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Experimental dynamic stall research has been ongoing at Glasgow University
over the past ten years. The data this has furnished have led to the development of
empirical predictive codes that form part of the total aerodynamic helicopter rotor blade
model. This dissertation has added another complete set of data for a completely new

aerofoil, indicative of an aerofoil found on the inboard section of a helicopters rotor.

Additionally, through visual data analysis of the ramp down motion type across
the entire dynamic stall database, it has been possible to identify the predominant fea-
tures of the reattachment process. The analysis was performed on three aerofoils all hav-
ing a geometric similarity with the NACA 23012 section. The tests were performed at a
Reynolds number and Mach number of 1.5 million and 0.11 respectively. The tests
cover pitch rates from 0.0 to 400.0 degrees per second, over the range of incidences

going from +35 degrees to -5 degrees.

The predominant features of the reattachment process have been identified and
commented upon. Having qualified these features, they have then been mathematically
modelled by extending the Beddoes empirical dynamic stall model. The inclusion of a
time delay associated with the presence of the wake is shown to dramatically improve
the Beddoes model in the prediction of aerodynamic loads during the reattachment pro-

CessS.
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Chapter 1

Intr r

Dynamic stall is the name given to the aerodynamic phenomena associated with
an aerofoil undergoing incidence variation which passes through the static stall inci-
dence. One of the first investigations of the phase was by KRAMA (1952) who observed
that the boundary layer remained attached at much higher incidences when an aerofoil
was pitched at a sufficiently high rate of incidence change. The net effect of this he

noted was increased lift. The phenomena at that time was not known as dynamic stall.

Most fixed wing aerodynamics used in aeroplane design need not consider
dynamic stall, as firstly, the range of incidence encountered are below static stall and
secondly, the rate of any incidence change is slow (< 23 degrees/second.). (One possible
exception to this is gust loading). However, the branch of aerodynamics that deals with
the helicopter environment is intrinsically linked to understanding the dynamic stall phe-

nomena. This is because helicopters primarily use cyclic pitch to overcome the differ-

AIRFOIL DYNAMIC STALL

LEIFT STALL
-MOMENT STALL Direction

2> -REVERSED : :
] YAWED of flight
i / ALow YA Q

TIP-VORTEX-INDUCED
DYNAMIC STALL

it
z-» . :’
TAIL ROTOR/MAIN ROTOR \_ s gﬁggﬁ ggff
WAKE INTERACTION m}“k’éﬁ-soﬂ"
PYLON-HUB-ENGINE ERFERENCE BLADE-VORTEX
TURBULENT WAKE— nSLAPY

Figure 1.1 - Helicopter flow field phenomena (Ward and Young, 1972)
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ence in velocities observed between the retreating blade and advancing blade on a
helicopter rotor during forward flight. The faster this forward flight, so the more cyclic
pitch is required to prevent helicopter roll. This eventually can lead to dynamic stall

occurring on the retreating rotor blade, as depicted in figure 1.1.

At the current maximum obtainable speeds in a helicopter, (slightly less than
250m.p.h, achieved by a Westland Helicopters Ltd. customized helicopter using a BERP
“paddle blade” rotor), dynamic stall effects became one limiting factor as the harsh tran-
sient dynamic overloads of dynamic stall cause excessive vibration in the helicopter
rotor. Softening these dynamic loads through better blade design is seen as one of the
ways of increasing the flight envelope for modern helicopters. Helicopter flight has been
achieved for some time without knowledge, and currently without full understanding, of
the dynamic stall process. Even as recently as 1967 (Harris and Pruyn) noted the for-
ward speed flight boundary, using cyclic pitch, to be greater than that predicted by static

stall. Thus indicating the favourable presence of dynamic stall effects.

A typical incidence variation around the rotor in forward flight is given below.

180°

Direction of flight

90°

= region of reversed flow

0° -Azimuth angle
Figure 1.2 - Computed Rotor Incidence Variation In Forward Flight (Crimi, 1975)
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1.1 Static Stall

Static stall data have been obtained for both two dimensional (End plated models
used in wind tunnel testing), and three dimensional flows for a large number of aero-
foils. Much of these data have been published in volumes such as Abbot and Doenhoff’s
“Theory of wind sections”. The static stall data is traditionally three plots of Cl, Cd and
Cm (1/4 chord) against angle of incidence over the approximate range -2 to 20 degrees.

Parameters that effect these curves are primarily:

* Aerofoil Shape

* Reynolds No

* Aerofoils smoothness in leading edge region
* Turbulence of oncoming airflow

* Mach No

One detailed research investigation into how these parameters affect static stall

was performed by the National Advisory Committee for Aeronautics (NACA) in 1929.
From this work three distinct types of stall were identified:.

1. Leading Edge Stall

Sometimes known as short bubble stall, this is characterized by an abrupt loés in
lift. The cause of this is related to the formation of a laminar separation bubble that pre-
cludes a turbulent reattachment. This bubble is typically of <1% chord in length and
occurs immediately after the leading edge suction peak. As incidence is increased, so the
adverse pressure gradient at the turbulent reattachment point increases, until it can no

longer reattach. In affect, the bubble has burst.

An alternative mechanism (Van den Berg, 1980) in which leading edge stall may

occur is through a turbulent separation just after the turbulent reattachment.

2. Trailing Edge Stall.

This is a much more gradual stall, with the turbulent separation point progres-
sively moving forward towards the leading edge of the aerofoil as incidence is

increased. This stall is typical of thick aerofoil behaviour and high Reynolds numbers.

12



Figure 1.3 - Basic three static stall types (Crimi and Reeves, 1972)
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3. Thin Aerofoil Stall

This stall is also termed long bubble stall. It typically occurs on thin aerofoils
(<10% thick), and at low Reynolds (<10 6). The laminar separation point remains fixed,
however as incidence increases the turbulent reattachment following the bubble moves

progressively towards the trailing edge of the model

A given aerofoil’s stall may be prove to be a mixture of these stall types, as is
thought to be the case of the NACA 23012 section (Leishman, 1984). (The derivation of
these aerofoil sections and their relevance to this thesis is explained in section 1.4).
From the results provided by the NASA, GAULT (1957) formed the following correla-
tion (figure 1.4) between aerofoil nose geometry, Reynolds number and stall type. The
values for the NACA 23012,23012A and 23012B and 23012C aerofoils have been noted
on the graph

13
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1.2 Dynamic Stall

The physical process of events characterizing dynamic stall are well noted
(McCroskey et al, 1975) and are illustrated in figure 1.5. This experimental work which
led to the 1970’s classification of dynamic stall owes much to the work of HAM (1968),
Fisher and McCroskey (1972). They pioneered the time history pressure measurement

around an aerofoil undergoing cyclic pitch change in a two dimensional velocity field.

An early result from these tests are the classification of “deep dynamic stall”.
This occurs when the amplitude, maximum incidence and reduced frequency, (a non-
dimensional measurement of the frequency of model motion that expressed distance

travelled in half chord lengths by the free stream velocity, Eqn 1.1), are all sufficiently

Reduced frequency: k = (D_V Eqn- 1.1
2C

high, that the resulting aerodynamic loadings become independent of the aerofoils

14
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geometry or the Reynolds number. This deep dynamic stall is denoted by a vortex build-
ing up over the leading edge of the aerofoil, its subsequent passage over the aerofoil and
eventual shedding from the trailing edge. This vortex is commonly termed the dynamic
stall vortex and is singularly the largest factor in determining the resultant aerodynamic
loads on aerofoil undergoing deep dynamic stall. A typical dynamic stall on the
NACA?23012B is given below.

r 1 Figure 1.6 - Deep Dynamic stall on
50 _ 1 the NACA 23012B with a motion of
- o 16.0 + 8.0 x sin(wt) at an oscillation
§oof 1 frequency of 3Hz

c
o

Angle of oftack (Deq}

At lesser maximum angles, although still exceeding the static stall incidence, the
deep dynamic stall process does not occur. Instead the stalling process appears to have

been completely avoided (see figure 1.7), with a net gain to the integrated total lift over

1.5 T v T T 1.5
Vo A ‘o
0.5 0.5
(=3 =4
<> <
g g
o =
=2 o.o = o.o£
=) =
€ €
2 =
—-0.5 - —-0.5 B
—1.0ofF 7 ] —1.0f 7
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Figure 1.7 - Dynamic overshoot of static stall illustrating how with increased
motion frequency the static stall can be completely avoided

the motion. As the maximum angle of the oscillation is increased, so we start to see a
loss in the expected lift generated. From analysis of pressure distributions this can be
attributed to a trailing edge separation occurring, without loss of the leading edge suc-

tion peak ever occurring. No vortices are generated in this process, which has been
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termed light dynamic stall. The factors affecting light dynamic stall are still subject to
investigation since this is the area of most interest to the helicopter acrodynamicist. The
premise being to maximize the use of the dynamic stall loadings without deep dynamic

stall ever occurring. Possible factors effecting these are given in table 1.1.

Table 1.1 - Dynamic stall parameters, (McCroskey et al., 1980)

Stall Parameter Effect

Aerofoil geometry Large in some cases

Mach number Small below M < 0.2
Large above M > (0.2

Reynolds Number Small at low Mach number
Unknown at high Mach number

Reduced frequency Large

Mean angle, amplitude Large

Type of motion Virtually unknown

Three dimensional effects | Virtually unknown

Tunnel interference effects | Virtually unknown

Lastly, we must mention the dynamic case where reduced frequencies are so
small that the aerodynamics are dominated by the aerofoils static characteristics. No

dynamic stall process is invoked. This typically occurs for reduced frequencies < 0.10.

niversi
Experimental Research into dynamic stall has been ongoing at the department of
Aerospace Engineering, at Glasgow University since 1980 under the leadership of Dr. R
McD Galbraith. An impressive dynamic stall test facility has been built up around the
departments Handley Page Wind Tunnel that allows recording of pressure time histories
over an aerofoils chord whilst undergoing an arbitrary motion. Additionally, to facilitate
the understanding of aerofoil geometry on the light dynamic stall process, expertise has
been built up in the design and manufacture of fibre glass aerofoils to precise geome-
tries. This research effort has accredited several Ph.D studies into dynamic stall, as show
in table 1.2

17



Table 1.2 - Published thesis’s on dynamic stall at Glasgow University

Author Thestis title Year

Contributions to the experimental investigation of

G. Leishman aerofoil dynamic stall

1984

An experimental investigation of the low speed
L.Seto dynamic stall and reattachment of the NACA 23012 | 1988
aerofoil under constant pitch motion

An experimental investigation into the dynamic
R.K. Angell | suitability of thick section aerofoils for the blades of | 1990
large scale vertical axis wind turbines

An experimental investigation into the influence of
A.J. Niven trailing edge separation on an aerofoil’s dynamic stall | 1991
performance

The design and low Mach number wind tunnel
M. W. Gracey performance of a modified NACA 23012 aerofoil, 1991
with an investigation of dynamic stall onset

As stated earlier, there is still a lack of understanding of the role played by the
acrofoil geometry in the dynamic stall vortex initiation. McCroskey (1978) noted the

following four possible boundary inception mechanisms

* Bursting of the laminar separation bubble

* Breakdown of the turbulent flow immediately downstream of the
laminar separation bubble

* A thin tongue of reversed flow within the turbulent boundary layer.
This reversed flow would rapidly creep forward from the trailing
edge, without causing flow separation, until it reaches the laminar
separation bubble. Then it would cause the bubble to burst.

* The start of transonic flow at the leading edge. This only applies to
Mach numbers greater than 0.2.

One aim of the research being carried out at Glasgow University is to classify the
effect of acrofoil geometry on the dynamic stall process by testing a number of aerofoils
with a specific family connection. This family connection is that all the aerofoils have
been derived from the NACA 23012, as shown by figure 1.8.

Another feature of the test facility at Glasgow University is its ability to generate

18



Figure 1.8 - “Family” of NACA23012 Aerofoils Tested Under Dynamic Stall Condition.

<N

NACA 23012 ~ “generic Aerofoil” NACA 23012A ~ Modified upper surface to
enhance trailing edge separation, incorporating
l a reflex trailing edge.

A

NACA 23012B ~ Thickened, with modified NACA 23012C ~ Modified upper surface
lower surface, to produce section indicative of with increased camber to enhance trailing
inboard rotor sections. edge separation.

arbitrary motion tests. Early investigations have shown the ability of constant pitch rate
motions (ramp up) to be beneficial to the understanding of dynamic stall. In particular
they have been used to investigate both the vortex initiation mechanism (Niven, 1991)
and initial separation (Gracey, 1991). However, to the author’s knowledge there is no
published work on the use of ramp down motion tests. This thesis has concentrated on
particular ramp down data in order to gain a fuller understanding of the reattachment

process.

The current data base of experimental dynamic stall data collected at Glasgow
University offers a unique chance to analyse both the effects of aerofoil geometry and
motion type on the dynamic stall process at low Reynolds numbers. This database cur-
rently contains over 20 million pressure readings collected over 10 models for a range of

motion types. It is depicted by table 1.3

The methods for prediction of aerodynamic loads during dynamic stall have been
categorized (McCroskey, 1981 also Galbraith, 1985) into the following four types:

* Navier Stokes equation.

Solution to the Navier Stokes equation is fundamental to all fluid dynamic prob-
lems. However it’s solution is elusive for the very viscous flow field surrounding an aer-

ofoil during dynamic stall. The complexity of the time varying turbulent boundary layer

19



Table 1.3 - Dynamic stall database at Glagow University

Dynamic Stall database at Glasgow University

Model Number | Static | Sine | Ramp | Ramp | Unsteady | VAWT | Other | Total
Up Down | Static

NACA23012 48 549 87 37 0 0 0 721
NACA23012A 1 86 28 0 0 0 0 115
NACA23012B 56 279 123 45 90 29 51 673
NACA23012C 23 229 77 32 54 0 0 415
NACAO0015 52 324 84 32 71 84 26 673
NACA0018 52 324 84 32 71 84 26 673
NACA0021 52 324 84 32 71 84 26 673
NACA0024 52 324 84 32 71 84 26 673
NACAO0030 52 324 84 32 71 84 26 673
NACAO0015 10 62 6 0 0 38 0 116
Total 398 | 2769 741 242 499 487 181

Grand Total = | 5317

makes it difficult to achieve a stable solution. Additionally the computational power

required to solve this with a mesh of sufficient granularity around an aerofoil to capture

the dynamic stall effects, would be large

* Discrete potential vortex method

A potential flow, (no viscosity), is assumed over a region of flow which incorpo-

rates the boundary layer and wake. Discrete vortices are fed into this flow field to drive
the correct computational agreement with experimental data. These empirical data are
used to determine the vortex introduction mechanism. This mechanism can then be

applied to other models.

Newer discrete vortex methods have removed the need for empirical data to gov-
ern the vortex introduction method, and hence can be more predictive in determining

dynamic stall airloads.

20



* Zonal approach

The basic premise of these models is to separate the flow field into viscous and

inviscid regions which are artificially coupled by an iterative scheme.

* Empirical models

From the collected experimental data a set of correlations are formed with a
number of chosen parameters that are considered to influence the dynamic stall. These
parameters are typically the aerofoils static characteristics along with parameters that
describe the models motion. There have been many approaches to this solution since it is
the easiest to drive (assuming you have access to a database of experimental dynamic
stall data). These methods rely on the availability of a high quality experimental
dynamic stall database, such as the one available at Glasgow University. In the work
carried out in this thesis two of these experimental methods have been coded. Firstly the
work of Gormont (1973) was reproduced. This early dynamic stall model solved The-
odorsen’s Equation for a thin aerofoil oscillating in pitch and heaving about a mean inci-
dence of zero degrees. (Eqn 1.1), with the assumptions of incompressible, inviscid flow

being made.

Lift = pbz( Vno' +nh" - nba®") ) +2npVbC (VO +h' + b( % ~a) e')
Eqn- 1.1

This gives good account of the behaviour below static stall having incorporated
no dynamic stall effects. These are added empirically by monitoring a reference angle of
attack that ‘lags’ the actual incidence by a function dependent on the rate of pitch
change. It is this reference angle that allows the static lift curve slope to extend beyond
static stall values. However it does not allow the lift curve -slope to increase in value, nor
is any account made changes in dynamic stall between different acrofoil geometries. A

working model of this code is available at Glasgow University coded in Fortran 77.
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The second empirical model to be considered was that originated by Tom Bed-
does of Westland Helicopters Ltd. This code has been published in various papers (Bed-
does, 1984 etc.), and is currently used by Westland Helicopters Ltd as part of their

overall rotor load predictive code.

The Beddoes model concluded from experimental data that there is a common
non-dimensional time delay for the main dynamic stall events (figure 1.5). The non-
dimensional time delay is expressed in chord lengths of flow travel, equation 1.2. The

Non dimensional time NDT =1 = Tx‘—/ Eqn 1.2

C

total lift produced is separated into the circulatory and impulsive loadings, these are cal-
culated by superposition of indicial responses to step changes in incidence. Thus the
model can theoretically predict the aerodynamics for any motion type. This model is dis-
cussed in detail in chapter five, where it is used to predict the reattachment loadings dur-
ing the ramp down motion tests. One of the major advantages of this model is how it
attempts to model the physical observed events of the dynamic stall. Thus it is easy,
given experimental evidence, to incorporate any new physical feature of the flow into
the model. An example of this is given in chapter five, where the model initially models
reattachment very poorly due to the presence of the large wake behind the aerofoil dom-
inating the flow until it has been convected sufficiently far downstream. A simple
method to model this behaviour is introduced into the Beddoes model, which remark-

ably improves the correlation.

1.5 Outline of Dissertati

The experimental aerofoil used throughout this dissertation is described in chap-

ter two. It’s design, manufacture and instrumentation are discussed.

The experiments performed in the Handley Page wind tunnel are discussed in
chapter three. The computational and mechanical apparatus that make up the Glasgow
University dynamic stall test rig is briefly reviewed (see Leishman 1981 for more details
on this facility). Additionally changes made to the calibration of the system, and
changes to the algorithm for data capture are presented.

Chapter four presents a summary of the experimental data. This is included for
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completeness, with no specific analysis being performed on the data other than presenta-

tion format. A detailed comparison with the other experimental aerofoil sections is left

for future work.

The Beddoes dynamic stall model is outlined in Chapter five. The basic equa-

tions and assumptions that make up this semi-empirical model are outlined.

Chapter six considers the process of reattachment in detail. From detailed analy-
sis of the ramp down data, a correlation between the presence of the wake and the initia-
tions of aerodynamic loads is formed. This is incorporated into the Beddoes dynamic

stall model and correlations are performed.

Lastly, a conclusions chapter outlines the findings made on the reattachment pro-

cess and recommends areas where future research is required.

