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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 aerodynamlc problems such as dynamic stall and
control-surface-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 also
-~ observed.in addition to observations of coupled spoiler and flap -
system behavior. The coupled system exhibited limit-cycle -
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 aerodynamlc damping and stlffness.

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 alongfthe.
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 lamlnar
'separatlon bubble at the leading-edge of an osc1llat1ng airfoil
is also 1nvest1gated 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 phenoména of control- surface-buzz, where
separation is 1nduced by shock waves.
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NOTATION

a ‘  a constant, e.g., the slope of a linear
‘ ' velocity profile or a non-dxmen51ona1
pitch-axis 1ocat10n '

ay g coefficient of a polynomial
a, - - - free-stream speed of sound
A ‘ ' flap system moment of inertia or separation

" bubble area or a gain factor

AR S aspect ratio of separatlon bubble, AR =
bubble :span
bubble length

b | airfoil semichord, b = 3
bf : : flap span_
sp | spoilerspéni

B o flap system mechanicalldamping"‘

c _ “airfoil chord or non-dimensional flap hingé ’

' location . :

cg flap chord

c R flap system structural stiffness

c w,) ' - ; Theodofsen fuhctién_

 CH - | _r_ﬁbn—diﬁensiona1~hiﬁge-moment coefficient,

o = q@;{f ;:"f?' |

’Cp ' ' ' Presfsure. coeffic‘ien‘t,_ .cp_ = P—%‘f’—a
f CHB} CEB’ CPa‘.  %fg-d1mens1on2} derlvatlves, e.g., CRa‘:
'ACP&, CBB’ etc.’ : P A= CH

da' ’_CHﬁ' YA
’ ]

; = - ‘ T —)2 o =
(Note: . Cﬂﬁ 2 kB 2 (cf) hﬁ ’ACHB |

-2 ks = 2;(-—‘5-)3 hs; where the k's are AGARD
: B ce B

notation and the h's are conventional English
notation based on airfoil_chord)
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HB, Hﬁ.‘
AH
7, @

-

e

= &

siopé; d; =

lift-curve slope

incremental hinge-moment coefficient

-coefficients of Fourier series

pressure coefficient due to circulation

effects

bubble length versus spoiler height curve

bh )..

N ~slope of curve, dg = d C——) _

actual and non-dimensional spoiler height,

: hs
£ '
actual and non-dlmen31onal sp011er param-
. : ho
eters, e.g., h = h + Ah cos wt= S
Z&hs o ¢ B
+ ——cos wt o

effective spoiler héight

hlnge—moment or shear-layer shape factor,
_ §%
=7

‘ dimensional derivatives, e.g., Hﬁ': %%g o

incremental hinge-moment

fHénkel'fuﬁction 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 reglon

"length -
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- Mach number or. ratlo of unsteady and steady

flow c1rcu1at10n effects’

”describing function coefficients, i=1,2

static and total pressure
free-stream static pressure

normal and tangential components 6f velocity
at bubble boundary

free-stream'dynaﬁic~pressure,-qw = % fo) UG?'
parameter used to evaluate'circulation

Reynolds number based on dlstance b4 (veloc1ty-
is -either Ug or U )

time
x-component of velocity

veloeity at bubble dividing streamline at
station b . :

x=-component of veloclty at the edge of a.
shear layer (also Uy ) :

apparent ccnvectlve velocity -

value of U due to mean airfoil'incidence-
free-stream speed

eﬁtrainment velocity

rate.of energy d1551pat1§n w1th1n bubble
non-dlmen51ona1 dhordw1se dlstance based on
airfoil chord or (in section 4) based on

semichord with origin at midchord, i.e.,

c ' b

location in wake of vortex element

flap hinge-line location
- shock-wave 1ocation.

Aspoilef location

chordwise distance from airfoil leading-edge

" or (in part of section 3) from spoiler
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distance normal tbbalrf011 surface of

» d1v1d1ng streamllne, edge of shear- layer,'
- and ' zero streamline :

airf01l angle-of-attack or a phase angle

- airfoil mean incidence angle .

