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SUMMARY

At present little is known of the dynamics of a separating 
and reattaching flowfield. This unsteady flow topic relates to 
a wide range of aerodynamic problems such as dynamic stall and 
contfol-sürface-buzz.

An experiment was performed with the purpose of investi­
gating the dynamics of a separated region and the effect of the 
region on the motion of a flap-type control surface. A NACA 
0012 airfoil section was fitted with a movable spoiler and flap. 
Measurements were made of the unsteady, non-linear hinge-moment 
due to spoiler oscillation. Aerodynamic hinge-moment was also 
investigated with the spoiler fixed and the flap oscillated 
harmonically. Flap response to spoiler-induced forcing was als o 
observed in addition to observations of coupled spoiler and flap 
system behavior. The coupled system exhibited limit-eyele 
oscillations.

Flap response to spoiler-induced loading can be predicted 
well by use of a linear equation for flap motion which is forced 
by the effect of spoiler motion. The equation of motion includes 
attached flow values of aerodynamic damping and stiffness.

A theory is developed which models separation bubble 
dynamics. It includes a quasi-steady model for the external 
shear-layer, and flow of mass within the bubble at a mean 
reversed-flow velocity. Pressure perturbations along the 
bubble are modeled also.

The theory is used with the method of Beecham and Titchener 
in order to predict limit-cycle behavior of the coupled system. 
Good agreement with experimental results is achieved.

The instant of instability and of growth of a laminar 
separation bubble at the leading-edge of an oscillating airfoil o 
is also investigated theoretically. The beginning of dynamic 
stall is seen to be related to the dynamics of a separation 
bubble and the inviscid flowfield. The theory is applied also 
to a study of the phenomena of control-surface-buzz, where 
separation is induced by shock waves.
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NOTATION

a constant, e.g., the slope of a linear 
velocity profile or a non-dimensional 
pitch-axis location

coefficient of a polynomial

free-stream speed of sound

flap system moment of inertia or separation 
bubble area or a gain factor

aspect ratio of separation bubble, A R =  
bubble span 

bubble length

airfoil semichord, b = %

flap span

spoiler span

flap system mechanical damping

airfoil chord or non-dimensional flap hinge 
location

flap chord

flap system structural stiffness 

Theodorsen function

non-dimensional hinge-moment coefficient, 
n = _ H _

=/

pressure coefficient, C„ = P--~ P”
P 9»

non-dimensional derivatives, e.g., Cn» - 

û a' ’ uH3 bg'

(note: CH/3 = - 2 = 2 (f-)2 =

' 2 = 2 Ĉ -)3 hj where the k's are AGARD

notation and the h's are conventional English 
notation based on airfoil chord)



lift-curve slope

incremental hinge-moment coefficient

coefficients of Fourier series

pressure coefficient due to circulation 
effects

bubble length versus spoiler height curve 
Ôxi

slope, djL = - 5-5- ’ 1 = b»r

slope of curve, dR = dr (~)
f

actual and non-dimensional spoiler height,

b . ü
cf

actual and non-dimensional spoiler param-
bOg

eters, e.g., h = h. + Ah cos cot = — ®
Ahs 0 cf

+ — — COS cut 
f

effective spoiler height

hinge-moment or shear-layer shape factor,

dimensional derivatives, e.g., 

incremental hinge-moment

Hankel function of the second kind of order
i
integral related to circulation effects 

a constant, e.g., a coupling parameter 

a constant

total separation bubble length or laminar 
shear layer length

turbulent mixing and reattachment region 
length



Mach number or ratio of unsteady and steady 
flow circulation effects

describing function coefficients, i = 1,2 

static and total pressure 

free-stream static pressure

normal and tangential components of velocity 
at bubble boundary

free-stream dynamic pressure, qœ = "i- P Uœ2

parameter used to evaluate circulation

Reynolds number based on distance x (velocity 
is either Us or Uœ)

time

x-component of velocity

velocity at bubble dividing streamline at 
station b

x-component of velocity at the edge of a 
shear layer (also Ue)

apparent convective velocity

value of U due to mean airfoil incidence

free-stream speed

entrainment velocity

rate of energy dissipation within bubble

non-dimensional chordwise distance based on 
airfoil chord or (in section 4) based on 
semichord with origin at midchord, i.e.,
x = — or x = ? - 1. c b

location in wake of vortex element

flap hinge-line location

shock-wave location

spoiler location

chordwise distance from airfoil leading-edge 
or (in part of section 3) from spoiler



distance normal to airfoil surface of 
dividing streamline, edge of shear-layer, 
and "zero" streamline

airfoil angle-of-attack or a phase angle

airfoil mean incidence angle

amplitude of airfoil oscillation

stall overshoot angle, A  oc. = C£, . -s dynamic
static stall
stall

flap deflection angle

coefficients of Fourier series

amplitude of flap oscillation

amplitude of limit-cycle oscillation

stall overshoot angle

density of vorticity or gas constant

circulation

shear-layer thickness

shear-layer displacement thickness

difference between pressure coefficients in 
separated and attached flow

error parameter

damping ratio

shear-layer momentum thickness

phase angle in Fourier series for pressure

_ p b f c /
a constant, K  -- -----

Ik

stability parameter, X = 

viscosity

frequency parameter based on flap chord,
COc

" = -n-S"



€

P
or

CR
T , Taj T0 » Tç

0

0

*n

CO 

(•) =

(') =

< p >, < u >  

superscripts

î

frequency parameter based on airfoil semi-
chord, ^ _C0 b 

U.œ
non-dimensional chordwise distance, f = —c
free-stream density

pressure recovery coefficient or Crabtree's
Cp cps cpr " cpsparameter, cr = or cr = s1 - C, 1 - G,JPs - " UPS

critical value of Crabtree's parameter

non-dimensional time, i.e., r = U_t

Ucot I

2 U V=
"f

I - X
uG' -C

velocity potential or phase angle

phase angle in Fourier series for flap angle

phase angle for circulation effects

phase angle in Fourier series for hinge- 
moment

angular frequency of oscillation

Û L 1
dt

RMS values of pressure and velocity fluctua­
tions

perturbation quantity

describing functions for transient motion 

fluctuating quantity due to turbulence 

time average value in turbulent flow

subscripts

a associated with airfoil dimensions



b at location where transition and reattachment
begins

& on lower surface

m at location of maximum velocity

o mean value '

r at location of reattachment

s at location of separation

u on upper surface



-1-
1. INTRODUCTION

At present little is known of the dynamics of a separating 
and reattaching flowfield. This unsteady flow topic relates to 
a wide range of aerodynamic problems such as control-surface- 
buzz; dynamic stalling of lifting surfaces or bodies ; "wing 
rock", "departure" and autobuffeting of aircraft; "stall flutter" 
of helicopter rotor blades, engine compressor blades, and 
possibly V/STOL aircraft wings and lifting body configurations.^>2,

The above examples of interaction between an oscillating 
surface (or body) and a separating flow represent significant 
problems. Unfortunately, there exists a void in knowledge 
which precludes the development of valid models for the related 
flowfield. The above examples usually involve low rates of 
change of properties within the flowfield, thus dynamic viscous 
effects play an important role. Flutter in one degree of 
freedom may exist in which there is a mutual interaction between 
the motion of a body and the separating and reattaching flow.
Shock waves may be involved as the mechanisms for inducing flow 
separation. The topic of flutter in one degree of freedom is 
discussed by Lambourne in reference 1. Jones, in reference 4, 
concludes that in this type of flow the flow field is determin­
istic and the appropriate analytical model is autonomous and 
nonlinear.

One of the problems associated with these inviscid-viscous 
flow interactions is that there must be a matching of conditions 
at the boundaries of the rotational and irrotational flow 
regions. An iterative process is usually involved. At extremes 
of this matching problem are cases where either the inviscid or 
viscous region dominates the other. For example, a thin 
boundary layer on an airfoil may be neglected completely in 
many cases of steady and unsteady flow.

In this paper two cases will be investigated which are 
seen to lie near the above extremes. The first case involves 
a fence-type spoiler which can be thought of as an overwhelming 
perturbation and is used to 1 control1 a sizable separated region. 
The growth of the separated region is studied. It is found that 
viscous effects are of primary importance. Near the other 
extreme is the interaction between a small laminar leading-edge 
separation bubble and the outer inviscid flow field on an air­
foil. Results obtained during these analyses are extended in 
order to study the complex problem of control-surface-buzz, 
which lies somewhere between the two extremes of interaction 
types.

The first part of this paper then deals primarily with a 
controlled separated region. The purpose is to gain further 
insight into the dynamics of an unsteady separating flow by 
significantly reducing the influence of the inviscid flow field. 
Section 2 elaborates on an experiment which was designed to do 
this. It involves an airfoil with flap and a spoiler which can
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be mechanically driven in harmonic motion in order to control 
an unsteady separating flow. The experiment is also designed 
so that the flap, which lies.downstream of the spoiler, may be 
fixed or be allowed to respond freely to the effects of spoiler 
forcing, or be coupled to the spoiler.

An excellent survey of work related to separated flows is 
found in Chang's book (Ref. 3). Other important contributions 
in the study of steady or quasi-steady separated flows are 
found, for example: (i) in the analytical work of Crimi and
Reeves (Ref. 6) which deals with a separated laminar shear- 
layer which transitions to a turbulent shear-layer with mixing 
and reattachment onto a surface, (ii) in the experimental studies 
of Barnes (Ref 7) and Newman (Ref 8) which deal with a separated 
region aft of a fence-type spoiler, (iii) in the experiment by 
DeBroderode and Bradshaw (Ref 9) which deals with a separated 
region aft of a rearward-facing step and discusses three- 
dimensional effects and the dependence of bubble length on step 
height and initial boundary-layer thickness and shape, (iv) in 
the analysis by Bradshaw and Wong (Ref 10) which deals with 
strong and overwhelming perturbations to a shear-layer (caused 
by steps or spoilers, for example) and the subsequent downstream 
reattachment and relaxation of the shear-layer, (v) in the ana­
lytical work of Norbury and Crabtree (Ref 11) which deals with 
the mixing and reattachmènt region of a separation bubble, and 
(vi) in the studies by McGregor (Ref 12), Caster (Ref 13),
Young and Horton (Ref 14), Horton (Ref 15) and more recently 
Woodward (Ref 16) which are concerned with the growth and 
bursting of laminar leading-edge separation bubbles.

Trilling (Ref 17), East and Wilkinson (Ref 18) and Theisen 
(Ref 19) have offered models of a separated region in which 
unsteady mass flow into the region is considered in order to 
determine growth characteristics in unsteady flow.

In section 3 a mathematical model of a separated region 
is derived which is used in comparison with the experimental 
results of section 2. Further analysis is offered in section 4 
which extends the analytical model of the experiment to the study 
of dynamic stall. In particular the stability of a laminar 
leading-edge separation bubble on an airfoil is studied and 
when instability is achieved, for example, after an airfoil has 
pitched upward past the static stall incidence angle, a predic­
tion is made of the instant at which the bubble begins to grow. 
Subsequent growth and loading due to bubble growth is not 
analyzed. Also included in section 4 is an extension of the 
analysis to include the study of control-surface-buzz.
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2. EXPERIMENTS ON AN AIRFOIL WITH OSCILLATING SPOILER AND FLAP

An experimental program was designed in order to study a 
separating and reattaching flowfield in incompressible flow.
The program included a series of tests which involved an airfoil 
model with a movable fence-type spoiler.

In the first series of testing the spoiler, which is 
mounted on the model upper surface, is oscillated and thus used 
to "control" flow separation and reattachment. Pressures along 
the airfoil centerline are recorded as well as unsteady hinge- 
moment which acts on a flap-type control surface (mounted aft 
of the spoiler). A second series of tests involves the spoiler 
at fixed heights while the flap is oscillated mechanically. The 
flap is allowed to respond freely to spoiler induced loading in 
a third series of tests, and a final series of tests is performed 
with the spoiler and flap mechanically coupled.

Spoiler chordwise position and maximum height were chosen 
from results of an earlier experiment so that at maximum height 
a region of near constant pressure "dead air" extended to the 
trailing edge of the model. The program was designed to isolate 
and concentrate on the least understood elements of the 
separating flow field. These elements relate to the dynamics 
of a separated region.

The spoiler induces a region of separated flow which exists 
on the airfoil aft portion. Since regions of separated flow are 
known to break down into "stall cells" if model aspect ratio is 
large, a model of fairly low aspect ratio is used so that a 
single "stall cell" exists and the flow field is symmetrical 
about the model centerline.

Unsteady pressures and hinge-moments were expected to 
depend on the following quantities: airfoil angle-of-attack,
flap angle, spoiler height (mean height and oscillation ampli­
tude), frequency of oscillation, air density and viscosity, 
free-stream speed, airfoil chord, flap chord, spoiler chordwise 
position, spoiler span, boundary-layer displacement thickness, 
free-stream turbulence, and (for flap-free testing) flap system 
inertia, mechanical damping and structural stiffness. In 
addition, pressures depend on chordwise location. Dimensional 
analysis then shows that non-dimensional pressure and hinge-
moment coefficients depend on appropriate non-dimensional
parameters. The experimental program served to investigate the 
effects of these parameters over a limited range of parameter 
variations. Reference 20 contains a detailed description of 
the experiment and results. Some of that information is included 
here.

2.1. Apparatus and Methods of Measurement

A modified NACA 0012 airfoil model of 24" chord and 18" 
span was constructed, assembled and mounted in the 8 * x 6 * sub-
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sonic wind tunnel of the Department of Aerodynamics, Cranfield 
Institute of Technology (C.I.T.)- (See Figure 2.1.)

The airfoil model included a % chord plain flap (with 
hinge-line located at 3/4 chord) and a fence-type spoiler 
located 14” from the airfoil leading-edge (L.E.), i.e., at 
58.3% chord. The spoiler was free to move in a direction 
normal to the airfoil chord. The airfoil is nominally a NACA 
0012 section up to 75% chord. The flap has flat upper and lower 
surfaces and a blunt (.045" thick) trailing edge (T.E.).

Figure 2.2 shows a top view of the airfoil model, including 
flap, with top surface panels removed. Not shown is the fact 
that the airfoil "center" and rear spars and the flap shaft 
extend beyond the model span. The airfoil spars extend through 
perspex end-plate windows on both sides of the model and are 
attached to brackets on external stiffeners. The stiffeners 
allow adjustment of airfoil incidence and can be adjusted over 
a range of incidence angles -5° < CL < 4-22°.

The flap shaft also extends in span through the end plate 
windows and attaches to adjustable support brackets via Bendix 
flexure pivots. The attachment can be adjusted to alter the 
gap at the flap hinge-line. The gap was adjusted to .008" by 
use of shims giving a gap to chord ratio of .00033. A gap of 
.026” existed between the flap and end-plates.

A special balance bracket and rod was attached to the flap 
shaft on the port side and was used to mass balance and vary the 
moment of inertia of the flap. Also a "locking bar" with strain 
gages could be used to secure the flap at desired flap angles 
and to measure hinge-moment.

An alternate assembly could be used on the flap shaft for 
flap-forcing tests. The flexure pivot and bracket, and balance 
bracket were removed and a connecting arm with strain gages, 
bearing and bracket were connected directly to the flap shaft. 
The connecting arm was then attached to a drive rod (to be 
described).

The starboard extension of the flap shaft was connected, 
in addition to a flexure pivot and bracket, to a low-torque, 
precision wire-wound potentiometer which was used for flap 
angle measurement. A 12:1 gear ratio was provided between 
potentiometer and flap. An adjustable mechanical limit was 
provided to limit flap travel to amplitudes of 20° or less.

The spoiler was driven through a lever and shaft assembly 
located on the model port side. A rack and pinion arrangement 
was used within the airfoil in order to move the .082" thick 
nylon spoiler normal to the airfoil chord line. Brackets could 
be adjusted for best gear alignment and to eliminate backlash.

Two spoilers were constructed, one a "full-span" version 
of 18" span and one "part-span" of 15" span. The "full-span"
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spoller did not completely fill the distance between end-plates. 
A .04I" gap existed on both sides.

A drive rod, which was used for spoiler and flap forcing, 
was constructed of light alloy and connected under the tunnel 
. floor to a variable eccentric cam. The cam could be altered 
to vary drive rod stroke from zero to about four inches. The 
variable cam/flywheel assembly was driven through an infinitely 
variable hydraulic transmission connected to an electric motor. 
Rotary speed of the flywheel assembly was held constant by a 
self-contained hydraulic servo mechanism and could be adjusted 
over a frequency range of zero to about seven revolutions per 
second. The drive rod delivered a nearly perfect sinusoidal 
linear motion at the model. It was also used to force the flap 
through sinusoidal variations of flap angle up to + 10°. The 
apparatus allowed for adjustment of either spoiler or flap mean 
position, amplitude of oscillation and frequency.

A simple linkage mechanism was also provided in order to 
couple the flap to the spoiler. A slotted lever was attached 
to the spoiler drive shaft and coupled to the mass balance rod 
of the flap assembly. A coupling pin and bushing could be 
moved in order to vary the "gearing" between flap and spoiler 
motion. Also mean spoiler height could be altered.

Refer to Figure 2.3 for views showing different configura­
tions.

End plates were constructed of wood. They were bolted to 
the perspex end windows and four steel struts which were used 
to secure the apparatus to the tunnel celling and floor. 
Streamlined fairings were attached to the struts. Cowlings 
were fabricated of sheet metal and used to cover apparatus 
which was exposed at the end plates. The cowlings were shaped 
in order to reduce wake disturbances.

The model, end plates and cowlings were painted à dull 
black.

The airfoil was constructed with static pressure taps 
initially at 8 chordwise positions on the upper and lower 
surface along the model centerline, i.e., at .625, 1.25, 2.5,
5, 15, 25, 45 and 65% chord. Five static pressure taps at 
76.25, 85 and 95% chord on the upper surface and at 82.5 and 
90% on the lower surface were also provided on the flap for 
initial testing. Plastic tubing was led out of the model 
through the spars and flap shaft, down the struts through the 
tunnel floor to a multiple-tube manometer.

A pitot-static tube was positioned approximately 2* above 
and to the left of the airfoil with pitot-tube opening at the 
model leading-edge. Leads were connected to the manometer.
Most of the static pressure taps were connected to the manom­
eter throughout the series of experiments, however, some were 
later connected to pressure transducers as explained shortly.
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Initially two Micromovements Ltd. type 8-612/s3 differen­
tial pressure transducers were purchased by the Department of 
Aerodynamics and installed on the flap insert upper surface at 
the 80 and 87.5% chord positions. They were bonded with 
Aroldite adhesive to the lower surface of the insert beneath 
small holes. The reference pressure side of each transducer 
was connected to a common manifold that was kept at 'tunnel 
static' pressure via a connection to the pitot-static tube.
Two additional Micromovements transducers were later purchased 
and mounted close to the surface at 45 and 65% chord on the 
airfoil upper surface. Also, six Kulite model CQH-125-5D 
pressure transducers were purchased by the Frank J. Seiler 
Research Laboratory (FJSRL) and connected by plastic tubing to 
taps at 1.25 and 2.5% chord on the airfoil upper surface, to 
76.25 and 95% chord on the flap upper surface, and to 82.5 and 
90% chord on the flap lower surface. Protective brass housings 
were constructed for the Kulite transducers. Refer to Figure
2.4 for details of transducer mounting in the flap.

All transducers were connected on the reference pressure 
side to the common manifold. The wiring associated with each 
transducer was led through the model spars or flap shaft to a 
connector strip on the end plates. Screened four-conductor 
cables were used as leads to amplifiers and power supplies 
located at the control bench.

Spoiler position was sensed by a precision wire-wound 
potentiometer that was located at the spoiler drive shaft in 
the model. Flap position was sensed by the precision potentio­
meter mentioned previously. All potentiometer electrical 
connections were led to a connector strip on the starboard 
end^plate and from there to the control bench by four-conductor 
screened cables. Electrical connector strips and leads may be 
seen in Figure 2.3.

Hinge-momënts were measured by one of three strain-gage 
devices. Each device was instrumented with an additive bridge 
arrangement of four "polyester" strain gages. The strain gages 
were bonded with adhesive to sand blasted surfaces. For flap- 
forcing the measurement of hinge-moment is taken from the 
strain-gages on a thick, steel connecting lever. For flap 
fixed testing a locking bar was used to secure the flap.

A thermocouple (which can be seen in Figure 2.2) was 
secured to the rear airfoil spar and electrical connections 
were led to a thermocouple multimeter located on the control 
bench.

A single-element hot wire anemometer was used to measure 
tunnel free-stream turbulence levels. It was positioned on a 
probe that extended 6" in front of the airfoil leading-edge. 
Measurements were taken both at the airfoil center-line and 
upstream of the starboard end plate. Later the probe was moved 
to position the hot-wire 7" aft of the trailing-edge along the
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center-line and I" above the airfoil. The hot-wire electrical 
lead was brought out to the control bench to associated DISA 
equipment.

A nine tube boundary-layer rake was also used during a test 
series. The tubes measured total pressures with 3/4" of the 
airfoil surface. Plastic tubing connected the boundary-layer 
rake to the multiple-tube manometer.

Most data was available in the form of electrical signals 
from the various sensors. These signals were brought to the 
control bench xdiere most of the data acquisition apparatus was 
located. (See Figure 2.5.)

Four differential B.C. amplifiers with individual bridge 
power supplies were constructed by the Instrumentation Unit at 
C.I.T. and made available for the experiment. They were used 
to supply bridge power and to amplify the output of the Micro­
movements pressure transducers. Burr Brown amplifiers with a 
stabilizing feedback network comprised the core of the amplifier 
units. Eight Ectron Differential B.C. Amplifiers and a bridge 
excitation supply purchased by the Frank J. Seiler Research Labs 
were available for the experiment. The single excitation supply 
was used to power the six Kulite pressure transducers and a 
strain gage. The Kulite transducer outputs, strain gage output 
and the thermocouple output were fed into the eight Ectron 
amplifiers.

The hot-wire element was connected directly to a constant 
temperature anemometer (CTA). The GTA output was fed to a DC- 
voltmeter and RMS unit. For some tests the CTA output was also 
fed into an Ectron amplifier in place of the thermocouple signal 
All amplifiers had one side of the output set at earth potential 
The other output leads were fed into a junction strip.

The spoiler and flap position potentiometers were supplied 
with a stabilized B.C. voltage by separate supplies. The center 
tap of each potentiometer was set at earth potential and the 
wiper arm outputs were fed into the junction strip. Either 
spoiler or flap position signals could be fed into a digital 
counter in order to monitor frequency of oscillation. A speed 
control was provided at the control bench in order to vary 
either spoiler or flap frequency of oscillation.

