS FROM
AERODYNAMIC COEFFICIENT DATA. 

Galbraith et al's (1986) analysis of McCroskey et al's (1982) data used the time delay

between CDrise and the minimum CD immediately after CD max to infer a vortex development time. . .
".' :; - ~(Time delays measured in this fashion relate to the development of the stall vortex and part of its"': " -

convection over the aerofoil surface, and therefore do not fully relate to the present stall vortex

convection speed problem.) These measurements were repeated for the NACA 23012C data for the
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purpose of the present analysis. The analysis showed, however, that the use of aerodynamic

coefficients alo oe to find time delays may be inadvisable. The reasons for this are as follows:

i) The time delays for CDrise to CDmin from McCroskey et al's (1982) data and the

University of Glasgow data for sinusoidal motion are independent of reduced frequency.

However, a comparable time delay measured from the University of Glasgow ramp-up data

shows a dependency on reduced pitch rate.

ii) The time delay between CDrise and Cmmin was measured from Lorber & Carta's (1987)

ramp-up data and the University of Glasgow data. The same dependency on reduced pitch
rate was shown by each (i.e. high time delay at low r reducing to a more or less constant

value at high r). This apparently contradicts the result for the convection speed. However, the

phasing of leading edge suction, trailing edge separation and vortex development are all
important in determining the airload time history, so the cause of CDrise may change as the

pitch rate changes and as the aerofoil shape is altered. This is particularly important if it is

considered that Lorber & Carta's test aerofoil was a sharp leading edge type of only 9%

maximum thickness, whereas all the University of Glasgow aerofoil models were thicker
with rounder leading edges. It was considered, therefore, that use of such time delays in the

absence of pressure data of adequate quality to scrutenise will contribute little to the

convection speed problem.

6. INVESTIGATION OF CONSTRAINT EFFECTS: TESTING OF A HIGH
ASPECT RATIO NACA 0015 MODEL

As described at the end of chapter 4, a NACA 0015 model of half the chord length of the

existing models at University of Glasgow was to be built and tested. This chapter describes the

testing and data analysis of this model, which will be referred to as the high AR riodel. The

previous models tested will be referred to as standard models.

6.1 Description of test rig and data acguisition system

Owing to its shortened chord length, the blockage and aspect ratio of the high AR model,

when installed in the Handley Page wind tunnel, were slightly superior to Lorber & Carta's (1987)
test configuration. However, because of the higher tunnel speed to reach the required Re (the

maximum in this case 1.1x10 6), the DEC MINC data acquisition system could not be used, since

its highest sampling rate was only 550Hz. At this sampling rate, the vortex convection phase

p .. ;' 4
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would be completed in about 10 samples, which would lead to poor resolution of data and a *i
subsequent loss of accuracy (this problem is somewhat reminiscent of the differences in the quality
of data at low r between Lorber & Carta's (1987) and the NACA 0012 data). Thus it was decided

to use the Thorn EMI BE-256 420 series transient data recording system for the ramp-up tests,
details of which follow.

The aerofoil model was instrumented with 30 Kulite XCS-093-psi G ultra miniature pressure
transducers, which were surface mounted along the centre span of the model. The transducers
were mounted at the same chordwise locations as on the normal chord length model, which are
shown in figure 50. The transducers were of the vented gauge type, with one side of the
diaphragm open to the outside of the tunnel. Each transducer was fitted with its own temperature
compensation module. Output signals from the pressure transducers were amplified and passed

through a Butterworth filter and then a comparator before being sent to the BE-256 for analogue to
digital conversion. The A-D convertor as configured offered 32 channels with a maximum
sampling rate of 50KHz and 12 bit resolution, and internal buffers of 8K samples per channel. The

data acquisition unit was programmed via an IBM PS/2 model 80/041 and the code was written in
Microsoft 'C', which allowed interactive setting of the sampling rate and the number of sampling
cycles. When programmed the BE-256 system was to record 1024 data sweeps per cycle (as
opposed to 256 per cycle for the MINC system), and the input sampling rate was calculated so that
the 1024 samples were taken over a predetermined sampling arc at the test pitch rate. To trigger
data sampling, the voltage signal from the angular potentiometer was fed through a specially
designed circuit board, so that when the voltage reached a value corresponding to a preset
incidence a pulse was sent to the BE-256. The preferred number of sampling cycles per test case

was six. After the test run, the data were transferred to an optical disc and reduced and averaged.

The model itself was constructed in a similar fashion to the previous models, but with a
chord length of 27.5cm. The model was made of fibre glass mounted on a steel spar, and filled
with an epoxy resin foam. A 3-axis profiler was used to machine the aerofoil to shape, and the

final result was an accuracy of better than 0. 1mm.

6.2 The test nrogramme for the high AR model

The main bulk of the tests performed on the standard models were at Re=l.5xl06. The
maximum speed of the wind tunnel permitted a maximum Re for the high AR model of 1.1 x10 6'

, however. In addition, the maximum reduced pitch rate would be lower. Two test Re were chosen; -. '-

Re=8.0x10 5 and Re= 1.0x 106. The lower Re was chosen to compromise high reduced pitch rate
with low Re, bearing in mind that an excessively low Re might change the separation
characteristics of the test aerofoil too greatly, and that for the standard NACA 0015 the vortex .
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convection wave began to be too poorly defined below r=0.018. The maximum test r at the lower
Re was 0.029.

For a later set of tests, a sand strip was fixed to the leading edge of the model to attempt to

simulate a higher Re. Landon (1977) used a leading edge sand strip to fix transition on a NACA

0012, which was used as the basis for the present case. The sand strip consisted of sand of

average grain size 0.15mm coarsely distributed completely round the leading edge to 2% chord on

both surfaces. Spray on glue was used to stick the sand grains onto the aerofoil surface.

The final actual test conditions will be listed in a University of Glasgow standard report.