" amplitude of airfoil oscillation

stall overshoot angle Aa Oy oramic "
ynamic
®static S ',' . stall

- stall

. flap éeflection angie
»fcoeff1c1ents of Fourler eetleS'
vamplltude of flap osc111atlon o

'_amplitude of limit-cycle oscillation -

stali’overshoot angle -

density of‘vorticity or gas comnstant '

circulation -

- shear-layer thickness

shear-layer displacement'thickhess

. -difference between pressure coeff1c1ents in
N separated and attached flow

‘error parameter-_
'»damping'ratiol‘
- shear-layer momentum thickness

phase angle in Fourier series for pressure

4
. a comstant, Kk = f—E‘f'—ci
a2 ’ 24
stability parametet, A= f%{;A o
- viscosity
‘frequency parameter based on flap ehord;i
We » ' '
v=—»>=t
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-non-dimensional chordwise distance, £ = = .

fréquency_parameter based on airfoil semi-

— We _ wb
chord, v, =3 T

X
c

free-stream density

pressure. recovery coefficient or Crabtree's

C. - C, Ch - C
P

parameter, c=i__2§°rc=£aﬁ_§
1"Cp i l'Cp

S . - S

critical value of Crabtree's parameter

Ut
non-dimensional time, i.e., 7 = jff,
' - £

= Uat. %o 4= X

Ta = s T & s T =

a b o 2 IUcl € IUc],
velbcity 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

a0y

dt
a0) .40 -
ar °Tdar. o

a

RMS values of pressuré-and velocityAfluctua-
tions ' S . :

perturbation quantity
describing functions for transient motion -

fluctuating quantity due to turbulence

time average value in turbulent flow

associated with airfoil dimensions
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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 he11copter rotor blades, engine compressor.blades, and
‘possibly V/STOL aircraft wings and 11ft1ng body conflguratlons.l 2,3

The above examples of interaction between an. osc1llat1ng
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 l. ~Jones, in reference 4,
concludes that in this type of flow the flow field is determin-
“istic and the appropriate analyt1ca1 model is . autonomous and
non11near.

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 Ehls paper two cases w111 be 1nvestlgated which are N
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 'control' 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 1nteractlon
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.
thls. 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:
forecing, or be ccupled 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 & 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 reattachment region of a separation bubble, and
(vi) in the studies by McGregor (Ref 12), Gaster (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. whlch is used in comparison with the experimental
results of section 2. TFurther analysis is offered in section 4
which extends the analytical model of the experiment to the study
of dynamic stall. 1In particular the stability of a laminar
leading-edge separation bubble on an airfoil is studied and

when 1nstab111ty is achleved 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 ATRFOIL 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 testlng the sp01ler, whlch 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 sp011er
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
w1th the sp01ler and flap mechanlcally coupled.

' Sp01ler chordw1se ‘position and maximum helght 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
"separatlng flow field. These elements relate to the dynamiCs
of a separated reglon. ’ » I :

" The sp011er induces a region of separated flow wh*ch 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 fleld is symmetrlcal
about the model centerline. .

Unsteady pressures and hlnge-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 osecillation, -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-dlmen51onal
parameters. The exper1menta1 program served to investigate the
effects of these parameters over a limited range of parameter
variations. Reference 20 contains a detalled descrlptlon of
‘the experlment and results. Some of that. 1nformatlon is' included
here. -

o 2.1;; épparatus and Methods of Measurement

A modifled 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 le.)

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’
58.37% 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” thlck) trailing edge (T E. ) o '

Flgure 2.2 shows a top view of the airfoil model, 1nc1ud1ng '
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 éxternal stiffenmers. The stiffeners
allow adjustment of .airfoil incidence and can. be adgusted over '
a range of incidence angles -5° < @< +22°

The flap shaft also extends in span through the end plate s
Aw1ndows and attaches to adjustable support brackets via Bendix
flexure pivots. The attachment can be adjusted to alter the
gap at the flap hlnge -line. . The gap was adjusted to .008" by
use of shims giving a gap to chord ratio of .00033, A gapvof
.026" existed between the flap and end-plates.’ :

A spec1a1 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 de51red flap angles
and to measure hinge-moment. v .

An alternate assembly could be used on the flap shaft for
flap-forc1ng tests. The flexure pivot and bracket, and balance
bracket were removed and a connecting arm with strain gages,
bearing and bracket were commected directly to the flap shaft.
The connecting arm was then attached to a drlve rod (to be
descrlbed). .