A complete set of available references on dynamic stall is given in appendix A.
Where appropriate these have been referenced throughout this thesis using the Harvard

system.
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Chapter 2

Design of an Experimental Aerofoil Section,

This chapter succinctly describes the design method used to create the NACA
23012B, an experimental aerofoil section (Fig. 2.1). Prior to the design of this experi-
mental section two other experimental sections had been derived using an inverse panel
method (Leishman and Galbraith, 1981). This approach was not employed in the design
of the NACA 23023B for the following reasons:

* The modification to the NACA 23012 had to be large to achieve the

required 16% thickness and the method is known to be unstable with
large modifications.

* There was no particular required design pressure gradient to feed
into the method.

* The validity of a potential flow method to design an aerofoil for an
unsteady viscous environment is dubious.

* The design method only allows for one angle of attack, the aerofoil
will obviously be operating over a range of angles.

Instead a set of required criteria was created for this new aerofoil, that would
firstly maximize its potential to enhance the dynamic stall data base at Glasgow Univer-
sity, thereby benefitting future research and secondly be representative of an aerofoil
section used on the inner section of an helicopter rotor. This second requirement was
requested by RAE Farnborough. To achieve this similarity they donated the coordinate
for the RAE 9651 section to be used in the design process.

Six design criteria were decided upon. These can be listed as:-
1. 16% thick.

Indicative of the thickness currently found on the root section of a rotor blade for

24



Y
C
7

(]

12.5

A Figure 2.1 - NACA 23012B Aerofoil profile
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Table 2.1 - NACA23012B Aerofoil coordinates

100%

Upper Surface Lower Surface
Station Ordinate Station Ordinate
0.000 0.000 0.000 0.000
0.110 0.943 0.035 -0.597
0.833 2.795 0.299 -1.697
1.800 4.043 1.221 -3.132
4,138 5.637 2.341 -4.089
5.371 6.220 3.728 -4.784
9.164 7.461 5.403 -5.333
12.135 8.052 7.455 -5.755
13.822 8.282 9.941 -6.111
17.151 8.568 12.811 -6.400
23.186 8.731 16.044 -6.651
25.174 8.724 19.622 -6.874
29.942 8.618 23.495 -7.059
32324 8.524 27.634 -7.215
37.880 8.213 32.998 -7.324
40.656 8.016 36.540 -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 -5.847
84.198 2.755 78.129 -5.287
92.103 1.488 85.588 -3915
96.055 0.819 91.700 -2.459
99.500 0.135 96.256 -1.185
100.000 0.000 100.000 0.000
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obvious structural reasons.
2+ Similar upper surface geometry to the NACA 23012.

To give more value to the experimental results when compared to the previously

tested sections at Glasgow.i.e retaining the family connection.
3+ Low speed Cm0 of about 0.04.

The ideal for the whole rotor is to have zero pitching moment about the 1/4
chord to reduce control loads. Obviously this is unattainable for all flight conditions.
However, the large dynamic effects on the tip section which lead to high negative pitch-
ing moments which can be offset by having positive pitching moment on the inner rotor

section.
4« Unstalled near zero lift incidence at a Mach number of 0.6.
A design consideration for an actual rotor blade.
5+ (Il at stall similar to NACA 23012.
See criteria 2 above, retain family connection.
6+ Minimize leading edge modifications.

See criteria 2 above, retain family connection.

2.2 Design procedure

Four aerofoils were initially designed, each was then marked against the above
criteria for the final selection. All four sections have an upper surface derived from the
NACA 23012. The lower surface of three of the aerofoils was derived from the RAE

9651 section. The fourth having a lower surface, as well as upper, derived from a NACA
23012.

To achieve 16% thick sections in each case, the NACA 23012 top surface was
rotated about the trailing edge until 16% thickness was achieved. A blending operation
was then performed in the leading edge region, to match the upper and lower sections.
This “Nose Blending” was performed in three manners (figure 2.2). The aerofoils result-
ing from an extension of the lower surface were discarded as they tended to alter the

upper section considerably, thus diminishing the family connection.
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The same also applies, to a lesser extent, with the mean line fit. Only one of the

four aerofoils given here employ this approach, the remaining three all have nose sec-
tions derived from the NACA 23012 top surface being extended.

The data for each section has been normalized such that the leading edge is rep-

resented by (0.0, 0.0), and the trailing edge by (1.0, 0.0). This process was necessary as

the nose blending tended to move the chord line off the x-axis. Table 2.2 gives the initial

top surface rotation and final resultant rotations after the co-ordinates have been normal-

1zed.
Table 2.2 - Characteristics of four experimental sections
Top Nose
No SuTr(f):ce Surf SI:IO r‘;;i; Matching Resulting Aerofoil
Rota. Technique
1 | NACA | .68° | RAE 9651 Extended | TS = NACA 23012 rotated 1.4°, from 17.5 to 98.5%
23012 Top Surface | S = RAE 9651 rotated 1.0°, from 5 to 100%
2 | NACA | 170° | Normalized [ Extended | TS =NACA 23012 rotated 0.8°, from10.0 to 98.5%
23012 RAE9651 | Top Surface | ; o _ pAE 9651 rotated 1.0°, fromé4 to 100%
3 | NACA |70 | Normalized |MeanLine | T§=NACA 23012 rotated 1.4°, from10.0 to 98.5%
23012 RAE 9651 Fit LS = RAE 9651 rotated -0.1°, fromO to 100%
4 | NACA | 3150 | NACA Extended | s = NACA 23012 rotated 1.4°, from20.0 to 98.5
23012 23012 Top Surface | | ¢ _ NACA 23012 rotated -1.6°, from 5 to 100%

Figure 2.2 - Nose blending methods

Extended Lower Surface

Mean line fit
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It was found that be normalizing the RAE 9651 data prior to matching with the
NACA 23012, a lesser leading edge modification was required. Since the Family Con-
nection is not related to the RAE 9651, both the straight and normalized RAE 9651 data

were used.

In the design process up to 500 points were used to define each aerofoil. This
number was reduced to 71 points once the shape was finalised. The main reason for
doing this being the need to provide data for a panel algorithm to predict the aerofoils
static characteristics. By comparison of each of the four designs against the design crite-
ria, design number 2 (as indicated on the above table) was selected as the aerofoil to be
tested (see conclusions for comparisons). This experimental aerofoil has been named

“NACA 23012B”, see figure 2.1.

2.3 Aerofoil program
As a result of the work carried out in the above design procedure, a package of
Fortran 77 routines was written to perform the task of maintaining a library of aerofoil

data and to supply a set of routines for doing geometric manipulation of this data. This

program is still in existence at Glasgow University to aid future geometric design.

The tree diagram below illustrates the basic elements of this program.A typical
Figure 2.3 - Tree diagram of Aerofoil Program

Aerofoil program

Generate New Shape Read in shape from library
Display Modify Store Analyse

example of the type of graphical output are given in figure 2.4, where the mean camber
line and thickness distribution is given for the NACA 23012B section. Interestingly, this
figure shows how an aerofoil may achieve a reflex camber line without having a reflex

trailing edge, due to dominant thickness distribution over the trailing edge of the aero-
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Acrofoil profile

x18~1
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2 4 [ . 19
xu
-1

Max thickness 15.98
at 27.9% chord

Thickness distribution

x1g-1
1

Mean camber line, amplified by a factor of 3.

):51 22 Max camber 0.92%
i at 16.7% chord
(4V’_\ - "
2 A Wnu
= Max camber x!0.801
at 77.98 chord

Figure 2.4 - Thickness and camber line plot for the NACA 23012B aerofoil

foil.

The aerofoil program was given the ability to generate aerofoils that have known
formulae (i.e NACA sections - Abbot and Von Doenhoff, 1968). Also a database was
kept of sections denoted by a set of co-ordinates (i.e NACA 23012B section). Modify
routines enable the user to normalize the current working set of points, rotate a portion
of the points, combine two sets of points performing an add/delete or change individual
points. The analysis routines were primarily used to return a set of geometric statistics
about the given shape, and by use of a potential flow panel method (Leishman and Gal-
braith, 1981) predict a set of aerodynamic constants for the given shape. Table 2.3 lists

these geometric and aerodynamic constants.

2.4 Structure of Aerofojl
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Table 2.3 - Aerofoil Constants considered of Interest
Geometric Aerodynamic
Max Thickness, and it’s x/c location Cl, Cm at 0° incidence
Max Camber, and it’s x/c location Zero lift angle
Leading Edge radius Cl vs angle gradient
Trailing edge angle Cm, angle
Trailing edge thickness
Area enclose
Ixx and Iyy about 1/4 chord

A standard method of aerofoil construction for dynamic stall testing was used.

This is summarized here, but is discussed in greater detail by Niven, 1981.

Initially a set of female templates for the upper and lower surfaces were hand
manufactured out of 10mm thick mild steel. The chord length for the model was set to
0.55m, as used on previous models. This is a compromise between achieving high Rey-
nolds Numbers during testing and minimizing the tunnel blockage effects (see chapter

four).

These templates were used as a guide to build the upper and lower surface
moulds out of wax. This was performed by a rack mounted router that was hand drawn

over the wax. The cut was 2mm oversize to allow for final machining.

Initially the pod section was laid up using a 3mm thick layer of gel surface coat
followed by epoxy resin impregnated with slate powder and chopped glass fibre stands.
Three layers of 280g glass fibre woven matting were added on top of this to provide
rigidity. These were layered at 45 deg to achieve maximum torsion rigidity. Finally a
layer of plywood was attached using epoxy resin. This provided the mounting surface
for the pressure transducers. Since the pod is positioned at mid-span to house the pres-
sure transducers, it is the most important part of the model in terms of reflecting the

required design shape.
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Main Glass-Fibre Composite Skin
Internal Foam Mixture Structure
Aluminium Spar (see Figure 2.17)
Upper Surface Pod

Lower Surface Pod

Aluminium End Plate
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Tufnol Insert
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Figure 2.5 - Construction of test model (Niven, 1981)
Smm diameter were laid from one edge of the pod to the pivot point location to carry the

transducer wires through the model structure, figure 2.5

Finally the entire model, with pod attached, was machined using a metal router
to the required design shape. The final finish being made smooth using fine grade wet
and dry emery paper. It’s accuracy was tested against the female templates by checking
the clearance with feeler gauges. The overall accuracy was assessed to be within 5/1000

of an inch.

The model was then drilled and fitted with fine copper tubes flush with the sur-
face that went directly into the pod section. Perspex pressure transducer housings were
attached to the ends of these tubes, before finally the thirty pressure transducers were
added to the model (see chapter three for details of pressure transducer). The locations
of these thirty pressure transducers were based upon:

* Need to minimize integration errors when calculating Cn and Ct

coefficients for all encountered pressure distributions. (The dynamic
stall obviously having a large effect on this).

* Need to match locations with previously tested models to allow direct
comparisons.
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The resulting locations are shown in figure 2.6 and table 2.4.

20

Figure 2.6 - Pressure transducer locations for NACA 23012B

'_‘!

Table 2.4 - Pressure transducer locations
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Thirty Pressure Transducer Locations

X(D)/C

0.970

X(2)/C

0.900

X(@3)/C

0.820

X(#/C

0.740

X(5)/C

0.660

X(6)/C

0.580

X(n/ic

0.500

X(8)/C

0.420

X©9)/C

0.340

X(10)/C

0.270

X(1n/c

0.200

X(12)/C

0.140

X(@13)/C

0.100

X(14)/C

0.075

X(15)/C

0.050

X(16)/C

0.025

Xan/c

0.010

X(18)/C

0.003

X(@19)/C

0.001

X(20)/C

0.000

X(21)/C

0.001

X(22)/C

0.900

X(23)/C

0.020

X(24)/C

0.050

X(@2s)/C

0.100

X(26)/C

0.200

X@27n/C

0.500

X(28)/C

0.650

X(29)/C

0.800

X(30)/C

0.950

Much effort had been employed in previous models in designing and manufac-

turing a spar that would minimize the weight of the model, yet still provide enough tor-
sional stiffness. All the calculations are based on the assumption that the spar takes all
the loading. In reality this weight consideration is of little importance (apart from the

ergonomics of two people being able to physically load the model in the wind tunnel), so

a much simplified spar design was employed. This is summarized by table 2.5.

2.5 Conclusions

A set of programs has been written to aid future work on aerofoil design, these
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Table 2.5 - Spar designs

. Weight | Tor. Stiff. GJ Bend. Stiff. EI
Aerofoil | Researcher Spar shape (Kg) | (Nm2 x 10-5) (Nm2 x 10-4)
NACA | G. Leishman e 36.8 4.81 1.2
23012 & L. Seto
NACA | A.Niven 19.5 3.10 1.8
23012A [ —————

NACA | D. Herring 37.6 19.9 1.3
23012B |

NACA | M. Gracey 19.6 2.16 1.25
23012C <4

NACA | R. Angell 45.2 24.0 1.34
0015 I

are currently available through Glasgow university as the “Aerofoil program”. A new

experimental section has been designed using these routines. In relation to the six design
criteria, the NACA 23012B section achieved the following:

Table 2.6 - Comparison of the design criteria with achieved results

Criteria Attainment
16% Thickness Yes
Similar upper surface to NACA 23012 | Yes, see table 2.2
Low speed Cm,, of 0.04 Yes, as predicted by a panel method (Gal-
braith, 1981), see figure 2.7.
Unstalled at Mach 0.6 Yes, test carried out computationally at RAE

Farnborough by Alan Jones. See appendix B
for letter of communication.

Cl at stall similar to NACA 23012

No accurate way to measure this, see chapter
4 for actual measurements

Minimize leading edge modifications

Yes, by extending NACA 23012 section over
nose section.

Additionally, the spar design process has been rationalized.

The current lack of a dynamic stall design code should be noted for future work
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Figure 2.7 - Panel Edge Pressure Coefficient Cp
Distribution for a NACA 23012B section at 0.0
degrees incidence.

Coefficient of Lift -0.0706
Coefficient of Drag -0.0004
Coefficient of Moment, 1/4chord 0.0371
m__\
by 1 ) 1 3 N 12
X197}
xC
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Chapter 3

Experimental procedure

This chapter describes the equipment that makes up the dynamic stall test rig at
Glasgow University. This facility has been built up over a number of years and owes
much to the research work of Leishman (1984), Seto, (1988), Niven (1991), and Gracey
(1991)

The main components of this facility are:

3.1 Handley Page wind tunnel

This is a low speed, closed return type wind tunnel with an octagonal working
section of 1.61 by 2.13m. The air velocity can be varied between 0-60 ms™!, however at
the velocities above the 40ms™' the tunnel’s propeller would be considerably stressed,
and additionally the air temperature would rise in the tunnel such that thermal equilib-
rium would not be determined without leaving the tunnel running under stress for an
unacceptable length of time. Most of the tests carried out were performed at 40ms’!.
This is highlighted in table 3.1which shows typical relationships between tunnel air
speeds and Reynolds / Mach numbers.

Table 3.1 - Typical wind tunnel settings

f::c:;y Nurl:liz:l Zl(dlsO'% Mach Number Dynm(ilc’egr o
21.1 0.8 0.064 260
29.0 11 0.088 560
396 15 012 930
59.4 20 0.18 1700
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A plan view and cross section of the wind tunnels working section are illustrated

in figures 3.1 and 3.2

3.2 Pitch control mechanism and measurement

The angular pitch of the model was controlled by a linear hydraulic actuator,
UNIDYNE 907/1 which has a normal dynamic thrust of 6.0 kN when operated from a
supply pressure of 7.0MN/m?2. The actuator was mounted horizontally beneath the wind
tunnels working section, being connected to the tunnel support structure by a pivot hinge
and to the model at the aluminum spar end plate. A MOOG 76 series 450 servo valve
was used via a UNIDYNE servo controller unit. Feedback for this unit was provided by
a precision linear angular displacement transducer. This angular displacement trans-
ducer was based upon a wire-wound potentiometer that was connected to the models
rotational axis via tufnell gears in the ratio 5:1. The output from this transducer provided

three purposes:

* Feedback to hydraulic actuator controller

* Connection to data acquisition unit for recording instantaneous
angle of attack

* Connection to a Schmitt trigger on the data acquisition unit, to ini-
tialize data sampling when an angle threshold had been reached.

The command signal to the actuator was provided by a commodore PET com-
puter. An 8-bit digital-to-analogue convertor was attached to an output port of the PET.
A set of BASIC routines with embedded raw 65012 machine code was used to generate
digital wave forms of the required motion type. The frequency of the output wave form

was controlled using the 1Mhz internal instruction clock in the PET computer.

3.3 Dynamic Pressure -

This was measured using a FURNESS FCO012 micromanometer as the difference
between the static pressure in the tunnels settling chamber and the static pressure in the
working section. The static pressure was measured 1.2 m upstream of the model’s lead-
ing edge in the working section, through apertures 4mm in diameter on each side wall. A

similar arrangement was used in the settling chamber.
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Figure 3.1- Plan view of Handley Page wind tunnel
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Figure 3.2- Cross section through wind tunnel working section
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Figure 3.3 - Dynamic stall test rig (Leishman, 1981)

Alternatively, the FURNESS micromanometer could be switched to use a pitot-
static probe positioned in the working section at mid tunnel height on the lower surface
of the aerofoil side of the tunnel. This measurement could be used to assess the effects of
blockage as the model was rotated to large angles of attack, whilst the difference in
static pressure represents an averaged dynamic pressure across the entire working sec-

tion. (See chapter four - Experimental errors sections for a discussion on this).

The FURNESS FC0122 micromanometer provide a digital display output, which
allowed manual setting of tunnel speeds. Additionally it provided an analogue signal

which was connected to the data acquisition computer for data logging.

3.4 Pressure Transducers

The pressure transducers used were a mixture of ENTRAN EPIL-O80B-58 ultra-
miniature pressure transducers and KULITE XCS-093-5-G pressure transducers, both
types performing equally well. The main difference between these pressure transducers
being the KULITE XCS-093-5-G type had a reference pressure of atmospheric pressure,
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whilst the ENTRAN were of sealed reference pressure type. Both designs use an excita-

tion voltage of 15V, which is fed to a wheatstone bridge arrangement of resistors

mounted on a silicon diaphragm. A temperature compensation unit is attached to each

transducer to minimise drift, this is particularly important for working in closed section

tunnels where temperature can vary considerably (20-35deg). The basic manufacturer’s

quoted properties and size are given in the table below.

Table 3.2 - Manufacturers Specification for Entran
Ultra-miniature Pressure transducer

EPI-127 and EPI-152
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One improvement to the system was in the method of mounting the pressure
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Figure 3.4 - Alternative method of mounting pressure transducers
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transducers. Previously all transducers were mounted in specially constructed perspex

blocks using a silicon wax sealant. This proved unreliable in terms of seal and lead to a

large percentage of damaged transducers due to silicon wax entering the transducer

housing. The new method was simplified to directly attaching the transducer to the brass

tube via a rubber sleeve. This rubber sleeve was of sufficient elasticity to suffer no

observed deflection at pressure differences in excess of the maximum experienced under

experiment, (see chapter 4 - experimental errors).

The resonant frequency of this pressure chamber was calculated to be > 10Mhz
(Eqn 3.1) (Fluid Mechanics - Robert A. Granger). This is far above the models motional

excitation frequencies (12.5 Hz). Additionally, the pressure waves associated with

dynamic stall are far below this resonant frequency.