6.3 Test results and comparison with the standard chord NACA 0015.

6.3.1 Effects of Re on the standard sized NACA 0015

Since the high AR tests were at lower Re than the standard model, a comparison between

ramp-up tests at Re=l.5xl0 6 and Re=1.0x10 6 for the standard NACA 0015 will be made. Figures

51a, b and c present comparisons of Cn at the two Re plotted as a function of ct for r=0.005,

0.017 and 0.034. Figure 51a shows that for r--0.005, the effect of the fall in Re is to suppress the
formation of the stall vortex (as shown by the absence of a rise in Cn). In addition, the reduction in

the gradient of the curve at high a implies greater boundary layer thickening, which is to be

expected. At r=0.017 (figure 51b) the stall vortex is very much in evidence at the lower Re. Cn rise

occurs earlier, and the maximum Cn is fractionally lower than the higher Re case. Cn rise indicate;

the formation and imminent convection of the stall vortex, and that it happens earlier at the lower

Re is not unexpected, since the fall in Re alters the laminar-turbulent transition and the thickness of
the boundary layer. As a result of the earlier stall, Cn max is also reached earlier. The above trends

are reflected in the final figure of this sequence, figure 51c, for r=0.034.

In summary the effects of a fall in Re seem to be an increased susceptibility to stall and a

weakening of the stall vortex. These effects will have to be considered when the high AR and i
standard models are compared with each other.

6.3.2 Comparison of Cn-a plots between the high AR model and the standard model .

• - ~~~~6.3.2.1 Static data..." ,- -

Figure 52 shows a comparison of the static data at Re=l.Ixl0 6 for the two models. Orior to
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stall there are no appreciable differences in behaviour. The standard model stalls earlier than the .
high AR model, although the maximum Cn are identical. In addition, with decreasing the
incidence, the standard model displays less hysteresis before re-attachment. The differences
indicated can only be the result of differences in constraint. The increased hysteresis for the high

AR model indicates a greater effect of the wake upon the re-attachment process and possibly upon
laminar-turbulent transition. This is due to the smaller wall constraint, the result being that the ,
wake can adopt a more natural shape. The gradual nature of the stall of both models indicates that

the high AR mo&' 1 still stalls with a trailing edge type mechanism.

The overall results of the static behaviour are encouraging in that the attached flow behaviour
has not changed significantly. The greater hysteresis from the high AR data is not particularly

worrying since the dynamic stall and vortex convection processes relate to the initial formation of

the wake and its short term behaviour.

6.3.2.2 Dynamic data

Figures 53a-e show Cn-c plots comparing ramp-up data from the standard model and the

high AR model. Figure 53a shows a comparison for r=0.005, with the high AR model at

Re=0.8xl0 6 and the standard model at Re=l.0xl0 6. The two cases show no Cn rise (which is
consistent with figure 51a for the standard model), and the high AR case has a lift curve slope
lower than the standard model. The high AR model appears to stall later (as indicated by the

moment when Cn falls). A comparison of a higher pitch rate case is shown in figure 53b, with the

si.me two Re as for figure 53a. The gradient of the curve for the lower Re case is again lower than

that of the higher Re, and Cn rise occurs earlier, although Cn max occurs later and its magnitude is

larger. Figure 53c shows a comparison of the same high AR model run as figure 53b with a

standard model test at Re=1.5x I06. Again the lift curve slope is reduced and Cn rise occurs earlier

for the low Re case, although this time Cn max occurs earlier. The same two pitch rates are shown
in figure 53d, although in this case the high AR model test was at Re=1.Ox106, and ,imilar trends

to figure 53c are seen in this figure. The final figure in this sequence, 53e, shows a comparison at
r=0.03, with the high AR model at Re=0.8xl0 6 and the standard model at Re=l.0x10 6 . '

Differences in the curves prior to Cn rise are negligible, and as may be expected, Cn rise and Cn

max occur earlier for the lower Re case. U

The differences in Cn max and Cn rise are summarised in figures 54a, b and c , 55a, b and c

and 56a, b and c. Figures 54a-c show the variation of Cn max with r for the standard model at

Re=1.5xl0 6, and for the high AR model at Re=0.8xl0 6 and Re=l.0x10 6 respectively. The

gradients of the three straight line fits are all in excellent agreement with each other, and the actual
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value of Cn max varies with Re as may be expected, i.e. a decrease in Re results in a lower Cn

max. Figures 55a-c show the variation of incidence at Cn max with r. Comparing figures 55a and

55b shows that there is virtually no difference between x at Cn max for the standard model at

Re=l.5xl0 6 and the high AR model at Re=l.0x10 6 . This disagrees somewhat with the Reynolds
number comparisons for the standard model, although only two cases were available for

discussion, which obviates the need for further testing on the standard model at Re=l.Ox106. rn

max occurs significantly earlier for the high AR model at Re=0.8xl0 6, however. The gradients of

the straight line fits are in reasonable agreement, indicating that the pitch rate trends are not affected

by the combination of the fall in Re and the reduction in wind tunnel constraint. Finally, figures

56a-c show the variations of incidence at Cn rise with reduced pitch rate for the same cases as

above. The straight line fits show a decrease in c at Cn rise with decreasing Re, indicating a

greater susceptibility to stall. These data reflect the changes with Re observed with the standard

model.

6.3.3 Comparison of Cn-cc data between the high AR and standard models at Re=l.Ox 106

The final comparison case in this section is that between the high AR model and the standard
model at the same Re and r, shown in figure 57. The two cases are almost identical, except that the

high AR model case lags the standard model test by about a degree, which could trivialise the

differences in incidence cited in the above sections. This result relates to one test case only, which
highlights the need for more testing on the standard model at Re=l.Ox 106. The point still remains,

however, that the two models show the same overall behaviour at the same pitch rate and Re.

6.3.4 Summary

To summarise, a comparison of the Cn-a plots show little differences between the high AR

and standard model data that cannot be attributed to Reynolds number effects. Further testing needs

to be done on the standard model at Re=.Ox 106 to make a more comprehensive data comparison,

however.

6,4 Vortex convection speed measurements from the high AR model data

The stall vortex convection speed was to be measured using the same technique as for the

standard model, i.e. using an interactive graphics screen and cross hair to pick off the suction
peaks caused by the passage of the stall vortex. This method is reliable as long as the suction peaks

are well defined. During the original analysis of the standard model ramp-up data, it was found that
• .. o . ... r3
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the accuracy became too poor below r--0.018 at Re=l.5xO 6. Although results were obtained

below this r, there was little confidence in them. In an attempt to analyse the low r data more

accurately, a statistical method was developed, which was applied to the high AR model data. This

led to a re-appraisal of the low r data from the standard sized NACA 0015 and 0018 models.