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
'prov1ded to limit flap travel to amplltudes of 20° or less.

The sp011er was drlven 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 conmstructed, ome .a "full-span'" version
of 18" span and one "part-span" of 15" span. The "full-span"
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39011er did not completely fill the dlstance between end-plates.
A 041" gap ex1sted ‘on both ‘sides. "

A drivevrod, 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 hydraullc 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 sp011er or flap mean
position, amplitude of osc111at10n and frequency.. o

A simple llnkage‘mechanlsm'wasvalso 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 spoxler '
motion. Also mean sp01ler helght could be altered

_ ~ Refer to Flgure 2, 3 for views show1ng different configura~
tions. ' o

_ 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 ceiling and floor.
Streamllned fairings were attached to the struts. -Cowlings
were fabricated of sheet metal and used to cover appardtus
which was exposed at the end plates. The cowlings were shaped
- in order to reduce wake disturbances. ' '

" The model, end plates and cowllngs were palnted a dull
rblack » :

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 -
907% on the lower surface were also provided on the flap for .
initial testing. Plastic tublng'was led out of the model:
through the spars and flap shaft, down the struts through the
tunnel floor to a. multlple -tube manometer.

A pitot~ static tube was positioned approx1mate1y 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 hous1ngs‘,

were constructed for the Kulite transducers. Refer to TFigure
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 ampllflers and power supplles
located at the control bench.

- Spoiler p051t10n 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 potentlo-ﬂ
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 strlps and leads may be
seen in Figure 2.3. :

Hlnge-moments were measured by one of three straln-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 locklng bar was used to secure the flap.

A thermocouple (which can be seen in Flgure 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
tumnel 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 E






-11-

center -line and 1" 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 where most of the data acqulsltlon apparatus was
located. (See Figure 2 5.)

Four differential D.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 brldge 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 D.C. Ampllflers 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.’ : :

v . The hot-wire elemept was connected direetly to a constant
. temperature anemometer (CTA). The CTA 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. ; B

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 D.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 MIR-3200A was loaned for the.
duration of the experiment by the U. S. Air Force Flight Dynamlcs
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 vau131t10n appa-
r atus 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-fihm 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. o

Details of calibration procedures for all test equipment,

results, error andlyses and dlscu851on 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 v
represented a mass-balanced flap system. The inertia configura- -
',tlons are described below: : o

Ay balance. bracket rod and three- .547 1bf lead
weights -

Ay : balance bracket, rod and one lead welght (shown
in Fig. 2.3)

Az : balance bracket‘only, no mass balance

An addltlbnal’conflguratlon, Ay, was involved in flap-forced
testing and includes the flap assembly and bearlng used for
flap-forced tests. : :

Mechanical damping for the flap-free and forced, B, was
~also found. The locking bars were found to introdiuce 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
+ 159 freedom. With the flap fixed by use of locking bars,
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theif_stiffness was included. The stiffness configufations ere:
Cy: two + 30° flexufe‘plvots
Co: ome + 1 (stlff) and one + 30° flexure prOt
Ca: SG; locklng bar and two + 30°Af1exure plvots
Co: SG; locking bar and two + 30° flexore pivots
Cs; one + 30° pivot (used for flap-forced tests)

SG; locking bat is thicker and stlffer than the SG1 locklng bar.

Data was collected, reduced and. corrected accordlng to the
: follaw1ng schemes.

: Dynamlc 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. :

P 9
Cg = —0——%
»H .q@bf‘cfz

where

'bf is flap span, 1.5 ft
Ce is £lap chord, 0.5 ft

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

2t £ ¢ wce
Vv = f='

‘where.
f is frequency of spoiler of,flap oscillation

No dynamic corrections were applled 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 Wthh was collected during a flap-flxed test with. sp011er—
1nduced 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:takeﬁ as:

=

=-S_1. - |
h=3 = h, + Ahcos wt ho+Ahf::osV1-

H

. where -
Ut

Cf

With the flap free, flap angle is
B =8, +Z) B cos (nVT+9)

‘where q < 8, and Bo and Bn are prlmarlly functlons of h,, Ah ‘
-and V., .