The resonant frequency of a fixed chamber with similar volume to the tubing volume.

Natural frequency:

W =
L

-
vt
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Eqn- 3.1

Vt = tubing volume

V = Chamber volume
P= average pressure

r= ratio of specific heats
p= density of air




3.5 Dat isiti I

A DEC MINC-11 microcomputer was the central component for data acquisi-
tion. It was fitted with an LSI-11/32 16bit microprocessor. Data storage during a
sequence of runs was provided by an RX02 dual floppy disc system, a THORN EMI
DATATECH D6100/48 Winchester disc drive and a THORN EMI DATATECH 9800
magnetic tape unit. A VT105 terminal was attached to the system for graphical output,
with hard copies being output on an ANADEX dot matrix printer.

The DEC MINC-11 microcomputer had the following additional laboratory
modules to enable it to perform data acquisition:
* An analog to digital convertor module, with a 16-channel multiplexer
incorporated. The 12-bit successive approximation convertor had a
conversion time of approximately 30 micro-seconds, but multiplexer

settling time, channel selection and data transfer increased the time
required for reading to 44 micro seconds.

* A multiplexer module of 16 single-ended channels. This increased the
data recorded channels to 32.

* A real time clock module, with two Schmitt triggers. This was used as
a time-base generator to accurately set the sampling frequency. One
of the Schmitt triggers was used to initialize data sampling by feed-
ing off the angular displacement transducer.

* A digital to analog convertor module which housed four independent
12-bit digital to analog convertors. This was used to provide a signal
to the actuator controller to set the angle of attack during static tests.

The low voltage outputs from the pressure transducers were amplified in a rack
of differential amplifiers and passed to a sample and hold unit which prevented time
skew problems when sampling data at the higher frequencies. The angle of attack read-
ing was similarly recorded using a sample and hold circuit, whilst the dynamic pressure
was read at the same time as the sample and hold circuits were triggered. Additionally,
to prevent data clipping, the signal outputs from the thirty pressure transducers were
passed through a comparator, if outside -5 to +5V a LED on the appropriate channel
would display. The user could then adjust the amplifier gain for that channel, recalibrate

(see System Calibration), and repeat the run.

3.6 System Calibration
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Figure3.5 - Schematic layout of data acquisition system, (Leishman, 1981)

Before any testing was performed, each of the three principle measurements

were calibrated with the model in the tunnel.

3.6.1 Angle of attack

Initially the model was manually rotated in the tunnel over the working range (-

20 to 50 degrees), whilst continuously monitoring the output from the potentiometer.

This ensured that over the angular operating range the transducer’s limits were not
exceeded, thus preventing dangerous feedback signals being sent to the hydraulic actua-
tor. A FORTRAN 77 program was then employed to step the model through 32 discrete

angle changes, pausing at each change for the user to input the tunnel measured angle.
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The tunnel measure angle was read from a calibration strip attached to the tunnel floor
over the arc described by the model’s trailing edge. This calibration strip was geometri-
cally aligned to the tunnels center line. The computer program was thus able to output an
Angle Vs. Voltage relationship. This was basically a linear relationship, but in keeping

with previously tested models a polynomial fit was applied.

The actual angle of attack experienced by the model in any wind tunnel will be
affected by the tunnels accuracy in producing 2-D flow. A previous experiment has
measured the yaw, downwash and turbulence experienced in the Handley Page wind
tunnel. These are summarised in figure 3.6.

Figure 3.6 - Handley Page wind tunnel flow angularity
measurements

Downwash (deg).

Despite these tunnel irregularities, the absolute incidence measurement at the
tunnel centre line was considered to be within < 1 deg accuracy by comparison of the
static data for the previously tested NACA 23012 aerofoil with data obtained from other
wind tunnels (Abbot and Von Doenhoff, “Theory of wing sections”). However, more
importantly for the nature of this work, relative incidence changes of the model could be

measured to < 0.01 degree accuracy.

3.6.2 Dynamic pressure

The Furness micromanometer was factory calibrated at regular intervals. It’s

accuracy was stated as < 0.01 Pa

3.6.3 Pressure Transducers
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Previous models had relied upon the manufacturers data for each pressure trans-
ducer (mV/PSI) combined with the gain of each individual amplifier in the data acquisi-

tion system to provide a single coefficient for mapping voltage readings to pressures.

AVoltage x Calibration Eqn-3.1
AmplifierGain

Pressure =

This process was improved upon by directly calibrating each pressure transducer
right through the system by sequentially applying pressure and suction firstly over the
model pressure transducer’s orifice. Using a small electric pump, pressures were applied
in the expected test range -2.0 to 0.5 P.S.I. (This is based upon a wind tunnel dynamic
pressure of approximately 1000 Pa with a Cp variation at the transducer location of -15
to +1). Simultaneously 128 recordings of the transducers output were made by the data
acquisition system, along with the output from a reference pressure transducer that was
built into the pump. These calibrations dramatically improved the overall quality of the
data, as demonstrated by the improved smoothness of pressure distribution plots, figure

3.8. A typical calibration graph for a pressure transducer is given in figure 3.7.

Calibration

of Pressure Transducer No.15 overworking range

T T

Voltage Output, mv
[
N
|
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-2.0 -1.5 -1.0 -0.5 0.0 0.5
Pressue, P.S.|

Figure 3.7 - Pressure transducer calibration graph




Figure 3.8 - Comparison of quality of pressure data between two models to
illustrate the improvement achieved through calibrations of the pressure
transducers through the entire systems
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Before any tests were performed a review was carried out on the test procedure
used on previous models. This basically involved running the tunnel at high speed for
approximately 30 minutes followed by leaving it running at low speed for 30 minutes.
This was to ensure thermal stability in the tunnel and allow the pressure transducers
within the model to thermally soak. Next, the tunnel was shut down, (zero air speed),
and a zero offset recording was made for all the pressure transducers and stored for later
data reduction (see section 3.8 data reduction). Immediately after this the tunnel was
started up and set to run at the required velocity. Whilst the tunnel was starting up (a

process that takes around 3 minutes to achieve 40 ms’1), data acquisition software was
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started on the MINC computer. This prompted the user for several inputs for this partic-
ular test, (run number, temperature, motion type, frequency/ amplitude/mean angle,

starting angle etc.). When the tunnel had reached the required speed, the motion control

computer was started, again prompting the user for the motion type inputs, then generat-

ing the signal to start the required model motion. Once this had been achieved, the user

initiated the start of data acquisition on the MINC computer. Once completed the tunnel

was shut down and the process restarted for the next data run. Each test performed was

assigned a run number which was manually recorded in the “Dynamic Stall Data Log”.

A typical page entry is shown in figure 3.9.
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Figure 3.9 - Dynamic stall io-é
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This process meant that a typical series of 200+ tests could take several months

to record, meanwhile tying up the Handley Page wind tunnel, which is an expensive
resource to run. To enhance this process the FORTRAN data acquisition programs used

were overhauled. They were modified to perform a batch of test runs, reading the input



data from batch files with minimal user input. Additionally, the prompting of inputs
required to generate the control motion software was incorporated into this software.
Thus, for example, the model could remain in sinusoidal motion at a fixed mean angle
and amplitude, whilst the frequency was stepped through the test range pausing at each
frequency just long enough to allow data acquisition. Tests continued in this automated
manner until the temperature had risen by 2 deg in the wind tunnel. Only then was the
tunnel shut down, and the zero offsets recorded. This change enabled a model’s testing
time to come down from 3 months to 2 weeks, for a comparable set of runs, with no loss

in data accuracy.

If the data acquisition system had been fully coupled to the motion generator,
then this process could have been reduced to days. Additionally, since over the whole
range of tests the zero offset change was negligible, it would have been acceptable to
extend the allowed temperature change (2 deg) to a greater value between tunnel shut-

downs.

3.7.1 Flow visualisation Experiment

Initially a set of flow visualisation experiments were performed on the NACA
23012B to assess the static separation characteristics of the aerofoil and also observe
any tunnel three dimensional effects. All these tests were performed at a Reynolds num-

ber of 1.5 x 10%, with the pressure orifices sealed using “magic” tape.

Flow visualization was performed by first covering the entire upper surface of
the model with a mixture of saturn “dayglow” powder, iodine oil and paraffin. This mix-
ture was stippled onto the surface, and the required angle of attack set with the tunnel
shut down. The tunnel was then started up at a velocity equivalent to Reynolds number
1.5x 106 (approximately 40 m/s, with slight variations depending upon the air tempera-
ture). The tunnels observation windows had been sealed to allow no light in, addition-
ally the fluorescent tubes in the tunnel had been changed to ultra-violet tubes. The flow
pattern was allowed to develop fully before the result was recorded using black and
white photographs taken through a yellow filter using a 3Smm camera. In high incident
cases, gravitational effects on the oil start to distort the aerodynamically achieved flow

pattern, thus at incidences above the stall the result was recorded prior to these effects
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predominating. A typical time for the flow pattern to be clearly visible would be 3 min-

utes after the wind tunnel had reached the required velocity.

An additional set of tests were carried over a limited angle range to access the
effect of using a trip wire on the model. The trip was varied in location around the lead-

ing edge region, and also varied in thickness from 0.2 mm thick wire to 2 mm thick wire.

Table 3.3 - Flow visualisation tests

Flow visualisation test tests at 1.5 million Reynolds Number.,

Upper Surface Photographed Angles of Attack

-10.0 -8.3 -8.0 -5.8 -3.5
-2.6 -1.6 0.6 23 217
4.8 6.5 9.9 11.2 11.7
133 13.8 14.9 16.0 16.8
l 17.0 17.8 18.0 204 218
239 259 27.7 29.6 31.8
34.1 36.6 39.9

Upper surface with trip wire - Angles of attack

-2.0 23 3.0 74 11.7

12.6

Lower surface - Angle of attack

9.2 4.9 0.9 55 10.1

144 194 242

3.7.2 Static

A large number of static tests were performed on the model, with variations in
the Reynolds number and the measured arc range. Unlike conventional wind tunnel
static experiments, these were performed in an automated manner. The data acquisition
software would step the model through 64 discrete incident changes, typically going
from -2 deg to 30 deg in 0.5 deg steps. At each incidence 100 samples of the pressure
transducers were taken over a 1 second period and averaged. This averaged result was
recorded. Since there was no time restriction on the software during static tests, a com-
puted Cn Vs. angle graph was displayed by integrating these Cp pressure distributions
and outputting to an attached graphics terminal.
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Once the 64 increasing angle steps had been completed, the software reversed
the stepping direction and measured a further 64 angles of attack, with the model step-
ping down in -0.5 degree increments. Thus a static data run recorded 128 sweeps of data,
measuring both the separation and reattachment processes. A complete listing of the test

runs performed, including static tests are given in appendix D.

7 nste i

These were carried out at a fixed angle of attack to measure the “unsteady” com-
ponent in the static data. Basically 256 samples of the pressure transducers output were
recorded at the highest possible frequency (550Hz). This was repeated for a range of
incidences at Reynolds numbers of 1.0 x 10, 1.5 x 10% and 2.0 x 10%

7.4 Si idal

These tests represented the bulk of the experimental data, since they most closely
describe the incidence change experienced by a helicopter rotor during forward flight.
The parameters that could be varied were mean angle, amplitude and reduced frequency.
The range of tests performed is illustrated by the tables 3.4 to 3.6. For each test 128
sweeps of data were recorded over a complete oscillation, and 10 complete oscillations
were recorded. At the highest reduced frequencies it was not possible to record 128
sweeps at 550 Hz (max sampling frequency) within the time frame of one oscillation. In
these cases the 128 number of sweeps was reduced to the number that could be recorded
at 550Hz within the oscillation time period. Each of the 10 recorded oscillations was

started at the same “trigger” angle of attack, by use of the Schmitt trigger.

Table 3.4 - Summary of Oscillations with mean angle of 10 degrees

Mean Angle 10 degrees

Amplitude 4 6 8 10

Reduced frequency 0.010 | 0.025 | 0.050 | 0.075 | 0.100 | 0.125 | 0.150 | 0.175

Reynolds number 1.5x10°
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Table 3.5 - Summary of oscillations with fixed amplitude 8 degrees

Mean Angle 10 11 12 13 14 15 16 17 18 19 20 |25
Amplitude 8
Reduced frequency 0.010 0.050 0.100 0.125 0.150 0.175
Reynolds number 1.5x10°
Table 3.6 - Summary of tests with varying Reynolds number
Mean Angle 2 4 6 8 10 12 14 16
Amplitude 10
Reduced frequency
Reynolds number 0.8x10° 1.0x10% 1.5x10% 2.0x10°

3.7.5 Ramp

The use of constant pitch rate tests has been previously applied to understanding

dynamic stall, (Carat, 1971), and this facility has proved very beneficial by previous

researchers at Glasgow University in investigating the separation process (Niven, 1991). To

continue this trend and apply it to the process of reattachment a complete set of tests were

carried out for ramp up and ramp downs (decreasing incidence). Once again the range of

tests is shown in the following tables.

Note that the non-dimensional reduced pitch rate is used instead of the pitch rate,

and is defined in a similar manner to the reduced frequency used on the oscillatory tests,e.g:.

O'c

Reduced pitch rate: r = v Eqn - 3.
Table 3.7 - Summary of ramp tests performed
Start angle -5 (Ramp up) 35 (Ramp down)
Arc 40 degrees
Reduced pitch rate, r 0.00 to 0.05 in steps < 0.002
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Table 3.7 - Summary of ramp tests performed

Reynolds number 0.8x10° 1.0x10° 1.5x10° 2.0x10%

Table 3.8 - Impulsive loading tests - (Fast ramps at low speeds)

Start angle 0
Arc 4 8 12 20
Reduced pitch rate 0.00 to 0.08 1n steps < 0.002
Reynolds numberx(10°) 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Each ramp test consisted of the model at zero incidence whilst the tunnel reached
the required velocity. Then the model was automatically moved to the starting angle by
the motion control software and ramped at the required pitch rate over the required arc.
During this ramp motion 256 sweeps of data were recorded, the data recording period
going beyond the duration of the motion to record the transient aerodynamic effects.
This process was performed for five separate ramps over the same arc. Data initializa-
tion was once again set via the Schmitt trigger to be consistent between the five sets of

results

3.7.6 VAWT

The incidence function encountered by a Vertical Axis Wind Turbine is illus-
trated in figure 3.10. This motion type was programmed into the motion generating soft-
ware and a range of tests performed to cover it. The point of interest being that since the
incidence function is not symmetrical, then would not a non-symmetrical aerofoil
achieve the best output on a VAWT? A separate study by Roger Angell (1992) looks
into this type of data.

Table 3.9 - VAWT function tests

Tip speed ratio, B 0.75 2.33 2.8 3.25 3.5 4.0 5.0 6.0

Reduced frequency 0.02 0.04 0.06 0.08

Reynolds number 1.5x10% 2.0x10°

3.7.7 Ramp wave

This motion type is a derived discontinuous function illustrated in figure 3.10.
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Figure 3.10 - Definitions of tested motion types
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The purpose of testing this type of motion was for validation of any theoretical models
that predict dynamic stall behaviour. These models should be able to cope with any
angle of attack histories. As with the other oscillatory tests, 10 cycles of 128 data sweeps

were recorded. A list of the runs performed in this manner is given in appendix D.

Random inciden riation

Here the model was moved randomly in incidence by a hand held dial input into
the motion generator. Obviously only one cycle of 256 data sweeps could be recorded
with the non-repeatable motion tests. Again their purpose is in validation of theoretical

dynamic stall models.

The raw data files recorded for the motion type described above contained volt-
age values for the various transducers. These has to be converted using the calibration
coefficients into angles, dynamic pressure and pressure coefficients. The coefficients to

perform this were stored in the run information block of 128 real values that heads every

raw data file. The basic format for a raw data file is given in table 3.10.

Table 3.10 - Typical Run information block

1 Run number 2 Day of test 3 Month of test 4 Year of test
5 Temperature (deg. C) | 6 Pressure (MM Hg) 7 Motion type 8 Mean angle
9 Amplitude 10 Oscillation freq 11 No. of sweeps 12 no. data values
13 No. of Cycles 14 No. of Samples 15 No. of Blocks 16 Clock: IRATE
17 Clock: IPRSET 18 Sampling Freq 19 Unused 20 Reynolds Number
21 Mach Number 22 Reduced Frequency | 23 Velocity (MS**-1) 24 No. of Blocks/Cycle
25 No. in unfilled silo _26 Aver/Unaver 27 Interpolated for 28 Cps=0olts =1
29 Dynamic Pressure 30 Model No. 31 Coefficient file no 32 Requested Pitch Rat
33-64 Transducer Zero offsets
65-96 Transducer Gains
97-128 Amplifier Gains

The data reduction process was carried out on a VAX11/750 computer using a
set of FORTRAN 77 programs. The calculations it performed were basically a simple
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multiplication of the voltages against the calibration coefficients. The coefficients of
pressure (Cp), were measured relative to the instantaneous dynamic pressure in the tun-
nel - see chapter 4 for a discussion on this. Therefore, for each sweep of data one angle,
one dynamic pressure and thirty coefficient of pressure calculations were performed as

follows:

Cp = MeasuredPressure Eqn- 4.1
DynamicPressure

The 10 cycles for oscillatory tests were averaged to form a simple set of data
describing one complete cycle. This process enhanced the salient features of the test
whilst removing any random differences between the cycles. The unaveraged data was
also stored for analysis. A similar averaging process was carried out for the ramp,

VAWT and ramp wave tests.

The resultant averaged data have been transferred to the dynamic stall database
for analysis. Each test was assigned a unique eight digit number which encoded the

salient points for that test. Figure 3.11 illustrates the breakdown of this encoding.
Figure. 3.11 - Run number identification

Model No. Test conditions
D1 = NACA 23012 0 = Normal
02 = NACA 23012B 1 = Trip wire fitted
03 = NACA 23012C 2 = Hot film data recorded
e, 3 = Trip wire + Hot film data
\ 4 = Model reversed in tunnel
101
030 Ilﬂl 00|!_, Attempt number
/ T—.[This number was incre-
mﬁon type mented if a particular test
D = Static was repeated.
1 = Sine Run Number
2 = Ramp Up 3 digit number that indicates the
3 = Ramp Down chronological order in which
A4 = Unsteady static the tests were performed.
5 =VAWT
6 = Ramp wave
8 = Random
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3.9 Conclusions

The standard test procedure has been enhanced to provide better pressure quality
data.

The test procedure has been improved to allow better usage of wind tunnel time.

A full set of test data has been recorded for the NACA 23012B aerofoil and

made available on the Glasgow University dynamic stall data base.
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Chapter 4

rvi f Results for the NACA 230128

A full graphical listing of the complete set of test results for the NACA 23012B
has been published in four volumes (Herring and Galbraith, 1988). The data presented in
these reports is in a standard format with the upper surface time history pressure distri-
bution, alongside plots of Cn, Ct and Cmy, against incidence and also against non-

dimensional time. An example of one standard report plot is given by figure 6.3.