The 14 channels of data available at the junction strip 
were fed into an output monitor panel. Also available at the 
monitor panel were the 2 stabilized voltage signals. These 
sixteen channels of data were fed into a digital voltmeter and 
scanning unit. The unit also contained a paper tape punch.
The output monitor panel allowed the operator to select one of 
16 output voltages to be displayed on a digital voltmeter. Also 
direct pressure transducer outputs were available at the panel. 
In addition, any four of the 14 amplifier and position signals 
could be displayed on a four channel oscilloscope. A Polaroid 
camera with scope mount was also used on occasion.
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A Leach tape recorder type MTR-3200A was loaned for the 
duration of the experiment by the U.S. Air Force Flight Dynamics 
Lab (AFFDL). It was used to record 14 channels of data for 
subsequent off-line reduction. A voice channel was also 
utilized during each recording session.

A schematic diagram of the on-line data acquisition appa­
ratus is shown in Figure 2.6.

A series of flow visualization tests involved the use of a 
titanium dioxide and oil mixture which was thinned with kerosene. 
For these tests, a hand-held camera was used to record the flow 
patterns.

Cine-film recordings were made to record the response of 
small tufts attached to the airfoil upper surface. The camera 
was loaned by the Photographic Unit at C.I.T. A film speed of 
64 frames per second was used.

Details of calibration procedures for all test equipment, 
results, error analyses and discussion may be found in reference 
20.

The calibration runs also involved determination of flap 
system inertias, mechanical damping and structural stiffness. 
Various configurations were tested and are described below.

Flap system inertia could be varied by use of lead weights 
fastened to the flap balance bracket and rod. Three inertia 
configurations were tested with the flap-free or fixed. Two 
represented a mass-balanced flap system. The inertia configura­
tions are described below:

Ax : balance bracket, rod and three .547 Ibf lead
weights

Ag : balance bracket, rod and one lead weight (shown
in Fig. 2.3)

Aq : balance bracket only, no mass balance

An additional configuration, A4 , was involved in flap-forced 
testing and includes the flap assembly and bearing used for 
flap-forced tests.

Mechanical damping for the flap-free and forced, B, was 
also found. The locking bars were found to introduce negligible 
damping. Existing mechanical damping was primarily due to lead 
flexing and found to be small. It was nearly constant for all 
configurations.

Stiffness was provided, in the flap-free case, solely by 
the flexure pivots. Two types of flexure pivots were available, 
one with + 30° freedom of rotation and a stiffer type with 
+ 15° freedom. With the flap fixed by use of locking bars,
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their stiffness was included. The stiffness configurations are:

Ci

Ca

03

G*

Cs

two + 30° flexure pivots

one + 15° (stiff) and one +30° flexure pivot 

SGi locking bar and two + 30° flexure pivots 

8%  locking bar and two + 30° flexure pivots 

one + 30° pivot (used for flap-forced tests)

SQg locking bar is thicker and stiffer than the SGi locking bar.

Data was collected, reduced and corrected according to the 
following schemes.

Dynamic pressure was corrected for solid and wake blockage. 
Pressure transducer data was also corrected since reference 
pressure was not free-stream static. Hinge-moment data was 
corrected for locking.bar dynamic effects. Corrected values of 
dynamic pressure were used to non-dimensionalize corrected 
pressures and hinge-moments.

H %= bf cfS

where

b£ is flap span, 1.5 ft 
C£ is flap chord, 0.5 ft

A reduced frequency, based on flap chord length, is defined 

2ir f c. ü) c-

where

f is frequency of spoiler or flap oscillation

No dynamic corrections were applied to pressure transducer 
signals.

Most unsteady flow data was recorded and reduced off-line 
by use.of the data reduction facility of the C.I.T. Department 
of Flight. An example of recorded data from several channels 
is shown in Figure 2.7. This is a rather poor copy of recorded
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data which was collected during a flap-fixed test with spoiler- 
induced separation.

The data reduction apparatus was utilized to solve for 
components of the Fourier series which represented each 
unsteady signal. A schematic diagram of the off-line data 
apparatus is shown in Figure 2.8. An analog computer was wired 
to provide a modified sawtooth waveform which was triggered by 
the sinusoidal forcing signal (i.e., either spoiler or flap 
position signal). It contained higher harmonic content as well 
as the fundamental forcing frequency. The sawtooth and forcing 
signals were filtered and digitized and evaluated by a Fourier 
transform program. Thus, a Fourier series representation of the 
sawtooth waveform was generated and stored within the computer. 
The magnitude and phase of higher harmonics was adjusted for 
filter effects. Other channels in turn were fed into the 
computer along with the sawtooth waveform. A cross-spectral 
density analysis was performed which, in effect, isolated the 
coherent portions of each time history. Thus, a Fourier series 
could be formed for each of the data channels. In practice the 
Fourier series was truncated after eight terms since all higher 
frequency components were of very low magnitude. Recording 
times of one minute were used for all data collection in order 
to provide a large sample. This sample was divided into separate 
"buffers" for analysis. Results from all buffers were averaged. 
Details of the reduction procedure are found in reference 20.

For spoiler-forcing tests spoiler height was taken as:

h
h = —  - h + Ah cos cot = h_ + Ah cos V r 

cf °

where

With the flap free, flap angle is

0 = 06 + S  A i  cos (n y T + en)n=l

where q ^ 8, and pQ and j3n are primarily functions of hQ, Ah 
and V.

For the flap fixed or free, non-dimensional pressures are:

q
C p - C p o + S  CPn cos (n V T + 0n) 

n-1
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where CpQ and Cpn are primarily functions of x, hQi Ah and v.

Pressure fluctuations were also measured in steady-flow. 
R.M.S. voltages from appropriate pressure transducers were 
measured either on-line or off-line from a recording. In all 
cases the voltages were corrected for the wind-off noise level. 
Results will be displayed as R.M.S. pressure coefficient fluc­
tuations, i.e., < p >/qc0.

Cine-film recordings were observed in order to gather 
qualitative and quantitative results. Small tufts of thread 
were found to yield good response for the frequencies of testing 
and were attached primarily near and aft the spoiler. The 
cine-film recordings were analyzed frame-by-frame. The growth 
and decay of the "separation bubble" produced by the spoiler 
could be observed. The position of reattachment along the 
centerline was measured during these runs.

For spoiler forcing with the flap fixed by locking bars,
hinge moment coefficient was found and represented by:

,
ACg = ACHo+ 2 ACi^cos (n i/T + ipn)

where ACho and ACg^ are primarily functions of h0, Ah and %/.

For flap forcing tests, flap angle was taken as:

j8 = A/? cos cot = A  j8 cos %/ T

Hinge-moment response was found and it was noted that 
higher harmonic distortion could be neglected.

2.2. Details of Tests

The primary purpose of the experimental program was to 
investigate the dependence of pressure and hinge-moment coeffi­
cients on the following non-dimensional parameters:

Reynolds number R. a cc >1

Frequency parameter V -
Cd cf
Ü T

Mean spoiler height h = — —
° Cf
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Ah
Spoiler oscillation amplitude Ah =

C£
Flap angle j8

Chordwise position (for x
pressure coeff.) x ~ c

Other pertinent parameters were briefly investigated:

X
Spoiler chordwise position x = —5Esp c

Ratio of mean spoiler height hQ
to boundary-layer displace- 
ment thickness

Free-stream turbulence level < u >
U_

Airfoil angle-of-attack a

Flap inertia A

Flap structural stiffness C

Spoiler span bsp

The form of the cyclic pressure and hinge-moment variation 
can be written in terms of Fourier components as:

and as :

Cp cp0 x̂ > Ah,. I/, , Rg^} + § Cp^
n=l

£x, h0, Ah, V , ft, Rec} cos [n cot+ 0n 

C x ,  h0. Ah, V, fi, Bec3]

COC g  -  C h 0 , Ah, V , 0 ,  EecJ + S  G g ^  {h0. Ah, V ,  

cos [n wt+ ij)a {h0, Ah, u, P, ReJ]

Flap and Spoiler-Fixed Testing

A series of tests was made with variations in model angle- 
of-attack, flap angle and spoiler height in order to collect 
steady-flow pressure and hinge-moment data. All tests were



-21-

performed at a nominal free-stream speed of 150 ft/sec (R^ —
1.92 x 1CP ) . Combinations of the following nominal parameter 
settings were used with the full-span spoiler.

a (°) P (°) hs (in)

>1 2 4-12 0
4-8 4-8 .125
4-4 4-4 .250
0 0 .375

-4 -4 .500
-8
-12

.625

A series of steady flow tests was also performed using a 
titanium dioxide and oil mixture for flow visualization. Free- 
stream speed was - 100 fps (R^ — 1.28 x 1(F). Airfoil
incidence, flap angle and spoiler height were varied during 
this series.

For various fixed spoiler heights testing was accomplished 
in order to measure RMS pressure fluctuations at four chordwise 
locations aft of the spoiler.

Steady-flow tests were performed with the boundary-layer 
rake and the following parameter variations.

a (°) Um (ft/sec) Rec x 10-6 hg (in) B.L. Rake Position
spanwise chordwise, x

0 150 1.92 0 ( .582
4 100 1.28 .125 .997
8 75 .96 .250 > .900 (facing aft)

50 .64 .375 On STBD .5!33
.500 endplate

.625 \
'

A trip-wire of .013" diameter was placed at 5% chord on 
upper and lower surfaces during some of the tests.

Free-stream turbulence levels were measured in a series of 
tests involving free-stream speeds of 50, 75, 100 and 150 ft/sec.
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The effect of sealing gaps at the end-plates for the spoiler 
and flap was investigated by collecting steady-flow pressure 
data and by use of surface-flow visualization.

Flap-Fixed, Spoiler-Forced Testing

A series of tests was recorded with the thin locking bar 
(SGx) in place and one of two flap inertia configurations (Aj. 
or Ag). Angle-of-attack and flap-angle were zero. A series 
was also recorded using the thick locking bar (SGg) and a lower 
inertia configuration (̂ 8 ). The following actual parameter 
settings were used for the spoiler in this series

Case hos (in) ho A h s (in) 

.159

Ah

A .160 .027 .027
B .320 .053 .157 .026
C .458 .076 .159 .027
D .235 .039 .235 .039
E .372 .062 .237 .040
F .310 .052 .311 .052
G .311 .052 .312 .052

where Case 6 involved the part-span spoiler.

The following additional nominal parameter settings were
used.

Uœ (ft/sec) 150 100 75

®ec x 10-6 1.92 1.28 .96

V
.015 .030 .045 .060 .075 .090 .105
.120 .135 .150 . 175 .200 .240 .280

For each free-stream speed a frequency limit existed due 
to limitations of the drive system. A max frequency of 6.7 cps 
relates to

Üœ (ft/sec) Vmax
150 .140
100 .210
75 .280
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During an early series of testing, before installation of 
most pressure transducers, measurements of mean pressure were 
taken from the manometer.

Cine-film recordings were made of tuft response both with 
the flap fixed and free. Incidence was set at zero. The 
following parameter variations were used.

uœ (ft/sec) hog (in) Ahs (in) Spoiler

150 .24 .24 Full-Span
125 .31 .31 Part-Span
100
50

The effect of trip wires located near the leading-edge at 
5% chord was investigated with free-stream speeds of 75, 100 
and 150 ft/sec.

With the flap-fixed and full-span spoiler motion of the 
form: h = .052 + .052 cos Z / T  hinge-moment coefficients were
measured for incidence of 4° and 8° 03 = 0) and for fixed flap 
angles of -4° and +4° (a = 0). This involved a free-stream 
speed of 150 ft/sec.

Also a short test series involved spoiler motion of the 
form: h = .017 + .017 cos VT.

Spoiler-Fixed, Flap-Forced Testing

The flap was forced with the spoiler fixed and airfoil 
angle-of-attack set at zero. Oscillation amplitudes of 5° and 
10° were used. Mean flap angle was zero. Parameter settings 
were as follows.

(ft/sec) Re„ x 10"G c V hg (in) h

150 1.92 .02 0 0
100 1.28 .04 .125 .021
75 .96 .06 .250 .042

.08 .375 .063
. .10 .500 .083

.12 .625 .104

.15 . 750 .125

.18

.21

.24
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Fixed, fence-type spoilers were also attached at two other 

chordwise positions and two spoiler heights were involved in a 
series of,testing with flap-forcing at a free-stream speed of 
150 ft/sec. The parameter combinations were

hs (in) Chordwise 
Position, x

.750 .30

.500 .30

.500 .45

The effect of trip wires at 5% chord was also observed at 
free-stream speeds of 75 and 150 ft/sec.

Spoiler-Forced, Flap-Free Testing

The flap was free to respond with airfoil angle-of-attack 
set at zero. Flap system configuration primarily involved 
stiffness and inertia parameters Ci and Aq . The actual spoiler 
parameters are as shown below. The case letter refers to a 
nearest corresponding flap-fixed case.

Case ✓“NG•Hto
4? ho Ahs (in) Ah

A .157 .026 .157 .026
B .324 .054 .165 .028
C .468 .078 .169 .028
D .240 .040 .238 .040
D' .250 .042 .160 .027
E .397 .066 .247 .041
F .316 .053 .316 .053
F' .311 .052 .312 .052
G .311 .052 .312 .052

Inertia configuration was used for F* and G. Case G 
also involved the part-span spoiler. The tests were accomplished 
at Uœ = 150 ft/sec (R^ = 1.92 x Id5 ) with nominal reduced
frequencies of: 1/ = .020, .040, .050, .060, .070, .080, .090,
.100, .110 and .130.

Cine-film recordings of tuft response were also accom­
plished.
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Several runs were made at high airfoil incidence (up to 
19°) in order to study spoiler and flap oscillation effects and 
to observe flap-free buffeting. The effect of airfoil stalling 
was also investigated.

Coupled Spoiler and Flap Testing

Tests were conducted with the flap coupled to the spoiler 
in order to study possible self-excited oscillations and limit- 
cycle behavior. This series of testing involved a range of 
system inertias and coupling parameter variations (h0 and k) 
where: 1

_ V
h ^  = h°i + k#3

and

0 s h0i < .097

•30/rad < k < .40/rad

Also two structural stiffness values were involved. It was 
found that dry friction existed in the coupled system because 
of contact between the spoiler and spoiler groove. Further­
more, the dry friction was a function of the drag force on the 
spoiler, which depends on spoiler height and free-stream 
speed. Because of the amount of dry friction, self-excited 
oscillations were not possible; therefore, an initial condition 
was applied to the system via a simple attachment to the flap 
balance rod in order to study limit-eyele behavior.

2.3. Test Results

Flap and Spoiler-Fixed Testing

Cavalcanti (Ref. 21) conducted an experimental program on 
a similar NACA 0012 airfoil and spoiler model. His work 
serves as a background to the present program and offers a 
comprehensive analysis of steady-flow pressure and hinge-moment 
effects.

Host of the steady-flow analysis gathered in the present 
experiment is not included here since it serves primarily to 
confirm Cavalcanti’s results. See reference 20 for a summary 
of his results.

Steady-flow hinge-moment coefficient as a function of flap 
angle and spoiler height is plotted in Figure 2.9. Hinge- 
moment coefficient is once again defined as:
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where positive is T.E. down.

It can be seen that is nearly independent of spoiler
height for spoiler heights less than about 5/8". This relates 
to the geometry and pressure distribution of the shear layer 
aft of the spoiler and is associated with turbulent mixing and 
recompression which occurs on the flap surface. The straight- 
line segments shown in Figure 2.9 are plotted from the flap- 
forcing data for extrapolated to zero frequency. The extra­
polated value of Ch^ for low spoiler heights is Ch^ — -.520/rad
as compared to the two dimensional thin airfoil theory result 
Ch^ - -.944/rad. The two-dimensional "real flow" prediction
(from the Royal Aeronautical Society Data Sheets) is Cuo — 
-.561/rad. P

In reference 22 it is explained that when reattachment or 
recompression of the separated shear-layer occurs on the airfoil 
(or flap) surface " . . .  the surface is controlling the main­
stream," as it does for attached flow. "For reattachment well 
aft in the wake, the wing [or flap] can hardly control the flow . . ."

Control of the flow is evident in the data of reference 21. 
For a fixed spoiler height of 1/4", flap deflection can cause 
large velocity variations at the spoiler position. For a down­
ward flap deflection,velocity at the spoiler increases and 
separated region length decreases. For larger spoiler deflec­
tions the flap has less effect.

Steady-flow pressures and hinge-moment coefficient are 
plotted as functions of spoiler height in Figure 2.10. The 
data points are connected by curves which are reconstructed 
from data obtained during spoiler oscillation tests. The 
curves represent average data from cases A-F extrapolated to 
zero frequency. No evidence of aerodynamic hysteresis was 
found in all the testing, possibly because of the large turbu­
lent intensities associated with the flow field.

The flow-field associated with the spoiler is extremely 
complex and not well understood. However, a sketch of the flow 
pattern along the airfoil centerline can be postulated as :5,7-10
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As spoiler height increases, the length of the separation 
’’bubble" increases. For hs < .3" there is a negligible pressure 
effect at the trailing-edge.

Refer to Figures 2.11 and 2.12 for some results of flow- 
visualization testing. With the spoiler retracted, natural 
transition occurs over most of the span at about 50% chord 
(for Re — 1.28 x 1(F). The end-plates provoke early transition 
and a spread of the associated turbulent boundary-layer. Also 
shown is the transition effect of a small piece of plasticene 
located near the L.E. (later removed). With the spoiler 
extended 1/2" the effect of counter-rotating vortices is evident 
near the end-plates. Figure 2.12 shows that the vortex effect 
increases as spoiler height increases. When the gaps along the 
spoiler and flap are sealed at the end-plates, the vortex 
centers were observed to move slightly closer to the end-plates. 
Pressures along the centerline in the separated region are only 
slightly affected. In all cases a centerline symmetry is 
apparent which was desired in the experiment.

The surface flow associated with the vortices is sketched 
below for a spoiler height of 1/4" (refer to Figure 2.12).

Spoiler

ï & L œ h j - i x ÿ * Hinge-Line

Trailing-Edge

Two lines of separation and a reattachment line near the 
hinge-line are evident for hg = 1/4". All lines show little 
curvature across the span. For larger spoiler heights the 
vortices grow in size and the separation and reattachment lines 
move farther from the spoiler and have more curvature. For 
spoiler heights of .44 and .63" reversed flow occurs along the 
flap centerline. For hs = .44" a line of "confluence" probably 
exists just aft of the trailing-edge in the wake. The separa­
tion lines in front and aft of the spoiler show evidence of 
pooling of the fluid used for testing. The irregularity in 
these lines is probably associated with irregular application 
of the fluid and not primarily due to spoiler effects.

The flow visualization testing, to include the cine-film 
records, provided measurements of reattachment point location.
These are plotted in Figure 2.13 where A x ^  = (x - xsp) .
Cine-film results extrapolated to zero frequency lie in the 
shaded regions shown.



spoiler re tracted:
(  h s = 0 " )

figure 2.11. SURFACE FLOW PATTERNS AS SEEN
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EMS pressure fluctuations at 76.25 and 95% chord are shown 

in Figure 2.14. The data is plotted versus *02 and shows
sp

that peak levels occur at near constant values of h - .02
A x Data

sp
taken at 65 and 87.5% is not plotted due to wide scatter, but 
generally follows the trends shown. These results follow those 
found by Heller, et. al.23, Lawford & Beauchamp,24 Fricke and 
Stevenson25 and Mabey20 in the study of separated regions. Also 
spectral density analysis of the fluctuations shows that as the 
bubble grows, the high frequency content of the fluctuations
decreases. For zero spoiler height, values of — 2-- are closeq
to the expected value for a turbulent boundary-layer, i.e.,

^ 6 x 10-3.
9=

Also shown in Figure 2.13 are data points taken from 
recorded data of the instant of pressure divergence at a trans­
ducer location. This instant was found from the raw data as 
follows:

hs
At *̂ * Intersection of 

lines drawn tangent 
to average data

P

Data was found for all frequencies and extrapolated back 
to zero frequency (see Figure 2.17). The corresponding spoiler 
height was found from:

hQ + A h  cos 277 A t
T

and plotted for all cases on Figure 2.13.

In relation to the reattachment point, the point of pressure 
divergence lies downstream at about 130% of bubble length and 
the peak value of RMS pressure fluctuations occurs at about 85% 
of bubble length. For spoiler height greater than about .2" 
(i.e., h > .033) the separation bubble grows with spoiler height 
at a constant rate. For the full-span spoiler dR — 38 and for
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the part-span spoiler dR —  31 where dR = — „ For low
spoiler heights (i.e., h < .03) the relation for both spoilers 
is apprm^imately dR = 10.

Boundary-layer analysis yields data which is tabulated in 
reference 20. Some of the displacement thickness data is 
summarized in Figure 2.15. For zero incidence and no spoiler 
deflection with no trip wire, boundary-layer thickness and 
displacement thickness at the spoiler location are found to be 
6 5= .170" and 6* ^ .026".

Free-stream turbulence intensities are shown in the table 
below as a function of mean free-stream speed and Reynolds 
number.

(ft/sec) Re x IQ”5~c
<u>.ion
3L_avg

< u >.100
u„ max

50 .64 .165 .223
75 .96 .199 .276

100 1.28 .250 .410
>50 1.92 .410 .775

The maximum values are associated with "bursts" of turbu­
lence that occurred at irregular intervals. The average value 
at 150 ft/sec corresponds to a turbulence factor of 1.33 which 
is considered high. In reference 27, Evans shows that high 
levels of free-stream turbulence can modify and even eliminate 
the laminar separation bubble on an airfoil. In the present 
experiment, so-called Reynolds number effects could contain 
effects of free-stream turbulence, but it will be seen that 
these are relatively minor.

Pressures on the airfoil wetted surface depend on spoiler 
height. Pressure coefficient as a function of spoiler height 
is plotted in Figure 2.16 for four chordwise locations; i.e., 
1.25 and 45% chord on the top surface and at 82.5 and 90% chord 
on the bottom surface. In the figure a pressure coefficient,
Ô Cp, is shown where:

6 Cp 5 %  - (Cp)h=o

Steady-flow theories do not account for the shear-layer 
xeattachment or recompression characteristics but could be 
useful for predicting loading on the wetted s u r f a c e . 28-30 jn 
Woods* theory, found in reference 28, pressure coefficients on 
the wetted surface are said to be proportional to:
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h
—  for 0 £ h £ 2 ô

' # -  : .. - -

and

V̂ ig - ô for 2 Ô < hs

Woods* predictions are plotted in Figure 2.16 along with the 
experimental results. Near the leading-edge Lighthill’s 
correction factor has been applied to the theory.There 
are major discrepancies at the L.E. and on the flap under 
surface. Woods’ theory does not account for a divergence 
in pressure at the T.E., hence the large discrepancy on the 
under surface.