For the'flap‘fixed-or.free, nonfdimensionél pressures .are:

Cp = Cp, +-21 CP, cos (n VT + ¢ n)
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whefg CPo and,Cpn‘are,primarily ﬁunctions ofy'x, h°, 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 >/q°° : o

Clne-fllm 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 prlmarlly near and aft the spoiler. : The
cine-film recordlngs 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
centerllne was measured during these runs._

For sp011er forclng with the.flap fixed by'lbcking bars,
hinge moment coefficient was found and represented by:

- Acy = ACH°+ z ACanos (v T+
where ACHO and ACHn are ,prim'arily. functions of 3h§ y 'Ah and V.
For fiap fotcing,tests, flap;angle was taken as:

B = AB‘cros wﬁ- =AB cos Vv T

_ Hinge-moment'response was-foﬁndvand it was noted that
higher harmonic distortion could be neglected.

2.2, Details of Tests
The primary purpose of the experimental pfogram was to

investigate the dependence of pressure and hinge-moment coeffl-
cients on the follow1ng non-dlmen31onal parameters

.ngnolds number - _ .Rec .y

~ Frequency parameter . - v =

Mean spoiler height B h =
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Spoiler oscillation amplitude Ah = —ci
- , f
Flap angle - - ’ B
Chordwise position (for x = X
pressure coeff.) ¢

Other pertinent parameters were briefly investigated:

o - X
-Spoiler chordwise position - X = -2-2
Ratio of mean spoiler height . hés
to boundary-layer displace- 3%

ment thickness -

- Free-stream turbulence level <Tu_>_ :
S o - Yo
| Airfoil angle-of-attack a
’Flap inertia - . _ A
F‘la'é-structural stiffness | c
Spoiler span " ’ bsﬁ

- The form of the cycl:Lc pressure and hlnge-moment var:.at:.on
can be written in terms of Fourier components as: ‘

Gp = ¢ {x, o,AhVﬁ Re}+§ cp'
{x, hy, Ah, v, B, Re } cos [n wt+6

{x, by, Ab, v, B, Re 11
and as: | S
e (g, &1, v, 8, R} +n§1cﬂn [y, An, v, 8, R;C}
cos [n wt+ ;pn {h,, Ah, v, B, Re }1 |

Flaglbahd 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
s‘teady-flow pressure and hinge-moment data. All tests were
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: performed at a nominal- free stream speed of 150 ft/sec (Re

1.92 x 10°). Combinations of the follow1ng nominal parameter
settings were used with the full-span spoiler.

«(® | B® | b Gm

42 | 412 | 0

+8 | 48 .125

o + .250
0 0o .375
-4 -4 . | .500

L -8 625

-12

A series of steady flow tests was also performed using a
 titanium dioxide and o0il mixture for flow visualizatibn. Free-
stream speed'was = 100 fps (Re = 1.28 x 10’) Airfoil

incidence, flap angle and: sp011er helght 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 follow1ng parameter varlatlons. ‘

'd :J  — — - . B.L. Rake Position
: “.( N Vs (ftlsgc) Rec X:lo hS (in) spanwise|chordwise, x
0 150 o 1.92 -0 ¢ - .582
4 100 1.28 | .125 | || .997
8 75 .96 - .250 N .900 (facing aft)
50 .64 | .375 |on STBD .583
.625 v

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

i Ffee-stream turbuience levels were measured in a series of
tests involving free-stream speeds of 50, 75, 100 and 150 ft/sec.



-22«
‘ The effect of sealing gaps at the end-plates for the sp01ler_
and flap was 1nvest1gated by collecting steady-flow pressure

"data and by use of surface-flow v1suallzat10n.

Flap~Fixed, Spoiler-Forced Testing

A series of tests was recorded with the thin locking bar
'(SGI) in place and one of two flap inertia configurations (4
or A). ‘Angle-of-attack and flap-angle were zero. A series
was also recorded using the thick locking bar (SG;) and a lower
inertia'configuratlon (48 ). The following actual parameter

. settings were used for the spoiler in this series '

ya

Case | ho  (im) | h, Ahg (in) [ Ah
A - .160 .027 .159 .027
B | .320 .053 | .157 | .026
c .458 .076 |  .159 .027
D .235 | .039 .235 | .039
E .372 .062 | .237 . 040
¥ .310 .052 311 .052