At the time of writing only the data for the NACA 23012B aerofoil was avail-
able. For a comparison of the dynamic stall characteristics of the family of NACA
23012 models see GRACEY, (1991). The ramp down data is not considered in this

chapter, it being covered in chapter five.

4.1 Visual data analysis
“..Thought is impossible without an image.” Aristotle, 325 B.C

Although the standard report plot summarises the data, they cannot solely pro-
vide the means to do experimental analysis on the data. This frequently requires the
analysis of individual pressure transducer outputs etc. Initially the analysis of the
dynamic stall database was done via a suite of display programs written in Fortran 77
using the NAG and Ginograf plotting libraries. Output was either to a “dumb” VT240
graphics terminal, or hardcopy on a Versatec plotter. This work resulted in a wealth of
plotting routines to output the data in imaginative formats that assisted the research.
Appendix A contains the proposal that outlines the nature of this work. One typical
example of this work is given in figure 4.1, where pressures are shown in vector form
around the aerofoil. Another example is the “DSDISPLAY3D” plot routine which plots

the entire upper and lower surface pressure distribution time histories on one plot by
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1. Swaep No. 8 45
Angle = 10.8 (Deg>.

2. Sweep No. 3 46
Angle = 10.8 (Deg).
/ 1

Figure 4.1 - Individual sweeps
of data plotted as pressure vec-
tors around the aerofoil

3. Sweep NO. ¢ 47
Angle =  10.8 <Deg>.
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\\k\%!fffffﬁ , /

unrolling the aerofoil about the trailing edge such that the nose lies in the middle of a
horizontal flat line that represents the aerofoil surface from lower surface trailing edge to
upper surface trailing edge. This plot led to the first visualization of the pressure wave
that traverses the lower surface in sympathy with the vortex pressure wave passing over

the upper surface, (Figure 4.2).

The whole process of experiméntal data analysis has recently been termed
“Visual Data Analysis”. Customised computer packages exist that allow the user to

interact with the data. One such package used for the work contained herein is “PV-
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128
L3D for naCA230
psP

from . . :
output Figure 4.2 - Surface pressure histories

WAVE”. These packages allow the researcher to quickly view the data in a variety of

formats without having to produce any code. Additionally the ability to add colour and
animation to the output gives better understanding and clarity to the data. Once this
package had been adopted, the previous hundreds of researcher man hours in coding dis-

play routines was made redundant. All the graphs presented within are from PV-WAVE.

Figure 4.3 shows the same test run as figure 4.2 plotted as a contour plot, from
this plot, timings for the passage of the vortex on the upper surface can be derived
(Niven, 1992).

4.2 Experimental errors
Before presenting any data it is important to assess the quality of the data being

investigated. The following sections look at the individual areas of experimental error.

Overall the quality of the data recorded at Glasgow University’s dynamic stall test rig is
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considered of sufficient quality to allow investigation into the physical process’s that
make up dynamic stall. Additionally the data can be used to verify and enhance dynamic
stall predictive codes. However it must always be regarded as wind tunnel test data, that
is unlikely to be repeated in the three dimensional, no blockage flow, surrounding a heli-

copter rotor.

4.2.1 Dynamic pressure

The main area of concern for these experiments comes from the measurement of
dynamic pressure and it’s influence on the calculation of individual coefficients of pres-
sure, (Eqn 4.1). The variation in dynamic pressure for a range of static tests is given in
figure 4.4. This illustrates the drop off in dynamic pressure as the model’s incidence is
increased in discrete steps, and it’s recovery as the model’s incidence is decreased in
incidence. There is no hysteresis in this process. The percentage reduction in dynamic
pressure going from 0° to 25° incidence is the same for all three Reynolds numbers, at
15%.

Figures 4.5 and 4.6 illustrate the dynamic pressure variation for oscillatory tests,
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Figure 4.4 - Variation in dynamic pressure during static tests

showing firstly the variation with both increased mean angle at a fixed amplitude and
frequency, and secondly the effect of increased frequency. The relationship with
increased mean angle is similar to that shown by the static tests, in that there is a mean
fall off of about 15% as the mean angle is increased from 0° to 25°. The effect of
increasing the models frequency is to reduce the variation in dynamic pressure during
the motion, as depicted by the tighter hysteresis loops for higher frequencies in figure
4.6.

The method used to measure dynamic pressure throughout these results was to
measure the static pressure on both sides of the wind tunnel 1.2m upstream of the mod-
els leading edge and compare this with the static pressure measured in the settling cham-
ber. Thus an instantaneous, averaged across the working section, dynamic pressure was
used for each coefficient of pressure (Cp) calculation. Previous models had measured
the dynamic pressure using a pitot static tube mounted on one side of the tunnel. Their
corresponding results for figures 4.4-4.6 differ vastly in that they show up the marked
asymmetry of the flow and feed this into resulting Cp calculations.

It is important to realise that the flow asymmetry is still present in these tests.
Inaccuracies in the dynamic stall measurement, or more importantly the asymmetry of
flow in the wind tunnel at high incidence, as measured by the pitot static probe (Leish-
man, 1998), will grossly distort the integral calculations for the aerodynamic constants.

However, the relative differences between pressure transducer recordings on each side
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of the model will be unaffected, thus timing measurements based upon individual trans-

ducer outputs are unaffected.

To investigate the influence of tunnel blockage further a series of tests are being
carried out on identical models with reduced chord lengths. The results of these will be

compared to the 0.55m models. This work should clarify the magnitude of this problem.

4.2.2 Wind tunnel

The oil flow visualisation pictures presented later in this chapter clearly show a
three dimensional flow pattern across the wind tunnel. Figure 3.6 also illustrates the
flow angularity problem of the wind tunnel. However both these problems are greatly
reduced by the positioning of the pressure transducers at mid span, where the flow
appears to be nominally two dimensional. This mid span measurement also diminishes
problems associated with the small clearance (2mm) between the wind tunnel and the

model ends to allow free motion.
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Figure 4.7 - Variation in dynamic pressure with increasing ramp rates

The hydraulic actuator that governed the models motion was sufficiently power-
ful to easily overcome the aerodynamic forces involved. However its own dynamics
meant that whatever motion was requested would never be exactly realised. Figure 4.8

shows a perfect 10 + 10sin(wt) for a frequency of 4.23 Hz against the actual achieved

model motion for this test run.

The comparison. illustrates the slight imperfections introduced by the hydraulics
dynamics. This is more pronounced on the ramp motion inputs, particularly as they get
faster, approaching a step function. Figure 4.9 shows the models motion for a slow,
medium and fast ramp rate going from -5° to 30°. These respectively show the system
behaviour changing from linear, to first order and then second order as the pitch rate is
increased from < 1 %/sec to 398 °/sec. For the majority of the research this is not consid-
ered a problem, as the actual motion is very accurately recorded. Thus, unless one is
concerned with absolute motion types, e.g perfect sine waves, the research can be based
upon the observed motion type, e.g imperfect sine waves. The only problem encoun-
tered with this in this dissertation was when considering the measurement of reattach-
ment initialisation as a function of the ramp rate (which is not constant). How this

problem was resolved is covered in chapter five.

4.2.4 Pressure transducers
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Figure 4.9 - Ramp motion waves achieved for 0.23, 200 am 400
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The calibration of the pressure transducers output right through the system (fig-

ure 3.8) gave very accurate individual pressure readings at each location. The pressure
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transducers were very fragile in nature and could easily become damaged during opera-
tion in the wind tunnel in the middle of a series of tests. To check the validity of all the
pressure transducers within the dynamic stall database a FORTRAN 77 program was
written that checked each transducer output for each sweep of data with the correspond-
ing output for the two adjacent transducers. If the transducers output had a very low
standard deviation (constant output), or did not lie between the two neighbouring read-
ings, it was considered suspect. For each suspect transducer, an output similar to figure
4.10 was displayed for the user. The user then decided whether the transducers output

needed to be interpolated for, and whether that test run needed to be repeated.
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Figure 4.10 - Example of erroneous output from channel 19 that need to be
interpolated for

Another error with the pressure transducers was their sensitivity to acceleration
when mounted parallel to the axis of acceleration. This was not the case for the majority
of transducers, which were mounted perpendicular to the chord line around the model.
No acceleration effects were measured on these transducers. However due to space

restrictions around the trailing edge of the model, the last two transducers in the upper



surface were mounted parallel to the chord. The acceleration forces measured on these
transducers can be clearly seen in the impulsive loading tests that were carried out (Fig-
ure 4.17. These tests were short arc, very fast ramps at low tunnels speeds (therefore
small aerodynamic loads) to isolate the impulsive pressure loadings due to a step change
in incidence. It is recommended for future models that these transducers be mounted
perpendicular to the chord, even if this means slightly longer brass tubes feeding the
model surface pressure to the transducer. This will mean less favourable frequency
response from these transducers, but since this is measured in Mhz and the actual model

motion frequencies are Hz, it should not pose a problem.
2 ili h

The repeatability of the measured data was found to be excellent (Angell, 1990).
Both comparison of each of the ten individual cycles of data from a test and comparison
of similar tests performed over a year apart have remarkable agreement. All the data
being displayed in this dissertation uses averaged over either ten (oscillatory) or five
(ramp) cycles. The unaveraged data is not available currently available for analysis,
howeyver it is planned to put this data alongside the averaged data on the dynamic stall
database for future analysis.

3 Oil flow visualisati

The purpose of carrying out a set of flow visualization tests was primarily to
measure the static separation point behaviour with increasing incidence. The flow visu-
alisation pictures also illustrate the location and size of the laminar separation bubble.
Additionally they illustrate the presence of three dimensional flow within the tunnel.
Figures 4.11 (a - h) are reproductions of photographs of the upper surface of the model

at a range of incidences, with a Reynolds number of 1.5million.

The flow separation point is measured by observing a series of photographs (e.g.
figure 4.11(f) shows 20% separation) where the chord is marked at 10% intervals. From
these photographs the leading edge bubble can be clearly seen as a region near the lead-
ing edge where the oil flows downwards under the influence of gravity. As the incidence

is increased this region is seen to become small in size and to move towards the leading
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Figure 4.11 - Oil flow visualisation photographs
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edge. The separation point is determined as the position where the oil starts to fall rap-
idly downwards, again under the influence of gravity, rather than be carried chordwise

in the attached boundary layer flow. From these photographs figure 4.12 has been
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derived.

A best least squares fit has been applied to the data, and this is shown on the
graph. A function is required to model this separation point movement in the Beddoes

model. In chapter five a function is described that follows this curve.

All the oil flow tests were performed by rotating the model to the desired inci-
dence before the wind tunnel was started up. So in effect this separation point measure-

ment is really a measurement of reattachment point.

The photographs clearly show an “S” pattern at higher incidences, which indi-
cates three dimensional flow within the tunnel. (Figure 4.11 (h))

The addition of a trip wire over the lower 50% of the span (figure 4.13) clearly
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shows that the laminar separation bubble has been replaced by a turbulent boundary
layer over this section of the span. Note that the upper surface is unaffected by this. This
same phenomena can be seen on a smaller scale in the oil flow photographs without a
trip wire present, where leading edge imperfections/ contamination lead to a localised

turbulent stream of flow. The very presence of the leading edge pressure tapping holes

may cause this effect over the mid span instrumented section.
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Figure 4.13 - Effect of trip wire on leading edge bubble

4.4 ic te

The static characteristics of the NACA 23012B were measured in a number of
tests at Reynolds numbers of 0.8, 1.5 and 2.0 million. A typical set of results is given in
figure 4.14. The static stall angle at 1.5 million is 14.3°, this increases to 15.0° at 2.0
million and decreases to 13.9° at Reynolds number 0.8 million. The lift cure slope is

fairly consistent at 0.088 per degree, being slightly less for the lower reynolds number.
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These small changes with Reynolds number can be attributed to the thickening of the
boundary layer at lower Reynolds numbers, which in turn leads to a loss in lift and ear-

lier separation.
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Figure 4.14 Static characteristics for the NACA 23012B with Reynolds
number variation

A similar set of graphs for both Ct and Cm1/4 are given in figures 4.15 and 4.16.
Note that all results are being presented as Cn, Ct rather than C1,Cd. This is because Cn
is the most accurate coefficient to integrate the pressure distribution for, since it acts
over the largest length (chord). Also the coefficient of drag would be misleading to

present, as it would not take into account the surface skin friction component.

By analysis of the individual pressure distributions around the aerofoil at each
static incidence, a flow separation point can be determined, figure 6.9. This shows good
agreement with the oil flow visualisation tests, thereby validating this method of pres-

sure point analysis which is used extensively in chapter five.
4 il

The oscillatory data is the most commonly measured in the investigation of

dynamic stall, since this is most often the motion type being utilized, e.g helicopter
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rotor. Previous research at Glasgow University has examined this data with regard to the
timing events of the dynamic stall. This dissertation is concerned with just the reattach-
ment part of this process, and is therefore utilizing the ramp down data. However, a full
series of oscillatory tests were performed on the model to allow other researchers to

exploit the data. A typical set of oscillatory results are given in figure 4.17 to indicate

the type and quality of data available.
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Figure 4.17 - Typical Sinusoidal test data for the NACA23012B aerofoil
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4.6 Ramp Up

The ramp up data has been successfully analysed by Niven and Gracey, (1991),
to predict the dynamic separation characteristics of the family of NACA 23012 sections
tested at Glasgow University. One section of this data that has not been previously
looked into in isolation is the “impulsive” loadings. These impulsive loadings are a fun-
damental part of the Beddoes model, and apply equally to the process of separation and

reattachment. Hence the following investigation was performed:

4.7 Impulsive loadings

A series of tests were performed (Table 3.8) to measure the impulsive loadings
on a aerofoil undergoing a short, fast ramp motion. The results from these tests clearly
show the ability to isolate these impulsive loads, and that the test facility is capable of

producing the very fast ramps required to observe this.

Figure 4.18 shows Cn output for a 0-12 degree arc at a pitch rate of 200 degrees/

Normal coefficient for impulsive test over 0—12 degree arc
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Figure 4.18 - Impulsive loading measurement of Cn

sec. The same test performed over an arc of 0-20 degrees is given in figure 4.19. They
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illustrate that, in order to observe the impulsive loadings, you must avoid all the

dynamic stall loadings that are several orders of magnitude higher.

Normal coefficient for impulsive test over 0—-20 degree arc
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Figure 4.19 - Impulsive loadings being masked by dynamic stall
effects

The measurement of Cny,, and Cnp,;, has been carried out over the entire range
of impulsive loading tests, and the non-dimensional timing of these events is in broad
agreement with the results of Aihara, 1984. However, an additional pressure peak was

observed on the fastest ramps, figure 4.20

This additional Cn peak can be attributed to the upper surface trailing two pres-
sure transducers, which show a large suction, see figure 4.21 and 4.22. One possible
cause for this could be that they are measuring acceleration forces. However, plots of
their output against both normal and tangential accelerations do not give good correla-
tion. Additionally, the sensitivity to acceleration is given by the manufacturer as
0.05%FS per g in the tangential (most sensitive) direction. The maximum order of accel-
erations is 4g, which in measured pressure terms is only 20% of this observed suction
peak.
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Figure 4.20 - Impulsive loading measurement showing secondary peak

Also, if acceleration was the cause, one would expect to see equal effects on the
trailing edge lower surface pressure transducers. Another possible cause could be a wind
tunnel interaction, perhaps a reflected pressure wave off the tunnel wall? A simple set of
ramp down tests under similar conditions would greatly help in the investigation of this

observed phenomena.

Another observed difference with Aihara data was the fact that Cnp,,, defined as
the first impulsive peak, tended to be less than the equivalent static Cn for a similar inci-
dence. This could infer that the build up in circulatory lift for these tests is somewhat

slower than that being measured by Aihara.

A full set of these tests results have been analysed by Tom Beddoes of Westland
Helicopters Ltd. His comments are given in appendix C.

4.8 Conclusion

A complete set of dynamic pressure data for an experimental NACA 23012B
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section has been reviewed and found to be of consistent good quality. The data have
been made available on the Glasgow University dynamic stall database for future analy-

sis.

A preliminary investigation into impulsive loadings has been made. A more
detailed experimental investigation is required before these results can be fully under-
stood. In particular it is recommended that a full set of impulsive tests be carried out
with improved transducer layout in the rear section of the model, and that this range of

tests include the ramp down motion type.
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Chapter S

ing the B nami 11 model

Nomenclature

C Chord length of aerofoil

CLa Slope of lift curve

Cn Normal force

Cm  Coefficient of moment about 1/4 chord

Cl Coefficient of lift

Cnv  Coefficient of vortex induced lift

Cnc Circulatory component of Normal force

Cni  Impulsive component of normal force due to step incidence change
Cnq Impulsive component of normal force due to step pitch rate change

=

dence is changed in discrete steps.

Separation point (=x / C)

Freestream velocity

Mach number

Speed of sound

Angle of attack

Effective angle of attack which incorporates Wagners function.
Effective angle of attack which models the boundary layer response.
Exponential decay in impulsive loadings

Exponential delay in separation point movement

Exponential decay in vortex induced lift

Exponential delay in leading edge separation due to pressure lag.
Ratio of chord length to speed of sound (C/a).

Constant used for impulsive loading decay.

KO, K1, K2 Constants to derive coefficient of moment from Cn value

nHAFTEERgR ~ R <7

Subscripts , and (,.;) are used to denote instantaneous values as the inci-

S1, S2, al Constants used to form a function equal to the separation curve

derived from static tests.
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X(t), Y(t) Functions used to describe the build up in circulatory lift (Wagners
function).

T1, T2 Constants used to reproduce Wagners function.

Al, A2, bl, b2 Constants used to derive a function similar to Wagners function
for build up in circulatory lift with time due to a step change in incidence

Dai  Impulsive incidence change response
Dni  Pressure lag response

Dqi  Impulsive pitch rate change response
Dfi  Boundary layer response

Note: This chapter outlines the equations used to define a working model of the Beddoes
dynamic stall code. The Reader is encouraged to look at the numerous papers pub-
lished by Tom Beddoes on this model to gain a fuller understanding into it deriva-
tion.

3.1 Introduction.

In static test conditions the streamlined flow around a two-dimensional aerofoil
breaks down (stalls) with progressively increasing angle of attack, at a certain point
(asss) called the static stall angle. For an aerofoil undergoing a rapid increase in the angle
of incidence, the position is more complicated. The onset of dynamic stall can be
delayed to an incidence considerably higher than that for static stall, with flow break-
down more severe and more persistent. The occurrence of an initial surge in the lift force
and the strong negative (nose down) pitching moment is followed by a sudden collapse
of first the moment and then the lift. The aerodynamic forces show large hysteresis with
respect to the angle of attack, and under certain circumstances the hysteresis of the
pitching moment can result in a net gain of energy by the aerofoil over the oscillation
cycle. Over the years a number of people have developed models for the process of
dynamic stall. Dr. Galbraith (1981) discusses the current methods of predicting dynamic
stall. One method which uses a predominantly empirical approach is that developed by
Tom Beddoes for modeling the in-flight airloads on helicopter rotor blades. The follow-

ing sections describe Tom Beddoes model for Dynamic Stall.