At present there is no theory which is valid for spoiler 
heights which involve reattachment or recompression of the shear 
layer on the airfoil surface. Theoretical predictions of
in the presence of this type of spoiler effect are also not 
available at present.

Flap-Fixed, Spoiler-Forced Results

With the flap fixed the hinge-moment coefficient due to 
unsteady spoiler effects was evaluated. For spoiler motion of 
the form:

h = h + Ah cos VT o

the incremental hinge-moment coefficient is expressed in Fourier 
series form as :

A cHo AC h^
Values of '"̂ h " and ^n for n UP to 4 are shown as a

function of reduced frequency for cases A-G in Figures 2.17A-G. 
The relatively large scatter on the data points is inherent in 
the method of data reduction (explained in reference 20.); 
however, averaged curves could be drawn through the data points 
as shown. Note that all phase angles extrapolate to either 0 
or 180° as frequency approaches zero.

Extrapolation to zero frequency was done for all cases 
involving the full-span spoiler and an average ’’steady-flow" 
curve was constructed (see Figure 2.10). From the averaged 
curve a prediction was made of the Fourier components for all
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cases and the results were plotted as zero frequency "data."
The zero frequency predictions are good except for lowest 
values of h@ and Ah, i.e., Figure 2.17A. The zero frequency 
averaged curve also allowed prediction of a "describing function"

for quasi-steady flow defined as 1 and shown as a function
of h0 and Ah in Figure 2.18.

A lag effect is apparent for all components of the series. 
The phase lag, for all components, increases with frequency in 
a near linear manner. There is no fixed relation between the 
lag effect of the various components which would relate simply 
to a time lag of a basic waveform.

Shown in Figure 2.17C are data points of the 4th harmonic 
which were not corrected (or removed) for locking bar resonance 
effects

The zeroth harmonic component generally shows a "rectifi­
cation" effect with frequency. There is a small change towards 
a flap-down hinge moment as frequency increases for all but 
the largest value of h0.

Reynolds number effects are apparent, especially in the 
fundamental component, in Figures 2.17B and D. A possible 
explanation for the increase in magnitude of the fundamental 
component with a decrease in Reynolds number is that both the 
thinner boundary-layer and decreased free-stream turbulence 
(for the lower Reynolds number) allow the spoiler to be more 
effective in separating the flow.

For case F (as in Figure 2.17F) the effect of a L.E. trip 
wire, which thickens the boundary-layer, is to reduce the magni­
tude of the fundamental component. Also for case F, if the flap 
is fixed at +4° or -4° there is a negligible effect on the 
fundamental component except at very low frequencies where there 
is a minor effect, i.e., for upward flap deflection a small 
increase in magnitude occurs and for downward deflection a 
decrease is apparent. This minor effect is possibly due in 
part to the upstream flap influence on the boundary-layer and 
to a change in the boundary conditions downstream on the 
separating shear layer.

The effect of an increase in airfoil incidence to 4° and 8° 
is to slightly increase the magnitude of the fundamental. Air­
foil incidence affects boundary-layer thickness and the external, 
inviscid flow-fieId. It appears that the inviscid effect 
dominates in this case. In reference 32 it is argued that the 
dominance of one of these two effects depends primarily on 
spoiler chordwise position. In the present case it appears that 
the spoiler is at a location where the two effects nearly cancel.

Data for the trip wire, flap angle and incidence effects 
mentioned above also shows the zeroth harmonic rectification
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effect mentioned previously. For all three effects there is 
no apparent change in phase angle data. These effects are not 
shown on Figure 2.17F.

Data for the part-span spoiler, shown in Figure 2.17G, 
shows wide scatter of phase angles for the third and fourth 
harmonic components. This is at present unexplained. Other 
data plots fairly well as in the full-span spoiler case. Note, 
however, that magnitudes and frequency dependence of the com­
ponents differs for the two spoilers.

Not shown is data for the spoiler oscillation case: 
h = ,017 + .017 cos V'T■. Trends mentioned previously were again 
noted. At very high frequencies all component amplitudes 
decreased markedly except the zeroth harmonic which showed a 
flap-down trend.

Actual recordings of raw pressure data were evaluated to 
find the instant of unsteady pressure divergence on the spoiler 
upstroke. This data is plotted in Figure 2.19 and labeled 
"reattachment point position on spoiler upstroke." Actually, 
the point measured is at about 130% of reattachment point 
position (measured from the spoiler). The lag effect, however, 
was verified by measurements made from cine-film recordings.

Figure 2.20 is an example of a sequence of cine-film 
frames over a cycle of spoiler motion. The quality of recording 
shown in the figure is much poorer than actually achieved, also 
the figure shows a negative image. Response of the tufts to 
flow reversal is apparent. Movement of the reattachment line 
along the airfoil center-line was observed wi th respect to the 
small tufts shown on the flap insert (at left edge of each 
frame). Spoiler height was measured indirectly via measure­
ments of its shadow.

In the unsteady cases the separation bubble did not 
contract in size on the spoiler downstroke as in quasi-steady 
flow. Movement of the reattachment point toward the spoiler 
on the downstroke lagged the quasi-steady position. At high 
enough frequencies, for some cases, reattached flow appeared 
simultaneously along the airfoil aft of the spoiler, and at 
very high frequencies the bubble appeared to be "washed off" 
the airfoil as it dissipated.

The lag effect, shown in Figure 2.19, is the same as 
measured from cine-film and can be converted to an apparent 
convective lag since:

= (iE )r0 + — F v  r v

where
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rQ relates to reattachment point location in quasi- 

steady flow

r is for unsteady flow

Now

,125 for 65%c
V T I

5 A t  > 3 6 5  for 76.257oC
5 V I F  =  y.575 for 87.5%c 

.735 for 95%c

A convective lag would take the form:

<x - X )c cf
 r—  —  = At - A t

Dc u=

or

.339 for 657oC
i.312 for 76.2 

Uœ " A t cf “ / .323 for 07.57c
U (x - x_■ )c V 312 for 76.257c£. _ SP

> 3 1 8  for 957c

where Uc is an apparent convective velocity. The average value 
uc

is zr- — .323. This velocity ratio could possibly be related to 
00

the rate of mass flow into the growing separated region.

Unsteady pressures in the region aft of the spoiler appear 
to reflect a localized effect due to influence of the separation 
bubble. Near the trailing-edge, on the flap under surface, 
negligible pressure effects are apparent except for the portion 
of each cycle involving T.E. pressure divergence.

Over the wetted upper surface ahead of the spoiler there 
are increasing phase lags and magnitude reductions in the 
components of pressure coefficient as frequency increases. 
Pressures near the leading-edge have a phase lag that increases 
with frequency at about three times the rate of lag increase 
for 457 chord pressure. In general, leading edge pressures 
suffer the greatest magnitude reduction as frequency increases. 
At present there is no theory, including that of reference 33, 
which can predict these unsteady pressure effects.

Spoiler-Fixed, Flap-Forced Results

Results of testing with the spoiler fixed at various 
heights are plotted as in-phase and in-quadrature components 
in Figures 2.21A and B.
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Values of from Figure 2.21A are relatively insensitive
to spoiler height for hs < .5”. This is also true for values of 
V shown in Figure 2.21B. This may be explained as in
reference 22, where for recompression or reattachment on the 
flap surface, the flap is able to "control11 the external flow 
field as it does in attached flow. The relatively low values 
of |Ct̂ | attained with the trip wires in place may be due in
part to the fact that both upper and lower surface boundary- 
layer s were thickened whereas the spoiler primarily affects the 
upper surface boundary layer.

Theodorsen's theory predicts a value of Cp̂ g = -.943/rad at
zero frequency and = -.822/rad at y = .2. At zero frequency
the value of may be taken as Cy^ — -.516/rad + .8% for
0 ^ hg < .5", This differs by 8% from the two-dimensional 
"real flow" prediction of Cy^ = -.561/rad, possibly due to
end-plate and gap three-dimensional effects. The discrepancy 
between theory and actual v Cy^ values is probably related to
viscous and three-dimensional effects. None of the theories 
found in references 34-36 are applicable in this flow situation.

Not shown on Figures 2.21A and B are data found at lower 
Reynolds numbers and higher frequencies and data for the other 
fixed spoiler configurations.

-Lower Reynolds number is associated with a thinner boundary- 
layer for this experiment* and as in the case of incremental 
hi?"ge-moment coefficient, results in slightly higher values of 
| Cyjg |. In all cases the higher frequency data showed that Cy^
was nearly independent of frequency. (The upward trend shown 
for 3/8" and 1/2" spoiler heights as frequency increased is not 
as pronounced when these other data points are included.)
Results for large spoiler deflections show an increase in |Cŷ |
as frequency increases, with Cy^ -» -.52 as y -» .26. There are
no significant Reynolds number effects on the behavior of %/ C^.
The data for frequencies up to y = . 26 lies on or near the extra­
polated lines shown in Figure 2.21B.

Chordwise position as well as spoiler height has a profound 
effect on hinge-moment due to flap deflection. For the 3/4" 
spoiler at 30% chord results were similar to those for the 5/8" 
spoiler at 58.3%c. A separation bubble extended into the wake 
with recompression occurring over most of the flap. Also for 
the 1/2" spoiler at 45% chord, results followed the trends 
above. But for the 1/2" spoiler at 30% chord, where reattach- 
ment of the shear-layer occurred ahead of the flap, Cy^ reached
a value of -.25 near zero frequency and showed increased values 
of \v Cy^|. As frequency increased,Cy^ and V Cy^ values

*For low Reynolds numbers the boundary-layer was laminar at the 
spoiler position when spoiler height was zero.
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• approached the aft spoiler values. It appears that the primary 
effect of the 1/2" spoiler at 30% chord was to greatly thicken 
the boundary-layer over the flap and so reduce its effectiveness 
primarily at low frequencies.

Although there were no large effects on and v Cj^ for
hg < 1/2", the magnitude and phase angles of pressure response 
varied significantly with changes in spoiler height. No - 

unexpected changes occurred with an increase in frequency.

As spoiler height was increased from zero to about 1/4", 
for a fixed frequency, there were no large changes in the first 
harmonic component of pressure response over the airfoil, 
except directly downstream of the spoiler. The magnitude of 

. first harmonic component at 76.25% chord decreased, in this 
spoiler range, by an order of magnitude. The near-singular 
behavior at the flap-hinge line associated with attached flow 
gave way to a greatly reduced flap-motipn effect. As spoiler 
height was further increased to about 1/2" most components 
(even on the wetted surface) went through a transition to 
generally lower magnitudes of pressure response. Only over the 
flap upper surface was there an increase in magnitudes, i.e., 
at 87.5% and 95%c. The magnitude of response increased near 
the trailing-edge by a factor of three. As spoiler height was 
•further increased to 3/4", the component magnitudes levels4 
off at low values. The magnitudes of response near the T.E. 
also decreased but to a level nearly twice the rero spoiler 
height value. These results are comparable to the steady flow 
flap effects found in reference 21. Large changes in phase 
angle occurred at some locations for spoiler heights above 1/4". 
Near the airfoil leading-edge phase angles changed from about a 
195° lag to a 185° lead. At the 90% chord position, on the flap 
under surface, a 24° phase lead increased to a 82° lead (for a 
spoiler height increase from 1/4" to 1/2"), then decreased to a 
49° lead for 3/4" spoiler height.

Spoiler-Forced, Flap-Free Results

Flap response to spoiler motion was represented in Fourier 
series formas:

. . .q ' ■
0 - A. + S  0 cos (n V t +.0n)

- . ' *=1
where !

h « hQ + Ah cos V T

Data points corresponding to cases A-G are plotted in 
Figures 2.22A-G. The curves are predictions which are explained 
in section 2.4. The flap system acted as a very good filter 
with a natural frequency that depended primarily on mechanical
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and attached flow aerodynamic stiffness so that harmonics 
greater than order three were greatly supressed in most cases.
In some cases (primarily those involving large values of hQ 
and/or Ah) the mechanical stop(s) prevented large amplitude 
oscillations near resonance. Data which was affected by the 
stops is shown circled and is suspect because of the effect of 
the stops.

Since the forcing function, A % ,  was a non-linear function 
of spoiler height and contained higher harmonic content, ultra- 
harmonic resonance was expected and observed. Figures 2.23A-C 
show cyclic histories of flap response for various frequencies 
of spoiler motion. These figures serve to illustrate flap 
response as a function of frequency. Figure 2.23A shows an 
example of an ultraharmonic response. Here the flap is 
responding primarily to the second harmonic, i.e., V —  jï 
where is flap natural frequency. Also the response of tufts 
on the model can be observed. Several tufts are located on the 
perspex end windows as well. Figure 2.23b shows the typical 
large amplitude response at resonance to the fundamental 
component. Figure 2.23C shows high frequency flap response.
No evidence of rsub-harmonic resonance was observed nor expected.

Figure 2.24 contains photographs of oscilloscope traces 
which show unsteady pressure effects during flap motion. The 
unsteady pressures appear to represent a linear superposition 
of flap and spoiler motion effects. That this is not actually 
the case follows from the discussions of flap-fixed and flap- 
forced results. The combination of spoiler and flap-motion- 
induced pressure effects is highly non-linear.

The series of testing which involved the airfoil at high 
incidence did not yield significant results. An attempt was 
made to achieve self-excited oscillations which would involve 
flap-motion coupling to airfoil leading-edge separation and 
reattachment. Flap-forcing was also tried in order to force 
the leading-edge laminar separation bubble to burst (see 
reference 37). The fact that neither of these attempts was 
successful is probably due to a basic model design deficiency. 
Three-dimensional effects were significant near the airfoil 
leading-edge, due primarily to end-plate design. Also an 
unsteady blockage effect, due to flap motion, had a large 
adverse affect on the L.E. bubble. The bubble actually increased 
in length on flap downstroke.

Flap buffeting was observed at incidence and spoiler motion 
effects were found to be small due to the thickened boundary- 
layer. Bursts of free-stream turbulence caused hysteresis 
phenomena in airfoil stall and unstall that masked other motion- 
induced effects.

Coupled Spoiler and Flap Results

Most of the results from coupled system testing are pre­
sented in section 3 and compared to analytical predictions.
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CASE D' h = .042 + .027 cos %,T 1/ 2= .040

CASE F h = .053 + .053 cos y y y ^ .046

Figure 2.24. Examples of Flap
a*d Pressure Response
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Self-excitation of the system was not observed due to the 
presence of dry friction, but limit-eyele motion could be 
provoked over a range of coupling parameters, system inertias 
and free-stream speeds.

The following sketch shows the steady-flow equilibrium 
relation between h and that is, C% = 0 along the curve shown. 
Also shown, are straight line segments which represent test 
conditions at the extremes of the limit-cycle region. The 
region of steady-flow solutions which relate to limit-cycles 
is circled. Coupled motion showed no significant trace of 
higher harmonic distortion.

Limit Cycle Oscillât!ons 
(See fig. 3.9)

Steady-Flow
EquilibriumLarge Amplitude 

Limit Cycle
h « .081 + .00652 £

2.4. Discussion of Results

As in reference 10, the ratio of spoiler height and boundary- 
layer thickness may be used to classify the strength of the 
spoiler perturbation. That is :

(1) Weak perturbation: hs/ô << 1

(2) Strong perturbation: hs/6 =0(1)

(3) Overwhelming perturbation: hs/ô »  1

It can be seen that the range of spoiler deflections relates 
primarily to the strong perturbation case which is recognized 
as • the hardest of all to understand."10

A further classification and description of the spoiler 
effect can be accomplished with reference to the pressure 
effects (see Figures 2.10, 2.16 and 2.27A-G). The range of 
spoiler heights in each category is approximate.
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(1) Short bubble: 0 < hs < .25M

(0 < hs/Ô < 1.47 and 0 < hs/ô* < 9.6)
Very low pressures and varying pressure gradients are 
attained in the separated region. "Overshoot" of 
attached flow pressure occurs near reattachment.

(x - x )c
Bubble growth law is roughly — ---—  P—  = dR ̂  10.
Negligible pressure effect at T.E. ^Minor pressure 
effect on airfoil "wetted surface."

(2) Long bubble : hs > .25"
(hg/ô > 1.47 arid hs/ô* > 9.6)
Relatively constant, low pressure and near zero 
pressure gradient over most of the bubble. Pressure 
recovery of near constant gradient to reattachment 
or to the T.E. No significant overshoot effect.

(x - x )c
Bubble growth law is roughly —  ---- ^ — = dp ^ 38.hg - .12
Pressure effect at T.E. Stronger pressure effect 
over wetted surface.

The long bubble category can be broken down into 3 components as 
follows :

(2) Long bubble : hg > .25"

i. Reattachment point lies on flap surface :
.25" < hs < .31"

ii. Recompression occurs on flap surface :
.31" < hg < .6"

iii. Near constant pressure aft of spoiler. Recom­
pression (to free-stream static pressure) 
occurs in the wake: hg > .6"

In reference 8, Newman investigated a spoiler on an airfoil 
that involved reattachment onto the airfoil surface. He stated 
that this spoiler effect resembled effects which have been 
observed behind shock waves. Significant transverse pressure 
gradients were also found to exist in the separated region.

Barnes in reference 7 investigated the effect of normal 
fences on a flat plate. A significant finding was that spoiler 
tip geometry is not critical. In the present experiment the 
tip is flat.

DeBroderode and Bradshaw in reference 9 discuss the flow 
behind a rearward facing step. Pertinent conclusions from 
references 5 and 7-10 can now be summarized in order to explain 
observed steady-flow behavior.



Upstream of the spoiler pressure coefficients are functions
hs (xSi ' xsp)c _ of and — —  c—  = dg^ where xSi is the location of the

■ hsupstream separation point. As ^3- increases, dg^ decreases.
The process of reattachment of the separated shear-layer down­
stream of the spoiler is governed largely by the rate of 
entrainment of fluid from the separated region. The mte of 
entrainment is largely independent of shear-layer thickness at 
the spoiler tip»-*’' Spoiler base pressure (Cp ) (i.e., pressure

S hg
on the downstream face) decreases very rapidly as increases,

hg 0
for small values of and finally remains fairly constant for 

hg
large The fluid in the separated region beneath the lower
edge of the separated shear layer will be accelerated from near 
rest due to eunraimnent into the shear layer, hence the pressure 
in this region will decrease relative to the surroundings. The 
resultant transverse pressure gradient causes the shear-layer 
to curve towards the surface and, possibly, to reattach. Near 
the reattachment point an amount of fluid is returned to the 
separated region to balance the amount entrained.

An increase in entrainment will cause an increase in 
velocities inside the bubble with a resulting decrease in Cps. 
The larger transverse pressure gradient will cause an increase 
in shear-layer curvature, and so a decrease in bubble length.
An increase occurs in the angle of incidence of the dividing 
streamline, so an increase occurs in fluid returned to the 
bubble. Hence, lower base pressures are associated with smaller 
non-dimensional reattachment distances, d&.

Three-dimensional flow effects may also be significant. 
(Refer to Figures 2.11 and 2.12.) The corner flow can have an 
influence on Cpg and reattachment distance, dR, even though the
crossflow is too small to measure directly* In separated flows 
a spanwise supply of fluid to the recirculating region can 
greatly affect its size. De Broderode and Bradshaw^ suggest 
that the large three-dimensional effects found on airfoils are 
due mainly to the presence of a curved separation line and to 
crossflow via spanwise lift grading. Barnes? suggests that the 
degree of three-dimensionality in this type of flow is related 
to the ratio:

wall boundary-layer thickness 
model span

measured at the spoiler position. For this experiment the ratio 
is:
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Ô
— • 038

In reference 9 it is stated that end effects are virtually 
negligible for aspect ratios greater than 2, where

_ bubble span _  ̂ _ . . .
“ bubble length 1,8 for the Present experiment with

reattachment on the flap surface.

In order to explain the effect of three-dimensionality we 
refer to reference 9. "If the flow near the center-line were, 
independent of details of end-plate conditions we would expect, 
on a two-dimensional argument with respect to base bleed, that 
Cps and d% would rise together if fluid were injected into the
bubble from the corner region." The effect of open gaps along 
the spoiler and flap/end-plate intersections did result in this 
behavior. On the basis of this suggestion a decrease in AR 
allows a greater fluid flow through the gaps into the bubble 
and should cause an increase in dR and Cp^. This was observed.

A further observation concerning the reattaching shear- 
layer is that the short and long bubbles described herein appear 
to relate to the short and long bubbles which have been defined 
in discussions of airfoil stalling. It is possible that the 
short bubble exists for low spoiler heights (i.e., for a strong 
perturbation) but "bursts" and becomes a long bubble when the 
shear-layer cannot overcome a large adverse pressure gradient.
In the present case "bursting" relates to a modification of 
streamline curvature, base pressure and the bubble growth law.

A pressure recovery coefficient for the bubble can be 
defined as :

where the subscript s refers to conditions near the point of 
separation at the spoiler tip, but in the present case cannot 
be measured directly.

In reference 38, Kao shows that reduced coordinates based 
on the pressure recovery coefficient defined above and a non- 
dimensional distance based on bubble length, i.e., 

x - x
d = -— _ , may be used to represent pressure distributions

r sp
on airfoil long bubbles. For thé present experiment this 
representation appears valid for long bubbles.

The short bubble defined in this experiment does not fit 
the above representation primarily because of the occurrence of
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large suction peaks and overshoot of pressure at reattachment. 
However, if (7 is evaluated at reattachment, a value of (7 — .30 
is found. The significance of this factor is discussed in 
reference 20 and later in sections 3 and 4.

Results of pressure measurements also show the effect of 
the secondary separation, observed within the separated region. 
Surface pressures measured near and under the secondary separa­
tion region are expected to be higher than those measured in 
the "primary" separation bubble. The pressure data for 65%c 
in Figure 2.10 best illustrates the effect of the secondary 
separation. For spoiler heights greater than about .3" pressure 
increases due to the effect. The 76.25%c data appears to be 
affected for hs > .45".

The effect of pressure overshoot on hinge-moment coefficient 
is shown in Figure 2.10 as a positive moment effect for .125" <
hs < .31".

In Figures 2.25A-F and 2.26A-F incremental hinge-moment 
and pressure data are reconstructed for zero frequency and U = 
.12. Reconstructed pressure data is also found in Figures 
2.27A-d. Reconstructed pressure coefficients represent the 
difference between actual pressures and zero spoiler height 
pressures, i.e.:

5 Cp 5 Cp - (Cp)h=0

Components up to the 4th harmonic, in most cases, were used to 
reconstruct the actual data. In some cases of pressure data a 
fairly abrupt divergence (see Figure 2.7) was "rounded off"; 
therefore. Figures 2.25, 2.26 and 2.27 can be interpreted only 
in a limited sense.