G .311 .052 .312 .052

where Case G involved the part-span spoiler.‘r

The follow1ng add1t10na1 nom1n31 parameter settlngs were
- used, -

U, (ft/sec)

150 ‘100 75

Re_ x 10 " 1.92 1.28 .96

ﬂ .015] .030 | 045 .060 | .075 | .090 | .105
H .120 | .1357 .150 | .175] .200 | .240 | .280

-V

For each free-stream speed a frequency 11m1t existed due
to lxmltatlons of the drive system. A max frequency of 6.7 cps
relates to- B : : ~

UQ'(ft/sec) Vo ax
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. .
U (ft/sec) | hos,'(inj Ahs.(in_) Sp‘o.i]:.e.r
150 1A .24 Full-Span
125 .31 .31 Part-Span |
100
50

, The effect of trip wires located near the 1ead1ng;edge at
- 5% chord was 1nvest1gated w1th 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 VT hinge-moment coefficients were -
- measured for 1nc1dence of 4° and 8° @B =0 and for fixed flap
angles of -4° and +4° (o = 0) Thls involved a free—stream
speed of 150 ft/sec. : :

- Also a short test series 1nvolved sp011er motlon of the
'form h = .017 + 017 cos VT,

Sp011er—F1xed Flap-Forced Testing

The flap was forced w1th the sp011er fixed and alrf011

- angle-of-attack set at zero. .Oscillation amplitudes of 5° and
10° were used. Mean flap angle was zero. Parameter settings’
-were as follows. ' : : ' o

U, (ft/sec) | Re, x 10° | v |hg (i) | h
[ .
150 1.92 .02 0 0
100 1.28 . | .04 | .125 .021
75 . .96 .06 | .250 .042
o .08 | .375 .063
.10 | .s00 .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 comblnatlons were

IR Chordwise
ui (in) | 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.

gpoiler-Forced , 'Flap-Free . Tes ting

‘The flap was free to respond with airfoil angle-of-attack
set at zero.. Flap system configuration primarily involved
stiffness and inertia parameters C, and A,. The actual spoiler
parameters are as shown below. The case letter refers. to a '
" nearest correspond:.ng flap -fixed case.

Case hos (in). | hy Ahg (in) | Ah
A 157 | ..026 | .157 | .026|
B 324 | .054 .165 028 |
C 468 | .078 | .169 | .028
D " .240 .040 .238 .040
D' | .250 | .o042 .160 . | .027
E | .397 | .0e6 | 247 [ .o41|
F .316 .053 |  .316 .053-
F' .311 .052 | . .312 .052
-G .311 .052 .312 .052

. Imertia configuration A; was used for F'. and G. Case G -

also 1nvolved the part~-span spoiler. The tests were accompllshed E

~at U, =150 ft/sec. (Re, '=1.92 x 10°) with nominal reduced
frequencies of: v = .020, .040, ,050, .060, .070, .080, .090, -
.100, .110 and .130. | | a -

: ~ Cine-film recordlngs of tuft response were also accom-
‘ 'plished ' '
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Several runs were made at high a1rf011 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 Spbiler 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: .

o

e

=hy, +kB

_ and
0sh, <.097

Yoy |
.30/rad <k < .40/rad

‘Also two structural stiffness values were 1nvolved 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-cycle behav1or.

2. 3. Test Results v(

'Fiap,and Spoiler-Fixed Testing

Cavalcanti (Ref 21) conducted an experimental program on
a similar NACA 0012 airfoil and spoiler model. His work
-8erves as abackground to the present program and offers a
'~ comprehensive - analys1s of’ steady-flow pressure and hlnge—moment
effects.

Most 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. ' : ‘ B '

Steady-flow hlnge-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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___ =
TR

where positive is T.E. down.

It can be seen that CHB 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 CHB extrapolated to zero frequency.  The extra-

polated value of C&B for low spoiler heights is CQB -.520/rad .

as compared to the two dimensional thin airfoil theory result
CHB.. -.944/rad. The two-dimensional "real flow" prediction

" (from the Royal Aeronautical Soc1ety Data Sheets) is CHB
-.561/rad.. , ,

In reference 22 it is explalned that when reattachment or
‘recompre551on 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 w1ng [or flap] can hardly control the flow
ll

Control of the flow is ev1dent in the data of reference 21.
For a fixed spoiler height of 1/4", flap deflection can cause _
" large velocity variations at the sp011er 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 fIObeleld associated with the spoiler is extremely .