6.4.1 Statistical determination of the stall vortex convection speed from ramp-up data

6.4.1.1 Method

For this method of analysis, the assumption is made that, for a given test condition, the stall

vortex convects over the surface of the aerofoil at a uniform speed. The basis of the method is then

to correlate the pressure measurements at each of the transducer positions. In practice, a timing

point is chosen on one pressure transducer trace (the reference trace) and the corresponding timing

points on the remaining traces are calculated by back and forward projecting in time according to

the convection speed and distance from the reference trace. The Cp values from each trace are then

multiplied by each other, and the result represents the correlation coefficient for the particular

timing point on the reference trace and convection speed. Correlation coefficient is found as a

function of convection speed. The 'correct' convection speed has the maximum correlation
coefficient. As a final check, the timing points on the transducer traces corresponding to the chosen
convection speed are inspected visually. Although subjective, this check helps to discriminate

between those measurements that are plainly wrong and those that are more reasonable.

6.4.1.2 Results

Figures 58a and 58b show two results of the correlation technique. A strong correlation is

shown in figure 58a. The maximum correlation coefficient appears as a spike, the sharpness of
which depends upon the timing point on the reference trace. A correlation function such as this

occurs when the suction peaks are sharp and well defined. Figure 58b shows the correlation
coefficient for a weaker case. Although a maximum is reached, the peak is broad, which is the

result of poorly defined suction peaks. The broadness of the peak gives some idea of the accuracy

of the convection speed. The pressure traces with the calculated timing points corresponding to the

convection speeds indicated in figures 58a and 58b are shown in figures 59a and 59b. The timing -:

points and suction peaks correspond excellently for figure 59a, when .- m7cimum correlation ,.is

a sharp spike. Figure 59b gives a poorer fit, however, and a degree of uncertaint" nxi. :5, dithough I -. -

here the definition of the suction peaks is very poor indeed.

The statistical correlation technique was applied to all the high AR test cases and to theI-. standard chord NACA 0015 and NACA 0018 model data, and the results are shown in figure 60.
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The re-appraisal of the data for the standard models has led to an interesting result. In spite of the
much poorer measurement accuracy, at low r the tendency is for the convection speed to fall with

increasing reduced pitch rate. The evidence for the trend is strong, as the three aerofoil models

exhibit it. When the reduced pitch rate is high enough, the cot..ection speed tends to a constant
value. For the standard NACA 0015, this value of convection speed is about 0.36, while for the

high AR NACA 0015, it is about 0.44 for Re=0.8x106. The threshhold reduced pitch rate for the

apparent change in convection speed is the same for the two models. For the high AR model at

Re=l.Ox 106, not enough results were available above the threshold reduced pitch rate. Results

from the NACA 0018 data show that the threshhold r is higher than for the NACA 0015 models. It

must be stressed that the accuracy of the convection speed results at the low r are much poorer than

the results at the high r (i.e. du,.ng the constant convection speed region). For this reason, trends

are stressed in preference to an actual functional variation.

That the convection speed results for the high AR and standard models are similar is
encouraging. The constant value of u/U at high r for the two models is different, however, which

may be the result of lower Re or the reduced constraint. There is insufficient data at low Re for the

standard model to be able to assert which is the controlling effect. It is known, however, that

during a ramp-up test the dynamic pressure falls more greatly for the standard model than for the

high AR model, which is simply an effect of the increased constraint, although the difference in the

fall in dynamic pressure cannot account for the change in convection speed. Leaving aside the

actual functional relationship between convection speed and reduced pitch rate for later discussion,

application of the statisical correlation technique to the dynamic stall data has shown that wind

tunnel constraint does not change the overall variation of convection speed with reduced pitch rate.

6.4.2 Effect of a leading edge modification on the stall vortex convection speed

6.4.2.1 Assessment of changes in boundary layer behaviour via static tests

The motivation behind the sand strip tests was to simulate a higher Re by forcing early

transition. Pigure 61 shows a comparison between the static test data for the 'clean' and sand strip

leading edges at Re=l.0xl0 6. The sand strip test has stalled much earlier, the lift curve slope is

smaller before stall and the maximum Cii is smaller, which indicate increased boundary layer

I thickening caused by the sand strip. The gentle stall shows that the model still stalls from the
trailing edge. Static tests with the clean leading edge show a large amount of hysteresis between

increasing and decreasing incidence. This behaviour is absent with the leading edge modification.
With a clean leading edge laminar-turbulent transition is free and is therefore sensitive to the

presence of the wake. The effect of the sand strip, however, is to fix transition, hence the absence

of hysteresis in this test.
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It is clear that the leading edge sand strip has drastically altered the boundary layer behaviour
over the whole of the aerofoil, by fixing leading edge transition similar to a very high Re. A great

deal of boundary layer thickening has occurred, however. The same dynamic test programme as

for the clean leading edge case was repeated.

6.4.2.2 Comparison of ramp-up data with clean leading edge high AR tests

6.4.2.2.1 Pressure data

Figures 62 and 63 show pseudo-3D representations of the pressure data from the high AR

model at Re= 1.0x 106 and r= 0.0215 for the clean and sand strip leading edges respectively. The

dynamic stall behaviour has altered drastically. Without the sand strip, there is a gradual build up

of leading edge suction. A bulge in the pressure distribution at about the mid-chord appears just

before leading edge suction collapse, and the stall vortex then convects along the aerofoil surface.

The most significant feature is that the stall vortex appears to originate from a position well away

from the leading edge. It is thought that the development of the bulge in the pressure distribution
indicates stall vortex development. The test case with the sand strip shows the build up of leading

edge sucLuon, although the above described bulge in the pressure distribution does not appear, and

the stall vortex convection wave appears directly from the leading edge suction collapse, in a

fashion similar to Lorber & Carta's data (see section 2). In addition to the above, the stall occurs at

a lower incidence than for the clean leading edge test.

Figures 64 and 65 show data at r=0.0074 for the same Re. The clean leading edge case

shows only a weak stall vortex, only in evidence from the rise in Cn, which is very slight. The

sand strip case, however, shows a strong convection wave which starts just after leading edge

suction collapse.

6.4.2.2.2 Comparison of Cn-cz plots between clean an sand strip leading edges

Shown in figure 66 is a comparison of the Cn-a plots corresponding to the test cases shown

in figures 62 and 63. The lift curve slopes are more or less the same as each other, which may be

expected since a high pitch rate suppresses boundary layer thickening and trailing edge separation.

Cn rise occurs significantly earlier for the sand strip case, however, and the maximum Cn occurs

earlier and is considerably smaller than for the clean leading edge case. Figure 67 shows the same

two models at r=0.0074. The lift curve slope for the sand strip case is lower at high incidence than j
for the clean L.E. case and a minor maximum in Cn occurs just before the rise to the true Cn max.