Figures 2.25A-F are cyclic (or "time") histories plotted 
so as to show two periods of reconstructed data on the same 
scale. It is apparent that unsteady curves show a lag and 
distorted waveform. The lag in separated flow effects is 
greater near the trailing-edge. Closer to the hinge-line, 
increased suction associated with the separation bubble is 
obvious.

In the unsteady case, once the bubble affects the pressure 
at a point, there follows a rapid decrease in pressure. Then 
follows a monotonie, near constant rate increase to attached- 
flow pressure. As expected, unsteady incremental hinge-moment 
illustrates the weighted integral effect of unsteady pressures.

At present there is no theory, including that of reference 
33, which can predict these unsteady loading effects. A 
possible description can be offered, however, to explain the 
observed behavior of the unsteady separated region. On the 
spoiler upstroke an amount of fluid from the shear-layer must
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be returned to the separated region so that it can grow in size. 
The returned fluid will contain vorticity of predominately 
clockwise sense. An increased positive pressure gradient must 
exist over the downstream portion of the bubble in order to 
direct the greater mass flux which is required in the unsteady 
case. The increased pressure gradient relates to greater 
"dividing streamline" curvature, lower base pressures ani a 
shorter bubble length. Thus, on the spoiler upstroke, the 
bubble becomes * shorter and taller with lower pressures that 
feed an increasing supply of fluid to the interior. The 
vorticity supplied to the bubble results in a greater magnitude 
of circulation, which is compatible with the induced pressure 
and velocity fields. Of course, bubble boundary conditions 
must match the unsteady external flow field, but the explanation 
above allows for such a matching. A more detailed model of 
these fluid dynamic interactions will be found in section 3.

Figures 2.26A-F illustrate the dynamic effects associated 
with spoiler motion. Also shown are reproduced, average curves 
for quasi-steady flow. The reproduced pressure and hinge- 
moment data is plotted versus spoiler height over a cycle of 
motion. Actual cyclic histories would contain evidence of 
turbulent fluctuations and would show cycle-to-cycle variations 
due to random fluctuations.

On the spoiler upstroke evidence of low pressure "over­
shoot" is apparent near the spoiler, even for cases involving 
small values of hQ and Ah. These traces bear a striking resem­
blance to those associated with dynamic stalling of an airfoil.

Figures 2.27A-G show the reconstructed data for pressures 
at points on the airfoil surface. Data "points" are joined by 
curves which are estimated with reference to steady-flow 
chordwise distributions and to time histories of pressure data. 
Only two points are available upstream of the spoiler so the 
distribution shown there is expected to be less accurate than 
that shown downstream, where six data points--four on the upper 
and two on the lower surface— are used.

The chordwise pressure distributions clearly illustrate 
the spatial as well as temporal distribution of pressure. Also 
apparent is the change in pressures and length associated with 
an unsteady bubble.

The part-span spoiler curves shown in Figure 2.27G are 
based on less reliable data than that for the full-span spoiler. 
On the spoiler upstroke, in the unsteady case, higher than 
quasi-steady values of pressure are initially found under the 
separation bubble. This could be caused by an inflow of fluid 
from the relatively high pressure region at the spoiler ends. 
When the bubble becomes more fully developed, mass flux into 
the bubble may occur primarily at the reattachment line. It 
must be emphasized that this explanation is speculative at 
present.
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The unsteady effects shown in Figures 2.25A-F, 2.26A-F 

and 2.27A-G for V - .12 show trends that appear to be nearly 
linearly related to frequency, therefore, only a typical 
frequency in the range of interest is represented. For V =  
.06, for example, one could "average" data between V = 0 and 
V = .12 in order to find the probable real behavior.

Figures 2.22A-G contain curves which are predictions of 
flap response to spoiler forcing. These are based solely on 
an assumed equation of motion of the form:

.. ' . ■ ■
AjS + BjS + CjS = H

where it is assumed:

H = J3 +  Hg j3 +  AH

Hô(since «  1) with and based on spoiler-fixed results 
and with:

• AH = AC h q„ bf c/

and

cf 
■ S ÿ  q. bf c£

H/3 5 %  1=> bf c/

The equation of motion for the forced system is :

or

^'+ 2 Çt ^  4 + w /  ^

For a given frequency of forcing, the flap will respond as 
a linear second order system; however, the aerodynamic terms 
Eg and Eg are functions of the frequency of motion and mean 
spoiler height.

Therefore, flap steady-state response components can be 
found as follows :



and

where
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^7 ACHn
S

C[1 - (^r)3 ?  + [2 çt ( ^ )  ]2}

2 ^  
* n -  *n - tan'1 [ 7 7 ^  ]

Vt

Cf4 
K - 2A

vt = (Us3 + Vo ^

Cs " 2 vSc 

Co =

For predictions based on the above formulation it is 
assumed that:

Cy-g = -.518/rad

and
omCap = -1.29 - I T T  for n >  0

These are characteristics found for h = 0 and 0 < V < .14. 
Parameter values are found to be :
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^ f .0667 for Al
o “ 1 .0805 for Ag

_ f .0208 for A1
s ~ 1 .0249 for Ag

j. ^  f -0699 for Ai
1 .0843 for Ag

.0830 < < .1160

P r .0247 for Ai
- 1 .0301 for Ag

.0865 < £t < .1200

Since parameter values h0 and Ah for cases A-G in the 
flap-fixed tests differ somewhat from those in the flap-free 
tests it was necessary to correct the measured values of 
ACj^ and for hQ and Ah variations. Also, it was desired
to express them as functions of frequency.

A Taylor series expansion for ACy^= A C ^  {h0, Ah, v] and 
for ÿn * ÿn {%/} was accomplished as :

5 ACh Ô ACjj
AcHn= (ACHh)^ + -âir- <h0 - % )  + -ÔÂÎT

y=o

b ACu Higher
(Ah - Ahi ) + — K~v—  v +  ̂ Order }

Terms

and
à à

K  - + -ôTT V + £ H.O.T. }
°1

I/=0

The subscript 1 refers to flap-fixed results. First terms in 
each series were evaluated at zero frequency in the appropriate 
flap-fixed case. was either 0° or 180°. The partial
derivatives with respect to frequency were approximated as 
constants by straight line fits to the flap-fixed data. ACjjn
variation with hg and Ah was evaluated analytically by the 
technique of reference 20. Values of the constants in these
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expansions are tabulated for all components in all cases in 
reference 20.

Predictions based on the foregoing theory are shown for 
all cases (including the part-span spoiler) in Figures 2.22A-G. 
Reasonable agreement with data is apparent except in Figures 
2.22C and E, which involve extreme mean spoiler heights. In 
all other cases including those shown in Figures 2.22F and F1, 
which involve a change in flap system inertia, component magni­
tudes and phase angles are predicted fairly well even near 
resonance.

The theory could be modified to account for large values 
of h@ by two means. First the system "natural" aerodynamic 
damping and stiffness terms could be altered and values for 
large values of spoiler height used. Secondly, the values of

a AcHtl a A c^
(ACHn)V=0 ’ &h " and & Ah' could be altered and based on
steady-flow data Sor mean flap-deflections of jS < 0. This 
second method was attempted. The steady-flow ACh versus h 
curve for a flap angle of -8° was constructed and used as an
input to the procedure of reference 20. The procedure yielded
new values of ACu which reflected the difference in shape of

ô A c ^  a A c ^
this new curve. New values of — --- and  ̂ were not used
in the modified theory, however. Values of d ACg^/a 1/ were
assumed. The modified theory predictions show better agreement 
with data.

The generally good agreement between the above theory and 
experiment is useful to show that the flap-free system has a 
low-pass filtering property. Higher harmonic content of the. 
forcing signal is greatly attenuated when the forcing frequency 
is near the flap system "natural" frequency, i.e., for 0) —

/?.
Consider the coupled system with coupling parameters such

that:

h = .081 + .00652 j3

where 0 is measured in degrees. This relation is shown in a 
previous sketch.

A plot of Cy. versus j3 can be constructed as shown in the 
following sketch.
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h = .081 >  .00652 j3

Over the region -6 ^ jS ^ 1° the relation is nearly linear. 
The "steady-state" solution is found as jSQ — -3° and h - .0612 
(hg = .367"). For this case the limit cycle amplitude was 
found to be A  —  4.1°, which relates to Ah = .026 (Ahs = 
.156"). By use of Figure 2.18, a describing function for 
spoiler effects is found :

ACiü
Ah ^  - 2.12

or, in the coupled case:

S = 5 r '  ^ = -•791/rad
/

When this is added to the value of found at h = .0625, i.e., 
= -.520/rad we find an estimate for total system aerodynamic 

stiffness :

= + ACgo = -1.312/rad

This is in very close agreement with the slope of the linear 
portion of the sketch. The resultant prediction of reduced 
frequency (based on total system inertia and including mechan­
ical stiffness) is V = .124 which agrees well with the measured
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value of V — .122, A consideration of dry-friction (which was 
measured in a series of tests) and spoiler-fixed aerodynamic 
damping, results in a predicted lag angle for the A C ^  component 
of 187.52° which appears reasonable. (See Figures 2.17C and E.) 
Section 3 contains a more detailed account of coupled system 
behavior.

Phillips and Adams in reference 39 offer the results of a 
similar experiment. They used a NACA 65-009 airfoil section 
of 6" chord with a 1/4 chord plain flap. The flap was coupled 
to two spoilers, one on each surface at 66% chord, in a 
symmetrical arrangement. The coupling relation was:

h = —  = .0668 + .00616 8 
Cf

where j3 is measured in degrees.

Limit-cycle behavior was observed over an airfoil incidence 
range of 1° to 6°. Incidence had little effect on reduced 
frequencies of oscillation or limit-cycle amplitude. (Refer to 
the prior discussion of incidence effects and see reference 40.) 
Limit-cycle behavior was observed for .17 < ̂  < .24 with a 
maximum amplitude of A,8LC — 4°.

When the data of reference 39 is further analyzed it is 
found that for a typical limit-cycle case where V  = .20, an 
incremental hinge-moment coefficient can be found, i.e.,
AC^g 2= -1.28/rad.

If one assumes that data obtained for the case mentioned 
previously in the present experiment can be extrapolated by 
allowing for the effect of two spoilers and applying corrections 
from reference 40 for the differences in airfoil thickness and 
spoiler chofdwise location, then a predicted value of AC^g =
-1.20/rad is obtained. This large spoiler effect is responsible 
for the higher reduced frequencies associated with the Phillips 
and Adams experiment. With little spoiler effect (i.e., for 
ho = 0) their flap system had a high natural frequency of 1/ — 
.136.

Results obtained for steady-flow testing can be summarized 
as follows :

(1) Hinge-momènt coefficient is approximately linearly 
related to flap angle for fixed spoiler heights.

(2) Hinge-moment coefficient exhibits a pronounced non­
linear relation to spoiler height for fixed flap 
angles. The relation is slightly affected by flap 
angle. A "reversal" of spoiler effect occurs at low 
heights and is associated with the "overshoot" of 
pressure aft of reattachment.
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(3) The separation bubble lengthens as spoiler height 
increases, but can be termed a "short bubble" for low 
spoiler heights and a "long bubble" for moderate 
heights. Bubble growth law differs for the two types.

(4) Pressures in regions directly influenced by the 
separation bubble exhibit a non-linear relation to 
spoiler height. On the "wetted surface" pressures 
are more linearly related to spoiler height.

(5) Pressure variations with flap angle show that, for a 
short bubble pressure within the bubble and upstream 
of the spoiler as well as bubble length are affected, 
for a long bubble upstream influence and changes to 
bubble pressures are slight.

(6) RMS pressure fluctuations reach a peak within the 
bubble at about 85% of bubble length.

Results obtained for unsteady-flow testing can be summarized:

(1) With the flap fixed and spoiler forced to oscillate:

i. Unsteady pressures and hinge-moment show cyclic 
waveform distortion that does not relate to a 
simple time lag.

ii. On the spoiler upstroke, bubble length lags
its steady flow position and low pressures are 
achieved in the bubble.

iii. On the spoiler downstroke, pressures increase 
nearly linearly (with respect to time) to 
attached flow values and the bubble length 
lags its steady flow position.

iv. The above characteristics change in a near
linear fashion as frequency changes. The lag 
effect of reattachment position can be related

Ucto an apparent convective velocity where rr- — 
.323.

v. The effect of a trip wire, which increases
boundary-layer thickness, is to reduce spoiler 
effectiveness.

vi. Reynolds number changes act to alter boundary-
layer thickness and so affect spoiler effective- 

- ness. Free-stream turbulence effects are con­
tained within these Reynolds number effects.

vii. Airfoil angle-of1-attack affects boundary-layer
thickness and velocity at the spoiler. For this 
configuration the two effects nearly cancel.
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viii. Part-span spoiler effects are qualitatively 
similar to those for the full-span spoiler.

ix. A "rectification" effect is apparent but small. 
Mean spoiler effectiveness diminishes as 
frequency increases.

(2) With the spoiler fixed and the flap forced to oscillate

i. Hinge-moment coefficient is nearly linearly 
related to flap angle for |jS| ^ 10°.

ii. In-phase and in-quadrature components of hinge- 
moment coefficient are weak functions of spoiler 
height for low-to-moderate heights.

iii. A thicker boundary-layer reduces flap effective­
ness.

iv. Pressures vary in a near linear manner as flap 
angle changes, but are functions of spoiler 
height.

v. Large spoiler heights reduce flap effectiveness, 
especially at low frequencies.

vi. Spoiler chordwise position may alter flap 
effectiveness.

(3) With the spoiler forced to oscillate and the flap free 
to respond:

i. The flap system responds approximately as a 
linear second-order system with stiffness and 
damping that contain attached-flow aerodynamic 
contributions.

ii. The flap system responds primarily to the 
Fourier components of the unsteady hinge- 
moment due to spoiler motion,

iii. Ultra-harmonic resonance is observed.

iv. The Fourier components of flap response can be 
predicted with good accuracy by simple super­
position of response to the forcing function 
components. The forcing function components 
are found with the flap fixed.

(4) ~ With the spoiler and flap coupled and free to oscillate

i. Limit-cycle oscillations were observed over a 
range of coupling parameters, system inertias 
and free-stream speeds.
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ii. Results are qualitatively similar to those of 
reference 39.

iii. Reduced frequencies of oscillation can be
predicted fairly well from steady-flow, un­
coupled test results.

Results of these tests confirm that a separating and 
reattaching flow field is extremely complex. At very low 
frequencies unsteady effects are significant, but over the range 
of frequencies considered the modifications to this complex, 
non-linear phenomenon follow a near linear trend.

It is relevant to remark that the kind of non-linear effects 
(for example, hinge-moment due to spoiler motion and limit-cycle 
behavior for the coupled system) are not peculiar to this 
specific test configuration. Analogous examples have been 
mentioned which involve shock-induced separation or dynamic 
stalling of a lifting surface. Phillips and Adams in reference 
39 offer suggestions which imply that the coupled spoiler and 
flap results can be thought of as a subsonic analogy to the 
phenomenon of contro1-surface buzz. Although the analogy is not 
direct, spoiler-induced loading on a flap is known to resemble 
shock-induced loading.& Spoiler-induced loading also appears 
similar to that observed in airfoil dynamic stalling.

In section 3 a mathematical model is developed which can 
be used to predict unsteady loading induced by the spoiler and 
to predict conditions necessary for limit-cycle oscillation of 
the coupled system. An extension of the model is attempted in 
section 4 in order to study the above mentioned "analogous" flow 
situations.



3. THEORETICAL PREDICTION OF SPOILER EFFECTS

In section 2.4 it was shown that two categories of separa­
tion bubbles could be defined. The ratio of spoiler height to 
boundary-layer thickness (hs/Ô) relates to the strength of the 
spoiler perturbation and to a resultant bubble type. In the 
following development only the"long bubble" type, which 
probably results from an overwhelming perturbation, will be 
considered. It will be shown that unsteady effects can serve 
to modify the character of the long bubble in such a way that 
it may resemble a short bubble.

3.1. A Simple Steady-Flow Bubble Model

Consider the sketch below, which serves to define several
parameters.

NEW MIXING REGIONEDGE OF SHEAR LAYER

DIVIDING STREAMLINE

REATTACHMENT POINT

Based on experimental observations and other works (Ref 5) 
the length of the bubble is represented as a linear function of 
spoiler height as follows : (See fig. 2.13)

l ” > r " xsp) c = dr - hBC> fr.
£

or in non-dimensional form as:



where

xc = xsp - dr hc

also we have:

^ v  + ^c - ' r -  :--.; :

The chordwise pressure distribution along the surface is 
approximated by a "roof-top" distribution as shown below, with 
Cpr = 0. (Note: Cp in the following is actual Cp minus Cp
due to airfoil thickness.)

TYPICAL ACTUAL

ASSUMED

For long bubbles with recompression on the flap surface and 
pressure divergence at the trailing edge, a linear pressure 
distribution which recovers to zero at the flap hinge-line is 
assumed on the lower surface. This simplification is justified 
by measurements made on the flap lower surface.



The incremental hinge-moment due to spoiler deflection may 
be found by integrating pressures over the flap.

H q ^ 7  = - (7 : )2 t (Cn ‘ CPu)(x * xf)A c s
■f x.

where pressure coefficients are approximated as discussed above, 

We have five cases to consider:

(-ve)

+1x„$P

Case A

Case B

xf - x
xr ^ xf ; i.e., h ^ — ----

% ' CPu = 0 and ACH = 0

x^ ^ x^ and xf ^ xr ^ 1

and

x- - x x - x
i.e., h ^ — - and ^ ^  h ^

db r

(x_ - x)

1 - x

%  ° > CPu CPb (xr - xb)

(f-)3
A ch  = CPb (d r  -  d^) 1-6 dr3 h  +  2 dr= x̂ c  “ x £^ h
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Case C

and

xf - xci.e.,     ^ h and h ^
1 - x

A

cn  = 0 ;

CPu = '
•Pb

(xt - x)
'Pb (xr - xb) xb 5 x S xr

ACH = CPb < ^ > 3 i  (<Y + db dr + d/) h=

+ 2 (db + dr)(xc - xf) h + 1  (xc * xf)2]

Case C' (in lieu of Case C)

and

^ x- and 1 ^ x*b" xf

Xf - * 1 - X
i.e., h ̂ — , and — 5---^ h

%

(xr - 1) (x - xf) 
CPb (xr - xb) (1 - xf)

Cn = C
(xr - x)

pu Pb (xr - Xh)

c s (1 - =ff 
°H CPb (cf ) 6 (dr - db)

(xc - xf)
-̂dr + li ^

Case D

Xf ^ xb ^ 1 and 1 ^ x^
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X- - X  1 - x  1 - X
i.e., -^-3--£ s h s — — and . c ^ h

%  db r

(xr - 1) (x - xf)
Cn  = CPb (xr - x^)(l - X f ) X .  s X  S  1'£

CPu= ^

cPb xf ^ x s xb

(xr - x)
CPb (xr - V  *b 5 x S 1

and

x f - f

ach = cPb (dr - db) t- i*b - H 3 <xc - xf>h
+ [? dr (1 - %f)3 - 2 % (xc - %f)3]

+ [- 6 (xc ‘ xf)3 + ? <xc " xf)(1 " xf)3] h ]

Experimental data found in Figure 2.13 yields the following 
values :

dr =8.538; d^ = 4.838; x^ = .4167

Cases A, B, C1 and D are considered with Cp^ = -.4 (this
corresponds to a pressure recovery coefficient value of O' =
.286) and results are plotted in Figure 3.1. Further approximate
results with parameter values of dr = 5.50; d^ = 3.00 and xc = x _
are also shown.

The experimental data is not predicted accurately; however, 
the non-linear nature of the functional relation ACg = f {h} 
is firmly established. The above simple model also demonstrates 
that the hinge-moment functional relation may also be written as 
ACjj = Cpb f {h}. Furthermore, we find that for all results
ôAc^ .

occurs just prior to trailing-edge pressure diver-bh m a x
gence. For the curve based on experimental data the value of 
& ACg

at T.E. pressure divergence (an average since slope is
discontinuous there) is -3.548 at h ̂  .068. This compares

b ACy
fairly well with the experimental value of — rr—  = -3.3 at 
h s .066. 0n
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For quasi-steady spoiler motion of the form h = hQ +
Ah cos 0 we find that the above formulation does not properly 
represent the functional dependence of ACjj on h0 and Ah. 
Accordingly, a polynomial "curve fit" to the experimental data 
was attempted in order to duplicate the steady-flow functional 
relation ACg = f {h0, Ah} over a range of h0 and Ah values of 
interest. A fifth order polynomial in h was needed. This 
polynomial will be used in the unsteady-flow theory as the 
steady-flow functional relation.

ACg = ag h5 + 34 h4 + a3 h3 + ag h2 + ax h + aQ

The justification for this step lies in the fact that 
prediction of accurate unsteady effects is based in large part 
on a good steady-flow model.

Let us now consider the separation bubble in more detail. 
First we will investigate the pressure rise over the aft portion 
of the bubble.

A detailed view of the aft portion of the bubble, to 
include mean velocity profiles, is shown below.

DIVIDING 
/  STREAMLINE

y

Norbury and Crabtree (Ref 11) have represented the turbu­
lent mixing, and reattachment region on a separation bubble as 
above. They derived an expression for the pressure recovery 
coefficient by assuming that the principal mixing process and 
corresponding pressure rise occur in the region BCDE as shown 
on the sketch. The pressures across ABC and DE are assumed 
uniform and equal to p^ and pr. The portion of the bubble to 
the left of station x% is assumed to be a region of constant 
pressure "dead air" with pressure p̂ . Further assumptions are 
that: CD is a streamline parallel to AE, no fluid enters or
leaves AB on the average, and that curvature of the surface AE 
may be neglected.

and Pr are related to and Ur by Bernoulli's equation:
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Pb + f ̂  V  = Pr + f  ̂  V

By use of the steady flow momentum equation applied to the 
control volume ABODE, the following expression is derived for 
the pressure difference (p̂. - p^).

y Ô
(Pr - Pb) = ■§- [J 6 uba dy - J" r ur3 dy ] 

r ?d 0

Viscous and turbulent stresses are neglected in this development 
as they were in reference 11, thus an error is introduced with 
an effect that cannot be determined. However, it appears 
reasonable to postulate that pressure effects dominate the 
process of momentum transfer in the x-direction in the shear 
layer. Assuming a linear velocity profile across BG of the 
form:

ub y - yd
V a+(1_a)_

At the dividing streamline (y = y^) and

"b = a Ub - “B 

so we have :

(pr - pb) = f  UB3 6b (1 + i +  gr)

+ ür2 (6r + ôr - SrX] (3.D

idiere 0r and 0%.* are the momentum and displacement thicknesses 
of the shear layer at reattachment.