.complex and not well understood. However, a sketch of the flow.
‘pattern along the airfoil centerllne can be postulated as:3,7-10 ‘

\\\ \\Xﬁi’\'\ Lz
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~As spoiler height 1ncreases,the length of the separatlon
"bubble" increases. For hg < .3" there is a negligible pressure
effect at the trailing-edge.

Refer to Figures 2.1l 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(°). 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 sllghtly 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).

4 —F T [ I N Spoil
" ¢+ Spoiler
224 N e
..Z. ._T_ r f‘..T ' .T.. I. _K_E‘ { Hinge-Line |

Trailing-Edge '

n Two lines of separation and a reattachment line near the
hinge-line are evident for hy = 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 hg = .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 sp011er effects.

The flow v1suallzat10n testing, to 'include the clne-flhn _
records, provided measurements of reattachment point location. -
sp %sp) E‘ .

£
Cine-film results extrapolated to zero frequency lie in the
shaded regions showm. .

These are plotted'in Figure 2.13 where A&x = (x -
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. RMS pressure fluctuations‘at’76.25 and 95% chord are shown

in Figure 2.14. The data is plotted'versus-EZEFLQQ and shows
that peak levels occur at near comstant values of 27§-49g¢ Data

sp A
taken at 65 and 87.5% is not plotted due to w1de scatter, but
generally follows the trends shown. These results follow those
found by Heller et. % ,» Lawford & Beau'.champ,z4 Fricke and
Stevenson23 and Mabeyg 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 —élz are close
to the expected value for a turbulent boundary—layer, i.e.,
5L>==6x1o-3
™

Also shown in Flgure 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: : '

s ) R~ remm——— - - —3 .t ) A
o At I A Interse‘ction of
S ‘ _ '//;_nes‘drawn tangent

‘ : o , ‘ : to average data
P : ekl -
N <l “U.W'_"’;'.IVQ(W‘

Data was found for all frequencies and extrapolated back
-to zero frequency (see Flgure 2.17). The corresponding spoiler
helght was found from: : ' ' .

h = h +Ahcos 2T — At

and plotted'for all cases on Figure 2.13.

In relation to the reattachment point, the point of pressure
divergence lies downstream at about 1307% 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 dp = 38 and for
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‘ . D Ax. :
~ the part-span spoiler d = 31 where’dR =r—7;E§E; For low
i-speiler heights (i.e., h < .03) the relation for both vp01lers
is approximately dp = 10.

Boundary-layer analysis yieldsvdata which is tabulated in
reference 26. 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 =,170" and 6% = ,026". : ~ :

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

ee) | R x 10 | Su>100| <u>100] .
Ue. (ft/sec) Re, x 10 U_ avg U_max |
50 .64 T .165 .223
75 .96 ] .199 .276
100 : 1.28 1T .250 410
150 1.92 410 .775

The maximum values are assoc1ated with "bursts" of turbu—
" lemce that occurred at irregular intervals. . The average value

at 150 ft/sec corresponds to a turbulence factor of 1.33 ~which.

is considered high. 1In reference 27, Evans shows that hlgh v ,
levels of free-stream turbulence can modify and even eliminate S
~the laminar separation bubble on an airfoil. 1In the present o
experiment, so-called Reynolds number effects could contain- \
effects of free-stream turbulence, but 1t w111 be seen that

these are relatlvelv minor. -

Pressures on the airfoil wetted surface depend on sp011er o
height. Pressure coefficient as a function of spoiler height
is plotted in Figure 2.16 for four chordwise locations; i.e.;
1.25 and 457 chord on the top surface and at 82.5 and 90% chord
on the bottem surface. In the figure a pressure coefficient, -
6 Cp, is shown where. : SR D

6 cp p)h_

' Steady-flow theories do not account for the shear-layer

. Teattachment or recompression characteristics but could be

~ useful for predicting loading on the wetted surface.28-30 1p
Woods' theory, found in reference 28, pressure coeificients on
the wetted surface are said to be proportlonal to: ‘
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»\/'Es - § for -_25 < hy

‘Woods' pred1ct10ns 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.3l 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 wvalid for- spoller
heights which involve reattachment or recompression of the shear
layer on the airfoil surface. 'Theoretical predictions of CHﬁ

in the presence of this type of sp01ler effect are also not
available at present. .