Figure 65 shows that leading edge suction drops just before the stall vortex causes apprecaible

suction, hence the slight drop in Cn. Trailing edge separation is well established prior to vortex
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convection. The clean L.E. case shows only a weak Cn rise. Cn max is again lower for the sand

strip case, although the difference between the two cases is not so great at this lower r.

The variations in cc at Cn rise and Cn max and the magnitude of Cn max as a function of

reduced pitch rate are shown in figures 68a,b, 69a,b and 70 a,b at Re=0.8 l0 6 and Re=l.Oxl106

respectively. Also shown on each of these plots are the straight line fits from the clean leading edge

cases. Cn rise occurs earlier for the sand strip case tests, although the rates of change of incidence

with r are similar. A similar pattern is shown in figures 69a and b for the incidence at Cn max. The

most significant differences in pitch rate trends appear when comparing the variations of Cn max

with reduced pitch rate, however. Although the stall vortex appears to be stronger from the

pressure data, the Cn max for the sand strip tests are consistently lower than for the clean leading

edge cases; unsteady motion suppresses separation, so for the clean leading edge tests a great deal

of the lift overshoot above static Cn max is due to the delay in stall incidence. Note that although an

increase in Re affects the maximum Cn significantly for the clean L.E. case, it hardly affects Cn

max for the sand strip tests; the sand grain roughness outweighs the effects of the increase in Re in

the present test range of Re. On a similar note, the incidence at Cn max are hardly different from

one another for the two Re, although Cn rise does occur -iightdy earli:, for the lower Re case.

6.4.2.3 Measurements of the stall vortex convection speed

The stall vortex wave was well defined for all the sand strip test cases, so the suction peak

timing method was an adequate method of analysis, even at the lowest reduced pitch rate of

0.00'15. Convection speed is shown plotted as a function of reduced pitch rate in figure 71. Also

shown on this figure are the clean L.E. results. It can be seen that the sand strip has completely

changed the nature of the relationship between convection speed and reduced pitch rate; u/U is

constant right across the range of r, ard the mean value is 0.19. The amount of scatter is very

small, which refl-.cts the exccllent definition of the stall vortex in these tests.

7. FINAL DISCUSSION OF RESULTS

A preliminary analysis of the pressure data from seven aerofoil models at the University of

Glasgow showed that the stall vortex convection speed was independent of Teduced pitch rate to a

first order, with the conclusion that there is a significant anomaly between the G.U. data sct and

other works, most notably that of Lorber & Carta (1987). Independent analysis of their data and

ramp-and-hold tests and special low pitch rate tests at the University of Glasgow merely reinorcfed

the result. Testing the high AR model uncovered a great deal about the stall vortex convection
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speed. A re-appraisal of the data from the standard sized NACA 0015 and 0018 models revealed,

at low pitch rates, a strong dependency of convection speed on pitch rate in a sense opposite to

Lorber & Carta's (1987) result. The same dependency is shown by the high AR model. At higher

pitch rate, the convection speed becomes constant, although the constant value is different for the

standard and high AR NACA 0015 models, which may be caused by the difference in constraint or

the difference in Re. The important result is that the change in constraint has not affected the

functional variation between convect:,-.. speed and reduced pitch rate. A severe leading edge

modification on the high AR NACA 0015 completely eliminated the functional variation and

reduced the mean convection speed to 0.19. In addition, the development of the vortex as seen

from the surface pressures was drastically altered by the L.E. modification.

Testing of the NACA 0012 model in the preliminary analysis revealed convection speeds

which were consistently lower than the rest of the then existing data. Little was made of th.- at the

time because of the level of scatter insome of the other test data. The results of the re-appraial of

the standard NACA 0015 and 0018 models and the high AR model tests hint at a greater

significance to the results from the NACA 0012, since a more important model dependency than
was previously thought to exist has come to light. In fact the NACA 0012 results do not show the

functional dependency of the NACA 0015 and 0018 models at all, and the pressure data for the
NACA 0012 appears quite different from the other two models.

Figure 72 shows the pseudo 3-D surface plot of the pressure data from the NACA 0012 at

r=0.035, which may be compared with figure 73 for the standard NACA 0015. The main

difference in the pressure data is the absence of the pressure 'bulge' (described in section

6.4.2.2.1) in the NACA 0012 data. For the NACA 0015 models, the bulge appears closer to the
trailing edge at low r, and moves further closer to the mid-chord at higher r. Thus the development

of the dynamic stall for the NACA 0015 and 0018 sections is se.nn to vary with pitch rate in a way

other than simply the strength of the stall vortex. The convection speed data for the symmetrical

NACA sections tested at University of Glasgow are shown in figure 74, and the data imply that the

convection speed is strongly influenced by the leading edge flow conditions; the NACA 0012 has a

much sharper leading edge than the 0015 and 0018 models, and the leading edge modifica *,on

applied to the high AR 0015 completely changes the boundary layer characteristics in that region.

From figure 74, how would the data appear for a NACA 0009 section?

Thus at this stage it appears likely that the apparent convection speed anomaly between the

University of Glasgow data and Lorber & Carta's (1987) data is a strong model dependency

caused by differences in leading edge behaviour. Exactly what these differences are is unclear at " '

present. Since it seems that leading edge behaviour is an important parameter, Reynolds and Mach
number effccts are implied. A high enough Re effectively fixes the leading edge boundary layer
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behaviour, while an increase in M introduces compressibility effects. With this in mind, an
appraisal of the data in table 1 is as follows:

i) Carta's (1974) experiments were at Re=1.0X10 6 and at M--0.35, and St. Hilaire & Carta's
(1983) work was at Re=2.8x10 6 and at M=0.3. Both these sets of tests were from a NACA 0012
aerofoil. The high M for the former and the high Re for the latter could explain the functional
dependency of convection speed upon reduced pitch rate. Velocity measurement was by pressure
trace.

ii) Chandrasekhara & Carr (1983) also performed experiments upon a NACA 0012, although
at Re=2-9x iO5. Although the highest M was 0.45, they found no functional dependency. Flow
visualisaion was used as the main experimental tool.

iii) Robinson & Luttges (1983) reported a dependency of the convection speed upon reduced
pitch rate for the NACA 0012 at Re=6-14x i04 and M<0.024. Their highest Re is almost the same
as Chandrasekhara & Carr's lowest Re. Flow visualisation was again used. Compared to
Chandrasekhara & Carr, Robinson & Luttges experiments were at a much higher reduced
frequency. There is the possibility that lower Re behaviour is different from behaviour at Reynolds
numbers of one million.

iv) Jumper et al (1986) did not actually measure convection speed, although they assumed a
constant value to model the stall delay. Their tests were performed on a NACA 0015 at low M and
Re, over the pitch rate range on the University of Glasgow data where the convection speed falls
and then attains a constant value. The results of their simple modelling fitted experimental data
quite well, although further examination of their results reveals a possible margin of error for the
convection speed of about 30%.