The steady flow continuity equation is: 

y Ô,
J* 6 ub dy = J" ur dy
yd

or

I "B 5b d  + i) = ür (5r - 6r*> (3.2)



Norbury and Crabtree proceeded to develop an expression 
for the pressure recovery coefficient, CT, where :

. pr - pb CPr ~ CPb 
T m F  - i - cPb

This parameter will be discussed in detail in section 4. For 
now we assume that or remains constant as spoiler height varies 
in steady flow. Actually the bubble parameters dr, d% and or 
are expected to be functions of Reg* as discussed in reference
20, but for an overwhelming spoiler perturbation we expect the
Reynolds Number dependence to be minimal.

The pressure rise in the reattachment region has also been
modeled by many authors with the assumption of isentropic 
recompress ion along the dividing streamline (Ref 5 ). This 
approach will not be attempted here.

Now consider the steady flow continuity equation applied 
to the interior of the separation bubble, i.e., the so-called 
"dead air" region. (See also Ref 18) . We have m£n ~ ™out* Ai: 
the dividing streamline on the average m ^  = mout — 0, but now 
consider the region near reattachment.

y
V y / / / 7 / A / / / / 7 7 / / À / / / / / / / / /

ZERO
STREAMLINE DIVIDING

STREAMLINE

In the region ABE we have m^n = mout; and the mass flux per unit 
span is :
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Fluid to the left of region ABE is entrained from under the zero 
streamline into the new mixing layer such that:

. , > ydmout= P c J ve dx = p J u dy
XSP : yZ

where is the entrainment velocity of fluid into the mixingve
region. Vasilu (in Ref 5 ) assumes rr- = const, where Ue is the

evelocity at the edge of the shear layer along the bubble.

Since C_ is assumed constant over much of the bubble weue P
have —  = const and

CO

pxb
&out = pc ve j ^  - P since ve - 0Xsp as x -» r

Fluid recirculated into the dead air region from the region near 
reattachment can be represented as:

& = pin y u dy = p uB Ô0

where Ug is the velocity along the dividing streamline and 60 
is a resultant length. (For a linear velocity profile from y_

,  yd - yz v 
to yd- 5 o  =  — T—  ■

And for the separated region we have:

P UB 60 - P ve^

and

v
Ô  -  —  J l
0 UB

i.e., bubble length parameters scale to 4 in steady flow.

Also within the bubble at any station x we find that mass 
flux recirculated into the region bounded by the spoiler, 
station x and the zero streamline is :
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■■■ px ' '
&in(x) = *out(x) = Pc i ve dx

Xsp

= PC ve (x - xsp)

(x - X  ) (x - X  )c
= p c v j --- J— ^  = *in (xr) ---

These and previous equations describe approximate steady-flow 
bubble behavior. In the following pages, an attempt is made to 
account for the effect of harmonic oscillations of the spoiler 
about a mean position which involves a long bubble type of 
separation.

3.2. Unsteady Flow Modifications

3.2.1. Unsteady Bubble Growth

Spoiler motion of the form h = h0 + Ah cos cot will be 
considered. Use of a reduced frequency parameter V results in:

h = h + Ah cos %/ T o

Consider now the "quasi-steady” assumption that separation 
bubble growth is in phase with spoiler height. The bubble 
growth relation would be:

P (A) = °in(t) - âout(t) 

where we approximate :

A - i  V

and

P IT (A) - % (h_i + h 4)dt v 2 x s s

but in the quasi-steady assumption:

1 = di f :  - hsc) -  dr f : h

and



Define this as the quasi steady mass flux m̂  so that

P ̂  (A) = m'ç (t) = p dr ccf hh (3.3)

In reference 18, East and Wilkinson postulate that a similar mass 
flux may result when a new filament line is "selected" at the 
spoiler tip. Piston theory is used in their hypersonic flow 
problem in order to account for the unsteady effect.

In the quasi-steady model we also assume that mout:̂ g = 
*0^ ^  where the "steady-state” mass flux is as before:

™outs s  - P  v e ^

And that ÂinQS = Âinss + Â c where ™inss = P UB 5o ^  where
modifications to uB and 00 account for the quantity m^ in 
quasi-steady flow. That is, in the assumed model mç is a mass 
flux that is forced into or out of the bubble in the reattach­
ment region. Later it will be shown how this may be achieved.

As done for the steady flow quantity m£n(x) we assume in 
the quasi-steady case

4e . 4, ̂  juiL:
The above quasi-steady result involves a bubble that grows 

in phase with spoiler motion. Since this is at odds with experi­
mental data we are led to the conclusion that a quasi-steady 
model is not appropriate. In reference 17, for example, it is 
argued that since a characteristic time for the outer shear 
layer is ô/Uœ as compared to £/juc| for the separated flow (where 
Uc is the mean reversed flow velocity), an appropriate assump­
tion would be that the outer layer reacts instantaneously to 
spoiler motion; i.e. , the return mass flow is m^ from the 
quasi-steady assumption.

Now consider an elemental area, ÔA, within the bubble where 
we make the unsteady-flow assumption (as in reference 17) that 
the backflow mass fluctuations, m^ , travel upstream at a mean
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flow velocity, Uç. That is, m c (X) = m ç (X, t - Tç) =
mç (X, t - ) where now X is a distance measured aft from

I c Ithe spoiler. Then

p it c6A (x-t)] = ™ine - ™oUtç

= m e (X + dX, t - ^ ~|„J+ ^  )

- m £ (X, t - )

For long wavelength (i.e., t~ t «  277) we find from a Taylor
series expansion that V e'

P ̂  (ÔA) -  ^  m c  ( X ,  t -  r € )  d X  

=  E x  t  - r ç ) f d x

-  t  -  r ç )  ^

Now we integrate over the bubble area

Z
P L  I E  (5A )  ( A )  = 1 ;  m ç  ( i ,  t  - 4 f ^ - )  d X
bubble o «d

where m c (X, t - Tç ) = p dr ccf h (t - rç) h (t - Tç ) .  For
h = h0 + Ah cos cut ; ti = - cu Ah sin cut we find:

d |U | dj-cĉ  .

I t  ( A )   - - - - 1  C 2 h o  A h  s i n  w  ( t  -  )

sin tti2jig' + ̂ 1~ sln 2üJ(t: - 2jiy)sin

Consider now^small perturbâtions^so that h =^h@ + ÎT;
Z = ZQ + 'Z where h = Ah cos c u t  and Ihj «  hn & ITI «  Zn.

We have :
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. 2 |U |d ce. &
dt (A) “ XoC0 ho sln (W 2|uJ >

&
[- W  Ah sin Cü (t - °

" " ' c

O X ,

2 |UJ)]

but dr c ho = lo
, 2 1U | c -■ OJi . I

But since the area is A ̂  h* 4 = he c* then ~  (A) s«-1 «c x. 1 2 r dt
2 Lh  +   ̂h o-l cf and we find the unsteady flow result:

r 2 /O xC
 ̂- ÏT Cl3F  sin ̂  h (t " ro) “ %]o o

j6
where ro = jpjfj • For h = Ah cos Wt we find:

^  JLq ^
^  “ h2 [ (k cos WTo - 1) h + (k w sin w TQ) h] o

where

. 4 |nJ xo 2

k “ V 5 " sin w iftg-= ^  s i n W T o

Integrating to find 4(t) we have :

«
X(t) - I (o) = —  [(k cos a) Tq - 1) Ah (cos cot - 

o

+ (k sin COT ) Ah sin cot ]

Assume that over a cycle the average length perturbation i 
so that

~  "ol(o) = r- (k cos cor - 1) Ah 
ho °

1)

zero
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and

I
4(t) = t~  [ (k cos ü) T. - 1) Ah cos cc t 

h0 °

+ (k sin (jû Tq) Ah sin COt]

This can be written as :

4(t) = r— A Ah cos (cot - a ) = c A Ah cos (cot - a ) 
o 1

where

and

also

2 iA » (k - 2 k  cos CO T + l)a

sin CO
OC = tan"1 [ —  —  ]

cos C0 To - -

Now:

Œ 2; 0

CO C
CO T_ = CO° 2|Uc| Uœ

Uœ
u

dr c . „ .. , drh = 2 y h
2 c£ ° ° ,fc

Note that for quasi-steady bubble growth:

4(t) = r— h(t) = d c Ah cos cot 
o

so that the unsteady result above involves an effective spoiler 
height perturbation that is amplitude and phase dependent on a 
time lag ; T@, where

A

r° a W J
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That is.

1Teff = A Ah  cos (cot - a)

This result can be achieved by alternative assumptions 
about the mechanisms of unsteady bubble growth. Inherent in 
the present result is a model for unsteady entrainment of fluid 
from the bubble into the outer shear layer. For small pertur­
bations the present model is expected to be correct to first 
order.

Let us investigate this linear time lag model in detail. 
First consider small bubbles at low frequency with

. , UrnCO T 0 «  1 (where |U | ~  0 (-%-) )

We find

k sin W  T q —  2

and

A —  1 '

A
CL tan*1 (2 CO T 0 ) = tan"1 (co )

Therefore, the length perturbation is:

V4(t) = dr c Ah cos co (t - -j- | )

That is, the length lags its quasi-steady location by a time lag 
which is the "bubble characteristic time."

Now consider a larger bubble and higher frequency where the 
relation is more complex. For example, consider the following 
values :

lUcV  = .12; A0 = 6";

then ü) T0 = .18 rad; k ̂  1.99; A ̂  1.02 and a ̂  20.3° = .354 rad 

T ( t )  = d,. c Ah (1.02) cos (tit- 20.3°)



The linear approximation yields :

21(t) = dr c Ah cos (cut - 19.8°)

The unsteady bubble growth relation also shows that the 
region of the bubble near reattachment grows in phase with 
spoiler motion.

3.2.2. The Pressure Rise Near Reattachment

The mass flux term, m^ , which is included in the unsteady 
flow model can be represented as

m C = - P UB 5b

that is, a perturbation near x^ at the "dividing streamline" 
results in the additional mass flux. If we assume that condi­
tions at reattachment are unaffected then from the continuity 
equation (3.2) we find :

2 UB 6b (1 + I> = 2 (uB + "B)(6b + Sb)(l + %)

= Ur (ôr - Ô/)

and

^  Ôb -  " UB ®b

That is, a perturbation of 6^ results in a proportional change 
to uB.

The momentum equation ( 3.1) yields an appropriate pertur­
bation to p^.
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and in coefficient form:

= T bV b - Ï P - V j  = - [? (4 + T + & ) ]  r ™ ' " 5a2 's P vj 6r

Now Ôr = 0 (hg) and continuing the assumption that condi­
tions at reattachment are unaffected by small perturbations to 
h we have :

5r = 5r0 -ki dr = hQ

From the quasi-steady equation for mass flux (3.3 ) we have:

P dr ccf ho h

Therefore, the pressure perturbation can be written as

or if we assume a constant relation

u
='

B
U.

then, since h = - co Ah sin cot ,

where

co c.
Gpb = + [3 (4 + % + IS ) ] 2 ̂  (ÿ^)

= ks V

Uc
U. Ah sin co t

U
Ah sin co t

ks = [ i (4 + ̂  + Tl)] % C h ° UBa a-

Thus, we see that the pressure perturbation depends on spoiler 
rate and a shear-layer parameter i k3 . This corresponds to a 
perturbation to the pressure recovery coefficient, cr, and indi­
cates that the normally constant value of CT for a reattaching 
shear-layer may be modified in unsteady flow.
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In order to gain insight into the mechanisms involved in 
these unsteady flow perturbations, let us consider and extend 
a treatment of vorticity within the separation bubble.

McGregor (Ref 12) investigated the conditions necessary 
for equilibrium of the separation bubble in steady-flow. 
Constancy of circulation and the maintenance of kinetic energy 
are required.

Circulation around the bubble is

r  = IT 7 dx dy = tj> q ds 
bubble c

where y is the vorticity ( ^  ) and C is a curve, described
in the counterclockwise sense, which encloses the bubble. It 
coincides with the dividing streamline, spoiler aft face and 
airfoil surface, in steady flow. qs is the tangential velocity 
component around the dividing streamline.

If we consider turbulent flow so that u, v and y consist 
of mean values ü, v, and y on which are superimposed random 
fluctuating components u 1, v 1 and y 1 due to turbulence and 
whose time average values are zero then we find (Ref 12):

i r  ÿ  ^ d s = ■ v  #  " l i n d s +  £  d s  ( 3 - 4 )
.

In steady flow the terms on the L.H.S. are zero since q^ = 0 
on the bubble boundary. Then we have :

ds " ÿ y ' V  ds

On the surface of the model q̂ ' = 0 and we may write

reatt . — sepn  ̂-______ _
v I S T  ^surf + ^  " y X ' )dsJ = 0sepn reatt

The first term is related to the pressure distribution and the 
first part of the second term may be neglected so that :

. reatt.___
"p (Psepn " Preatt) “  J ^'in' ds r r sepn

This gives the relation between the fluctuating vorticity 
and normal velocity at the bubble boundary and the pressure
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12rise. The rate of transfer of vorticity is very high in the 

reattachment region since the pressure rise occurs primarily 
there.

Consider now an unsteady flow assumption that involves the 
LHS of equation (3.4). Assume that the sum of the terms is zero, 
as in steady flow, but in unsteady flow we have :

a ? = £  ÿ 5; as

where V  ds = 7avg ^bubble) with ~avg an average value 
of vorticity along the dividing streamline.

Previous experiments have shown that for low spoiler heights 
(roughly for hg ^ .015 c) airfoil lift is relatively unaffected 
by spoiler projection.^’ ’̂ This is thought to be associated 
with shear layer reattachment on the airfoil surface for low 
spoiler heights.

It appears reasonable to postulate, therefore, that for 
low spoiler heights (which do not involve T.E. pressure diver­
gence) total airfoil circulation remains constant so that

r _ T» 4. r = r
airfoil wetted bubble ~ o 

surface

Now Wood's theory (Ref 28) predicts that lift generated by the 
wetted surface varies in direct proportion to spoiler height, 
so that

Netted “ ro + fc4h 
surface

where k* > 0. This results in:

^bubble ~ " k4h

and

^bubble
"dt -  * ki1» 

Also we have

” bdtble = #  7 q„ ds =  7avg ̂  (Abubble)
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If we neglect phase lags then both and A are proportional to 
h and y(s)e< 0, which is to be expected. Thus, on the spoiler 
upstroke (h > 0), we find that -vorticity of clockwise sense 
is added to the bubble interior, and conversely on the down- 
stroke, vorticity of clockwise sense is removed from the bubble 
interior.

If we consider now the maintenance of kinetic energy of the 
bubble, as in Ref 12, we may look at the steady flow equilibrium 
relation:

W = + #1 £ ÿ T s ds + ÿ  qn,p' ds - <j> q"s (- p ds
(3.5)

where W is the rate of dissipation of energy due to viscosity 
and

w - Al JT 7 2 dx dy

The terms on the RHS of equation (3.5)represent, in turn, the 
rate at which work is done: on the bubble by the viscous
stresses, on the turbulent motion by the pressure fluctuations, 
and on the bubble by the turbulent shearing stress tangential 
to the bubble boundary. All but the last term may be neglected 
as an approximation.

W 2- g J J  y 2 dx dy =  - «j> qs (- p q^'q^') ds

12as the energy equilibrium relation for the bubble.

Note that the bubble contains both positive and negative 
vorticity. The negative vorticity largely diffuses into the 
bubble in steady flow and the positive vorticity is created at 
the surface. The rate of dissipation, W, is least for any given 
circulation, ^bubble* when the vorticity is all of the same sign.

In unsteady flow where we have found that negative vorticity 
(of clockwise sense) is either transferred into or out of the 
bubble we expect the following:



That is, the energy dissipation increases less rapidly than 
circulation on the upstroke and more rapidly than circulation on 
the downstroke. Thus, on the upstroke an increased pressure 
rise across the bubble, with corresponding increase in energy 
dissipation, can be maintained. The increased magnitude of 
circulation on the upstroke is associated with this pressure 
rise.

Other qualitative judgements can be made. On the upstroke, 
an increased pressure rise and increased magnitude of circula­
tion are expected to result in a more highly curved reattachment 
"streamline." On the other hand, our quasi-steady mass flux 
model results in near quasi-steady growth for the region of the 
bubble near to reattachment, thus we expect that the height of 
this region increases faster than its length, on the upstroke. 
This deformation to bubble shape is also compatible with 
increased inviscid external flow velocities and decreased 
pressures near the point of maximum bubble thickness, that is, 
probably near x^.

One factor has not been considered yet. That is, on the 
spoiler upstroke when vorticity is transferred to the bubble 
and circulation magnitude increases, there is likely to be an 
additional integral effect on circulation. This follows if 
energy is being added to the bubble faster than it is dissipated. 
A more comprehensive unsteady flow model would probably yield 
this result.

The previous discussion of bubble vorticity is not offered 
as a rigorous study of actual conditions. The quasi-steady and 
unsteady flow assumptions are not well supported in general; 
however, the qualitative results appear to explain much of the 
observed behavior. Further testing is absolutely necessary in 
order to justify and/or refine these assumptions.

3.3. Unsteady Flow Model

Two significant unsteady flow effects will be included in 
the steady flow equation for A  Cg. A polynomial approximation 
is used for the steady flow relation and modified to account for 
unsteady pressure perturbations, which are taken to act over the 
dead air region. An effective spoiler height is used, which 
lags actual spoiler motion.
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Thus, the steady-flow relation:

ACjj = ash5 + a^h4 + 83 h3 + agh2 + a^h + aQ

is modified to the unsteady flow approximation for h = h0 +
Ah cos cot:

cL
ACjjCt) - [1 + q —  ] [as h e f f  + 24 heff + %  Sff 

DO

+ %  h=£f + a, heff + a0] (3 .6)

where Cpb is the steady flow value of Cp^

;
2p ,,  = 1=3 V I û ~  I Ah sin o t00

and

h = h. + A Ah cos (COt - a) eff °

The following parameter values are chosen based on experi­
mental observations and other results.^

X  ̂  - -4

which yields

~  ̂  .535 = a 
b

Also, we have

so that

a —



Now, based on boundary layer measurements, assume 3 h@ Cf —  ÔrQ 
so that

d c
kg — 4.0---- — 16.0 d = 88

cf 1

x̂ iere dr = 5.5 and xr = d^h + xg . A best steady-flow curve fit 
yields :

as = -4 x 10s ; at = 1.3 x 10s ; %  = -1.48 x 104 ;

as = 689 ; ax = -12.38375; aQ = .06190375

Figure 3.2 shows a comparison of the unsteady prediction and
experiment (reconstructed curves) for the following three cases:

Case ho A h

B .053 .026
C .076 .027
E .062 .040

1/ = .12 for all curves.

Also shown on Figure 3.2 are unsteady predictions which 
include an empirical modification to allow for the integral 
circulation effect mentioned previously.

The unsteady "dead-air" pressure perturbations, 'C^, are 
integrated from the start of the spoiler upstroke, multiplied 
by a factor of % (to approximately allow for dissipation of 
energy due to viscous and turbulent stresses) and superimposed 
on the quasi-steady value of Cp^; that is,

~  U
(* W m o d  = 153 ̂  I I À h  [sin cot - j  (1 + cos tot) ]

This empirical modification improves the otherwise fair 
agreement which is demonstrated in Figure 3.2; however, it is
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ACi .053+ .026 cosPT

,076 + .027 cos v t

AC,

,062+ .040 cos v t
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KEY

EXPERIMENT
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THEORY (MOD)

FIG. 3 .2  DYNAMIC HINGE-MOMENT VARIATIONS, EXPERIMENT
AND THEORY
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no t used in further analysis since it is a rather speculative 
addition to the unsteady theory.

The present theory cannot be compared with other flap- 
fixed, spoiler-forced results for two reasons :

1. The steady-flow curve fit is only valid for .03 ^ h ^.10.
2. For large bubbles which involve recompression on the 

flap surface and "reattachment" at a point (line in 3-D 
flow) of confluence in the wake, the mass flux rela­
tions are no longer valid for the bubble.

However, it will be seen that the theory can be used in 
order to predict limit-cycle behavior of the coupled flap/ 
spoiler system.

3.4. The Describing Functions

For spoiler motion of the form h = h0 + Ah cos V t , with 
hg. Ah and V constant, the resultant incremental hinge-moment 
coefficient may be represented in Fourier series form as:

A C »  = A C h  {h0 . A h ,  v] +  S  A C n  {h0 . A h ,  u }
n=l ^

cos [ncot + 0n {hQ, Ah, v }]

Results obtained from the unsteady relation (equation 3.6) 
are as follows :

i 277
AChq = Yn  J ^ CH thQ + Ah cos cot, -co Ah sin cot} d(cot)

0 •
Thus:

ACfio = C (asho5 +  a4h04 +  agh03 +  % h g 3 +  aih^ +  aQ )

+ ~ (lOaghg3 + 634hQ2 4- Sagho + â) Ah3A2 

+ ̂  (5a5hQ + 34) Ah4A4 ]+ ̂ a|"'J 'Uc Ûc° ̂ Ah sin Ci .
P b 0

[ (Saghg4 + 434h03 + SaahQ2 + 2agĥ  + â ) Ah A 

+ ̂  (10asho2 + 434hQ + 33) Ah3 A3 + | (35) Ah5A5]
(3.7)
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Ac
Now define the describing function —

-Airs Ni + 1 ^

where

Ni

L%J
2TT

= ^5îï J  ^ CH  ^  cos w t > -CO Ah sin co t}

cos cot

jsin cot_
d (cot)

We find:

and

Ni = [ (5ash04 + 4a4hQ3 + 3a3h02 4- 2 % ^  + a% )

+ | (lOash,,3 + 4a4h0 + a3)Atf A3 + | (a5)Ah4A4]

I V U»I ,1 '.A cos CL + — 2”5-----  sin 2 0L (10%hQ3 4- 6 % h ^
Pbo

+ 3%h0 + %) Atf A3 + i-(5a6h0 + a4) Ah4A4]

(3.8)

%  = [ ( 5 % h Q4 +  4a4h 03 4- 3 % h 02 4- 2 % h ^  +  ax)

+ |  (1 0 asho 3 + 4aihg + a3 )Ah 3 A3 + |  (3 5 ) Ah 4 A4]

*b V l^/uc
(-A sin CL) + C coi

2 CPb,
1cos 2 CL [ 2" (10% ho"

'+ 634h Q2 4- 3 % h Q 4- ag) A h 2A2 4- ~  ( 5 % h Q 4- % )  A h 4A4 ] 

*av\Ve/*œ\

'Pb,
[ ( %  h 0 4- 34h04 4- 3a h Q3 4- 3g h Q2 4- aih (
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+ ao) + Y (lOaghg3 + + 3aah0 + aj) AtfA®

+ |  (5ash0 + % )  Ah4A4] (3.9)

Also we find:

iAC u, j i
I-ÂÏTI =

and

01 = 180° + tan**1 ^2*

Thus, the first two terms of the Fourier series representation 
are:

ACjj sî AcHo + A C %  cos (co t + 0i )

or

ACg —  ACj^ + Ni Ah cos cot + 2̂- (-0J A h  sin cot)

A % i
Plots of ACy^ , ^  and 0i, Ni and Ng are shown in

Figures 3.3 to 3.5 and may be compared to the experimental steady 
flow results, which are also shown.