2 in res of mi 1

For the purposes of modelling, four distinct phases of dynamic stall flow devel-

opment are given below.
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[1] The first and most fundamental of the four phases is that for an appreciable
pitch rate which increases the angle of attack, the normal static values of the lift coeffi-
cient may be exceeded. The increase in the lift coefficient occurs while the changes in
the boundary layer which precede stall are developing. Some flow reversal is observed
in the boundary layer but it has little effect on the external flow and thus the lift and

moment characteristics appear as a continuation of the fully attached flow regime.

[2] The second phase is the development and shedding of a concentrated vortex
from the forward part of the aerofoil or, from behind the recompression shock wave if
appropriate. The subsequent motion of the vortex over the aerofoil’s surface continues
to generate lift, but due to the redistribution of the pressure over the chord the pitching

moment is adversely affected and increases rapidly.

[3] When the vortex progresses beyond the trailing edge the lift and conse-
quently the lift induced pitching moment decay rapidly, to the fully separated condition.

[4] If the pitch angle is reduced to an angle below that required for static stall the

flow will become reattached from the leading edge.

Beddoes has concluded from experimental data that, to a first order, there is a
common time scale for the above events, which is somewhat independent of the aerofoil
geometry, intermediate motion and Mach number. He uses the non-dimensionalised
time parameter 1=t V / C. which is equivalent to the number of chord lengths travelled.
The lift and moment continue to grow after the pitch angle has exceeded that for static
stall for approximately two chord lengths, after which the vortex is shed. As the vortex
progresses towards the trailing edge the lift continues to grow for a further three to four
chord lengths of travel until the vortex passes the trailing edge. With variations in the
forcing parameters such as amplitude, mean pitch angle and frequency of motion, the
above events move around the cycle and produce significant changes in the lift and
moment characteristics. Test results have illustrated the effects of increasing frequency
at near constant pitch amplitudes and mean angle of attack. Vortex shedding is delayed
as the frequency is increased until it occurs after the maximum angle of attack and lift
coefficient have been reached. Finally the frequency is such that it does not allow suffi-
cient time for the processes described above to be completed This upper limit appears to
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be at a reduced frequency of 0.6 and has a time scale of 5 chord lengths of travel.
Another reason for which the above processes fail, is when the minimum angle of attack
is sufficiently great so as to prevent the reattachment of the flow, in this case depending

upon the extent of flow separation, partial re-attachment may occur.

.3 Linear Dynamic Flow Model.

The classical solution for the time varying aerodynamic loads is that given by
Wagner for incompressible flow. Wagners function may be re-formulated for a indicial
solution (timewise sampled) and allowing for compressibility as;

Cnc(t) = CloaxPc(t) xAa = Claxoe(t)
ae(t) = [1-X()-Y(1)] xAa

X@) = Alxexp(%-;)

Y (1) = A2 xexp('—’)

¥

-1
T1 = [blx(l—Mz) xz_v]
C

T2 = [b2x(1—M2) x%‘,-’]"

where A1=0.165 A2=0.335 b1=0.0455 b2=0.3000 & CLa=0.108

The above formulation may be interpreted as lift deficiencies decaying with
time. For general motion, that is a non-uniform downwash across the chord the instanta-

neous angle of attack is replaced by the value of the downwash at the 75% chord.

5.4 Dynamic Stall.

Beddoes uses a hypothesis of the physical model for his representation of the
separated flow regime, which has been developed from the observation of experimental
data. His early model depends on the static characteristics of the aerofoil which in turn
are dependent upon the aerofoils profile, Reynolds number, Mach number and its sur-
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face condition. An important feature of the model is the angle of incidence at which the
pitching moment breaks. This angle al, marks the end of the linear region as beyond
this point under static conditions the boundary layer can no longer support the adverse
pressure gradients generated by the increasing lift and the boundary layer is forced to
separate from the surface of the aerofoil. Under dynamic conditions the critical condi-
tions may be delayed so that the boundary layer does not separate and the lift and pitch-
ing moment are able to continue growing. The pitching moment continues to grow until
the dynamic stall vortex is shed from the region of the leading edge after a delay of
approximately two chord lengths of travel. The lift continues to grow until the vortex
passes the trailing edge, after a further time delay at which point it falls off rapidly to the
fully separated value. The basic feature of the Beddoes model for dynamic stall is the
two time delays for the onset of pitching moment and lift divergence. These time delays

are modelled as simple exponential functions.

As the angle of attack reduces below the static stall value al the process of re-
attachment is initiated. The calculation is re-initialised using the separated value for the

lift coefficient as an initial value.

The time delays (T1 and T2) do not appear to be sensitive to pitch rate. and have

a value of 2.0 for the first and 5.5 for the second (from experimental analysis).

3.5 Types of Aerofoil.
For the purpose of modelling dynamic stall, aerofoils can be divided into two

types based on their static stall behaviour, The aerofoil can be described as exhibiting
either leading or trailing edge stall characteristics.

[1] Leading edge stall. This type of aerofoil exhibits a fairly abrupt stall resulting
either from leading edge stall or the rapid progression of trailing edge separation trig-

gered by leading edge re-separation.

[2] Trailing edge stall. Aerofoils which exhibit a gradual stall resulting from
progressive trailing edge separation. Generally thick section aerofoils or ones with a
high camber. (NACAOQO 1 2 is used as an example of a thick section aerofoil.)
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5.6 The Point of Flow S i

A critical problem in modelling the dynamic stall behaviour of an aerofoil is the
determination of the point at which the flow separation process is initiated (the aerofoil
‘stalls‘). Beddoes’ early papers use the break in the static pitching moment as the point
for the initialisation of flow separation. This simple criterion will model the dynamic
behaviour of aerofoils which exhibit leading edge stall quite satisfactorily, however for
aerofoils which exhibit static trailing edge stall the model is inadequate, because the
time scale for trailing edge separation is sufficiently long that its inhibiting effect on the
circulation is delayed and the apparent delay beyond the static stall is much greater than
for an aerofoil which exhibits leading edge stall. To improve the model Beddoes sug-
gests the use of a new criterion for the determination of the initiation of flow separation,
which is applicable to all aerofoil sections at low Mach numbers (Mach <0.3). Beddoes
new criterion involves the calculation of leading edge velocities under dynamic condi-
tions, as the leading edge has been determined as the critical point for flow separation
for an aerofoil when the pitch rate exceeds a small positive value. For practical pur-
poses, a criterion which may be used to denote the onset of leading edge stall is to deter-
mine the lift value associated with the critical angle of attack which invokes the leading
edge pressure criterion. At Mach 0.3 the critical lift coefficient is 1.45. (See Beddoes, “A
generalised model for airfoil unsteady aerodynamic behaviour”, 1986, figure 13.) It may
be concluded that trailing edge separation which occurs on many aerofoils in the static
condition near the stall takes significant time to develop and, when the pitch rate is suffi-
cient, the leading edge region becomes dominant in determining the sequence of

dynamic stall.

5.7 Trailine Edee S i

Trailing edge separation is involved to some degree in almost all examples of
aerofoil stall. Even when the primary source of separation is at the leading edge or at the
shock wave the associated boundary layer disturbance is generally sufficient to promote
some separation at the trailing edge. The associated loss in circulation introduces a non-
linear function in the lift and pitching moment and may delay the onset of the critical

conditions for stall elsewhere on the aerofoil, thus delaying the point of flow separation.
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Kirchhoff formulated a function for lift by defining the point on the aerofoil at which the

flow separates

Cn=Cl = 025xClax (1+JH%xa

This may be interpreted as implying that the ratio of the actual lift to the poten-
tial value for unseparated flow is equal to 0.25 x (1 + f 172)2 and provides a simple means
for determining the lift if the point of flow separation can be determined. To accomplish
this the form of the relationship between f and o is generalised, see below. It is com-
prised of two curves which relates to the fully attached and fully separated conditions

from a break point at f=0.7 for which the corresponding a is denoted by a1.

Beddoes suggests the following functions for the separation point on an

NACAOQQI2 aerofoil at a Mach number of 0.3.

when o> al then

f = 0.04+0.66 xexp( M)
S2
and when a < al
_ _ (a-al))
f=10 0.3xexp(———s1

where al is 15.25 degrees for a mach number of 0.3. (S1 = 3.0 & S2=2.3).

Beddoes also gives the following equations for the pitching moment and drag

coefficient of a NACAQO 1 2 aerofoil.
Cm=Cnx (KO+K1x (1-f) xK2x sin(nxﬁ))

Cc = Claxa?xJf

where K0 =0.0025 K1=-0.135 and K2=0.04

The above formulation for the aerofoil’s static forces provides a compact struc-
ture for the reproduction of their non-linear behaviour. This method also provides a

means for extending the model into the unsteady regime, by ‘controlling’ the point at
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which the flow separates from the aerofoil.

Impulsi in

The impulsive loading comprises the initial loading on the aerofoil in response to
an instantaneous change in incidence or pitch rate, and is generated by a compression
wave on one surface and a rarefaction wave on the opposite surface. Considering the
control point to be at the 3/4 chord, the impulsive loading will be composed of two per-

turbation modes:

[1] Due to the step change of angle of incidence, Aa., at the 3/4 chord represent-

ing a uniform distribution of normal perturbation velocity.
[2] Due to a step change of pitch rate, Aq = ABC / V, about the 3/4 chord.
The CNi and CNq terms represent these impulsive loadings,
The impulsive normal lift force for a step change in incidence, Aa, is given by;

. T1 .
Cni = (4.0xK1 xﬁ) x (Do, —Doun)

where Do, = Ao, /At
Doi, = Dai(, | Ed+ (Do, -Da, )JEd

At
Ed = exP(KLxTL)

KL = 0.75 and TL = C/ a (ratio of chord to sonic velocity).

Similarly, for a step change in pitch rate Aq about the 3/4 chord, the impulsive

normal lift force is given by:

T1 .
Cng = (—Kl X ﬁ) X (an —qun)
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where Dq,, = Aq,, / At and,

Dqtn = Dqi Ed+ (an—Dq(n_1 ) JEd

(n-1) )

The chordwise force is given by:

Cc,, = Clox (onn—Xn—Yn)2

3.9 Time Dependent Pressure Response.

From dynamic tests it has been established that under nominally attached flow
conditions, there is a phase lag of the aerofoil peak pressures with respect to the instanta-
neous normal lift force, implying that under dynamic conditions, critical lift conditions
may be reached at a higher angle of attack. The pressure phase lag is nominally linear
and increases with increasing Mach number (within the range of reduced frequencies
and Mach numbers of interest). This behaviour may be modelled using a first order lag
with a Mach number dependant time constant Tp. (Tp = 1.7 for a Mach number of 0.3)
Thus it is possible to relate the peak pressures to the static relationship. This may be
accomplished by applying a first order lag to the normal force, thus;

CN (s)

CN') = T3Tpy

At any instant of time the instantaneous value of lift may be viewed as a steady
state value minus an exponentially decaying (deficiency) term. For any sample the total

potential normal force is given by;

Cnn = Cm'n+qun
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for the additional pressure lag response we have

Cn' =Cn -Dni
n n n

) JEp

Dni = Dni Ep+ (Cn -
n

n (n-1) Cn(n—l)

-Dt 2V
Ep = exp —ﬁx?

.10 Time Depen ndary Layer

For the dynamic case, in addition to the temporal effects on the aerofoil pressure
distribution, the boundary layer itself is time dependant. The time dependent boundary
layer reversal point flags linearly behind the corresponding static variation with increas-

ing pitch rate. The simplest representation of this behaviour is a first order lag;

_ _f(s)
f(s) = G+173

f(s) represents the response to the pressure distribution and, f’(s) incorporates

the additional boundary layer response

This time lag may be incorporated in the computer model as;

) JEf

Dfi = Dfi(n_ l)Ef+ (Cnn-Cn(n_ 1)

n

Ef = exp(:Tth b ZFV)

Cnfn = Cnn—Dfin

an effective incidence af can be defined as

_ Cnfn
% = Cla

The effective dynamic point of flow reversal (f’) can thus be found from the
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curve for the static case. The dynamic values of Cn and hence of may be computed from

the attached flow algorithm, and hence f* can be found.
li i

To extend the model into the deep stall regime requires the consideration of vor-
tex shedding. As the trailing edge separation progresses local vorticity is shed at the
point of flow separation, and is convected downstream towards the trailing edge. These
vortices are small and do not affect the pressure distribution significantly, However as
the pitch rate increases the effect of the trailing edge separation can be delayed so that
the leading edge becomes critical in determining when the aerofoil “stalls’. If the leading
section of the aerofoil becomes critical then a significant vortex will be shed from the
region of the leading edge, and will be convected downstream over the aerofoils chord
(The dynamic stall vortex). The dynamic stall vortex associated pressure disturbance
will induce large changes in the aerofoils lift and associated forces. At low Mach num-
bers (Mach <0.2) the experimental data shows large non-linear overshoots for the lift
and its associated forces, however above this the behaviour seems linear. The vortex lift
may be modelled assuming the increment in vortex lift is based on the difference
between the instantaneous linear value of the circulatory lift and the corresponding lift
as given by the Kirchhoff approximation that is.

Cnvn = Cncn x (1 -KNv)

KNv = 025x (1+ .2

At the same time, the total vortex lift Cnv is allowed to decay exponeqtially with
time, but may also be updated by a new increment in lift, that is.

i

Cnvn = Cnyv (n- I)Ev+ (Cnvn ~-Cnv (n

Ev = ex (-—At X 2—V)
P\Tv>™T
When the rate of change in the lift force is low the vortex associated lift will
decay as fast as it is generated, thus in the limit as the rate of change tends to zero the
aerofoil characteristics will revert to the static behaviour. When conditions at the leading

edge become critical and the vortex is shed, abrupt changes will occur in the lift force,
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thus accumulating vortex strength. The rate at which the vortex moves downstream has
been determined by experiment to be 40% of the freestream velocity, and must be
accounted for in the modelling. During the convection of the vortex across the surface of
the aerofoil, vortex lift is accumulated via the above equations, but is terminated when the
vortex passes the trailing edge. The time taken for the vortex to pass the trailing edge is

given in terms of non-dimensional time as 7.0 at a Mach number of 0.3.

During the vortex shedding process, the pressure changes occurring are sufficient
to accelerate the forward progression of the separation point. This may be accomplished
by halving the time constant associated with the boundary layer response thus; the forward
movement of the separation point is accelerated if f < 0.7 or during the vortex shedding,
that is when the vortex time is less than the vortex time limit. Once the vortex passes the
trailing edge the lift associated with it decays more rapidly, and this can be modelled by
halving the vortex lift time constant.

.12 Computer Implementation of the Beddoes Model.

The total linearised unsteady aerodynamic response can be idealised into compo-
nents of circulatory and impulsive loading, which are computed independently. The non-
linear lift characteristic of trailing edge separation is evaluated via the Kirchhoff flow,
thus the variation of lift may be obtained using a potential calculation which neglects sep-
aration (represented by the zero lift value of the lift curve slope) and an independent repre-
sentation of the flow separation point. Using timewise lags the additional aerofoil
temporal pressure modification and the unsteady boundary layer response is accounted
for. The onset of vortex shedding during dynamic stall is denoted by a generalised crite-
rion for the onset of leading edge or shock induced separation, the consequences of which

also modify the trailing edge separation calculation.

This model has been reproduced at Glasgow University with the consent and help
of Tom Beddoes. It has been coded in Fortran 77 and runs on both a VAX11/780 and Sun
SPARCStation. The code comprises roughly 50 subroutines, totalling approximately 5000

lines of code. A typical run takes less than one minute to compute, (for a given motion

type).

88



Chapter 6

ANALYSIS OF REATTACHMENT

This chapter considers the reattachment of the flow over the upper surface of an
aerofoil, whilst undergoing a constant negative pitch rate motion, from an incidence well
above the static stall value. Experimental data from a variety of aerofoils tested using the
University of Glasgow facilities, have been recorded. All data were collected at an effec-
tive Mach and Reynolds numbers of 0.11 & 1.5x10° respectively. Various improve-
ments for future work are noted, and the predominant features of the reattachment
process are discussed. Finally a preliminary consideration of the Beddoes predictive
method is presented for reattachment.

[Note: The work presented in this chapter has been published at the European
rotor craft forum, and has subsequently been produced in Vertica. The paper is repro-
duced here in its original form, therefore some of the initial experimental details are in
effect summaries of the earlier chapter of this thesis. The computer coding developed in
this work now forms part of the dynamic stall predictive code used at Glasgow Univer-

sity.]
Notation
a = Incidence (degs)
C= Aerofoil Chord (m)
f = x/c = Non-dimensional Chord
fs = Sampling Frequency (Hz)
r = (omc)/(360U) = Reduced Pitch Rate #
n = Sweep Number
U = Freestream Velocity (m/s)
1 = (At.U)/c = Non-dimensional Time

# (Note: both pitch rate and reduced pitch rate are treated as positive values within this chapter.)
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6.1 INTRODUCTION

For particular flight conditions, the retreating blade of a conventional helicopter
experiences incidences in excess of the profile’s static stall value. These excursions may
become so severe that the blade will dynamically stall. Once full dynamic stall is initi-
ated, there follows an inevitable and well known sequence of aerodynamic phenomena
(Carr et al, 1977). These events are concluded by the return to the fully attached condi-
tions by a process of reattachment.

Reattachment has received only limited consideration, albeit many dynamic stall
models have intuitively proposed mathematical descriptions of it, (Beddoes, 1982,
Leishman and Beddoes,1986, Nash and Scruggs, 1977, Ganwani, 1983, Vezza, 1986,
etc.), and they have met with varying degrees of success (Galbraith, 1985, Beddoes,
1980, McCroskey, 1978). This, perhaps, may be associated with both the complex
nature of reattachment and the available experimental data which, primarily, is for sinu-
soidal motions. As can be imagined, such data are both extensive (to cover an appropri-
ate range), and complicated by the non-linear motion. To alleviate the problems of non-
linear motions, various investigators (ARA, 1983 Jumper and Shreck, 1986, Seto and
Galbraith, 1985, Lorber and Carta, 1987, Ahihara et al, 1985, Robinson and Luttges,
1983) have considered stall development during constant pitch rate (ramp) displace-
ments. The succinctness of the data, and its clarity of content, have been most useful in
aiding our knowledge of the stall process.

It is conceptually easy to perceive that constant negative pitch rate, or ramp
down, will yield an equivalent wealth of information about reattachment phenomena. As
was discovered during the present investigation, however, the practicalities of imple-

Figure 6.1 - “Family” of Aerofoils Tested Under Dynamic Stall Condition.