If the discussion is limited to the tests involving convection speed measured directly from
pressure data, the leading edge flow argument explains the anomaly. It makes sense to restrict the
discussion to these cases, since the test conditions and measurement techniques for the remaining
works are too diverse. What now remains is the need to explain why a change in leading edge
behaviour should affect the convection speed.

It is tempting to suggest that the changes in leading edge behaviour manifest themselves as
changes in vortex size and strength. A change in the position of origin of the stall vortex can be
seen on the clean leading edge, high AR NACA 0015 model as the pitch rate changes. Figures 62
and 64 show that the Cp bulge, described previously, moves towards the leading edge as r

increases (it is believed that the bulge indicates vortex growth). Me individual Cp traces for these
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two figures, shown in figures 75 and 76 respectively, indicate the differences in growth more

clearly. The first sign of divergence in the Cp traces has been described as the first onset of vortex
growth (Gracey et al. (1989)). At high r, the transducer at x/c=0.37 first shows the characteristics

of vortex development, while at low r the first signs of growth appear just behind the mid-chord
position. For the leading edge modification, the stall vortex always appears from the leading edge,

whatever the pitch rate. If vortex growth is triggered by some perturbation, that the stall vortex

originates from the leading edge for the sand strip case is not surprising, since the rough surface
has introduced a great deal of disturbance to the flow at the leading edge. For the NACA 23012,

23012A, 23012C and 0012 models, the change of vortex origin position is not as great as for the

NACA 0015, and these aerofoils all have a constant convection speed from low to high reduced

pitch rate. The NACA 0012 in particular has the vortex origin very close to the L.E. for the high

reduced pitch rates (see figure 72).

It is tempting to link the change in vortex origin position to the changes in convection speed;

the NACA 0015 and 0018 models experience a shift forward in origin with a reduction in speed.

The NACA 0012 and the leading edge modified, high AR NACA 0015 have the vortex origin
farthest forward, and they have the lowest convection speed. Whether or not this postulation fits in

with Lorber & Carta's (1987) data for the SSC-A09 cannot be ascertained, since their data shows

that the stall vortex forms at the leading edge, and any change in formation position is hidden by
the development of leading edge suction. The physical significance of a change in vortex formation

position is that it will manifest itself in a change in the vortex size and strength. A vortex growing
near to the leading edge will be fed highly concentrated vorticity in a restricted space, whereas one

forming further aft will be fed vorticity that is more diffuse, although the space available for

growth is less restricted.

8. CONCLUSIONS

A survey of existing dynamic stall data showed that a significant disharmony exists between

the data sets as to the dependency of stall vortex convection speed upon aerofoil motion. A
preliminary analysis of pressure data from seven aerofoils at the University of Glasgow showed

that the stall vortex convection speed was independent of aerofoil motion and model type to a first

order. Most notably, this is in direct contradiction to the results of Lorber & Carta (1987).

Independent analysis of Lorber & Carta's (1987) data at the University of Glasgow served to

re-inforce the convection speed anomaly, and further testing at low reduced pitch rates on the

NACA 0012 did not show any signs of a convection speed/reduced pitch rate dependency at low

pitch rate, as suggested by Lorber & Carta.
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A NACA 0015 aerofoil of half the chord length of the existing models at the University of

Glasgow was built and tested, with the aim of investigating wind tunnel constraint effects. A

comparison of data from this model with data from the standard sized NACA 0015 data showed

that constraint effects were not significant.

.n improved pressure data analysis technique for finding the stall vortex convection speed

allowed the convection speed to be found at low reduced pitch rates, where the method of Lorber

& Carta (1987) produced unreliable results. Although the accuracy was poor, the results suggested

that the convection speed of the stall vortex pressure wave was reduced pitch rate dependent at low

pitch rates for the NACA 0015 (both high AR and standard size) and the NACA 0018. The

convection speed was seen to fall as reduced pitch rate increased, and then to become constant, and

the reduced pitch rate at which the convection speed became constant for the NACA 0018 was

higher than for the NACA 0015 models.

Convection speed was found to be independent of reduced pitch rate over the entire range of r

when a leading edge boundary layer trip was placed on the high AR model. In addition the

convection speed was significantly lower than the mean value from any of the other models tested,

and the nature of the dynamic stall was seen to have changed significantly when compared with the

clean leading edge model.

It is suggested that the stall vortex convection speed is influenced by the flow at the leading

edge of the aerofoil, which partly explains the anomalous results found in the literature. It is

proposed that the leading edge geometry and Reynolds and Mach numbers are of importance in
determining the stall vortex convection speed.

Any pressure data from future models tested at the University of Glasgow will be analysed

for convection speed. In particular a thin aerofoil with a very sharp leading edge is due to be tested,
and the effect of leading edge transition strips will also be investigated.

The authors are indebted to the United States Air Force Office of Scientific Research for

providing the funding for the research under contract number AFOSR 89-0397 A. The assistance

of the technical staff of the University is greatly appreciated.
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TABLE 1

Test conditions for measurements of stall vortex convection speed.
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TABL2

VORTEX CONVECTION SPEED AS A FUNCTION OF HOLD ANGLE
DURING RAMP-UP TESTS AT VARIOUS REDUCED PITCH RATES FOR

THE NACA 0012 AEROFOIL (GLASGOW UNIVERSITY DATA)

Table 2 shows the convection speeds as a function of hold angle and reduced pitch
rate. Also shown on this table are the incidences at which the vortex is at x/c=0. 17

for each pitch rate (40 deg hold angle only). Ramp-up motion from -1 deg.

TABLE 2.

