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Abgtract

The paper presents the results of dynamic stall tests on a NACA
23012 aerofeil when subjected to constant pitch rates about the
quayter chord. The tests were performed over a reduced frequency
range of 0.00007 £ k £ 0.04 and at a corresponding Reynolds and Mach
numbers of 1.5 x 10% and 0.11 respectively. The analysis of the data
and comparison with other work indicated a possible Mach number
dependency of the leading edge suctions influence on stall type and a
constancy of the time taken for the stall vortex to develop and pass
the trailing edge.

Introduction

For many years, much effort has been expended to gain our current
perception of the phenomena associated with dynamic stall of aercfoils
(refs. 1, 2, 3). Such understanding is particularly relevant to the
development of helicopter rotors, both from a practical and
fundamental viewpoint, since the retreating blade is susceptible to
dynamic stall as the aircrafts' performance limits are approached.

An early and significant experimental study by Ham & Garelick (ref. 4)
resulted in a major observation; namely, the formation and subsequent
shedding of a vortex from the leading edge of the aerofoil. As this
vortex passed rearward over the upper surface, it induced large
transients in pressure and hence lift and pitching moment. Later
investigations by McCrosky & Fisher (ref. 5) showed that these
transient vortex associated rotor loadings were analogous to that
oscillatory wing stall. Following the above work, detailed
measurements have been made for many aerofoils (ref. 8) and in most
cases, under oscillatory pitching motions in nominally 2-dimensional
conditions. Cther motions and configurations have been tested

{refs. 6 & 7) and, in particular, the aerofoil performance when
subjected to a constant angular velocity (i.e., ramps).

Complications with ogcillatory data are associated with the large
data sets required to covex, with reasonable regolution, all the
conditions of interest (i.e., variations of amplitude, fregquency, mean
angle and Mach number (ref. 8)) and the non-linear nature of the model
motion. In constrast to thig, if one simply considers pitching
displacements at constant angular velocity (i.e., ramps), not ounly are
the test cases reduced in number, but increased resolution may be
obtained at little extra cest. Further, the sequential timing and
manner of the stall, from initiation to completion, may be readily
deduced and documented, with evident value to the developers of
predictive codes employing a predominantly empirical procedure. The
study of such motions, however, does not negate the consideration of
oscillatory cases, but if dynamic stall is governed by basic common
processes, then it is prudent to include, in fundamental studies, ramp
displacements of the type described herein and reported by the present
authors (ref. 9).
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The present study is, in fact, part of work in progress to
investigate the interaction between the trailing edge separation and
leading edge conditions and their effect on stall onset., The
incentive for this being the susceptibility of some modern rotor
sections to significant amounts of trailing edge separation and,
further, to provide data for the enhancement of predictive procedures
to include reasonable consideration of such separations, (e.g.,
ref. 10). The clear gstated objective provided guidance for the choice
of basic aerofoil; a NACA 23012 section (ref. lIl). The present paper
presents the general gross features of the stall as observed.

Details of the experiments

Using an existing facility at Glaggow (gee fig. 1 and refsg. 11,
12), a NACA 23012 aerofoil model, with a 0.35m chord, was subjected to
constant pitch rate motions ("ramps"), about the quarter chord
position up to a maximum deflection of 40°. All the tests were
carried out at a Reynolds number of 1.5 x 10% which corresponded to a
tunnel speed of 40 m/s. Accordingly, the range of reduced frequencies
(k = %C/2v) was

0.00007 £ k £ 0.04

and, as such, the thirty test conditions {(ref. 9) encompass the
"guasi-static" type stall, through the changeover to full "dynamic"
characteristic stall.

The model was insgtrumented with thirty miniarure pressure
transducers located along the chord at the mid-gpan position, with a
maximum upper surface spacing of 7% chord. Their conditioned analogue
outputs, and those for wind speed and model displacement, were
automatically logged and subsequently processed by a DEC MINC (PDP
11/23), configured to suit the facility (ref. 12). Each transducer
output was digitised at a frequency of up to 550 Hz, but this, in
general, varied according to pitch rate, such that a maximum of 128
sample sweeps covered the period of model motion. During the data
processging, no account was taken of tunnel blockage or interference
effects, these being treated as unknown.

These effects were also ignored in the tests for the "static"
characteristics, to facilitate direct comparisons with the unsteady
case. They are, however, significant as may be seen from fig. 2,
where it is shown that the working section dynamic pressure fell by
12% at the point of major stall (separated flow cover 657 of the wing
chord) and a further 3% at complete stall, after which the aerofoil
acted as a2 bluff body. These data were acquired for both increasing
and decreasing angles of attack up to a maximum of 307. It may be
seen that the data are in good agreement and, as such, the dashed line
is a simple extrapolation to 40" incidence and this, in conjunction
with the static data, defined the maximum reduction in dynamic
pressure of the tests performed.