T

NACA 23012 ~ “generic Aerofoil” NACA 23012A ~ Modified upper surface to
enhance trailing edge separation, incorporating
l a reflex trailing edge.

e

NACA 23012B ~ Thickened, with modified =~ NACA 23012C ~ Modified upper surface
lower surface, to produce section indicative of with increased camber to enhance trailing
inboard rotor sections. edge separation.
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menting this concept require more consideration than the straight forward positive pitch
rate ramp. In particular, each test starts with an obvious tunnel blockage which reduces
to a small value at the low incidence fully attached case. Additionally, at what incidence
does one start a given test, and is averaging of the data permissible?

The data considered in the present work have been taken from the current Uni-
versity of Glasgow Database of acrodynamic phenomena. The main portion of the data
base relates to dynamic stall data covering four aerofoils. Each of the test programs con-
sidered pitching displacements which were not of immediate importance, but would be
of future interest. One such motion was contained in a series of ramp-down tests which
were a simple inverse of ramp-ups.

Table 6.1 - Summary of Dynamic Stall Database of the NACA 23012 Family.

Model Static Sine Ramp Ramp Unsteady | Vawt Other | Total
Up Down Static

NACA 23012 47 550 87 37 0 0 0 721

NACA 23012A 1 85 32 13 34 0 0 165

NACA 23012B 56 282 119 45 89 29 45 665

NACA 23012C| 23 230 77 32 54 0 0 416
TOTAL 127 1147 315 127 177 29 45

grand total = 1967

The aerofoils considered in this chapter form a family of four which has the
NACA 23012 as the generic shape, from which three modifications have been consid-
ered (Figure 6.1). In total, 1967 different test cases have been considered (Table 6.1),
and around one hundred of these were ramp-downs. Data from all the these tests have
been averaged and analysed to assess the manner, and rate, of the reattachment process
together with an initial attempt to predict the time dependent loadings using the Beddoes
model.

The main observations were, that ramp-down experiments are more complicated
than ramp-ups; that leading-edge reattachment is always initiated at an incidence close
to its static stall counterpart, and the subsequent rate of reattachment is significantly
effected by model geometry up until reduced pitch rates of around 0.015, whereafter
reattachment is significantly affected by the time scales of the unsteady turbulent bound-
ary-layer response.

6.2 TEST FACILITY
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Figure 6.2 - Dynamic Stall Test Rig.

The general arrangement of the aerofoil in the wind tunnel is illustrated in Figure
6.2. The models, of chord length 0.55m and span 1.61m, were constructed of a fibre-
glass skin filled with epoxy resin foam and bound to an aluminum spar. Each model was
mounted vertically in the University of Glasgow’s “Handley Page” wind tunnel which is
a low speed (max speed = 57 m/sec) closed - return type with a 1.61 x 2.13m octagonal
working section. The model was pivoted about the quarter chord using a linear hydraulic
actuator and crank mechanism. The input signal to the actuator controller was provided
by a function generator, comprising of a BBC microcomputer and two 12-bit digital to
analogue convertors; one to control the shape of the motion, and the other to set the
desired voltage governing the amplitude or arc length of the motion. A range of different
functions were programmed and tested using this set up (Table 1).

Thirty miniature pressure transducers were installed below the surface of the
centre section of each model. These consisted of both KULITE XCS-093-5 PSI G and
ENTRAN EPIL-080B-5S transducers. All transducers were temperature compensated
and factory calibrated. Whilst these calibrations were accurate, the necessary cabling
and signal conditioning of the transducer output may render a slightly different system
performance. As a consequence of this, the entire measurement system was calibrated
for each model. The method used was to apply a time varying calibrated reference pres-
sure to each of the model’s pressure transducers in turn. Both reference and model trans-
ducer outputs were simultaneously recorded to yield a well defined calibration.

Instantaneous aerofoil incidence was determined by a linear angular potentiome-
ter 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 set-
tling chamber, as measured by a FURNESS FC012 electronic micromanometer.

For the ramp-down tests, 256 samples per cycle were recorded at a maximum
sampling frequency of 550.0 Hz. Five cycles of data were recorded using a DEC MINC
11/23 micro-computer system (Galbraith, 1984). The data were then transferred to a
VAX 11/750 for processing, storage and analysis. The subsequent data reduction and
presentation is a standard for all such tests, and a typical output is given in figure 6.3.

EXPER TAL R L

6.3.1 Introduction

The data discussed herein pertain to the NACA 23012 section and its three deriv-
atives. Each ramp-down test was normally initiated from a geometric incidence of
around 36 degrees and terminated in the region of -6 degrees. As will be appreciated,
pure ramps were not achieved due to start-up and slow-down requirements, but, as will
be shown, leading-edge reattachment was always initiated within the linear region of the
motion. The aerofoil angular velocity was progressively increased from 0.75 to 400.0
degs/sec, allowing the reduced pitch rate to be varied between 0.001 and 0.05. At the
highest reduced pitch rate, the aerofoil completed one ramp-down cycle in 0.1s. The
effective freestream velocity was 40.0 m/sec resulting in Reynolds and Mach numbers
of 1.5 million and 0.11 respectively.

Figure 6.3 illustrates a standard output, from which a variety of salient features
may be observed. For example, at this medium pitch rate (100 degs/sec), there is a
marked variation of loading from the equivalent static case, and the detailed time depen-
dent pressure distribution illustrates the causation of this via the evident lag in suction
build up. The effect of increasing pitch rate is to further this variation in loadings, and at
the faster pitch rates the expected leading-edge pressure build-up became non-existent.

6.3.2 Method of Analysis

Of particular interest is the timing of the reattachment process, and this may be
investigated by assuming the following:

* The process develops from the leading to the trailing edge.

» The reattachment location is located at the start of the constant pressure region nor-
mally associated with trailing-edge separation. As can be imagined, the location of
this point is often difficult to discern, but efforts have been made to define a consis-
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tent approach.

This method is illustrated in Figure 6.4, where the reattachment point is rela-

Figure 6.4 - Typical Chordwise Pressure
Distribution.
Cp

Sweep No. 57
Incidence = 14.5 degs.

Reattachment Point

T2 U B3 (8 t

tively easy to observe, and the constant pressure region is well defined. Obtaining the
exact incidence above which fully attached flow cannot be sustained, however, can be
difficult, since the trailing-edge pressure gradient may become small at this condition. A
complementary method of locating the formation of localised protuberances within the
boundary layer, is the inspection of the response of individual pressure-time histories
monitored at various chordwise locations. As shown in the top right graph of Figure 6.3,
the rate at which a particular pressure-time history diverges can often be used to infer
boundary-layer separation and reattachment. Therefore, a heuristic analysis involving
both pressure-time histories and discrete chordwise pressure distributions may be used
to monitor the translation of the reattachment point across the aerofoil’s upper surface.
Having established a consistent method of extracting the relevant aerodynamic data, the
non-dimensional time delay between two particular events, which occurred during a
selected ramp-down test, was calculated from the difference in sweep numbers, associ-
ated with each event, (An), and the sampling frequency in the following manner:

T = (An.U)/(fs.c)

6.3.3 Leading-Edge Reattachment

On inspection of selected ramp-down test cases, it was noticed that, at the initial
high incidence values, there was a distinctive change in pressure-time history at 2.5%
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chord (Figure 6.3) which accompanied the establishment of a small suction peak at the
leading edge of the aerofoil. For some test cases a very small suction peak was discern-
ible at 1% chord, but its size and position remained insensitive to incidence variation. It
is suggested, that this suction peak was due to the flow curvature over the leading edge,
at the initial high incidence values, and therefore its use as the indicator of the onset of
reattachment was inappropriate. Only when the suction at 2.5% chord began to rise, did
the reattachment process appear to move downstream; this finding was consistent over
the entire pitch rate range.

Figure 6.5 - Angle of Reattachment @ 2.5% chord Versus Reduced Pitch Rate.

Incidence, (deg).
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Figure 6.5 presents the variation in leading-edge reattachment incidence with
reduced pitch rate for a selection of aerofoils from the Glasgow University Database. It
is interesting to note, that the initial reattachment incidence is relatively insensitive to
pitch rate. For each aerofoil, the average value of the leading-edge reattachment inci-
dence, obtained from the ramp-down tests, was found to approximately coincide with its
steady-state counterpart. Also illustrated is the similarity between initial reattachment
incidence for the NACA 23012 and its derivatives 'A' and 'C'. During the development
of the 23012A and 23012C profiles, a specified design constraint was, that the leading-
edge geometry was not to be significantly altered from that of the NACA 23012. This
therefore implies, that the initiation of reattachment depends significantly on the lead-
ing-edge geometry, and would explain the differing result obtained for the NACA
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23012B (Figures 6.1 and 6.5).

6.3.4 Speed of Reattachment

Figure 6.6 illustrates the effect of pitch rate on the reattachment characteristics of
the NACA 23012B aerofoil. If the aerofoil was within the linear incidence region of the
ramp, then, for a particular chordal position, the instantaneous non-dimensional reat-
tachment velocity can be estimated in the following manner:

speed of reattachment = (da/dt) x (df/da)

Expressed in this form, the variation in instantaneous reattachment velocity with
chordal position can be easily observed from Figure 6.6 since, for a particular pitch rate,
its value is inversely proportional to the local gradient of the reattachment curve. If, as
was occasionally apparent, the reattachment point moved a large chordal distance within
one sample sweep, the instantaneous reattachment velocity, at intermediate points, could
not be calculated. This was due to the maximum sampling frequency of 550Hz, used
during data acquisition, not being of sufficient magnitude, and therefore, with regard to
this specialised area of interest only, was seen to be a limitation of the existing test facil-

ity.

SR hment Time Del
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Figure 6.7 - Reattachment point at
2.5,50 and 97 % chord over the range of
reduced pitch rates.

Incidence, (deg).
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1 Incidence. Reduced Pitch rate.

Figure 6.7illustrates the estimated incidence values for 2.5%, 50% and 97%
attached flow as a function of reduced pitch rate. Also marked on this figure are the
regions of acceleration and deceleration associated with the range of ramp-down tests,
and the cross-over incidence where the dynamic Cn intersects the static Cn curve (Fig-
ure 6.7). It may be noticed that, for reduced pitch rates above 0.028, the incidence at
which fully attached flow is established lies within the deceleration region. However, as
will be shown later, for these values of pitch rate, the reattachment process displays a
reduced dependency on the aerofoil motion, and therefore the non-linear incidence vari-
ation becomes unimportant.

Having defined the points of leading and trailing edge reattachment, a character-
istic time delay associated with the establishment of fully attached flow over the aero-
foil’s upper surface can be calculated. Figure 6.8.illustrates the full reattachment time
delay results associated with the NACA 23012 and 23012B aerofoils. At low pitch rates,
a small difference in time delay occurs, and therefore a weak dependence on aerofoil
geometry is implied. The apparent convergence in time delay at the higher pitch rates
implies that the influence of both aerofoil geometry, and motion, on the reattachment
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Figure 6.8. Non-dimensional time
for full reattachment to occur once
initiated at 2.5% chord.
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process has now become reduced. Unfortunately, the data available for the NACA
23012 did not cover pitch rates greater than 220 degs/s, and therefore, any differences
between the two aerofoils at pitch rates above this value are obscured. What is apparent,
though, is that for values of reduced pitch rate above 0.015, the effect of aerofoil geom-
etry is significantly reduced allowing the full reattachment time delay to approach a
value of 4, equivalent to 25% of the freestream velocity.

6.3.6 Boundary-Layer Response

Associated with the reattachment process there must be a finite length of time
within which the free shear layer develops into an attached boundary layer. Similar to
that of boundary-layer detachment, the process of reattachment may be expected to be
influenced by the external pressure gradient. At low pitch rates, the downstream
advancement of the reattachment point will be influenced by the build-up in upstream
pressure distribution and the associated pressure gradients. Therefore, its movement
may be expected to be dependent on the aerofoil geometry.

At the high pitch rates, the establishment of a pressure distribution upstream of
the reattachment point is retarded by the rapid decrease in incidence, and therefore any
effect of aerofoil geometry will be reduced. If this is the case, why does the change of
phase from fully separated to fully attached flow not occur within one chord length of



Figure 6.9 - Trailing Edge Separation
Movement For Static Tests.

Incidence (deg).

Exponential curve fit
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flow i.e., at an average velocity equal to that of the freestream? Kline et al (1981)
observed that two-dimensional turbulent flow detachment was not a single event, but a
phase change from attached to detached flow. For a turbulent boundary layer, zero wall
shear stress is created by the averaging to zero of strong unsteady motions of opposite
sign, and therefore full detachment occurs over a zone. The same remarks, concerning
zero wall shear, apply qualitatively to reattachment, but Kline noted that the motions at
reattachment were even stronger in the turbulent case, owing to larger fluctuations in the
free shear layers. It is postulated here, that the reattachment process consists of a damp-
ing out of characteristic turbulence structures whose length scale varies from that appro-
priate to a free shear layer to that of an attached boundary layer. Therefore, there will
exist a finite period of time within which the large scale turbulence structures must relax
before boundary-layer reattachment and downstream advancement can occur. Once the
effect of aerofoil geometry has been suppressed, i.e., at high ramp-down pitch rates, the
rate of reattachment is determined by the detailed fluid mechanics of this process.

At present, further data analysis, involving the reattachment characteristics of
other aerofoils, available on the Glasgow University Database, is in progress to either
substantiate or refute the above postulation.

4 LL
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Figure 6.10 - Cn versus Incidence for a
range of pitch rates.
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The present approach in attempting to model the test data has been to code an
existing semi-empirical model (Beddoes, 1982, Leishman and Beddoes, 1986). It is
noted that the Beddoes model is only appropriate down to Mach numbers of about 0.15
(Leishman, 1986), below this, additional nonlinear lift and moment overshoots may
occur. These limitations are partially due to the restricted number of available low Mach
correlations, and it is hoped that the current work will contribute to this area of interest.

The necessary empirical time constants, required for appropriate modelling, have
been extrapolated from the static test data, and those defined by Beddoes, 1984; the
static separation loci was experimentally determined, and an exponential curve fit
applied (Figure 6.9); the angular forcing has been filtered through a five point moving
average.

Figure 6.11 illustrates three examples of the predictive code in modelling Cn. At
the slowest pitch rate good agreement is observed. As the pitch rate increases, however,
the model fails to predict the drop in Cn. This rapid lowering of Cn can be regarded as a
following of a lift curve appropriate to an aerofoil within close proximity of its wake;
experimentally shown to predominate up until the point of three chord lengths of flow
after the initiation of reattachment (Figure 6.10). Modelling this behaviour by using a
Cn/ relationship representative of “aerofoil plus wake”, and allowing a smooth exponen-
tial transition back to the Beddoes model radically improves the overall prediction (Fig-
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ure 6.12). This method requires further investigation, and correlation with sinusoidal
data. It does, however, model a physical flow event which is consistent with the overall

concept of the Beddoes model.

6.5. CONCLUSIONS

Figure 6.11 - Correlation of Cn from Figure 6.12 - Correlation of Cn from pre-
predictive method and test data. dictive method with wake modelling inclu-
sion and test data.

Cn
0.7 deg/sec.
Cn Cn .
Static
1 :: :“ \:
100 deg/sec. I N Prediction
o8 \g Dynamic test
[ ] A
’ VB
.5 o2
.3 D¢
Cn Cn
400 deg/sec.
VoY
; ... 15 0 > » " l‘s & 2 4
) \
“ \\/’ i Ay -
Non-dimensional Time, T. Non-dimensional Time. T.

102



The following conclusions have been inferred from the data presented herein:

7. The initiation of reattachment was insensitive to pitch rate, and occurred at an inci-
dence approximately equal to its steady-state counterpart.

8. The non-dimensional time delay associated with the full reattachment was a strong
function of reduced pitch rate for low to medium values, whilst the higher rates tend-
ed to a constant value of 4.

9. The presence of the wake takes a finite time to diminish, until which it remains a sig-
nificant component in determining the aerodynamic loads
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Chapter 7

» The experimental aerofoil has been designed, built and tested under
dynamic stall conditions.

* The process of reattachment has been investigated on three acrofoil
sections using the ramp down data. This has yielded the following
three conclusions:

* The initiation of reattachment was insensitive to pitch rate, and
occurred at an incidence approximately equal to its steady-state
counterpart. Note that initiation of reattachment was measured at
the 2.5% chord location, however the actual origin of reattachment
is somewhat nearer the leading edge. Therefore, as pitch rate
increases, the angle at which reattachment is recorded at 2.5%
chord will decrease, due to the finite time for the reattachment to
propagate to the 2.5% chord location.

* The non-dimensional time delay associated with the full reattach-
ment was a strong function of reduced pitch rate for low to medium
values, whilst the higher rates tended to a constant value of 4.

* The presence of the wake takes a finite time to diminish, until
which it remains a significant component in determining the aero-
dynamic loads

* Additionally, an enhancement has been made to the Beddoes
dynamic stall model which enables the measured reattachment
loads during reattachment to be modelled accurately.

7.1 Recommendations for future research

* Greater utilisation should be made of industry standard visualisa-
tion software during data analysis.
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A preliminary study should be carried out on the unsteady static
data to see if by recording at high frequencies it may be possible to
correlate adjacent pressure transducer outputs in order to infer
boundary layer effects.

The unaveraged data should be made generally available on the
dynamic stall database.

The Handley Page wind tunnel should be instrumented with pres-
sure transducers within the working section walls to enable greater
understanding of the blockage effects.

The Beddoes model should be applied to all the tested motion types
to verify it’s ability to predict arbitrary motion types.

A least squares multi-variant optimization should be performed on
the Beddoes model across the entire dynamic stall data base to
check the physical non-dimensional time constants inferred from
the data do give the best correlation within the model.
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Appendix A - Memo on f nalysis facili

for Dynami 11D 1 niversi
DEPARTMENT OF AEROSPACE ENGINEERING
Mechan Professor THE UNIVERSITY
BRYAN E. RICHARDS GLASGOW G12 8QQ
B.Sc.(Eng).,D.I.C.,Ph.D. TELEX: 777070 UNIGLA
C.Eng.,AFAILAA.FRAeS. TEL: DIRECT DIAL 041-330 4304

ENQUIRES: DIRECT DIAL 041-330 5560

FAX: 041-330 4808
Memo: To all Dynamic Stall research team.
21st November 1988

Computer Programming
Proposal

Update all DSPLay software on VAX to capability of displaying unaveraged data and
comparison of different data files.
Reasons
» The analysis of unaveraged data is at present very restricted due to lack of available display
software.
¢ The unaveraged data would have a recognized “home” on the main VAX computer even if stor-
age there is periodic.
+ Will give impetus to change over all the raw data files to VAX formatted unaveraged files.
* The analysis of unaveraged data will allow a further answer to the question of whether the av-
eraged/unaveraged data should be used with regard to different areas of research.
+ Comparison of files is frequently required and yet no general programs exist to do this.
Timing
This could be achieved with one week of dedicated work, however the changing over all the raw files to
VAX unaveraged will take longer, but could be ran as a background job.
Proposal
Give all the display programs on the VAX a single command file from which any
DSPLay program can be run.
Reasons
 Simplifies all running, remembering of program names.
Reasons against
* What is the point of this when a software manual would tell potential users far more? The effort
to achieve this would be minimal, and also the advantages. All the programs are dealing with large
quantities of data, not sure how this could be passed around within a command file without using
disc storage, slowing the running considerably. Also who is running this software, and for what
purpose? ‘
Proposal
Write a completely new data display facility on the sun microcomputer. This facility
would include real time simulation display; ability to “cross-hair” extract values from
graphs; have a totally mouse menu driving option; allow for multiple graphs to be dis-
played simultaneously and hence multiple files; would be written with colour options in;
have security password for execution, thus allowing whole network access whilst re-
stricting users; allow reading in files automatically from VAX disc and also use of per-
sonnel data bases of files on tape (4000 files per tape); would run a database management
system (available within C language) to extract and display possible files of interest; al-
low for visual imaging of pressure distributions in an application environment (i.e.
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Reasons

VAWT’s or within Wind Tunnel); could be written with regard to display of blade vortex
interaction data and also formats of future dynamic stall data (e.g. display of hot film da-
ta).