Flap-Fixed, Spoiler-Forced Results

-With the flap fixed the hinge-moment coeff1c1ent due to
unsteady spoiler effects was evaluated. ‘For sp011er motion of
the form: : :

'h=h°+Ahcos vT |

the incremental hlnge-moment coefflclent is expressed in Fourler_
series form as:

" Acy = ACH°+§ vACanos (mvT+ Y,)

ACHO ACHn

Values of AL > AR 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. p01nts
- as shown. Note that all phase angles extrapolate to. elther 0

" or 180° as frequency approaches zero. :

tExtrapolatlon 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 hj and Ah, i.e., Figure 2.17A. The zero frequency
‘averaged curve also allowed prediction of a "descrlblng function'

A

for quasi-steady}flow defined as zﬁh and.shown as a function
~of hy and Ah in Figure 2.18. . '

1

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 1ncreases for all but
the largest value of hy. :

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 bech the
‘thinner boundary-layer and decreased free-stream turbulence
(for the lower Reynolds number) allow the- sp011er to .be more -
effective 1n separatlng 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
'separatlng shear layer. .

‘Theheffect,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-field. 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‘previousiy. For all three effects there is
no apparent change in phase angle data. These effects are not
shown on Figure 2.17F. : S

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 spo1.1ers.,

Not shown is data for the sp011er oscillation case: ,
h = .017 + .017 cos V7. Trends mentioned previously were agaln
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 1307 of reattachment point-
position (measured from the spoiler). The lag effect; however,
‘was verlfled by measurements made from cine- fllm 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 with respect: to the
small tufts shown on the flap insert (at left edge of each
frame). Spoiler height was measured 1nd1rect1y via measure- -
ments. of 1ts 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 d13$1pated. . . :

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:

BTy = (&L S 2T
2n 21r ro ov '

where
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T relates to reattachment p01nt locatlon in quasi-
steady flow
r 1is for unsteady flow:
Now

.125 for 65%c

ot T = ; °
0 ( 211’")1:' _ AT 365 for 76.25%c
bV 2r ~ }.575 for 87.5%c

.735 for 95%c
A convective lag would take the‘form:

(xb- X )e

. cf . _
= At === AT
_or
~ [.339 for 65%c ‘
,Eé_= (x =~ xs:)c _ .312 for 76.25%c.
LR AT ceg 7 [.323 for 87.5%c
(.318 for 95%c

where U, is an apparent convective velocity. The average value
U ,

is 59'35.323 This velocity ratio- could pOSSlbly be related to.

' the rate of mass flow into the grow1ng separated reglon.‘

Unsteady pressures in the region aft of the sp011er 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 portlon
of each cycle involving T.E. pressure dlvergence.

Over the wetted upper surface ghead of ‘the sp011er there
are increasing phase lags and magnltude 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,
'whlch can predlct these unsteady pressure effects.'

Spoiler-leed, Flap~-Forced. Results

Results of testing with the spoiler  fixed at various-
heights are plotted as in-phase and 1n-quadrature components
vin Figures 2.21A and B,
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Values of Cﬂﬁ from Figure 2,21A are relatively insensitive

,f to spoller helght for hy < .5". This is also true for values of
! CHE shown in Figure 2 21B. Thls may be explalned as in

reference 22, where for recompression or reattachment on the
flap sur face, the flap is able to "control" the external flow
field as it does in attached flow. The relatively low values
of [Cg I attained with the trip wires in place may be due in

part to the fact that both ﬁppef and lower surface boundary-
layers were thickened whereas the sp011er prlmarlly affec*s the
upper surface boundary layer.

Theodorsen's theory predicts a value of CHB = ~.943/rad at
- zero fraquency and: CHB = - 822/rad at v = ,2. At zero frequency
the value of Cpﬁ may be taken as CHB = -.516/rad + .87 for

0 < hg < .5". This differs by 8% from the two-dimensional
"real flow" prediction of CHB = -.561/rad, possibly due to

end-plate and gap three-dimensional effects. The discrepaﬁcy
bet weea.rheory and actual vV Cys 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 afe data found at lower
Reynolids numbers and higher frequencies and data for the other
fixed spoiler conflguratlons.