Unsteady predictions for ACj^ are generally confirmed by
experimental results. (See data in section 2 and that found in 
reference 20.) Frequency effect is clearly duplicated; that is, 
there is a reduction in magnitude of ACg^ as frequency increases.
Existing discrepancies, which are minor, can be attributed 
primarily to the approximate fifth order polynomial curve fit 
for steady flow.

AC.
Predictions of the describing function, , are also

dependent on the goodness of fit of the polynomial. For high 
values of hQ there is obvious discrepancy and the complicated 

ACr 1
dependency of on Ah is not reproduced. Furthermore,
frequency effect on magnitude is not accurately predicted for 
high hQ, and phase shift 0X is not predicted well over some of 
the hQ range. Several reasons exist for these discrepancies:
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Ah = .0533

.0400

Ah = .0267

■2.0
Ah = 0

SHOWN SOLID
.0133

.0133

.0267

.0400

.0533

+1.0

V

FIG. 3 . 5  DESCRIBING FUNCTION COEFFICIENTS
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1. The experimental results reflect the integral effect
A cH ion circulation, which would tend to increase as

frequency and hQ increase.

2. For spoiler motion which involves very low spoiler 
heights during part of the cycle, the short bubble type 
is formed at the onset of the upstroke. Pressure 
recovery to high values aft of reattachment can 
influence the hinge-moment greatly. This, plus the 
low pressures in the bubble near reattachment (which 
relate to large negative incremental moments) combine

I ACh 1 I
to increase I "*2Sh"" ‘ as frecluency increases.

3. The theory does not allow for large bubbles where 
reattachment, hence mixing and additional mass flux, 
occurs in the wake.

4. In the limit at very high frequencies, the bubble is 
washed off the airfoil into the wake. It does not 
dissipate as in our model. The effect of bubble "wash
off" is that a large region of high suction is able to
affect hinge-moment greatly.

Although there appear to be large discrepancies in the 
unsteady describing function in general, it appears that the 
functional relation is in fair, if not good, agreement in the 
region near h@ = .065; that is, for small perturbations with 
reattachment near the T.E. This region is. of prime interest as 
will be shown when coupled system behavior is considered.

Before leaving this topic, it is necessary to consider the 
evaluation of describing functions which can be used when spoiler 
motion is of the form:

h = hQ (t) + Ah (t) cos CO (t) t

That is, for transient motion, where h 0 . A h  and co are assumed 
to varyeslowly and can be averaged over a cycle of motion. We
have: h  —  A h  cos cot - CO A h  sin cot and now proceed to form an
expression for ACR(t) which includes the first "damped 
h a r m o n i c . The following expressions are evaluated:

aSrq = J ACr {h0 + A h  cos cot. A h  cos cot 
o

- CO A h  sin cot J d(cot)
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A
N,

A
%

, 2 7T .
= - ̂  J ACr (h0 + Ah cos cot. Ah cos cot

- CO Ah sin cot}
cos cot

sin cot
d(cot)

And we find:

Ac ^  cf lUc' r 1
Ho = ACHo - -u-3. Ah [j (5ash04 + Aa^h^

Pho 00
o . . .

+ 3%h^ + Zagh^) AhA+ g  (10asho2 + ^ h ^  + a3) 

AtfA3 + -^ (as) Ah5A5] cos a (3.10)

where ACg^ is given in equation (3.7).

%  “ Ni ’ c  ^ I 2 S I  ÎKas^o5 + ^ o 4 +'Pb0 «

+ a sV + aih0 + a0) + 2 (10a5ho3 + 6a4h02 + 3%^ 

+ ag) Atf A3 + | (5agh^ + %) Ah4A4] + [| (lOagh/

+ 6%h 3 + .Sagh +■%■) Ah3A3 + ~ (Sagh^ + %)

Ah4A4] cos 2a]

where N], is given in equation (3.8), and

(3.11)

lô  c | XJ | »
%  = %  + C o /  u 3 Æ  (10a5ho3 + 6a»ho2+ 3% ho'Pb0

+ %) At?A3 + | (5ash0 + a*) Ah4A4] sin 2a

(3.12)
where %  is given in equation (3.9).
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The above relations will be used in order to investigate 
system stability and transient behavior for the coupled flap/ 
spoiler system. The first terms in the Fourier series repre­
sentation for ACg would be

/Ï A A
AC jj — ACHo+ Ni Ah cos cot + (Ah cos cot - co Ah sin cot)

A  A  A • A

~  ^ CH0 + [Ni + ̂  2^] Ah cos C O t +  ^  ( - 0) Ah sin cot)

3.5. Prediction of Coupled System Behavior

When the spoiler and flap are mechanically coupled we 
expect, in some cases, that self-excited oscillations may occur 
which lead to stable limit cycle motion.

Consider now the linear coupling relation:

h = h0l + k£ (3.13)

which involves the coupling parameters hQ and k. We seek to 
investigate the dependence of system stability on these 
parameters.

The system equation of motion is of the form:

Aj8+ BjS+ C)8 = H

w h e r e
.

H m"B£P+ Hg)3+ AH

This form of the equation has been justified by experimental 
results. (See section 2.4 and reference 20.) So we have:

In the flap-free case AH, the forcing function, was due solely 
to spoiler motion, but now it is a function of flap motion 
through the coupling relation (3.13). We have:

,3.15,

where ACg- f {/?0, /?i, to} for spoiler motion of the form — 
Po + Pi cos tot.
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This form of motion is assumed since the LHS of equation 
(3.14) relates to a system with low-pass filter characteristics 
That is, higher harmonic content of j8 (t) may be neglected. 
Therefore, it is appropriate to represent Ac&Ct) , in order to 
determine system stability, as :

A  A A R
A C jj s; A C ^  +  [Ni +  1^-] k  &  cos cot

+ (-COk sin cot)

since

Ah = k

A  A ABut now ACqo , N-l and %  are functions of the assumed slowly 
varying parameters fiQi and CO.

In order to study sustained (limit-cycle) oscillations we 
represent ACH as:

ACg — AcHrk + %  k cos cot + ̂  (-cok jS*- sin cot)

A direct solution of equation (3.14) is not attempted, 
instead (as in references 42 and 43) we consider an approximate 
method of solving non-linear differential equations.

»  » .

First define X ^ .

Then from equations (3.14) and (3.15) we find the following 
approximate relations for jS0, X and co3:^

. . . .

A

_ (B - HJ) - k bf cf2) 
X -------- — - H -------------

A
" 2A CHg + k %-) b£ cf - B] (3.17)
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A

X- + L(C ~ V  ' kANl ^  bf C/]A
AC - (Gho + k Ni ) q b c 2

= - X s + [ - -----2---- ----- (3.18)

.« cf
where hQ = h@^ + k j30; Ah = k jS], and y = .

Note that an equivalent linear equation may be used to 
represent equation (3.14) as :

..
jS - 2Xj8 + ttin3 j3 = 0

where cô 2 = CO2 + X2 and -X = Ç^ n-
The set of equations (3.16) to (3.18) was evaluated for an 

"ideal" coupled system. (That is, dry friction was not included.) 
The system is taken to be initially at rest at the steady-flow 
"equilibrium" position. Initially then fii = Ah = 0. Parameter 
values matched the experimental configuration with a few minor 
exceptions. Moment of inertia, A, was taken as constant for 
the coupled system. It is actually a weak function of the 
coupling parameter k. Also mechanical damping was taken as 
constant. It is also a weak function of k. Values of Cjĵ  and

result from the series of flap-forced testing with zero 
spoiler height. The parameter values are:

ft-lb-sec
radA = .0099 sl-ft2 ; B = .0115

c = -477 i ^ r  ; %  = -.5i8

CflX = -1.29 ; q» b f Cf3 = 10.20 ft-lb

(i.e., U„ = 150

Figure 3.6 presents the system stability parameters over a 
wide range of coupling parameters. The lines of constant j30 
are seen to be straight, which is to be expected since h0 = 
hQ - k j80. The curve of X = 0 defines the system stability 
boundary. Regions in the upper right side are most unstable, 
while the stable region is confined roughly to the lower left.
We find too that at jSQ — -4°, which corresponds to hQ = .065, 
the system is most unstable for any given k. This coincides 
with the peak value of % .  The constant frequency curves nearly 
follow the curves of constant X due primarily to the similarity



FIG. 3 . 6  SYSTEM STABILITY PARAMETERS
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in h0 dependence of |%| and % .  An equivalent damping ratio,
Ci takes on a value of approximately -.07 at hQl = .08; k = .3. 
For hQi = .10; k = .6, then £ = -.21.

It is found that unstable combinations of coupling param­
eters will lead to sustained oscillations, or limit-cycle 
behavior-. The system of equations (3.16) to (3.18) was included 
in an algorithm which searched through permissible values of 
jS0, and CO in order to satisfy the set of equations with X = 0. 
A high-speed digital computer was used. At the limit cycle we 
have :

ACHq * A cH0 ; %  = Ni and %  = %

and

ACr —  AcHo +  Ni k 0i cos cot +  (-cok 0i sin cot)

Figure 3.7 contains curves of constant parameter values ;
0O, 0i and I/. Note that there is evidence of the "rectification11 
effect on AChq . A comparison of Figures 3.3, 3.6 and 3.7 shows
that the 0O — -4° curve is relatively unaffected, which follows 
from the unsteady theory (see Figure 3.3)* For low values of 
h0l (hence, low values of hQ) we find that 0OLC < 0Ogs; where
LC and SS stand for limit-cycle and steady-state "equilibrium," 
respectively. Conversely, for high values of hQ; 0Olc > 0Ogg.
This effect is more pronounced for large 0X. Limit-cycle 
frequencies are less than for 0X = 0. This is due to reduced 
magnitudes of N% as 0i goes from zero to limit-cycle amplitude. 
The frequency change is more pronounced for large 0i. Maximum 
limit-cycle amplitudes occur near h ^  = .08; k = .26. This
corresponds to hG s; .065 as expected. Limit-cycle amplitude 
decreases as k increases past about .26 because of the combined 
frequency effect and the nonlinear dependence of Ng on Ah.

AhAlso, 0i = -j£- . Note also that for low values of hGi and k,
limit-cycle behavior is predicted even though the system is 
predicted to be stable at "equilibrium." This apparent anomaly 
is due to the rectification effect on A c ^  , hence 0O. In this
case "hard oscillator" behavior exists; that is, the system 
needs an initial disturbance of sufficient magnitude to provoke 
limit-cycle behavior. Limitations of the present model could 
also account for this phenomenon.

The theory was modified to allow for the presence of dry 
friction since it was discovered that this was a significant 
damping contribution to the actual coupled system. Several 
tests were performed in order to verify that dry friction was, 
in fact, present and to measure its contribution. An equivalent 
linear representation was calculated and is included in the
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FIG. 3.7 LIIVHT-CYCLE PARAMETERS (IDEAL COUPLING)
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system equation of motion as an additional damping term of the 
form:

B' = 1=5 k2 A h co ■q® b£. cfa

The dependence on h0 qœ occurs because the normal force on
the spoiler face is a function of dynamic pressure and spoiler 
wetted area. The kP dependence represents the effect of gear 
ratio on moment and provides a best fit to the test data. The 
constant value is kg = .232.

Thus, at the limit-cycle, equation (3.17) becomes:

B = Cuf CH/§ + k ̂  ^  Âifg ] b£ V

Once again a search algorithm was run and results are shown in 
Figure 3.8. In this case, however, computer data was considered 
unreliable in the region shown. Suitable convergence in the 
shaded region could not be achieved unless parameter increments 
were made small at the cost of large amounts of computer time. 
The presence of dry friction, which is inversely proportional 
to Ah, precludes self-excited oscillations as verified in the 
experiment ; however, stable limit-cycle behavior is predicted 
as was observed. The effect of dry friction is not extremely 
significant except that lower amplitude limit-cycles are reached, 
with the maximum occurring near h@^ = .073 and k = .25. The
contours of constant ^  are shifted downward and to the left 
due to dependence of dry friction on hQ and k. The curves of 
constant £0 are not significantly altered; however, frequencies 
are uniformly increased due to the fact that the lower ampli­
tudes, jSx, relate to lower values of Ah at limit-cycle, hence 
to higher values of | and frequency.

Finally, in Figure 3.9 data points taken from several 
coupled system tests are shown. Curves of constant frequency, 
j$0 and are shown interpolated between the points. In all 
cases amplitude data was within 20% of the final results shown. 
Frequency results are within 10%. Only data taken for a free- 
stream speed of Uœ = 150 ft/sec was used. Some of the tests at 
extreme values of h0i did not demonstrate long-term sustained
limit-cycle behavior. It is probable that three-dimensional 
effects could account for this. Although the range of parameter 
variations was small for the series of tests (due primarily to 
model limitations) the agreement between experiment and theory 
is surprisingly good. Frequencies, amplitudes and mean values 
of flap angle appear to be well predicted. Note that largest 
amplitudes occur near 0O = -3° which corresponds to h0 s: .06.
This is the region where the unsteady theory is expected to be 
most accurate.
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FIG. 3 . 8  LIMIT-CYCLE PARAMETERS
(ACTUAL COUPLING, INCLUDES DRY FRICTION)
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The concept of relative stability of the limit-cycle oscil­

lations is worthy of mention. Consider the function X,

X = f (h0. Ah, f) 

and its total derivative:

dX = ih™ dho + T5h dAh + Ü  dv (3-19)
The value of — can be taken as a measure of the relative
stability of sustained nonlinear oscillations. Also we can 
evaluate sensitivities ; e.g.,

dX dX , ô X 
' T S h  ^ d T v

The relative stability can be investigated approximately by 
reference to equations (3.16) to (3.18) and Figures 3.3 and 3.5. 
From Figure 3.5 and equation (3.17) we have:

dX < 0 for .045 < h < .085a Ah  v eV̂  “o

and

dX , f > 0 for h0 < .065
ahQ S \  < 0 for ho > .065 

also.

We also find from Figure 3.3, equation (3.16) and the relation
h0 = hoi + k £0:

&ho , f  < 0 for h < .065 
b A h  1 > 0 for hQ > .065

and from equation (3.18) and Figure 3.5

< 0 (approximately)
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Equation (3.19) is approximately:

T Z K  - T Û :+ T Z h  + ^ 2 h ] < 0

for .045 < hQ < .085. Thus, relative stability of the limit-’ 
cycle oscillations in Figures 3.7 and 3.8 is predicted. A 
more rigorous demonstration of stability will not be attempted 
here.

In conclusion, it has been shown via small perturbation 
analysis, that significant unsteady effects alter the steady-^ 
flow bubble growth relations. Of course, a complete solution 
of the problem must involve a matching of the bubble dynamics 
to those of the external, inviscid flow field. The significant 
dynamic effects, however, are shown to primarily involve the 
viscous bubble region. The unsteady mass flux and continuity 
relation applied to the bubble and the momentum relations that 
are assumed to prevail near reattachment yield a dynamic behavior 
that has the following characteristics :

1. Bubble length lags spoiler motion due to mass flux 
which is convected into the bubble near reattachment 
and which is assumed to travel upstream at a mean 
backflow velocity.

2. The pressure rise to reattachment, hence pressure in 
the dead-air region, is altered in the unsteady case 
in order to satisfy momentum relations.

3. The combined effect of 1 and 2 above results in dynamic 
bubble behavior that is in good qualitative and fair
quantitative agreement with experimental observations.

4. Negative damping, for small amplitudes of oscillation, 
and subsequent limit-eyele behavior is predicted for 
the coupled system. This predicted behavior is con­
firmed by experimental observations.

The unsteady bubble model is expected to be valid when 
reattachment occurs on the flap surface. For larger bubbles, 
the model must be modified in order to account for mass flux 
from the shear layer on the flap lower surface. Further experi­
mental and analytical work is needed in order to properly model 
large bubble dynamics. Also, the unsteady energy relation 
within the bubble needs to be better understood. It is probable 
that additional integral effects exist and they are expected to 
be highly dependent on the frequency of spoiler motion. Also, 
three-dimensional effects are not included. Theisen (Ref 19) 
is one among many who recognize that spanwise flow in the bubble 
can alter the dynamics of the separated region. The present 
model, however, contains two important dynamic effects which 
have not previously been modeled. This is thought to be the
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most significant analytical result of the investigation, although 
some of the important assumptions must be regarded as somewhat 
speculative at present.

It will be shown that these methods may be applied to other 
similar problems in order to obtain useful results.
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4. FURTHER ANALYSIS OF RELATED PROBLEMS

In the study of interactions between an oscillating body 
and a separating flow it is not always possible to consider the 
separating region as in the previous section. For a type of 
flow perturbation such as a spoiler, it is expected that in 
some important cases the perturbation may be considered over­
whelming and consequent analysis may neglect, as a first 
approximation, the influence of the external flow field. In 
the case of a laminar separation bubble at the leading-edge 
of an airfoil, for example, it has been demonstrated (Ref. 44 
and 45) that the external inviscid flow field may dominate the 
behavior of the separated region. It will be shown, however, 
that results of the previous section are useful.

4.1. Initiation of Dynamic Stall

As an airfoil pitches upward through its static stall 
angle it is known that an "overshoot” of this stall angle 
usually occurs. At a higher incidence "dynamic stall" is 
initiated with resulting forces and moments that differ in 
character and intensity from the steady flow stall case.^ 
Similarly, on the downstroke, reattachment may be delayed; or 
in other words, the static reattachment angle is "undershot." 
Even if hysteresis in separation and reattachment did not exist 
in steady flow, the overshoot and undershoot phenomena result 
in apparent hysteresis in all cases of unsteady flow.

For an airfoil that is free to oscillate in pitch, the 
loading due to dynamic stall can lead to a self-excited oscil­
lation that builds in amplitude until a limit-cycle is reached. 
Such a motion is termed "stall flutter" and is known to be 
applicable to helicopter rotor blades, engine compressor 
blades, space shuttle (and lifting body) configurations, certain 
V/STOL aircraft types, and to the study of aircraft response to 
severe gusts.

Motion of a control-surface can also initiate dynamic 
stall. ' Furthermore, "stall flutter" of a flap-type control- 
surface has been observed on an airfoil at incidenceA^ This 
type of instability involved the single-degree-of-freedom of 
rotation of the flap about the hinge-line.

This section is concerned with the prediction of the over­
shoot and undershoot angles of dynamic stall and it deals with 
the type of dynamic stall that involves a leading-edge separa­
tion bubble. Pertinent elements of the flow field are modeled 
so that their interactions in unsteady flow can be studied. It 
is found that the resulting model for flow over an airfoil is 

. useful for predicting when the leading-edge bubble bursts (hence 
initiating dynamic stall) and for studying the conditions 
necessary for flow to reattach. The following development is, 
in part, a summary of material contained in reference 37.



-150-

4.1.1. Flow Elements

When flow is attached to an airfoil that is oscillating 
about a moderate value of mean incidence, or for an airfoil 
at moderate incidence with an oscillating flap, the flow 
elements are taken to be : 6

1. A potential flow field that acts over the surface of 
airfoil with mean properties that are related to the 
airfoil at its mean incidence.

2. The effects of airfoil or flap motion on the potential 
flow field to include the effect of vorticity which
is shed into the wake.

3. A laminar boundary layer from the leading-edge stagna­
tion point to the point of laminar separation on the 
upper surface.

4. A constant pressure laminar shear layer to the transi­
tion point.

5. The turbulent mixing and reattachment region.

6. The turbulent shear layer from the reattachment point 
to the trailing edge.

These elements are associated with a leading-edge separa­
tion bubble, and are only considered during the portion(s) of a 
cycle of motion when a bubble exists. The laminar separation 
and turbulent reattachment points define the fore and aft limits 
of the bubble which is shown schematically in Figure 4.1.

The effect of the turbulent shear layer aft of reattachment 
will be neglected in this section, thus precluding the influence 
of trailing-edge separation.

Airfoil or flap motion is prescribed. We consider two 
cases of forced motion, with reference to the diagram below.

CASE I CASE II
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EDGE OF.THE BOUNDARY LAYER

REVERSE FLOW VORTEX

TURBULENT FLOWDEAD AIR REGION

LAMINAR FLOW

REATTACHMENT

TRANSITION

-SEPARATION POINT

LEADING EDGE STAGNATION POINT

Figure 4.1 
Leading-Èdge Bubble Definitions

CASE I. The airfoil, at a mean incidence aQ, is forced to pitch 
about an axis x = a, with amplitude A&  such that

a  (t) = oéq + Q£ = a Q + Aoc cos wt

where CiQ, Act and co are constant prescribed values.

CASE II. The airfoil is fixed at an incidence 0iQi and the flap 
is forced to oscillate with amplitude Aj8. The flap is a plain 
flap with hinge-line at x = c.

a = <%o

P (t) = A p  cos co t

We now define non-dimensional time and reduced frequency 
: parameters. -
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CASE I

also

where b is airfoil semi-chord. 

CASE II
U t ajcfT = ~ —  and V = — :—

so that

= f f  = 0  i f  * ctc

also we have

T = (1 - c)

so that

V = (1 - c)

Also, we have a non-dimensional chordwise distance x based on b 
with origin at mid-chord:

x = f  - 1

Pressures and velocities at the edge of the boundary and 
shear layers are found by considering an appropriate potential 
flow model. The model used here involves a non-linear pressure* 
velocity relation and considers the instantaneous value of 
velocity to be a superposition of a mean, steady flow value and 
a time varying perturbation. McCroskey (Ref. 45) recently and 
independently considered a similar inviscid flow field.