Reduced Hold Convection Incidence at
Pitch Angle Speed (u/U) which vortex
Rate (deg) is at x/c--0.17

(Hold angle of
40 deg only)

0.03907 40 0.28 29.8
0.04196 32 0.29
0.04162 30 0.28
0.03790 28 0.29
0.04009 26 0.29
0.03791 24 0.32
0.03750 22 0.31

0.03700 40 0.26 29.5
0.03689 32 0.28
0.03892 30 0.29
0.03889 28 0.28
0.03664 26 0.31
0.03678 24 0.31
0.03634 22 0.41

0.03356 40 0.29 28.8
0.03527 30 0.30
0.03276 28 0.28
0.03458 26 0.29
0.03325 24 0.30
0.03315 22 0.35

0.02645 40 0.27 27.2
0.02676 30 0.26
0.02919 28 0.27
0.02663 26 0.27
0.02809 24 0.30
0.02930 22 0.35

0.02179 40 0.32 27.0
0.02161 28 0.29
0.02285 25 0.31
0.02193 24 0.32
0.02188 22 0.40
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$table 2. (contd ..

Reduced Hold Convection Incidence at
Pitch Angle Speed (u/V) which vortex
Rate (deg) is at x/c=-O. 17

(Hold angle of
* 40 deg only)

0.01686 40 0.28 25.1
0.01727 26 0.30
0.01685 25 0.29
0.01745 24 0.36
0.01629 23 0.30
0.01626 22 0.32

0.01265 40 0.31 24.0
0.01348 25 0.26
0.01407 24 0.31
0.01324 23 0.28
0.01398 22 0.37
0.01384 21 0.27



Coprsnof contour piot/ricige-line mearments with suction peak measurements.7

Comprisn o covecton peesnfouvrae and in ea

uavaeddt(NACA 0015, ramp-up)0.003

0.036 0.37, 0.35,u 0.33. 03 0.3 6 0.3

0.035 0.35,A 0.30, 0.34, 0.34 0.35
NACA 23012B ra 0.39, 0.0203 .3

0.034 0.38, 0.3p-u 0.34, 03 0.3 2 0.38
NACA 0018 ram 0.39, 0.0303 .3
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TABLE4

Comparison ~ ~ ~ ~ ~ ~ i ofcnetinsedsfo veae n
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TABLE 5

Variation of aerodynamic coefficients with reduced pitch rate

Gradients of straight line fits (dependence upon r)

Aerofoil a at max Cn max Cn o at max Cm max Cm Ct at Cn rise
-

-

NACA 23012 526 39 549 -8 296
NACA 23012A 496 67 612 -14
NACA 23012B 457 55 441 -17
NACA 23012C 502 61 527 -19
NACA 0012 451 26 J 480 -11
NACA 0015 507 83 612 -20 391
NACA UU18 538 74 511 -22

Lorber & Carta 500 (CL) 40 (CL) 550 -18 192
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NACA 23012
(Stations and ordinate. givenmi

Per cent of airfoil chord)

Upper surface Lower surface

Station Ordinate Station Ordinate

0 .. 0 0
1.25 2.67 1.25 - 1.23
2.5 3.61 2.5 - 1.71
5.0 4.91 5.0 - 2.267.5 5.80 7.5 - 2.61

10 6.43 10 - 2.92
15 7.19 15 - 3.50
20 7.5) 20 -3.97
25 7.60 25 -4.28
30 \7.55 30 -4.46
40 7.14 40 -4.48
50 6.41 50 -4.17
60 5.47 60 - 3.67
70 4.38 70 - 3.00
s0 3.08 o - 2.18
90 1.88 90 - 1.23
95 0.92 95 - 0.70

100 (0.13) 100 (- 0.13)
100 ...... 100 0

L.E. radius: 1.58
Slope of radius through L.E.: 0.305

Figure I I NACA 23012 aero foil shape and surfacecoordinates. -

7.'.8 . -26
I0 64 0 -2g

157I 5 -35

20 7.3 20 3.g7.60 25 - 1.28



JACA 23012 (A)

(Stations and ordinates given in
per cent of aerof oil chord)

Upper Surface Lower Surface

Station Ordinate Station Ordinate

-0.044 0.802 0.000 0.000
0.000 0.000 0.436 -0.681
0.337 1.694 1.229 -1.226
1.166 2.657 2.354 -1.658
2.454 3.651 3.791 -2.008
4.207 4.626 5.529 -2.308
6.413 5.523 7.564 -2.588
9.048 6.286 9.910 -2.874

12.069 6.876 12.588 -3.180
15.421 7.276 15.631 -3.508
19.042 7.503 19.077 -3.838
22.902 7.603 22.925 -4.123
27.060 7.59? 27.083 -4.333
31.507 7.479 31.530 -4.471
36.224 7.241 36.247 -4.540
41-195 6.872 41.216 -4.547
46.399 6.365 46.418 -4.498
51.815 5.725 51.831 -4.401
57.424 4.984 57.438 -4.261
63.202 4.103 63.209 -4.077
69.125 3.169 69.128 -3.843
75.169 2.202 75.169 -3.544
81.310 1.257 81.306 -3.147
87.521 0.422 O7.515 -2.587
93.773 -0.125 93.768 -1.701

100. 000 0.061 100.000 -0.050

Figure! 2. NACA 23012A aerofoil shape and surface
coordinates.
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N.AC. 1212

> 0. 0 01 02 03 04 0S . . . .

0.00 0000.00 0.0
0.10 094 005 0.9

0.83 2192029 1.9

40138 5.3 2341 2408

.37 0 .2 2 3..3 0.4 06 0.7 08 O .

9.114 0.41 5.03 -05973
13.833 8.792 0.291 -16971
17.151 8.068 1221 -6.432
23.138 8.67 1 21.044 -.. 659
25.31 8.72 19.622 -.. 84
29.14 8.61 2.39 -.. 05
32.134 8.52 27.64 -5755
137.880 8.213 31.998 .3241
40.656 8.06 36.840 -7.385

46.998 7.481 41.210 .7.406
50.168 7.175 45.989 -7.360
53.732 6.803 50.807 -7.264
60.859 5.986 55.625 -7.119
64.421 5.544 60.395 -6.925
68.378 5.030 65.076 -6.661
76.290 3.935 69.620 -6.309
80.245 3.356 73.987 -5.947
84.198 2.755 78.129 -5. 287
92.103 1.488 85.588 -3.'915
96.055 0.819 91.700 -2.459
99.500 0.135 96.256 -1.185

100.000 0.000 100.000 1 0.000

Figui. 13. NACA 23012B aerofoil shape and surface
coordinates.
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15.139 7.489 12.892 .. 6
18.741 7.965 15.942 -3.291
22.585 8.339 19.393 -3386
24.973 8.529 23.243 -3.401
29.023 8.783 29.525 -. 4

33.467 8.942 33.969 -3.245
38.184 8.985 38.681 -3.062
43.156 8.914 43.641 -. 83l0
48.362 8.702 48.829 -. 515
53.782 8.335 54.223 -2.187

5357.803 59.803 -1.857
65.178 7.105 65.546 -1333
71.108 6.243 71.429 -1.224
77.162 5.2= 77.429 -0.931

83316 4.046 83.523 -0.657
89.547 2.684 89.686 -0.419

95891.136 95.892 -0340
100.000 0.000 100.000 -. 3

(Stations and ordinates given in %chord)

Figure 14. NACA 23012C aerofoil shape and surface
coordinates.