At the maximum pitch rate, however, it may be observed that, at
the stall, the dynamic pressure only fell by some 3%. The stall
incidence was in the region 34" and this angular displacement took
0.12 seconds. 1In the remaining 0.36 seconds of the logging sequence,
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the dynamic pressure continued to fall and, presumably, would have
assumed the equivalent static condition. This then defines the
minimum dynamic pressure variation during the test series and so all
the data were taken within the shaded area of fig. 2.

The contemporary understanding of dynamic stall development under
oscillatory conditions is that, after initiation, a strong vortex
builds up on the upper gurface close to the leading edge and thence,
is convected downstream at a fraction of the free stream velocity
(vef. 13). There is thus a finite time for the passage of the vortex
over the aerofoil. Obviously, for the ramp tests described herein, if
the Reynolds number is held fixed (i.e. constant V) and the reduced
frequency increased, a limit will be reached when the stall vortex
leaves the trailing edge as the model motion becomes non-linear or has
stopped. This condition is illustrated in fig. 3, where both the
non-linearity angle and that at which the vortex core is assumed to
pass the trailing edge, are plotted as functions of reduced frequency
(k); these data cross at k = 0.023. Whilst this is a relevant
boundary, it is more important to consider the stall onset or
initiation, which is dependent on reduced frequency, as dictating the
test limit for the effect of pitch rate alone on dynamic stall. It is
clear from fig. 3 that the data labelled "stall onset" always occurs
within the linear portion of the displacement profile and, hence, the
entire data set is valid for a consideration of the effects of pitch
rate on stall onset. Also included in this figure is the starting
angle necessary to attain the prescribed constant pitch rate.

The most striking feature of fig. 3, as a first estimation, is
the 1linearity of the stall onset data and that of the vortex passing
the trailing edge. The significance of this and their relation will
be noted later and fully discussed in a future paper.

It is customary, during data reduction, to average several
individual cycles or tests, so that the repeatable salient features of
the stall process are highlighted, whilgt extraneous effects are
suppressed. For the current series of tests, the average of five
runs was taken. A typical set of unaveraged data is as shown in fig.
4, where it may be seen (fig. 4a) that, for the unstalled conditien,
i.e., up to 20° incidence, there is a high degree of repeatability.
Once the stall has started, however, such repeatability deteriorates,
but, although the coefficients may vary markedly in magnitude, their
stall developments with respect to incidence are generally in better
agreement, Further confirmation of this may be obtained by
congidering the remaining five illustrations of fig. 4 which show the
upper surface pressure development of the five consecutive ramp tests,
between which the flow was allowed to settle. It may thus be
congidered acceptable to highlight the salient features by averaging
the data. Once the stall has developed, however, and the foil acts as
a bluff body with attendant alternate vortex shedding, the averaging
process will be invalidated unless there is in-phase shedding between
tests., Data was recorded in this region and, whilst it is of little
interest to the present dicussion, the above effect was clearly
cbserved.
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Results and Discussion

Figure 5 illustrates the uncorrected "static" characteristics of
the NACA 23012 aercofoil as obtained by the above facility. These data
were collected for both increasing and decreasing incidence and,
hence, the upper surface pressure development {(fig.. 5b) shows
reasonable symetry about the maximum incidence. There is, of course,
a delay in re-attaching on the down stroke, but the gross appearance
is similar to the upstroke. The important features are, however, that
the stall shows the characteristics of very rapid movement of the
trailing edge separation aver 65% of the chord, at arcund 14.2°
incidence, and an associated reduction in peak suction. This is
followed by the fully stalled condition at around 20° incidence with a
complete collapse of the leading edge loading.

When the foil was subjected to a constant pitch rate of 3.52 */s,
corresponding to a reduced frequency of 0.0004, little change occured
to the characteristic manner of the stall {(fig. 6b), although a small
amount of "dynamic overshoot" is evident in the aercdynamic
coefficients (fig. 6a). The limit to this "Quasi-Static" behaviour
occurs at a reduced frequency of 0.004 and a pitch rate of 31 '/s.
This case is illugtrated in fig. 7 where it may be seen, tﬁat, dynamic
overshoot of Cyq and Cy has occurred, together with a reduction in the
lift-curve slope, and there exists the semblence of a vortex produced
pressure distribution. The peak section does not, however, completely
collapse at the initial stall and has the form of the "quasi-static”
case.