We consider the non-linear Bernoulli equation for unsteady
flow.

cp 5 i P V  = 1 ' (4 )3 ’ u j  i r



with U, the velocity evaluated at the airfoil surface from the 
potential flow solution, assumed equal to the velocity at the 
edge of the boundary layer in : attached flow. . .. . ....

Now

0 = 0O + 0 (4.2)

and

5 0  =  5 ?
5 t 5t

U0/Uœ will be found from the NACA method and uVuœ will be found 
from "classical" unsteady thin airfoil theory.

The unsteady thin airfoil results are found to contain the 
usual singular terms with corresponding infinite velocities at 
the leading edge and flap hinge-line. Since the leading edge 
region is critical in this analysis we chose to correct the 
unsteady results by employing Lighthill's correction factor, 
which is applicable to the thin airfoil approximation. The 
factor makes the first order thin airfoil solution valid over 
the entire airfoil surface.

Thus, in equation (4.2) where U@/U^ is known from the NACA 
method, we find‘u/U00 from:

is the thin airfoil result and the correction factor ;

due to Lighthill includes the parameter which is the non- 
dimensional leading-edge radius based on chord length, i.e.,

(4.3)

where

PK = -0158

for a NACA 0012 profile.
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is found, as explained in reference 37,
relation:

where

• i (SPu+ ü j i f  >

CP0! a + cPd + cPa ^  + cPr
'Pu <

(a )

cPj3 ̂  + cp/§ ^ * + cPj3 + cPp
O)

The non-dimensional derivatives are for Case I:

%  = 0

Cpâ = - [(1 + 2x) / f f l  + 2 ,/irrw 3

Cpg = (2a - x) Vl - X?

and for Case II:

CnA = - 2
#Pj3 ’ tr (1 - c) LCOS c{cos-1 c a/1 “ x? - 2 (x -

+ [cos”1 c (1 + 2x) + c a/1 - c2 ]

cpj3 ” Tr (l'1- c)2 - c2 + (x - 2c) cos"1

- (x - c)2 Xn|N| }

where

N _ (1 - cx - a/1 - c2 a/1 - x2 ) 
(x - c)

from the 

(4.4)

CASE I 

CASE II

c) j&n|N|

/ L ü  }
V  i + x J

c] a/i - X2

The above derivatives are valid for attached flow and 
general motion, but with the Kutta condition satisfied.



-155-

The perturbation quantities C« and C-_, are sensitive
^(a) ^03)

to the distribution of shed vorticity. -in the wake, and,we- have 
the approximations :

2 2 X )  = " V ' 9(“) and CPTW  = - V Q(/$)
where

C —  C (Vq) > the Theodorsen Function 

and Q is found from the Kutta condition to be:

œ x + 1 

O

CASE I

CASE II

T10 = Jl ' - c2 + cos*"1 c

T n  = cos"1 c (1 - 2c) + Vl - c2 (2 - c)

It can be seen that dynamic effects modify the magnitude 
and phase relation of pressures due to circulation. The rela­
tion:

Cpp
M = M e*1* a  Sflsteady

cPrsteady

is plotted in Figure 4.2 and shows the dependence of circulation 
effects on frequency and pitch-axis location. A combination of 
high frequency and aft location of the pitch axis contributes 
to reduced circulation effects that lag airfoil or flap motion.
At low frequencies, pitch axis location is of lesser importance.
This "circulation .lag”, effect due to shed vorticity has been 
referred to by Ericsson and Reding^O as a significant factor in 
stall overshoot. Flap effects are given by the dashed curves.

Figures 4.3 and 4.4 indicate the chordwise distribution of 
the components of pressure coefficient. Note that the "apparent

U«, [5= + (I - a) S']

77 + 2 (I1 - c)

where
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mass" terms Cp^ and Cp̂ r are small. Their overall contributions 
(Cp« G?* and Cp^ jS") are usually small except for high frequen­
cies. The Cp~ term is highly dependent upon pitch axis location. 
The damping terms Cp^ Qt'and Cp^ ft'ave definitely significant,
especially near the leading edge. The curves of Figures 4.3 
and 4.4 do not include the influence of the correction factor 
due to Lighthill (equation 4.3) which is significant near the 
leading edge. The correction factor, however, would not cause 
a noticeable modification to the curves due to the scale of the 
x axis. The circulation dependent components, Cpp , in the
figures are based on unit values of a and jS, and are dependent 
on frequency and pitch axis location. .

The combined effect of pressure components is shown in 
Figures 4.5 and 4.6. In Figure 4.5 we see a comparison between 
steady flow and unsteady flow perturbations. The motion involved 
is represented by:

a = 5° cos (0.16 Ta)

and the five pictures represent the instantaneous pressure 
distributions at time intervals that are equally spaced on the 
airfoil upstroke (i.e., â > 0). This type of representation 
(again excluding LighthilVs leading-edge correction) has been 
offered by Carta^ as indicative of the important role unsteady 
flow effects play in dynamic stall. Thi s additional, unsteady 
distribution involves favorable pressure gradients along the 
entire airfoil chord as the airfoil pitches upward pest CC ~ 0. 
This effect helps not only in a delay of bubble bursting^ but 
in a "suppression" of trailing-edge stall as well. See reference 
37 for more details on this.

Figure 4.6 involves motion of the form:

P = 5.73° cos (0.12T)

and indicates trends, near the leàding-edge especially, that 
are qualitatively similar to those for airfoil pitching.

Let us now solve for the unsteady velocity perturbations.
We may represent the last term in equation (4.4) as:

V  Ô t  u„= L b t  • b t  J

where :
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and

X g' I 2 VI - O'1 + (x - 2a) VÏ - x^ C?' CASE

u„ a t . ______
^"(i - c) C003'1 c VI - X2 - (x - c) 2n|N|]y3' 

X
+ 7T (1 - c)2 - c2 Vl - X? + cos**1 C.

(x - 2c) Jl - X? - (x - c)2 ^n|N|]iSn CASE II

2 5 0 r  4 fi----a- 1 (^a»%)
V  Ô t ' IT U„ V ' ^  (fa) + i H(f(y,)] * Q

where

-il,a xo
X (V-.x) ^ J*

dxo
1 x/xo2 - 1 (xo - x)

and I is evaluated numerically.

In Figures 4.7 and 4.8 we see the difference in the unsteady 
quantities :

*+ uf
CPU and ,-2-A -

It is apparent that for either airfoil or flap motion, these 
two quantities differ in magnitude and phase by very small 
amounts near the leading edge. The largest magnitude discrepancy 
occurs near mid-chord and the largest phase difference occurs 
at the trailing-edge. In all cases, as one would expect, the 
velocity perturbations - u7Uco lag the pressure perturbations 
Cpu« These magnitude and phase relations are very much frequency
and pitch axis location dependent, and the curves of Figures 
4.7 and 4.8 must be treated as such.

The laminar boundary layer, separation point and shear 
layer are approximately accounted for by the quasi-steady 
assumption that they react instantaneously to changes in the 
outer flow. This assumption has been justified for example in 
references 37 and 45. Figure 4.9 will serve to define some 
parameters in the assumed bubble model.

The laminar separation point is found by use of an empir­
ical result found by Owen and Klanfer, Gault and Gyorgyfalvy,5 
that is.
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ASSÜMED ACTUAL PRESSURE DISTRIBUTION 
POTENTIAL FLOW SOLUTION

x

x

1.0

Figure 4.9 
Leading-Edge Bubble Parameters

where USAJC0 and are velocity ratios at separation and the
point of maximum velocity.

If we consider the mean steady flow then from the NACA 
method:

U
ü: = &  + #: %  - %00 00 00

" U - <x> + ̂  <x> CLa • “

and we find



which yields the magnitude and location of

A)Ug, max
as a function of Ci-.o

From the above relations we find the predicted separation 
point.

Velocity perturbations are accounted for by considering 
the following:

Ôxs u'
xs = xso + s = XSO +  — Û -  • -ô (̂ -) “

where is the predicted steady flow value of xs, the laminar 
separation point. Although

«.
xso

this perturbation quantity is found to yield a significant effect

The quantity bxs/ô(U/Uœ) is evaluated for Xg = xgo; u7Uco =
0, as discussed in reference 37.

The relation vhich is used to determine the instantaneous 
location of the laminar separation point is then:
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On Figure 4.9 the locations and xg refer to maximum
velocity and separation points. xr is the point of turbulent 
reattachment. Distance JL defines the laminar shear layer length 
and m defines the turbulent mixing and reattachment region.
Note that transition and the beginning of reattachment are 
taken to coincide at a point (x^). Also note that at separation 
and reattachment, pressures (and velocities) are assumed equal 
to their potential flow values at the same point. These assump­
tions have been shown to be reasonably accurate.

Now we are interested in finding the lengths & and m so 
that we can determine the pressure (or velocity) rise across 
the assumed bubble.

At present no analytical solution or numerical method is 
found to be adequate in predicting the length 4. Even with 
knowledge of the laminar boundary layer parameters at separa­
tion, free-stream turbulence level, surface roughness and 
Reynolds No., there is no known method that allows for a deter­
mination of transition point in a laminar shear layer that is 
also influenced by unsteady pressures, velocities and surface 
curvature.

We, therefore, choose to fall back on an empirical model 
that is due to Von Doenhoff.^ The Von Doenhoff model is:

P U  (x. - x )b P U . i b
ST Ï * 5 X 1 0 *

where Us is the velocity at the edge of the boundary layer at 
the separation point, xg. Therefore, we have:

It is shown in reference 37 that an appropriate quasi-steady 
flow model for the turbulent mixing and reattachment region is :

m(t) =* — ---Us(t) b p

where k]. is a function of Reg*; that is, the Reynolds number 
based on shear-layer displacement thickness at separation.

Based on experimental results, the relations above are 
combined and a constant added so that we have approximately:

I (t) + m(t) = + ka
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Thus, the bubble length parameters can be found for quasi-steady 
bubble growth. Since the potential flow solution is known for 
all time, the pressures, and -velocities at separation and reattach- 
ment can also be found.

An example of steady flow predictions for the location of 
separation, transition and reattachment points is shown in 
Figure 4»10 for the NACA 0012 airfoil. Parameter values are 
found in reference 37.

The separation point results for the NACA 0012 are in good
agreement with values that were interpolated from NACA 0010
(mod) and NACA 66q - 018 experimental measurements for IL, =c
2 x IGf3 which were taken from reference 5L Results for bubble 
length at 02 = 14° which are found in reference 52 are in very 
good agreement with present results ; however, data from reference 
51 indicates that the laminar shear layer length of the model is
consistently overestimated by about 0.75% of chord, and the
turbulent region length is overestimated by about 0.5% chord.
The rates of movement of these points as incidence is varied 
are found to be in good agreement with experiment. It must be 
noted, however, that the present model provides solutions at 
incidence above the static stall so the high incidence values 
found in Figure 4.10 should not be taken to imply that bubble 
bursting is not achieved. In the case of the NACA 0012 (for
Rec = 2 x 10s ) it appears that static stall is achieved when the
leading-edge bubble bursts at an incidence of around 13°-16°.

The pressure recovery coefficient, CT, or Crabtree's param­
eter can be evaluated also. It is defined:

It has been evaluated in steady-flow for the NACA 0012 and 
results are plotted in Figures 4.11 and 4.12.

Figure 4.11 involves the NACA 0012 with various combinations 
of (%Q and CL. The trends appear at least qualitatively correct 
except that most combinations of a.Q + a do not yield exactly the 
same result for an equivalent "non-perturbed" incidence. For 
example, for a.Q = 14 , CL = 0° we have a = .273 whereas for 0Zo = 
10°; a = 4 we have cr = .276. This discrepancy is expected, 
however, and thought to be acceptable in light of the fact that 
the pressure dis tribution-imposed by perturbations, 02, is of 
the thin airfoil form (i.e., ~  a / ( 1 - x)/(l + x)) and includes 
.Lighthill1s correction factor. Similarly, the results of 
Figure 4.12 show the same effect. The irregular curvature to 
the 02 = 0 curve at high incidence is related to the assumed 
polynomial representation of velocity ratios from the NACA 
method and to the limitations of the NACA method.
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The present model was not derived in order to predict static 
stalling; however, it appears that the method does compare 
favorably with steady flow results concerning Crabtree's param­
eter.

À possible use of these results is best illustrated by 
considering Figure 4.12. It is suggested that a critical value 
of Crabtree's parameter can be found from rigid airfoil tests 
and applied to the prediction of airfoil stall which is induced 
by flap deflection. If pertinent parameters are not varied for 
the flap test (e.g., Re, free-stream turbulence, M, surface 
roughness) then it is suggested that stall will occur when cr = 
0’CR. For example, if asta^^ = 13° then we take CT' = ,26 and
can find combinations of Œ0 and jS that will cause bubble bursting 
and consequent airfoil stall. At present this is only a sugges­
tion, and one that lacks complete experimental verification.

4.1.2. Prediction of Bubble Bursting

In reference 37 it was argued that a critical value of 
velocity drop across the bubble exists which relates to bubble 
bursting in unsteady flow. In steady flow, Crabtree's param­
eter is seen to be an appropriate measure of velocity drop 
sincey

Now define a parameter, Young and Horton1s parameter,14 which 
is:

AU Ur - Us

Then in steady-flow:

s s

A typical variation of Young and Horton's parameter during 
a cycle of airfoil pitching is shown in Figure 4.13 for two 
cases. NACA 0012 pitching motion is considered with:

Oi = 12° + 5° cos Va Ta ; l̂a = .04 and .30

The steady-flow variation, represented by the dashed curve, 
follows from the related variation of Crabtree's parameter in 
Figure 4.11. The hysteresis effect due to unsteady motion is 
clearly evident in Figure 4.13. If we assume that a critical
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value of AU/Us exists and is not dependent on unsteady effects, 
then we could proceed as follows to evaluate static stall angle 
overshoot. We first find the value of

'.(AS)'CRc

where at present, it appears that static stall experiments must 
be relied upon to yield this value. For example, if

“static = 12-0° 
stall

then the critical value of Au/Ug follows from point (1) on 
Figure 4.13 and we have:

(T57)CR = " 113 £or “static = 12-0°
stall

Then, in the unsteady case we assume that the bubble does 
not burst for:

(•f2 ) > - .13 
s

Thus, on the upstroke, bubble bursting (and the initiation 
of dynamic stall) is assumed to occur at

(AS)
Us lUs CR 

From Figure 4.13 we find that for

Va ” 0.04 (i.e.. (2)); adyllaœlc = 12.6°
stall

or for

Va = 0.30 (i.e.. (3)); ^ ^ = 1 3 . 2 °
stall

If we define a stall angle overshoot, A  Œs where:__

^  tts ^dynamic ^static 
stall stall
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then we have:

r -
A a s H

6° forVa = 0.04

^  1*2° forya = 0.30

Points (4) and (5) on Figure 4.13 can be assumed to yield 
the reattachment angles as discussed previously.

The difference between using a velocity-based criterion 
AU/Ug , and a pressure-based criterion cr, has been investigated 
over a range of pertinent parameters. It appears that the 
difference is mostly sensitive to frequency effects, and if we 
define an error parameter €(v), where :

and the U and p subscripts refer to unsteady overshoot predic­
tions based on velocities and pressures respectively, we find 
that at %/a = 0.30 an error of 8% exists. The approximate rela­
tion shown below is characteristic of the frequency effect :

€(%/) ~  .267

Thus, at low frequencies, predictions based solely on 
pressures and Crabtree's criterion will yield reasonable results

Results based on.the velocity method of determining bubble 
bursting will now be presented as parameters are varied for the 
NACA 0012 and as airfoil and flap motion is considered. Compu­
tational procedures are discussed in reference 37.

Figure 4.14 contains results for the NACA 0012 pitching 
case where stall angle overshoot angle ( A  0^) is plotted versus 
pitch rate at bubble burst (a's). The effect of frequency and 
amplitude of oscillation is clearly evident and we find that 
for a given frequency, A  a is roughly proportional to the 
amplitude of oscillation (A  a) which is a more-or-less expected 
result since a linear unsteady flow model is used. Notice, 
however, that for a given value of A  a the effect of frequency 
is decidedly nonlinear. Vortical wake effects primarily account 
for this trend. Also,, it must be mentioned that for Figure 4.14 
a critical value of (A U /U g )  was determined from the somewhat 
arbitrary selection of steady flow stall angle where

a  ,static
stall
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was assumed to be 13.1°. (This corresponds to = .26 and

“  " •14)

The results relate to airfoil pitching about the quarter-chord 
(a = -.5) at a mean incidence of 12°.

In Figure 4.15 we see a seemingly irregular result that can 
fortunately be explained. Flap motion effects on the NA.CA 0012 
leading-edge bubble are considered where aQ = 12° and

< # C R  = - -14

which yields

^static = 3'4° 
stall

Also,

A ^s “ ̂ dynamic " ^static 
stall stall

For the largest amplitude considered (i.e., A  £ = 20°) the 
effect of frequency on A  ̂  and jS's generally follows trends • 
which were seen previously; however, the lower amplitudes,
AjS = 10°, 15° exhibit a different effect. Consider now the 
constant amplitude curve AjS = 10°. At very high frequencies 
it appears that dynamic stall occurs at lower flap rates. This 
effect simply relates to the fact that at higher frequencies 
bubble bursting is delayed to such an extent that it occurs 
close to the maximum flap deflection angle, which for harmonic 
motion coincides with zero flap rate.

Notice also that bubble bursting does not occur during an 
oscillation for AjS = 5° (and for ^ ^ .08). This effect relates 
to the so called "stall-free regime" mentioned by McCroskey in 
reference 45.

Reference 37 contains further results of the application 
of the present theory to the cases of airfoil pitching and flap 
motion. Details are given of the effects of amplitude and 
frequency of oscillation, pitch axis location and mean incidence 
on the overshoot angle and interval (during a cycle) of over­
shoot. Furthermore, discussion is offered concerning the effects 
of wake vortical distribution and the speed of propagation of 
vortex elements into the wake. At high frequencies it appears 
that the assumption of constancy of circulation is justified 
when one considers loading due to growth of the separated region
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However, for low frequencies dissipation of energy in the growing 
bubble is significant as it moves across the airfoil surface, 
thus, the assumption of constancy of circulation does notappear 
justified.

Reference 37 also contains an approximate analysis of the 
effect of unsteady pressures on turbulent trailing-edge separa­
tion. Stratford's criterion-^ is used to show that on the airfoil 
upstroke (or flap downstroke) trailing-edge separation is likely 
to be supressed so that leading-edge separation and bubble 
bursting will occur in unsteady cases.

Finally, an additional element must be considered. The 
present analysis is expected to be useful in order to predict 
the onset of bubble instability. The term bursting, however, 
is probably misleading in the unsteady case since a finite 
amount of time is required for the bubble to grow once it does 
become unstable. Thus, the present quasi-steady model is limited 
in that it does not account for the dynamics of bubble growth 
once instability is achieved. McCroskey^ has recently recog­
nized this also and has compared a simple burst prediction 
(based on the instantaneous pressure gradient at 10% chord) to 
experimental observations which involve both the initial break­
down of the potential flow and data based on moment stall of an 
airfoil.

Consider now an extension of the previous quasi-steady 
model to allow for the dynamics of bubble growth. , The model 
of separation bubble dynamics of section 3 serves as a starting 
point.

Crimi in Reference 55 has concluded that growth of the 
leading-edge separation bubble is dependent primarily on mass 
flux into the bubble from near the reattachment point. An 
incremental mass flux in the unsteady case is essential so that 
the bubble may grow, and we have :

mç -  P dt (Abubble)

From the analysis of section 3.2.2 we find that the pressure 
rise near reattachment is expected to alter in proportion to 
the additional mass flux. So we have a change to the pressure 
drop across the bubble:

A c A ? rb _ rl „ . 1 , &c U BPrb ^ F j T S J  = L a  ( 4  +  ;  +  y ) ]  ^

For quasi-steady bubble growth we have approximately: 

\ubble - kl^ (a - astall)2
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or

àç —  2 p kxb2 (a - CKgcail) ^

and

5r " k=b (a- “stalP

The above relations are appropriate for thin airfoil-type stall 
which involves the growth of a long bubble type. See also 
Wood's theory of bubble growth in reference 56.

The quasi-steady mass flux is assumed valid as for the 
bubble behind a spoiler. This appears well justified since 
the bubble is small and the shear layer is expected to have a 
small characteristic time. So we have for the pressure pertur­
bation:

A cPrb ̂  [* (4 + | + ̂ -)] ^  â

but

for

and

A (X sin cot = a'
co a

0£ — 0Lq  + A CL cos cot

I  ■ 11 • V 1

Also, assume tt- - constant so that 
b

A  CPrb ~  ̂  (1 - ^ps)2

In the unsteady case then, the short leading-edge bubble 
will grow when sufficient mass is returned to the bubble. In 
effect, this means that the critical pressure recovery coeffi­
cient is modified in the unsteady case, so we have :
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where

A C a*
  T

(i - Cps)=

and

Computations were performed in order to find the overshoot 
angle-of-attack for a pitching airfoil. Overshoot angle in this 
case is defined to be:

A single case was chosen in order to compare with experimental 
data. Motion is of the form:

criterion was used in order to predict overshoot angle, thus a 
small discrepancy is expected with overshoot angle being slightly 
underestimated.

Results are plotted in Figure 4.16, as curves for bubble 
growth. Two values of the shear layer parameter, kg., were used 
(i.e., k g ,  = .25 and k g ,  = .15) and results show that overshoot 
is not strongly dependent on this parameter. Experimental data 
is taken from reference 45. Also shown in Figure 4.16 are 
results from the unmodified quasi-steady theory. The curve 
labeled "bubble burst based on pressures" is nearly coincident 
with results if either the pressure gradient at 1.25% chord or 
GTq-r is evaluated with bubble length fixed. The curve labeled 
"bubble burst based on velocities" follows directly from the 
original theory, which is based on Young and Horton’s parameter, 
and is found to be nearly coincident with a prediction of 
McCroskey^ based on the pressure gradient at 10% chord.

The onset of bubble growth, as predicted from the present 
theory, is seen to correspond well to observations of airfoil 
moment stall. Thus, it appears that the instant of dynamic 
stall initiation is associated not with bubble instability but

^bubble ^static 
growth stall

Act A  a

Ct = 12° + 5° cos cot

(JCR was chosen so that CCstatic = 12°. In this case, a pressure
stall
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with actual growth of the separation bubble. McCroskey's data 
for the initial breakdown of potential flow lies, as expected, 
between the instant for bubble bursting (or instability) and 
bubble growth.