* Sun cluster - take advantage of.

¢ Assuming much more data analysis will be done on the ds database and much of this analysis
involves the inspection of graphical display specific points, cross-hair will greatly speed up. Also
multiple display of graphs at once will speed up analysis.

« Excellent quality output via the laser printer when required, but also less hard copy output will
be required as the analysis will be more easily achieved at the terminal with multiple windows.

* Graphical display of extracted data immediately as data is extracted.

* Output can go straight into FRAME for production of reports, as both work with Postscript.

* With the ever increasing amounts of data the problem of data analysis becomes more difficult
by the shear numbers of files that must be considered, the speed, selection and multiple display
with help greatly reduce this, and secondly the problem of problem of physical storage that main-
tains easy access for use could be overcome by having many mini databases on sun archival tapes
that are far easier to deal with that are VAX tapes. (However the optical disc may alter this once
again, but if it’s on the network... the network is the computer).

Future Analysis of Dynamic Stall Data

Beddoes Model
“An optimisation of an existing empirical dynamic stall model for low Mach/Reynolds number test

case.”

Take the existing Beddoes code on the VAX, use NAG routines to optimise the time
constants for the comparison with our test data for each model, motion type and Reynolds
number. Also validate addition of wake modelling as used in reattachment paper, perhaps
use the f ratio test (null hypothesis, that a given parameter is zero within the model) to
validate all the many variable constants used within the model at various times.

Dynamic stall testing
“A comparison of the dynamic stalling of a family of modified NACA 23012 aerofoils.”

Quantify all the aerodynamic constants for the properties of each section under both
static and dynamic stall conditions (separation point movement, Wilby constants etc.).
Directly compare identical motion runs for each profile, perhaps some motion runs will
differ more that others, quantify this difference and plot against the variation of motion
type (mean angle, amplitude, frequency...), examine and quantify the differences be-
tween the sections in geometric terms look at the work of McCroskey on the eight sec-
tions.

VAWT’s
“An optimal symmetrical section for the VAWT at Carnarthem bay.”

Based upon 4 digit section tests, discuss the advantages of stall regulation; maximum
Ct generation; lessening of cyclic Cn loading; structural advantages of thicker sections.
Plot these as functions of the thickness, hence by giving each of the variables a weighting
an optimal thickness in the NACA 4 digit sections can be extrapolated. Perhaps discuss
the possible benefits of cambered sections in conclusion.

h ible internal

Data Acquisition
“An enhanced data acquisition system for the analysis of unsteady aerodynamics.”

Discuss previous system. Limitations discovered hence specification for new system.
Hardware solution and software solution. Hot wire implementation, cost, etc.

Data Presentation
“An advanced experimental data display facility on the Sun microcomputer.”
“A software manual for the VAX based dynamic stall presentation programs.”

David Herring.
(Research Assistant).
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Appendix B - Letter confirming Shock Stall testing had
been successfully completed at RAE Farnborough

Procurement Executive Minisiry of Defence

Royal Aircraft Establishment
Farnborough Hants GU14 6TD

Telex 858134 Telephone 0252 {Aldershot) 24461 ext 5126

Materials & Structures Department, X32 Building

Dr R A McD Galbraith

Dept of Aeronautics & Fluid Mechanics Your reference
The University
GLASGOW

Gl2 8QQ

Our reference

Date
24 October 1986

Dear ﬁ.old.‘a,

Reference David Herring's letter of 2 September 1986, I have now completed some
check calculations using our Viscous Garabedian & Korn program for steady

flow. Results ere included for inviscid flow on the aerofoils denoted 211T
and 211T Mod 2 by David Herring, at a Mach Number of 0.6 and zero incidences.
Further results are given for 211T Mod 2 in inviscid flow at a Mach number of
0.3 and incidences of 4, 6 ,680. Finally a viscous calculation is mage for

a Reynolds Numter of 1.5 x 10  at a Mach Number of 0.3 and incidence 8.

Basically tr2 calculations show that the lower surface peak has been controlled
8o tha™ shc. < waves are unlikely to arise at 0.6 Mach Number for zero incidences
and 1:w C, . Also that up to 8° and 0.3 Mach number, there is no indication of
premature .ody layer separation, if the assumption of transition at 0.05¢

is correc:.

The inviscid calculations indicate that some further smoothing of the ordinates
is desirable around the "join" at x/¢ = 0.25 and also around the leading edge.
The former should be quite straightforward, but the latter may require some care.

On the question of the vortex interaction studies, I have followed this up and
an extension for 12 months should be going through the normal contracts procedures.

pef. Qo

Best wishes.

A JONES
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Dear David. -
Thanks for the package of data you sent on the 14th of

April, You are to be congratulated on the results you have
obtained. I am sure there has been a lot of work to resolve the
limitations of the hardware, not to mention the bugs which always
appear. The results will prove most valuable in substantiating
the theoretical/empirical model of the impulsive lift component.
Taogether with Tassus®™ BEVI experiment the data will provide an
increased level of confidence for our predictive rotor loads
capability.

With regard to your queries:
Concerning the spikes in the TE pressures, FRoddy presumably has
passed on my suggestion that they may be related to interference
with the starting vortex. This could turn into a topic in its own
right and you should take Roddy’s advice as to what extent you
should pursue it within the conte:t of your Degree. My feeling is
that it is a secondarry issue and may be strongly influenced by:
1.Reynolds Number and Mach Number.
2.The phasing of the cessation of motion or time scale of the
rammn.
2. The natural frequency of the apparatus.

In addition it seems that the phenomenon is suppressed by
the dynamic stall LE vortex under appropriate conditions; i.e.
the high angle cases.

Another possibility involves excitation of the chordwise
bending mode, in which case the timescale is uniqgue.

% All of these reservations are open to question and may be
putpto the test. There is, no doubt, a natural time scale for the
TE vortex formation which is related to the Strouhal freqguency.
In the AHS publication co-authered with Gordaon Leishman we showed
a simulation of secondary vortex shedding which may be related. 1
enclose a paper which may be aof interest and refer you to a paper
in the Dec 87 issue of the Journal of Aircraft by Ericsson,
although I find it difficult to form a coherent picture of his \
viork.

With regard to presentation etc. 1 have examined most of the
data only superficially due to lack of time. The following items,
however, are apparent. In the catalogue of tests the airfoils are
identified by number but there does not seem to be a means of
relating to the airfoil description. The summary of the piston
theary tests is very useful but the timescale presentation makes
it difficult to compare features of different runs. I suggest you
use a scale of t.V/r and a maximum of 20,40,60 or whatever,
depending on the rate, for a constant overall length of scale.
Coinpared with the individual plots of Cn, the plots i1n the
summary appear to incorporate some zero drift:; likewise the
moment data seems to have some zero shift. On the subject of

moment data I woinlld aooreciate havinan some hetter nlote of Cm vs
t.V/c like the Cn ones. The data you sent is preliminary sa no

doubt you would have sorted out these problems anyway.

1 enclose the results of some comparisons with theory, the
model used incorporates the subroutine for the BVI evaluations
and the rotor loads acoustic program and does not include dynamic
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stall which is only of secondary interest in this aspect of the
problem. You may, however, find it worthwhile to compare the
dynamic stall behaviour with that obtained at higher RN. In the
absence of the static data I have assumed a lift curve =lope of
2m , zero Cm, and an aerodynamic centre at the quarter chord.
Runs 24851,71 and 81 have been concentrated on as most

ppropriate to demornstrate the picston theory terms, a velocity of

5.8 ft/sec and & chard of 1.7& ft were deduced from the
‘warameteres included in the data.

Studying the time histories, it appeared possible to
simul ate the drive system using two first order lags and & spring
mass damper combination. The advantage of this approach is that
both the displacemenrnt and rate are smooth functions. After some
effort the first two runs were simulated fairly successfully but
the third proved iapozzible without further complication. The
alternative wasz to digitise the forcing time history and tolerate
the somewhat ncisy derivative, which may not be unrepresentative
anyway. The difference=s in the resulting Cn and Cm are of
interezt too. Fias 1 and 2 show the theoretical results for run
861 using the system equations, T and 4 relate to 871 and S and &
to run 8381. Far the latter, a spurious perturbation is &apparent
in the 1ift and moment, whereas the error in the forcing doesz not
appear very great but 1s obviously gquite significant.

Using the digitised forcing, the comparisons are repeated in
figs.7 to 12 and finally caompared with the test values of Cn in
figs 13 to 15. The brealdown of the impulsive and circulatory
components is shown in fig.l4. It is apparent that, apart from

the influenre af the startinn vartey nr whatever. thza testes
sIoewacanitiale fLhE LiFUr BLICAL mOoel very well and even subtle

differences in the forcing time history for the first two runs
show up in the comparicon. Allowing for the apperent drift in the
experimental mement data the Cm’s also appear well modelled which
is important because the moment is particularly sensitive to the
impulsive loading. >

It would certainly be of interest to establish whether, for
ghe fgll scxle rotor application, we would be justified in .
ignoring the additional perturbation demonstrated by your tect.
Some indication might be obtained by shaping the termination of
the ramp and repeating &t higher RM with duplicated non
dimensional forcing. It would also be interexzting to see whether
the pheromenon can be induced during harmonic forcing by suitable
choice of amplitude and reduced frequency.

In answer to your query about the lift behaviour during run
24451 1 have included & simulation of this cace ¢ fiq5.17.ié and
19). It ie apparent that the behaviouwr is explainable in ferms of
ghe forcing time history. In fig. 18 the asymptotic value of lift
is too high, net surpricing in view of the test RN. sc the
consequence of a 20% reduction in Cly iz shown in ¥ic.19 which
duplicates the zero effeet of the forcing time histo?y.

In conclusion, 1 would like to reiterate my appreciatiocn of
your efforts and offer my encouragement for the completian of

your research project.
Youqé>zi:ferelys
T.S. Beddoes
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Appendix D - Complete set of tables for experimental tests performed on the
NACA 23012B

Flow visualisation test tests at 1.5 million Reynolds Number.,

Upper Surface Photographed Angles of Attack

-10.0 -8.3 -8.0 -5.8 -3.5
-2.6 -1.6 0.6 23 2.7
438 6.5 9.9 11.2 11.7
133 13.8 149 16.0 16.8
17.0 17.8 180 20.4 21.8
239 259 2717 29.6 31.8
34.1 36.6 39.9

Upper surface with trip wire - Angles of attack

-2.0 23 30 74 1.7

12.6

Lower surface - Angle of attack

9.2 49 09 55 10.1
144 194 242
Static tests
R Start Angle End angle Reynolds
un No.

(deg). (deg). No.

801 S 2% 1.56
811 -5 25 1.51
821 -5 25 1.53
921 -5 30 1.49
93t -5 24 1.50
932 -5 20 1.49
1181 -5 30 1.49
1411 -5 25 0.81
1421 -5 25 1.01
1431 5 25 1.51
1801 5 25 147
1811 .5 25 149
2911 -5 25 1.52
2921 -5 2% 1.93
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Static tests

Start Angle | End angle Reynolds
Run No.

(deg). (deg). No.

3341 -5 30 1.49
3351 -5 34 1.48
3363 -5 34 149
3371 -10 29 1.48
3381 26 4 1.49
3391 10 20 148
3743 -5 34 1.48
3991 -5 34 151
4271 -5 34 1.47
4281 -5 34 1.70
4291 -5 34 193
4301 -10 3 1.50
4302 -5 34 1.51
5211 -5 34 145
5221 -5 34 145
5231 5 -14 143
5241 5 17 146
5251 5 -16 1.46
5261 -17 34 147
5271 0 -16 147
5281 -5 34 1.89
5282 -5 34 1.86
5361 -5 34 1.45
5371 25 28 1.46
7001 -20 17 1.42
7011 18 -19 1.42
7021 -20 17 141
105381 -5 34 145
105391 25 28 1.44
105421 -5 34 1.44
105431 -5 34 1.46
105441 -5 34 1.45
105451 2 32 145
105461 5 -16 144
105791 -5 34 146
105801 5 -16 1.46
105811 -5 34 1.46
105821 5 -16 145
105831 -5 34 1.49
105841 5 -16 148
105941 0 40 1.50
105951 5 -16 1.51
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Oscillatory tests

Run No. Mean Angle | Amplitude FReduced Reynolds

requency No.
10831 4 10 0010 1.48
10841 6 10 0.010 147
10851 8 10 0010 1.47
10861 10 10 0.010 147
10871 10 10 0.010 147
10872 10 10 0.010 1.49
10881 4 10 0.025 1.48
10891 6 10 0.025 1.48
10901 8 10 0.025 1.47
10911 10 10 0.025 147
10912 10 10 0.024 1.49
10941 4 10 0.052 1.47
10951 6 10 0.052 1.46
10961 8 10 0.052 146
10971 10 10 0.052 1.46
10972 10 10 0.051 1.48
10981 4 10 0.076 1.50
10991 6 10 0.076 1.50
11001 8 10 0.076 1.50
11011 10 10 0.075 1.50
11012 10 10 0.076 1.50
11021 4 10 0.101 149
11031 6 10 0.101 149
11041 8 10 0.101 1.49
11051 10 10 0.101 1.49
11052 10 10 0.101 1.49
11061 4 10 0.126 1.50
11071 6 10 0.126 149
11081 8 10 0.126 149
11091 10 10 0.126 1.49
11092 10 10 0.132 1.68
11101 4 10 0.151 1.50
1111 6 10 0.151 1.50
11121 8 10 0.151 150
11131 10 10 0.151 1.50
11132 10 10 0.152 1.49
11141 4 10 0.177 1.50
11151 6 10 0.177 1.49
11161 8 10 0.177 1.49
1171 10 10 0.177 1.49
11172 10 10 0.177 1.50
11191 4 10 0.203 1.50
11201 6 10 0.203 1.49
11211 8 10 0.202 1.49
11221 10 10 0.202 1.49
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Oscillatory tests

Run No. Mean Angle | Amplitude Reduced Reynolds

Frequency No.
11222 10 10 0.202 1.50
11231 15 10 0.010 1.49
11241 20 10 0.010 149
11251 15 10 0.024 148
11261 20 10 0.0 148
11271 15 10 0.051 147
11281 20 10 0.051 147
11291 15 10 0.076 1.49
11301 20 10 0.076 1.49
11311 15 10 0.101 1.49
11321 20 10 0.101 149
11331 15 10 0.126 1.50
11341 20 10 0.126 1.49
11351 15 10 0.152 1.49
11361 20 10 0.152 1.49
11361 20 10 0.152 1.49
11381 20 10 0.177 1.50
11391 15 10 0.202 1.50
11392 15 10 0.203 145
11401 20 10 0.202 149
11402 20 10 0.203 145
11441 10 4 0010 1.49
11451 10 6 0.010 148
11461 10 8 0.010 148
11471 10 12 0.010 148
11481 10 4 0.025 1.50
11491 10 6 0.025 1.49
11501 10 8 0.025 1.49
11511 10 12 0.025 1.49
11521 10 4 0.051 1.49
11531 10 6 0.050 1.48
11541 10 8 0.050 148
11551 10 12 0.050 148
11561 10 4 0.076 1.49
11571 10 6 0.076 1.48
11581 10 8 0.076 1.48
11591 10 12 0.076 1.48
11601 10 4 0.101 1.49
11611 10 6 0.101 1.48
11621 10 8 0.101 1.48
11631 10 12 0.101 1.48
11641 10 4 0.126 1.50
11651 10 6 0.126 1.49
11661 10 8 0.126 1.49
11671 10 12 0.126 1.49
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Oscillatory tests

Run No. Mean Angle | Amplitude FReduced Reynolds

requency No.
11681 10 4 0.152 1.49
11691 10 6 0.151 1.49
11701 10 8 0.151 149
u7 10 12 0.151 149
11721 10 4 0.177 1.49
11731 10 6 0.177 1.49
11741 10 8 0.177 1.49
11751 10 12 0.177 149
11761 10 4 0.203 149
11762 10 4 0.205 1.44
1771 10 6 0.203 149
1772 10 6 0.205 144
11781 10 8 0.203 149
11782 10 8 0.205 144
11791 10 12 0.203 1.49
11792 10 12 0.205 1.44
11821 5 8 0.010 1.48
11831 6 8 0.010 147
11841 7 8 0.010 1.47
11851 8 8 0.010 1.47
11861 9 8 0.010 1.46
11871 10 8 0.010 146
11881 1 8 0.010 1.46
11891 12 8 0.010 146
11901 13 8 0.010 145
11911 14 8 0.010 145
11921 15 8 0.010 145
11931 16 8 0.010 145
11941 5 8 0.025 1.48
11951 6 8 0.025 1.48
11961 7 8 0.025 147
11971 8 8 0.025 147
11981 9 8 0.025 147
11991 10 8 0.025 147
12001 1 8 0.025 147
12011 12 8 0.025 147
12021 13 8 0.025 147
12031 14 8 0.025 147
12041 15 8 0.025 147
12051 16 8 0.025 1.47
12061 5 8 0.051 1.47
12071 6 8 0.051 147
12081 7 8 0.051 147
12091 8 8 0.051 147
12101 9 8 0.051 1.47
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Oscillatory tests

Run No. | Mean Angle | Amplitude Reduced Reynolds

Frequency No.