Upper surface Lowcr surfac

x/c y/c x/c y/c

0.0 0.0 0.0 0.0
1.25 1.894 1.25 -1.894

2.5 2.615 2.5 -2.615
5.0 3.555 5.0 -3.555
7.5 4.20 7.5 -4.20
10.0 4.683 10.0 -4.683
15.0 5.345 15.0 -5.345
20.0 5.737 20.0 -5.737
25.0 5.941 25.0 -5.941
30.0 6.002 30.0 -6.002
40.0 5.803 40.0 -5.803
50.0 5.294 50.0 -5.294
60.0 4.563 60.0 -4.563
70.0 3.664 70.0 -3.664
80.0 2.623 80.0 -2.623
90.0 1.448 90.0 -1.448
95.0 0.807 95.0 -0.807
100.0 0.126 100.0 -0.126

All coordinates in % of chord

Figure 15. NACA 0012 aerofoil shape and surface
coordinates



0. 121

-0.00

.C.A 001

0 0 0.1 0.2 0.3 0.4 0.5 0 6 0.? o e 0.9 1.0

X/Q

Upper surface I Lower surface

Stauion IOrdinate Station Ordinate
0.000 0.000 0.000 -0.000
1.250 2367 1.250 -2.367
2.500 3.268 2.500 -3.268
5.000 4.443 5.000 -4.443
7.500 5.250 7.500 -5.250

10.000 5.853 10.000 -5.853
15.000 6.681 15.000 -6.681
20.000 7.172 20.000 -7.172
25.000 7.427 25.000 -7.427
30.000 7.502 30000 -7.502
40.000 7.254 40.000 -7.254

50.000 6.618 50.000 -6.618
60.000 5.704 60.000 -5.704
70.000 4.580 70.000 4.580
80.000 3.279 80.000 -3.279
90.000 1.810 90.000 -1.810
95.000 1.008 95.000 -1.008

100.000 10.158 100.000 1-0.158

(Stations and ordinates given in %chord)

Figure 16. NACA 0015 aerofoil shape and surface
coordinates.
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-0 20 ,,

0.0 0.1 C 2 0.3 0.4 OS 0.4 C.7 c.8 0.9 1.0

'</C

(Stations and ordinates given in %chord)

Station Ordinate Station Ordinate

0.000 0.000 0.000 0.000
1 250 2.840 1.250 -2.840

2.500 3.922 2.560 -3.922
5.000 5.332 5.000 -5.332
7.500 6.300 7.500 -6.300
10.000 7.024 10.000 -7.024

15.000 8.018 15.000 -8.018
20.000 8 606 20.000 -8.606
25.000 8.912 25.000 -8.912
30.000 9.003 30.000 -9.003
40.000 8.704 40.000 -8.704
50.000 7.941 50.000 -0.94
60.000 6.845 60.000 -6.845
70.000 5.496 70.000 -5 496
80.000 3.935 80.000 -3.935
90000 2.172 90.000 -2 172
95.000 1.210 95.000 -1 210
100000 0.189 100.000 -2 189

Figure 17. NACA 0018 aerofoil shape and surface
coordinates.
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7It* 1 ,-Jatf I*t '''0*?.

tb t WA 23012C

3 ~ RuRO(eel*W 010r,811("(<'] 0!dW I*abr I I.4726
DM'IC Presw~e 1007.27

SUM SaIngFre~~ 501H

Vpitch2L Rate M.1 eg'sj

C Rf f It a 0.032
Start Angle -i'0 D ' I

8.725 NO Am 11.0 D

2 *5~
3 0

:2

4 0

3s 55 S

7 7.0~0 0.25 0 .5 0.75 1 1 .25 1.5 1 .75 2

Ue -SURFACE-Loe

Figure 3 1. Pressure contour plot for the NACA 23012C.
Conditions as for figure 19.
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DYNAMC SJLL TIE M~AY

CAM~
MACA 23012C

9.4

7.

4

IRaduced pitch rate

Figure 40. Time delay between CD rise and Cmmin.
Results from Lorber & Cardas data analysed at

University of Glasgomw 'tre compared with the
University of Glasgow data (NACA 23012C).
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x/c jy/cl
0.9902 0.0021-.
0.9495 0.0045
0.8801 0.0144
0.7880 0.0277
0.6816 0.04081
0.5702 0.0494
0.4638 0.0540
0.3718 0.0555
0.3023 0.05531I
0.2616 0.0546'
0.2468 0.054'
0.2262 0 0537
0.1921 1O.0524I
0.1490 0.0498
0.1028 0.0452.
0.0597 0.03671

SSC-AO 9 0.0506 .00
0.0050 -. 0067
0.0256 -:01301I
0.0597 -. 0185
0.1028 -. 0231
0.1490 -. 02651
0.1921 -. 0291
0.2262 -. 030-,
0.2468 -.031t,
0.2616 :.03211
0.3023 -. 033:
0.3718 -. 034,
0.4638 -. 03431
0. 5702 -. 031,-
0.6816 -. 025'1I
0.7880 -- 016 '-
0.8801 -.00921
0.9495 -. 003
0.9902 -.000 1

Figure 41. The Sikorsky SSC-A09 aerofoil profile and the
coordinates of the main pressure transducer
array.
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Figure 45. Stall vortex position versus time from figure 44.
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REYNOLDS NUMER - 2000000
MACS NUMBER - 0.200

0 . - - - DRBER f CARTA (LINEAR FIT)

* LORBER &CARf (INDIVIDUAL POINTS)

0.63 GLASGOW ANALYSIS OF LORSER A CARTA

0-20 DEG RAMP

0.56

0 49

0 42

0.3.