In conclusion regarding dynamic stall, it is seen that the 
unsteady inviscid flowfield dominates bubble behavior and that 
a critical pressure or velocity drop across the bubble may be 
determined by considering that the small bubble reacts in a 
quasi-steady manner to changes in the external flowfield.
Growth of the bubble, however, depends on dynamic effects in 
that it does not begin until mass is forced into the bubble at 
a sufficient rate to cause growth.

4.2. A Type of Contro1-Surface Buzz

Thé dynamics of a separating region are known to be an 
element in the problem of control-surface buzz. Lamboume in 
references 1,49 & 57 discusses this example of flutter in one 
degree-of-freedom which involves the interaction of a moving 
flap, shock wave(s) and a separating flow. A type of control- 
surface buzz (CSB), which is termed type A, involves shock 
wave(s) which lie on the airfoil surface ahead of the flap 
hinge-line. The flap is in subsonic flow and boundary-layer 
separation is induced by the shock wave(s).

Some conclusions concerning type A buzz are

1. The critical Mach number for buzz correlates with a 
criterion for the onset of shock-induced separation, 
e.g., trailing-edge pressure divergence.

2. The critical Mach number falls with increasing airfoil 
incidence.

3. The critical Mach number is not greatly altered by a 
change in the elastic hinge stiffness.

4. At constant Mach number, the buzz frequency is given 
approximately by:

The theoretical work of Eckhaus-^’̂ included g^ock waves 
at the wing surface in an inviscid flow theory and has predicted 
the existence of a Mach number and frequency range in which the 
flap is negatively damped. Other analyses which included a 
time lag in the motion of the shock and subsequent lag in the 
aerodynamic hinge moment were o f f e r e d . 60,61 At present, however, 
the exact mechanisms and interactions remain unknown.
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Based on the results and theory for the oscillating spoiler 
case and some recent information concerning vis cous-invis cid 
interactions at transonic speeds one can further speculate as 
to the mechanisms and interactions in type A contro1-surface 
buzz.

Consider now a typical type A flow which involves an air­
foil at incidence,. Mach number near critical, and a single 
shock-wave ahead of the flap on the upper surface. A separated 
region exists aft of the shock wave with reattachment occurring 
on the flap surface and no divergence in trailing edge pressure. 
The flap is fixed at a "steady flow equilibrium" angle with 
Gg = 0.

In this case, which borders between the so-called "weak" 
and "strong" interactions of the shock/shear-layer system and 
the overall f l o w ^ 2 we expect that coupling (via shear layer 
displacement thickness effects) between the shear layer and 
pressure field is strong locally (in the region of the separa­
tion bubble) but relatively weak in the overall sense, since 
trailing-edge pressure has not diverged.

Now if the flap were to be oscillated harmonically with 
very small amplitude, as an assumption, we neglect a direct 
effect on the separation bubble and shear layer and instead 
consider that the outer inviscid flow responds as in the weak 
interaction, or attached flow, case. This assumption follows 
from results of the spoiler experiment where, for moderate 
spoiler heights, it was found that aerodynamic hinge-moment 
was approximately independent of spoiler height and bubble 
length.

As a result of flap motion, pressure perturbations are 
realized at the shock. If the region of supersonic flow ahead 
of the shock is sufficiently large, then propagation of pressure 
perturbations to the shock from upstream may be neglected. The 
flow may be considered "frozen" ahead of the shock. Tijdeman 
and Zwaan in reference 63 show that this type of pressure 
disturbance travels upstream as a receding wave and that the 
time taken to reach the aft face of the shock is as discussed 
in reference 61 and is approximately:

At ° %  a  - % )

where d is the distance between T.E. and shock location, a> and 
Mk are the mean speed of sound and local Mach number along d.
We can also write:

A  <t* —  b U m  - An  Mro ~ d
cf %  (1 - Mg) Cj,
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A phase shift may be found:

0 = 2 lT f A  t = 1/ A  t

Thus, the pressure perturbations at the aft face of the shock, 
Ôpg, result from flap motion and a time lag. Lambourne in 
reference 49 shows that this change in shock strength can be 
related to shock motion by means of the 1-D flow jump relations 
for a normal shock.

a  98 > + i  14 y  for 'IT1 <<: Ml

where Us is shock velocity upstream relative to the airfoil 
surface and subscript 1 denotes conditions immediately upstream 
of the shock. Also, we have the pressure jump across the shock:

For a normal shock, then, we find that the flap can "drive” the 
shock across the surface of the airfoil via unsteady pressure 
perturbations. This result is also found in Eckhaus* work^S>59 
along with an equation that may be solved for the pressure 
perturbations due to flap motion.

Forced oscillation tests confirm that the flap/shock 
interaction as described above is qualitatively correct in the 
absence of significant separation. In reference 63 it is shown 
that for sufficiently large perturbations the shock does not 
exist during part of its downstream motion. We find in that 
case that «  Pi • This is very strong evidence to support the 
hypothesis that prior to T.E. pressure divergence, flap motion 
serves to force the shock along the airfoil surface as described 
above, thus we expect that at the onset of buzz, coupling 
between the flap and shock motion may be represented by a 
parameter which is primarily a function of freestream Mach 
number, frequency and airfoil geometry. It is further probable, 
but remains to be verified, that for larger degrees of initial 
separation (for example those which involve recompression on 
the flap upper surface) the flap may also control the outer 
flow to a significant degree or may be able to force the shock 
by affecting mass flow in the separated region. It is expected, 
therefore, that the coupling relation between flap and shock 
depends on_the amplitude of flap motion as well as on the initial 
degree of shock-induced separation.- This non-linear effect is 
not simulated in the coupled spoiler/flap experiment where 
coupling parameters are held constant.
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As the shock wave moves across the airfoil surface it 
affects the boundary layer. A forward moving shock causes
severe separation; a rearward moving ..shock is weaker and . leads .
to reduced separation. Measurements by Nakamura^ and Lam- 
bourne, at both fixed chordwise positions and fixed distances 
aft of the moving shock, have shown that shear layer thickness 
is related to shock strength. In references 17 and 65 it is 
shown that the angle at which the boundary-layer is forced to 
separate from the airfoil surface is a function of shock strength 
In the steady flow case for the region near the foot of a normal 
shock where an oblique shock emanates from the edge of the shear 
layer, we have an approximation from reference 66.

Ps -  P i __ yM ,3 Q

where 0 is the deflection angle of the outer flow and can be 
taken as equal to the angle at which the shear layer separates 
from the surface.

The above results show that shock strength corresponds to 
shear layer deflection angle at the foot of the shock. Trilling 
also shows this to be the case in unsteady flow, where the 
preceding equation yields approximately:

“JJ2- —  — '•̂ 1--- 6 0 (for | «  Ml)
R  VMl2 - 1 31

Entrainment of fluid from the "dead air" region under the shear- 
layer into the shear-layer (as discussed in sections 2 and 3) 
will result in a transverse pressure gradient and can cause 
shear layer curvature and reattachment.

Separation of the shear layer, as in the case of the 
oscillating spoiler, involves vorticity being convected into 
or past the separation "bubble." As the shock moves forward, 
vorticity is figuratively "peeled away" from the airfoil surface 
and may be convected downstream so that bubble circulation and 
size increase. Pressure in the region of the bubble is signi­
ficantly reduced. Thus, in a manner analogous to spoiler 
induced effects, one would expect that shock motion induces 
alterations to separation bubble size and pressures.

As the shock moves forward, the shear layer (which has a 
small characteristic time) will separate at an angle which 
relates to shock strength (i.e., rate). The mechanism of bubble 
growth, however, involves mass flux and a time lag. In this 

. case also, movement of the separation point and bubble is a
factor. Bubble growth is expected to lag. shock rate whereas
pressure perturbations are assumed to depend on shock rate.
(See section 3 for a discussion of possible integral effects.)



-187-

The net result is in a first harmonic component of incremental 
hinge-moment which depends on shock rate. For small perturba­
tions the effect of shock ..and separation point location may be 
neglected as an approximation. The.effect of shock position 
may also cancel the effect of lag in bubble growth. An incre­
mental hinge-moment is nevertheless produced by shock motion.
If the flap is free to respond, then we have the possibility 
of self-excited oscillations ; that is , contro1-surface-buzz.

The preceding discussion involves a considerable amount of 
speculation concerning the exact interactions between flap 
motion, shock movement and incremental hinge-moment. For 
example, the displacement thickness effect of the shear-layer on 
the outer flow is neglected for small perturbations. The 
important assumptions, which are only appropriate at the onset 
of instability, are that the shock is primarily driven by flap 
motion through the outer flow and that shock strength, hence 
incremental hinge-moment,is altered due to shock motion. This 
scheme of interactions can be approximately modeled in order to 
study the onset of buzz.

As in the coupled spoiler/flap experiment, we take as the 
equation of motion:

where Ep and Ĥ g are aerodynamic terms which may be found from 
tests at moderate values of freestream Mach no. in the absence 
of significant shock-induced, separation.

The incremental hinge-moment is related to the coefficient, 
ACh 9 which can be determined in steady flow with the flap fixed 
by varying frees tream Mach number, Mco , over a range from that 
which involves the onset of shock-induced separation effects to 
that which corresponds to large-scale separation (e.g., when 
the shock wave (s) move onto the flap surface). Ideally ACH 
should be evaluated by extrapolation with total hinge-moment 
on the flap equal to zero at a fixed Mach number. This will 
insure that A  %  is known near the steady-flow "equilibrium" 
flap position. The incremental hinge-moment coefficient as a 
function of Mœ is expected to qualitatively resemble the 
corresponding term in the spoiler experiment as a function of 
spoiler height.

A solution for the coupling relation between flap and shock 
motion can possibly be found by extending Eckhaus' work. For 
flap motion of the form:

j3 = â + fa cos cot—  ■ ■ —
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shock position can be represented from the linear theory of 
Eckhaus as :

_ Xsh
Xsh = ~  = xshG + xi cos (a) t - 7 ) 

where Xi = ^ ̂  ^ ̂  and 7 (the lag angle) are functions
Cfof Mi , y and —  . X g^ can be found as a function of Mœ

from flap fixed experiments with j3 = j80 should be the
steady flow equilibrium value for a given It will be
expected in the present asymmetric flow example (i.e., a single 
shock exists at the onset) that a "rectification effect" will 
exist so that /?0 = j80 (t) as in the spoiler/flap experiment; ^ 
therefore, Xg^ will vary during the transient growth of oscilla­
tions in a buzz situation. We may take:

.*siv - c * gr *'=

where —ry- is found from experiment or theory, or as an approxi­
mation.

5 xlxsho - ^ s h o ^ Q  + b jSi

The ratio ~  should also be found as Mœ is varied. Experi­
mental results found by Nakamura (Ref 64) indicate that 7 = 0  
for — .09, however, other tests and the time lag theory 
previously discussed indicate that 7 may be nearer 80° or so.
7 is found to be primarily a function of frequency, V.

The effect of shock motion on ACjj is complex. An equiva­
lent change to the freestream Mach number is approximately:

dXgh
where Us = — = - c xg^ and for transient motion:

D S -  - c [*sho +  Tfc h cos (‘ot  - r )  - W  gi

sin (cot - 7 )]



-189-

where Eckhaus1 theory could be used to find values of and
y which are based on average values of z/ and Xgfo over a cycle 
of motion. ° .

We then have :

V“ ' a  + If- k  cos (fot-y) - W-|g- À
sin (ojt - y)]

• b x #or with the approximation xŝ q —  fi p" Pq We have :

~  "Ift" l-^o +  Â  cos (wt - y) -Ufa

sin (w t - y)]

In an actual buzz casé the coupling terms and y are0 Pi
expected to be functions of flap amplitude as well as shear- 
layer displacement thickness. The present^relation can be 
written for the limit-cycle case as :

sln (“ t-

or as :

M œ Sï kl COS (cut - |  - y)

which shows that the equivalent Mach number perturbation lags 
flap motion by 90 + y, where kx and y depend on frequency and
M l . This relation may be compared to the spoiler height 
perturbation in the coupled spoiler/flap experiment.

•'V' _
h  - k pi cos cot

where

h  = h 0 + T

The Mach-number perturbation may be modified, as in the spoiler 
case, to account for a lag in bubble growth which is also, 
expected in the compressible flow behind a moving shock. A 
modified theory would yield an "effective" Mach number pertur­
bation:
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M“eff ~  ̂  cos (wt - | - y - O')

For a critical range of y it is probable that effects due to 
lag in bubble growth are countered by the effect of instantan­
eous shock location; that is, the shear-layer reattachment point 
may not move significantly across the flap surface. Also, a 
correction to bubble dead air pressure is required.due to 
unsteady momentum flux to the bubble and alterations.to bubble 
circulation. These corrections would involve evaluation of 
shear layer parameters and a steady-flow bubble growth law.
The correction would be applied to steady-flow ACy results as 
in the spoiler case.

The net result is that unsteady incremental hinge moment 
may be approximately found as a function of j30, fix, fix , V and 
V  Under the apparently reasonable assumption that flap motion 
is approximately of the form:

j3 - j80 + ft. cos cot 

We can proceed to find ACjj in describing function form:

A C g  —  A C H q +  NxkxPx cos cot + (- co fix sin cot)

and for transient motion we have :

A G h  -  A G h o +  CNi +  ^  A.] kxPi COS cot

A
+  (- co j3i sin cot)

where X = o and terms in the series are found in the obvious
A  a a
ACHi A A

way, with A m  = %  + i %  and %  + i %  .

Consider now a qualitative discussion of transient and limit 
cycle behavior for the buzz problem based on results for the 
coupled spoiler/flap problem and other experimental data.

In the experiment with spoiler and flap coupled we have the 
coupling relation:

h = hQi + k J3 = (h0l + k j3Q).+ k ft cos cot

= h + A h  cos cot o
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for flap motion of the form:

£ = 0O + fa cos CO t

Thus, the mean spoiler height is h0 = h@^ + k j30 and spoiler
amplitude is Ah = k jSĵ. The spoiler oscillates in phase with 
the flap.

In the buzz problem for flap motion of the form j8 - j80 + 
cos cot we have an approximate mean effective freestream 

Mach number.

A,
(MJ.« ^ +oo eff 00 d j3

d M00 

d ^owhere t -vt' may be found from experiment or we may use as an
00approximation:

« r

with the derivatives on the RHS found by a suitable transonic 
flow theory. The mean effective freestream Mach number is 
analogous to mean spoiler height.

We also have a shock relation:

Ksh = xsh0 + xl cos (tot - y)

= xsh0 + =os (tot - y)

and an effective frees tream Mach number perturbation that is 
approximately:

(Mœ)eff ̂  A W i  cos [cot- (| +  y  +  a)]

= ( A M œ )eff cos [cot- (| +  y  +  a)]



with

This relation is valid for |jS0| «  \@i\ and |X| «  1

We may tentatively assume that the lag in bubble growth is

The above result is essentially/a quasi-steady model of shock 
effects.

At the onset of instability we find from Nakamura1 s 
resultsthat the perturbations act nearly in quadrature with 
flap motion for V  .09. Results based on the time lag theory 
and flap forced testing indicate that the perturbations would 
lag flap motion by a greater amount. Perhaps this anomaly 
relates to the increasing shear layer displacement thickness 
effect as oscillations build in amplitude. In order to quali­
tatively study the stability of a coupled system, ther= .ore, 
it appears appropriate to tentatively take y = 0. In this case, 
perturbations are in-quadrature with flap del lection and we 
have a result which also includes the pressure perturbations to 
the separated region, which are assumed to act in phase with

negligible and we have

- W i  cos [0)t- (|-I-y)]

A A AACr “  A KiPi cos Ctit.-h ~ ^ L (- 01,83. sin oit)

When the above expression is substituted into the equation of 
motion (4.5) we find as in section 3:
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Since the effect of freestream Mach number on ACjj in steady 
flow is expected to be qualitatively similar to the spoilar
height effect, it follows that the describing function ^ CHi 

will be of similar form. Refer to Figure 3.4 and note that a
I ̂  Imaximum value of | ^  | occurs at about h = .065. In the buzz

case we expect a similar dependence on M . The effect of Ah
AcH, “ ACh

on is expected to reflect the dependence of on

)e££ where (AMq, )e££ — A kifii —  ̂ à fa ^ • Thus, we
can study system stability with the notion that M relates to 
hQl and kj, relates to k for the spoiler and flap system.

Unlike the spoiler and flap system, however, ki is a
Cffunction of Mœ, PQ, fa, —  and V.  As Mœ and V  increase we 

Ô Xiexpect to decrease. This follows because in transonic flow

as
cob
UcoÏ " " - | increases, receding waves which are propagated

cob
Uoupstream tend to cancel and for j »  1 upstream effects

can be neglected. The parameter then will decrease as V  or 
A W

increase, and will decrease as V  increases.

The solution for stability parameters in the buzz case may 
be represented as in the sketch below:

CONST
CO

GO

oo

(30 = CONST
INCR X

y
SYSTEM STABILITY PARAMETERS
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The X = 0 curve is a closed curve due to the effect of v  at l o w  

and high frequencies and because - 0 at high frequencies.
TheAhorizontal line labeled relates to the Mœ value for
I AChi II 2̂ 24 inax* ‘-°^lzonbal lines labeled = const represent
steady flow equilibrium" flap angles. The coupling parameter

1^, being a function of and V, acts to distort the curves of
constant X, A point within the X = 0 contour would relate to a 
self-excited oscillation.

Limit-cycle behavior may also be predicted even in the 
absence of amplitude effects on and y since 0 as'

increases as in the spoiler/flap case.

A sketch of limit cycle parameters, as in Figure 3.7, would 
likely appear as follows :

M o o I N CR

j30 = CONST

LIMIT-CYCLE PARAMETERS

Maximum amplitude limit-cycle oscillations relate to M * 
and a critical value of V (somewhere around V - .10). For lower.
frequencies the coupling parameter is increased and in the
actual case y , the shock lag angle, would increase as 

. increases, thus allowing for large amplitude limit cycles at 
low frequencies. Curves of constant amplitude, ^  , are there­
fore skewed to the left. At high frequencies the coupling
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parameter 7^ decreases. At = M * the Si = 0 locations will
(J J CO CO « *

likely correspond to the X - 0 points in the preceding sketch. 
For values of above or below we expect that a "rectifi­
cation effect" (as in the spoiler experiment) would serve to 
modify with the degree of rectification depending on 
amplitude, ft..

The shaded regions in the sketch lie outside the previous 
X = 0 curve, and result primarily from the rectification effect. 
These regions would relate to "hard oscillator" behavior.

In conclusion, it can be stated that some similarities 
appear to exist between the coupled spoiler/flap problem and 
control-surface-buzz. Significant additional effects, such as 
the lag in shock motion, exist and of course mechanisms of the 
shock/shear layer interaction are not well understood. It 
appears, however, that the clue to Mach number effect on 
stability can be found by study of the steady flow hinge-moment 
dependence on Mach number. Frequency effect relates primarily 
to coupling strength and a phase relation that is associated 
with shock motion. It is obvious that further tests are neces­
sary in order to gain insight into the many unknown aspects of 
this problem. Also, the effect of three-dimensional flow needs 
to be studied since it is likely that it is significant. It is 
probably very important in other related cases of shock/shear - 
layer/body interactions such as the problem of wing rock , for 
example.
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5. CONCLUSIONS
Specific conclusions have previously been discussed in 

appropriate sections. What follows is a brief summary and final 
discussion.

It has been shown in the experiments with an oscillating 
spoiler that significant dynamic effects modify the behavior of 
an unsteady separating flow. Quasi-steady models are not 
appropriate even at low frequencies of oscillation. It appears, 
however, that a useful analytical model can be derived if mass 
flow in a separated region is considered. A quasi-steady model 
for mass flux in the reattachment region of a separated bubble 
and the assumption of propagation of mass upstream at a mean 
backflow velocity is used in order to predict the experimentally 
observed lag in bubble growth. The quasi-steady assumption can 
be used in conjunction with the momentum equation in order to 
find the perturbation to "dead air" pressure that accompanies 
unsteady mass flux. The resultant analytical model of bubble 
behavior is then used to predict experimental results with good 
qualitative and fair quantitative agreement.

In the study of a laminar leading-edge separation bubble 
on an airfoil, it is shown that a model based on an unsteady 
inviscid flowfieId acting on a small quasi-steady bubble is 
useful in order to predict bubble instability. Instability is 
taken to occur when the turbulent mixing and reattachment 
process can not take place due to an extreme pressure rise or 
velocity drop across the bubble. In order for the bubble to 
grow, mass must be forced into the bubble at a sufficient rate 
to cause growth. In unsteady flow then we find that an over­
shoot of static stall angle may occur. This may be due to 
airfoil or flap motion. As the static stall angle is overshot, 
bubble instability first occurs and is followed by a larger 
rate dependent overshoot which is necessary in order for the 
bubble to grow. As the bubble continues to grow, consideration 
must be given to the effect of viscosity on energy dissipation 
within the bubble. At very high frequencies it may be reasonable 
to assume (as Ham did in Ref 53) constancy of circulation over 
the flowfield.

In the case of control-surface-buzz (or other cases which 
involve shock-induced separation), it is argued that prior to 
trailing-edge pressure divergence the motion of an airfoil or 
flap will control the inviscid flowfield (as in attached flow) 
so that unsteady pressure perturbations are realized at the 
shock. These perturbations can be related to shock motion 
across the airfoil surface and subsequent unsteady boundary- 
layer separation. Dynamics of the separated region are expected 
to follow the predictions of the separation bubble model when 
compressibility corrections are made. The assumption of quasi­
steady shear layer behavior also appears justified (where the 
shear-layer above is taken to be external to a separation bubble).
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The phenomenon of self-excited oscillations and subsequent 

limit-cycle motion was investigated for the coupled spoiler/ 
flap configuration and discussed in the case of control- 
surface-buzz. It appears that the nonlinear nature of these 
problems is strongly related to the steady-flow functional 
dependence of incremental hinge-moment coefficient on either . 
spoiler height or freestream Mach number. Additional nonlinear 
effects in unsteady flow, such as amplitude dependent phase 
lags and coupling, may not be necessary additions to an analyti 
cal model which is used to describe the coupled system motion.

More information is needed in order to better model the 
fluid dynamics of unsteady separating flows. In particular,
•it is desirable to study dissipation of energy in separation 
bubbles in the unsteady case, also the character and role of 
convection, diffusion and creation of vorticity needs to be 
studied, and perhaps most important are the effects of spanwise 
flow in the bubble interior, end plates, and other three- 
dimensional flow considerations.

The most significant results of the present study relate 
to better understanding of and a useful analytical model for 
the dynamics of an unsteady separation bubble. It is expected 
that these results are appropriate when considering most, if 
not all, of the aerodynamic problem areas mentioned in the 
introduction.
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