12111 10 8 0.051 147
12121 11 8 0.051 147
12131 12 8 0.051 147
12141 13 8 0.051 147
12151 14 8 0.051 147
12161 15 8 0.051 147
12171 16 8 0.051 1.47
12181 5 8 0.076 1.48
12191 6 8 0.076 1.48
12201 7 8 0.076 1.48
12211 8 8 0.076 1.48
12221 9 8 0.076 1.48
12223 10 10 0.203 145
12231 10 8 0.076 1.48
12241 1 8 0.076 1.48
12251 12 8 0.076 147
12261 13 8 0.076 1.47
12271 14 8 0.076 147
12281 15 8 0.076 1.47
12291 16 8 0.076 147
12301 5 8 0.102 147
12311 6 8 0.102 1.47
12321 7 8 0.102 1.47
12331 8 8 0.102 147
12341 9 8 0.102 147
. 12351 10 8 0.102 147
12361 1 8 0.102 147
12371 12 8 0.102 147
12381 13 8 0.102 147
12391 14 8 0.102 1.47
12401 15 8 0.102 147
12411 16 8 0.102 147
12431 8 0.127 1.48
12441 7 8 0.127 1.48
12451 8 8 0.127 1.48
12461 9 8 0.127 1.48
12471 10 8 0.127 1.48
12481 1 8 0.128 148
12491 12 8 0.128 1.48
12501 13 8 0.128 1.48
12511 14 8 0.128 1.48
12521 15 8 0.128 147
12531 16 8 0.128 147
12541 5 8 0.153 1.49
12551 6 8 0.152 1.48
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Oscillatory tests

Run No. Mean Angle | Amplitude FReduced Reynolds

requency No.
12561 8 0.152 1.48
12571 8 0.152 1.48
12581 8 0.152 1.48
12591 10 8 0.152 1.48
12601 1 8 0.153 1.49
12611 12 8 0.152 148
12621 13 8 0.152 1.48
12631 14 8 0.152 148
12641 15 8 0.152 1.48
12651 16 8 0.152 1.48
12661 5 8 0.178 1.49
12671 6 8 0.178 1.48
12681 7 8 0.178 1.48
12691 8 8 0.178 148
12701 9 8 0.178 148
12711 10 8 0.178 1.48
12721 1 8 0.178 1.49
12731 12 8 0.178 1.48
12741 13 8 0.178 1.48
12751 14 8 0.178 1.48
12761 15 8 0.178 1.48
12771 16 8 0.178 1.48
12782 5 8 - 0.202 1.46
12792 6 8 0.202 1.46
12801 7 8 0.204 1.48
12802 7 8 0.202 1.46
12812 8 8 0.202 1.46
12822 9 8 0.202 1.46
12832 10 8 0.202 1.46
12842 11 8 0.202 1.46
12852 12 8 0.202 1.46
12862 13 8 0.202 1.46
12872 14 8 0.202 1.46
12882 15 8 0.202 1.46
12891 15 8 0.203 1.49
12892 16 8 0.202 1.46
13751 0 2 0.042 1.50
13752 0 2 0.041 1.50
13761 4 2 0.042 1.49
13762 4 2 0.041 1.49
13771 4 4 0.042 149
13772 4 4 0.041 1.49
13781 0 4 0.042 1.49
13782 0 4 0.041 149
13791 0 2 0.105 1.49
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Oscillatory tests

Run No. Mean Angle | Amplitude FReduced Reynolds

requency No.
13792 0 2 0.104 1.49
13801 4 2 0.104 1.48
13802 4 2 0.104 1.48
13811 4 4 0.104 1.48
13812 4 4 0.104 1.48
13821 0 4 0.104 1.48
13822 0 4 0.104 1.48
13831 0 2 0210 1.47
13832 0 2 0.208 149
13841 4 2 0.210 147
13842 4 2 0.208 1.49
13851 4 4 0210 147
13852 4 4 0.208 1.49
13861 0 4 0210 147
13862 0 4 0.208 1.49
13871 0 2 0313 1.49
13872 0 2 0317 1.46
13881 4 2 0312 1.48
13882 4 2 0317 1.46
13891 4 4 0312 1.48
13892 4 4 0317 1.46
13901 0 4 0312 1.48
13902 0 4 0317 1.46
13911 0 2 0414 1.49
13912 0 2 0413 1.50
13921 4 2 0.414 1.49
13922 4 2 0.412 1.50
13931 4 4 0.414 1.49
13932 4 4 0.412 1.50
13941 0 4 0.414 1.49
13942 0 4 0412 1.49
13951 0 2 0.517 1.50
13952 0 2 0.927 1.50
13961 4 2 0.516 1.49
13962 4 2 0.926 1.50
13971 4 4 0.516 1.49
13972 4 4 0.926 1.50
13981 0 4 0.516 1.49
13982 0 4 0926 1.50
14001 0 8 0.010 1.49
14011 20 8 0.010 1.49
14021 25 8 0.010 1.49
14031 0 8 0.026 1.46
14041 20 8 0.025 1.46
14051 25 8 0.025 145
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Oscillatory tests

Run No. Mean Angle | Amplitude Reduced Reynolds

Frequency No.
14061 0 8 0.051 146
14071 20 8 0.051 1.46
14081 25 8 0.051 1.46
14091 0 8 0.076 1.46
14101 20 8 0.076 1.46
14111 25 8 0.076 1.46
14121 0 8 0.102 1.46
14131 20 8 0.102 145
14141 25 8 0.102 145
14151 0 8 0.127 1.46
14161 20 8 0.127 1.46
14171 25 8 0.127 1.46
14181 0 8 0.153 145
14191 20 8 0.153 145
14201 25 8 0.153 145
14211 0 8 0.178 1.46
14221 20 8 0.178 145
14231 25 8 0.178 145
14241 0 8 0.203 146
14251 20 8 0.203 1.46
14261 25 8 0.203 1.46
15961 5 8 0.150 099
15971 6 8 0.150 0.99
15981 7 8 0.150 0.99
15991 8 8 0.150 099
16001 9 8 0.150 099
16011 10 8 0.150 099
16031 12 8 0.149 1.00
16041 13 8 0.149 1.00
16051 14 8 0.149 1.00
16061 15 8 0.149 1.00
16071 16 8 0.149 1.00
115571 5 8 0.104 1.44
115581 6 8 0.103 1.43
115591 7 8 0.103 143
115601 8 8 0.103 1.43
115611 9 8 0.103 143
115621 10 8 0.104 1.43
115631 1 8 0.104 143
115641 12 8 0.104 143
115651 13 8 0.104 143
115661 14 8 0.104 143
115671 15 8 0.104 1.43
115681 16 8 0.104 143
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Ramp Up tests

Run N Arc Pitch rate Reduced Reynolds
un No-. (deg). (deg/sec). pitch rate No.
23001 41 0.7 0.0001 1.50
23011 41 15 0.0002 149
23021 41 3.0 0.0003 1.49
23031 41 44 0.0005 1.49
23041 41 6.0 0.0007 147
23051 41 75 0.0009 147
23061 41 14.8 0.0017 1.46
23071 41 292 0.0034 1.46
23081 41 44.7 0.0053 1.46
23091 41 58.7 0.0069 1.46
23101 41 74.3 0.0087 1.46
23111 41 915 0.0107 1.46
23121 41 100.6 00117 1.48
23131 41 114.3 0.0133 1.47
23141 41 1278 0.0149 1.47
23151 41 143.8 0.0166 1.50
23161 41 157.7 0.0181 1.49
23171 41 173.1 0.0199 1.49
23181 41 185.9 0.0215 1.49
23191 41 197.6 0.0229 1.48
23201 41 211.8 0.0245 1.48
23211 41 2239 0.0259 1.48
23221 41 2402 0.0276 1.50
23231 41 253.1 0.0291 1.50
23241 41 2635 0.0303 1.50
23251 41 280.7 0.0322 1.50
23261 41 286.5 0.0332 149
23271 41 299.4 0.0347 1.49
23281 41 3176 0.0368 149
23291 41 328.1 0.0380 148
23301 41 3330 0.0385 1.50
23311 41 366.5 0.0423 1.49
23321 41 3977 0.0459 1.49
23331 41 4235 0.0489 1.49
24311 4 58.1 0.0067 1.49
24321 4 1126 0.0130 1.49
24331 4 1452 0.0167 149
24411 8 478 0.0055 1.45
24421 8 108.2 0.0125 144
24431 8 1938 0.0224 144
24441 8 2102 0.0243 144
24451 8 2129 0.0246 144
24511 12 51.8 0.0060 1.46
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Ramp Up tests

Arc Pitch rate Reduced Reynolds
Run No. .

(deg). (deg/sec). pitch rate No.
24521 12 940 0.0108 145
24531 12 195.8 0.0226 145
24541 12 259.6 0.0299 1.45
24551 12 271.5 0.0313 145
24561 12 276.0 0.0319 145
24571 12 274.5 0.0317 145
24581 12 2925 0.0338 145
24591 12 299.0 0.0345 145
24601 12 304.4 0.0351 1.45
24611 20 49.4 0.0057 1.48
24621 20 97.9 00113 1.48
24631 20 219.8 0.0253 1.48
24641 20 301.6 0.0346 148
24651 20 327.0 0.0375 1.48
24661 20 344.9 0.0398 1.47
24671 20 350.5 0.0405 1.47
24681 20 3740 0.0431 147
24691 20 364.0 0.0420 147
24701 20 3729 0.0430 1.47
24711 30 495 0.0057 147
24721 30 100.2 0.0115 147
24731 30 200.4 0.0229 1.46
24741 30 325.3 0.0372 146
24751 30 3759 0.0430 1.46
24761 30 395.6 0.0458 145
24771 30 422.5 0.0489 145
24781 30 430.6 0.0498 145
24791 30 4436 0.0513 145
24801 30 455.5 0.0527 144
24861 12 2865 . 0.1232 0.40
24871 20 361.7 0.1556 0.40
24881 30 447.5 0.1925 0.40
24891 4 147.4 0.0635 0.40
24901 8 2379 0.1024 0.40
24911 4 154.1 0.0430 0.62
24921 8 241.5 0.0675 0.62
24931 12 290.1 0.0810 0.62
24941 20 3716 0.1055 0.62
24951 30 4422 0.1235 0.62
24961 4 158.6 0.0396 0.69
24971 ) 2326 0.0580 0.69
24981 12 281.1 0.0701 0.69
24991 20 3572 0.0891 0.69
25001 30 4386 0.1094 0.69
25011 4 120.6 0.0245 0.85
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Ramp Up tests

Arc Pitch rate Reduced Reynolds
Run No. .

(deg). (deg/sec). pitch rate No.
25021 8 245.1 0.0498 085
25031 12 288.3 0.0586 0.85
25041 20 368.6 0.0749 0.85
25051 30 439.6 0.0894 0.85
25061 4 131.8 0.0237 0.96
25071 8 254.1 0.0458 096
25081 12 2919 0.0526 096
25091 20 364.8 0.0657 0.96
25101 30 4485 0.0808 0.96
25111 4 107.2 0.0156 1.19
25121 8 246.0 0.0358 119
25131 12 290.1 0.0422 1.19
25141 20 370.7 0.0540 1.19
25151 30 452.5 0.0659 119
25161 4 137.6 0.0180 1.32
25171 8 2326 0.0304 1.32
25181 12 293.6 0.0384 131
25191 20 3712 0.0486 131
25201 30 4525 0.0592 131
26081 41 495 0.0086 098
26091 41 98.9 0.0172 098
26101 41 1983 0.0345 098
26111 41 287.5 0.0501 098
26121 41 366.5 0.0638 0.98
26131 41 4210 0.0743 098
125691 41 49.6 0.0057 145
125701 41 98.9 00112 1.44
125711 41 198.6 0.0226 144
125721 41 2914 0.0331 144
125731 41 367.1 0.0417 144

Ramp down tests
Arc Pitch rate Reduced Reynolds
Run No. .

(deg). (deg/sec). pitch rate No.
33401 41 07 ~0001 1.49
33411 41 -1.5 -.0002 1.50
33421 41 29 -0003 147
33431 41 44 -.0005 148
33441 41 6.0 -0007 148
33451 41 72 -.0008 148
33461 41 -15.0 -0017 148
33471 41 -29.1 -0034 148
33481 41 439 -0051 1.48
33491 41 -58.4 -0068 148
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Ramp down tests

Arc Pitch rate Reduced Reynolds
Run No. .
(deg). (deg/sec). pitch rate No.
33501 41 -71.0 -.0082 1.47
33511 41 -85.8 -.0099 1.47
33521 41 -94.7 -0110 1.47
33531 41 -107.0 -0124 147
33541 41 -120.7 -0140 147
33551 41 -135.6 -0157 147
33561 41 -148.7 -0172 1.47
33571 41 -159.5 -0184 1.47
33581 41 -1724 -0200 147
33591 41 -181.5 -0210 1.47
33601 41 -195.2 -0226 147
33611 41 -205.7 -0238 1.47
33621 41 2177 -0253 1.46
33631 41 -226.1 -.0262 146
33641 41 -2438 -0283 1.46
33651 41 -255.3 -0296 1.46
33661 41 -262.7 -0305 1.46
33671 41 -273.8 -0318 1.46
33681 41 -288.1 -0334 1.46
33691 41 -302.7 -0351 1.46
33701 41 -302.7 -.0353 1.46
33711 41 -347.7 -.0405 145
33721 41 -384.7 -.0448 145
33731 41 412.1 -0479 145
36141 41 482 -.0083 1.00
36151 41 -95.4 -0164 1.00
36161 41 -182.8 -0314 1.00
36171 41 -263.9 -0453 1.00
36181 41 -357.7 -0614 1.00
36191 41 41538 -0714 1.00
135741 41 434 -0055 145
135751 41 94,7 -0107 1.45
135761 41 -1794 -0202 145
135771 41 -265.8 -.0300 145
135781 41 -351.1 -.0396 145
Unsteady static tests
Run No. Angle Sampling Reynolds
Frequency. | No. (10-6)

40011 -10 250.0 1.49

40021 -8 250.0 149

40031 -8 250.0 1.49
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Unsteady static tests

Run No. Angle Sampling Reynolds
Frequency. | No. (10-6)
40041 s 250.0 1.48
40051 3 250.0 1.48
40061 2 250.0 1.48
40071 2 250.0 1.48
40081 -1 250.0 1.48
40091 0 250.0 1.48
40101 2 250.0 1.48
40111 2 250.0 1.48
40121 3 250.0 1.48
40131 4 250.0 1.48
40141 6 250.0 1.48
40151 7 250.0 148
40161 9 250.0 1.48
40171 11 250.0 1.49
40181 11 250.0 1.49
40191 12 250.0 1.49
40201 13 250.0 1.49
40211 13 250.0 1.49
40221 14 250.0 1.48
40231 16 250.0 1.48
40241 16 250.0 1.48
40251 17 250.0 1.48
40261 17 250.0 1.48
40271 18 250.0 1.48
40281 20 250.0 1.48
40291 21 250.0 1.48
40301 23 250.0 1.48
40311 25 250.0 1.48
40321 27 250.0 1.48
40331 29 250.0 1.48
40341 31 250.0 1.48
40351 34 250.0 1.48
40361 36 250.0 1.48
40371 38 250.0 1.49
40501 0 100.0 148
40511 2 100.0 147
40521 4 100.0 147
40531 6 100.0 147
40541 8 100.0 147
40551 10 100.0 147
40561 12 100.0 147
40571 13 100.0 147
40581 14 100.0 1.46
40591 15 100.0 1.46
40601 16 100.0 1.46
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Unsteady static tests

Run No. Angle Sampling Reynolds
Frequency. | No. (10-6)
40611 18 100.0 1.46
40621 20 100.0 1.46
40631 24 100.0 1.46
40641 30 100.0 1.46
40651 0 500.0 149
40671 4 500.0 1.49
40681 6 500.0 1.49
40691 8 500.0 1.48
40701 10 500.0 148
40711 12 500.0 1.48
40721 13 500.0 1.48
40731 14 500.0 1.48
40741 15 500.0 1.48
40751 16 500.0 1.48
40761 18 500.0 1.48
40771 20 500.0 1.48
40781 2 500.0 148
40791 30 500.0 1.48
45341 26 50.0 1.45
45351 26 50.0 1.45
145401 26 50.0 1.44
145411 26 50.0 1.44
145471 -5 500.0 1.46
145481 0 500.0 1.45
145491 5 500.0 145
145501 10 500.0 1.45
145511 15 500.0 145
145521 19 500.0 1.42
145531 25 500.0 142
145541 28 500.0 1.42
145551 30 500.0 142
145561 35 500.0 1.42
145851 -5 500.0 1.48
145861 0 500.0 147
145871 5 500.0 1.47
145881 10 500.0 1.48
145891 14 500.0 1.47
145901 20 500.0 1.47
145911 25 500.0 147
145921 30 500.0 147
145931 35 500.0 147
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VAWT tests

Mean angle | Amplitude Reduced Reynolds
Run No. .
(deg). (deg). pitch rate No.
56701 0 5 0.051 1.44
56711 0 9 0.051 1.43
56721 0 12 0.051 1.43
56731 0 13 0.051 1.43
56741 0 17 0.051 1.43
56751 0 2 0.051 1.43
56761 0 5 0.040 1.44
56771 0 0.040 1.44
56781 0 12 0.040 1.44
56791 0 13 0.040 1.44
56801 0 17 0.040 143
56811 0 22 0.040 143
56821 0 5 0.061 1.43
56831 0 0.061 1.43
56841 0 12 0.061 1.43
56851 0 13 0.061 1.43
56861 0 17 0.061 143
56881 0 5 0.051 1.49
56891 0 0.051 1.48
56901 0 12 0.050 1.48
56911 0 13 0.050 1.48
56921 0 17 0.050 1.48
56931 0 2 0.050 1.48
56941 -6 13 0.051 1.49
56951 4 13 0.051 1.49
56961 -2 13 0.051 1.49
56971 2 13 0.051 1.49
56981 4 13 0.051 1.49
56991 6 13 0.051 1.49
Ramp wave
Mean angle Reduced Reynolds
Run No.

(deg). frequency No.

65291 15 0.037 147

65301 15 0.037 147

65311 15 0.037 147

65321 15 0.037 147

65331 15 0.037 1.47

66261 15 0.069 145

66271 15 0.052 1.44

66281 15 0.026 144

66291 15 0.020 144
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Ramp wave

Mean angle Reduced Reynolds
Run No.

(deg). frequency No.
66301 15 0.016 144
66311 10 0.089 1.44
66321 10 0.069 1.44
66331 10 0.030 144
66341 10 0.022 1.44
66351 10 0.017 1.44
66361 5 0.150 1.44
66371 5 0.09%6 1.44
66381 5 0.034 1.44
66391 5 0.024 1.44
66401 5 0.019 1.44
66411 20 0.052 1.44
66421 20 0.041 1.43
66431 20 0.023 143
66441 20 0.018 143
66451 20 0.015 143
66461 15 0.006 1.44
66471 15 0.024 144
66481 0 0.052 1.43
66491 15 0.061 143
66501 15 0.067 1.43
66511 10 0.009 145
66521 10 0.032 1.44
66531 10 0.062 1.64
66541 10 0.067 1.44
66551 10 0.071 1.44
66561 5 0.103 1.44
66571 5 0.037 143
66581 5 0.025 143
66591 5 0.023 1.43
66601 5 0.022 143
66611 20 0.353 143
66621 20 0.087 1.42
66631 20 0.037 1.42
66641 20 0.030 1.42
66651 20 0.027 1.42

Random incid

ence variation

Run No. Reynolds
No.
76201 1.46
76211 145
76221 145
76231 145
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Random incidence variation

Reynolds
Run No. y
No.
76241 1.45
76251 1.45
141
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