0 02

0

0.21

4-.
0.1.

0.07

0.000
01"

Reduced pitch rate

Figure 46a. University of Glasgow meLsurements of the
convection speed from Lorber & Cana's 0-20
deg ramp-up data. Also shown are Lorber &
Carta's original assessments of their 0-30 deg
ramp-up data.
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REYNOLDS NUMBER *2000000.
MA.CH NUMBER - 0.200

0 70 LORBER & CAR.TA (LINEAR FIT)

*LORBER &CAR3I (INDIVIDUAL POINTS)

0 63 , GLASGOW ANA.LYSIS Of LORBER A ChRTA

0-30 DEG RKMP

0 3SS

04

0.

0

0.21

0.11

0 07.

0 .o0 5p15 25

Reduced pitch rate

Figure 46b. University of Glasgow measurements of the
convection speed from Lorber & Carta's 0-30
deg ramp-up data. Also shown are Lorber &
Cartas original assessments of their 0-30 deg
ramp-up data
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12* -CH 10 X/C - 0.1000
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........................................... CH 1 XIC - 0.9800

23 3020G 07 52.05 Co 02 93 9

Hon-dimension&1 time

00 12 at r--0.00 16.
Sampling frequency=54Hz.



0-:SC M0tf .4222. Me0 - is2

.- CH 15 X/C - 0.0003

. . . .. . . . . . . . . . . . . .* CH 14 XIC - 0.0025

. . . CH 10 XIC - 0.100
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I'

(II
NACA 0015 PROFILE

Chordwise positions of
pressure transducers.

UPPER SURFACE LOWER SURFACE

channel x/c channel x/c

1 0.98 16 0.0003
2 0.95 17 0.0025
3 0.83 18 0.01
4 0.70 19 0.025
5 0.59 20 0.05
6 0.50 21 0.10
7 0.37 22 0.17
8 0.26 23 0.26
9 0.17 24 0.37
10 0.10 25 0.50
11 0.05 26 0.59
12 0.025 27 0.70
13 0.01 28 0.83
14 0.0025 29 0.95
15 0.0003 30 0.98

Figure 50. Aerofoil profile and transducer positions for the high aspect
ratio NACA 0015
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-~- -- -, - C=000

X/C =0.0025

- - . .. .X/C =0.0100

--------------------- ----------- -------------------- x/c= 0.0500

CA - - - - -X/C = 0.1000z

U01.00
- - - - -- - - - -. X/C - 0.2600

0. -** ----- - - - X/C= 0.3700

5 2.3......... --- --- --- -- X/C -0.500
0.0--- -- ----------------------- . X/C= 0.7000

- -- -- / 0.8300

- - . X/C =0.9500

x/ =/ 0.9800

1.0 31 *.% 71 9.h1

Non-dimensional time

23.

2.01

0.

Figure 59a. Individual pressure traces plotted as a function of (
time for a ramp -up test on the high AR model at
r=0.03, Re=O.8x 106. The symbols indicate the
timing points for the maximum (strong)
correlation coefficient shown in figure 58a.
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- - --- __ _ I- -. - - - - - - -X* 0.0003

. . .- . X/c = 0.0100

- - -- .. .. .XIC = 0.0500
CA- --- - .x/C =0.1000
z

0- ----- - X/C =0.3700
4. XIC = 0.37000

~ .------------------------------ - - --- -- -- ------ X/C = 0.5900

---------------------------------------------------------------------------------XC = 0.8300

----------------------------------------------------- X/C = 0.9500

--------------------------------------------- -- -- -- -- --- X/C = 0.9800

0. 5.111 .3 S 2.7 2.00

Non-dimensional time
2.

1.

0.03

0.40

0.8 38 .J .00

Figure 59b. Individual pressure traces plotted as a function of
time for a ramp-up test on the high AR model at
r=0.0 13, Re=O.8x 106. The symbols indicate the
timing points for the maximum (weak)
correlation coefficient shown in figure 58b.
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STALL VORTEX CONVECTION SPEED

NOMINAL REYNOLDS NUMBER = 1000000. ~01
NOMINAL MACH NUMBER =0.170 RAC 0015
MOTION TYPE: RAMP-UP

4 NACA 0015 (HIGH AR, Re=0.8)

1.0. xNACA 0015 (HIGH AR, Re=1.0)

0.2. +

0. +

0.7 1 +

+l A

Z 0.1

+A a

0 +

0.4 A, ,+V+ *'

0.

0.1.

REDUCED PITCH RATE

Figure 60. Stall vortex convection speed plotted as a
function of reduced pitch rate for the high AR
NACA 0015. Also shown are the results for the
standard NACA 0015 and NACA 0018 models.
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Sand-strip leading edg,-
'*.--- Ck-an leading edge

1 1.1

0. 1

0.2

01

Figure 61. Comparison of Cn vs ot for static i. . etween
the clean and .sadstp edn edge highz aspect
ratio NACA 0015. Re4.0x 106 ..
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STALL VORTEX CONVECTION SPEED

NOMINAL REYNOLDS NUMBER = 1100000. ANACA 0015 (HIGH AR, Re=0.8)

NOMINAL MACH NUMBER =0.170 yNACA 0015 (HIGH AR, Re=1.0)MOTION TYPE: RAMP'-UP I I
4. NACA 0015 (HIGH AR, SAND, Re=0.85)

1.0 XNACA 0015 (HIGH AR, SAND, Re=1.1)

0.AV

0..V AA

0. A

A

0. VVA

S0.3

0.1

Odic ONAi us O .

REUCDPIC ATE

Fiue . Covcio peda afntino rdcd ic
raefrtehg0Rmde et.Bt h la
an adsrp edn desaeson
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STALL VORTEX CONVECTION SPEED

NOMINAL REYNOLDS NUMBER =1500000. N 01
NOMINAL MACH NU?48ER =0.120 VNACA 0015
MOTION TYPE: RAMP-UP

+NACA 0015 (HIGH AR, ReO0.8)
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Figure 74. Stall vortex convection speed plotted as a

function of reduced pitch rate for all the
symmetrical sections tested at the University of

Glagow
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r--0.0215, Re=l.0x10 6. The initial vortex
growth region is indicated at the mid-chord.
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Figure 76. Individual pressure transducer traces for the clean
leading edge, high AR model. Ramp-up test at
r--0.0074, Re=1.0X10 6. The initial vortex

* growth region is indicated aft of the mid-chord.
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