Above the transitional value of 0.004, the stall acquires the
typical characteristics as depicted in fig. 8. These are, with
reference to fig. 8a; a significant reduction in the 1ift curve
slope; large dynamic overshoot of Cy and Cy; Cy build up at the
stall with subsequent collapse and associated large negative pitching
moment. This build up in Cy (fig. 8b) is normally attributed to a
vortex like motion developing on the upper surface, resulting in the
observed large suction which then moves down the chord. Of particular
interest is both the manner of its initiation and of leaving the
trailing edge.

It is obsgerved, that the vortex initiation is associated with a
"roll up" in suction in the region of the 20-35% chord location. The
presence or absence of this phenomenon, together with the bahaviour of
the leading edge suction, may therefore be taken as an indication of
the stall type, ie, "quasi-gtatic" or "dynamic". Figure 9, in which
the pressure coefficient at the 34% chord position is plotted for
various values of reduced frequency, illustrates the change over from
"gquasi-static" to "dynamic" stall, as occurring in the region of k =
0.004. Below this value, the suction increagses with increasing
incidence and then, at the stall, falls in a manner similar with
static behaviour with partial collapse of the leading edge suction as
shown in fig. 13. In contrast, for higher values of k, the leading
edge suction exhibits a complete collapse at stall {(see fig. 13)
whereas the suction at 34% chord "rolls up", followed by a collapse
and a subsequent repetition from a secondary vortex.

After stall initiation, its progression can be seen from fig. 10
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where gselected chordal Cp values for the dynamic case (k = 0.02) are
presented in the manner of ref 14. These data indicate the stall
being initiated towards the leading edge in the region of 30% chord
and thence developing towards the leading and trailing edges as shown
by the arrows. This type of stall, which is typical of those during
the tests (k x 0.004), is comparable with that described by McCroskey
(ref. l4), albeit limited trailing edge separation may exist before
the Cp roll up at the 34% chord location. Another interesting feature
is the small pressure wave travelling up the chord after the vortex
has pagsed or just broken away from the trailing edge. A better
illustration of this is given in fig. 11 where the Cp contours show
the obvious main dynamic stall vortex progressing down the chord,
followed by a suction penetration from the trailing edge. It is
thought that this is associated with the breaking

away of the main vortex from the trailing edge and a subsequent inrush
of fluid over the upper surface into the low pressure region.

From the foregoing it is clear that, over the considered reduced
frequency range, three relevant locations for pressure trace
congiderationg are, at the leading and trailing edges and in the
vicinity of the 34% chord position. Figure 12 pregents these for four
relevant reduced frequencies. For all values of k, the first
indications of stall cccur at the trailing edge with a rige in
suction, indicative of trailing edge separation. In the
"quasi-static" case (fig. 12a), this separation builds up until there
is a rapid forward progression and subsequent fall of both the 34%
chord and leading edge suction. The intermediate case (fig. 12b),
which is in the region of transition from “quasi-static" to "dynamic®,
is mixed in that there is an initial small reduction of suction at 34%
chord before it rises to what looks like a small vortex, but the full
dynamic stall (figs. 12¢, [2d) is initiated towards the leading edge
(s 30% chord) and, although the trailing edge suction increased prior
to this, and s¢ indicates that separation has occurred, the dominant
effect is that of the vortex like phonomenon moving down the chord and
passing the trailing edge into the free stream.

The significance of figs. 12c, 12d is the relative timing of
different events. First, apparent trailing edge separation occurs
long before the stall vortex initiation and yet, it is around the 307%
chord that the dominant stall begins. Second, the stall onset is
prior ko the leading edge suction collapse for all relevant reduced
frequencies. While the effect of trailing edge separation on stall
initiation is still unknown, the phasing of events indicates the
iimited role of the leading edge suction as a stall trigger
mechanism. In fact, as figs. 13-15 show, although the manner of
leading edge loading changes from partial collapse during
"quasi-static" stall to complete collapse during "dynamic" stall, the
peak leading edge suction and its associated incidence continue to
increase with increasing reduced frequency and are not influenced by
the transition from '"quasi-static" to "dynamic" stall. One cannot,
however, ignore the continual increase in peak velocity and the
implied severity of the subsequent adverse pressure gradient which,
one might expect, would control separation of the boundary layer close
to the leading edge. This should result in a progressive forward
movement of the stall onset location when, in fact, it seems to be
relatively insensitive to it.
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It is now interesting to compare the current finding to that of
ref. 15 where it was observed that there was a transfer of stall
trigger from trailing edge separation at low pitch rates to leading
edge dominance at high pitch rates with a levelling off of both the
peak suction and its agsociated incidence. It must be appreciated
that the data presented in ref. 153 were obtained under a test
condition of Re = 2.8 x 10%° and M = 0.3, as such local Mach number at
the leading edge was in the critical region of 0.853 3 1.05 with strong
compressibility effects and a possibility of shock wave development at
the leading edge which might have caused the observed level off of
peak suction. The difference in the findings thus indicates a
possible effect of free stream Mach number on the dominance of the
leading edge as a stall mechanism. For low speed tests of current
data, which were taken at Re = 1.5 x 10% and M = 0.11, the maximum
local Mach number being around (3.5 even at the highest pitch rate of
335" /s, the stall vortex originated around the 20-35% chord region and
was not influenced by the peak suction. '

The net results of the above phonomena, are as given in figs. 16
and 18 which show the data relevant to the aerodynamic coefficients Cy
and Cyq. It is clear from these data that there is considerable
uncertainty as to the value of the respective maximum and minimum
valuesg, but less so for the angle at which these values occur. Why
such scatter is present is unknown but perhaps it is related to the
phasing of the dynamic stall vortex build up and the collapse of the
leading edge suctionj; a hypothesis we hope to test. The
significantly less scatter associated with the occurance angle of
thegse maximum and minimum values (figs. 17, 19) does encourage the
continuation of data averaging for the sampling procedures of the
present tests.

It may be observed, however, that for kd0.004 (i.e. the "dynamic"
case), the maximum value of Cy is always greater than that at the
illustrated break point. This suggests that, for the given set up,
the gtall vortex suction is always sufficiently developed to outweigh
the suction lost when that at the leading edge collapses. As
mentioned above, the timing of these two events may be crucial in
determining the maximum value of Cy which has, during the early vortex
development, comparable contributions from the vortex and the leading
edge suction. The process is complicated by the vortex having a
predominantly mean flow dependency whilst that of the leading edge
suction is likely to be associated with the model's motion. The
significance of this is, that whenever an aerofoil stalls in the above
manner, one must expect much scatter in the data, whilst, if the stall
were purely leading edge dominated and initiated immediately behind
the peak suction, one might expect a reduction in the evident
scatter. Similar arguements are applicable to the pitching moment
data, but in this case, the scatter evident in the incidence at which
the minimum value occurs is indeed small. The linearity of this and
the corresponding pitching moment "break" incidence are qualitatively
similar to that of fig. 3 and indicates a mean flow dependency of the
process.

This dependency is best illustrated, for the present, by the data
of fig. 3 where two significant events of the stall have been chosen,

for their high degree of discrimination, to represent the stall onset
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and completion. The stall onset was taken as the suction “vroll up" at
the 34% chord as this gave consistently good resolution when compared
to the signals from the 20-30% chordal region. Wwhilst the latter
region may be closer to the stall origin, it was difficult to
determine the stall incidence. As such, and since all the upper
surface pregsure digtributions, for the "dynamic" case, were of
similar form, the 34% chord location was chosen to indicate that the
stall had started. The stall termination was assumed to be at the
trailing edge suction peak which gave very good discrimination of that
particular event. Whether or not this was the end of the primary
stall is of little relevance, because whatever the phonomenon is, it
occurs on all the data and is thus a useful timing event. The
incidence of these two chosen events was included in fig. 3 and, as
mentioned earlier, the linearity of both plots suggests a possible
relationship between the two events. In fact, they are co-incident for
k = 0.0 and so may be represented by

wrE ® B +m k
g = B + m, k

Hence («rg - «o) = k(m; - m;),
and since the motion is at constant angular velocity
x(tTg - to) = AT = (&c/2v) (my - m,), k = xc/2v
which yields
(ATV/C) = (m; - m,)/2 = CONSTANT

This result implies that the normalised time delay between stall
onset and completion ig a constant, independent of reduced frequency.
The stall, once initiated, is therefore mean flow dependent and not
governed by the motion of the model. This is a particular result and
may be compared with similar work (ref. 13) in which a dependency on k
was observed. It is hoped to elaborate on this with work already in
progress.

Conclusions

On the basis of the data and discussions presented, additional
insight has been gained in the phenomencn of low speed dynamic stall,
and the following conclusions are given for the performance of the
NACA 23012 aerofoil.

1. There is a reduced frequency (k = 0.004) which divides the
aerofoils stall phenomena between what may be loosely termed
"Quasi~static”" and "Dynamic" stall.

2. The distinction between these two types of stall is governed by
the characteristic form of the upper surface pressure
distribution, in particular the behaviour of the loadings at the
leading edge and the 20-353% chord region.

3. Although stalling below a value of k = 0.004 is termed
Quasi-static, there are dynamic effects.
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4. Dynamic stall is initiated in the region of the 20-35% chord.

5. The peak suction collapses after the stall onset and
monotonically increases with increased reduced frequency.

6. The scatter in the sbsolute values of the aerodynamic
coefficients is large, but small for the incidence at which they
OCCUr.

7. Once initiated, the gross features of the stall vortex are flow
dependent and take the same time to develop, independent of
reduced frequency.
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