; . Lower Reynolds number is associated with a thinner boundary-
‘layar fisr this experiment} and as in the case of incremental
hivige-moment coefficient, results in slightly higher values of
Icﬁgl' In zll cases the higher frequency data showed that CHﬁ

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 lar ge spoiler deflections show an increase in ICHﬁI

as frequency increases, with CHﬁ - =52 as vV — .26. There are
no significant Reynolds number effects on the behavior of v CHB

The data for frequencies up to IV = .26 lies on or near the extra-
polated lines shown in Flgure 2. 213. ’

Chordwise position as well as spoiler height has a profound
effect on hinge-moment due to. flap deflection. For the 3/4"
spoiler at 307 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 459% 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, CHB reached

a value of -.25 near zero frequency and snowed increased values :u
of [u CHBI As frequency 1nc:eased CHB and vV Cﬂﬂ values

k'*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 1arge effects on CHB and v Chﬁ for

| ?h < 1/2", ‘the magnltude and phase angles of pressure response

. varied 31gn1f1cantlv with changes in spoiler height. No
"unexpected changes occurred w1th an increase in frequency.A

As spoiler helght 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-motion 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 levele-
. off at low values. The magnitudes of response near tke T.E.
also decreased but to-a level nearly twice the zero spoilier.
- height value. These results are comparable to the steady flow
~ flap effects found in reference 21. Large changes ia phase -

. angle occurred at some locations for spoiler heights above 1/4".

Near the alrf01l leading-edge phase angles changed from abour a
1959 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

o 49° leaa for 3/4" spoiler helght ' .

' Spoiler-Forced Flap-Free Results

Flap response to sp011er motion was represented in Fourler
- series form as: o S : e
o B= B +E B cos (nVT-!- ¢n)
where ;
h = h, + Ahcos ¥ T
‘Data points corresponding to cases A-C are plotted in -
~ Figures 2.22A-G. The curves are predictions which are explained

in section 2.4. The fldp 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 harmonlcs
‘greater than order three were greatly supressed in most cases.
In some cases (primarily those involving large values of hg
and/or Ah) the mechanical stop(s) prevented large ampl:.tude
oscillations near resonance. Data which was affected by the
stops is shown c1rc1ed and is- suspect because of the effect of
ﬁhe stops. :

Since the forcing function,‘AﬂH, 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 Ef%'vt
- where V. 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. Flgure 2.23B shows the typlcal
large amplitude response at resonance to the fundamental
component. Figure 2.23C shows high. frequency flap response.

No evidence of. sub-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. ~ ' : S

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'ére'pre-
sented in section 3 and compared to analytical predictions.
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Self~excitation c¢f the system was not observed due to the
presence of dry friction, but -limit-cycle motion could be
provoked over a range of coupling parameters,. system inertias
_and free-stream spneds. S :

v The following sketch shows the steady-flow equilibrium
relation between h and f; that is, Cy = 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. ' :

o - /\ ..oe/’_ Ny S
.[ f T}/ 2 Y Iy :h

o
.02 04 , .10 .12
T s
s C '
. S Limit Cycle Oscillations’
0 - ”
“&” y (See fig. 3.9
'
B L4
o

, i.arge Amplitude
Limit Cycle

o » Steady-Flow
/ Equilibrium
"h= ,081 + .00652 g L

'2.4.  Dis¢ussion of Results

As in reference 10, the ratio of spoiler hélght.énd boundafy-
layer thickness may be used to classmfy the strength of the
spoiler perturbatlon._ That is: . -

(1) Weak'perturbation. h /5 << 1
» (2) Strong perﬁurbation: hg/6 = 0(1)
(3) Overwhelming perturbation: hg /6 >>‘1
‘It can be seen that the range of spoiler deflectlonq relates
primarily to the strong perturbation case which is recognized
as ", . . the hardest of all to understand."10
- A further c1a851f1ca510n and descrlptlon of the sp01ler
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: O < hg < .25"
(0 < hg/d < 1.47 and 0< hg /6% < 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 e

" Bubble growth law is roughly ——E;—T;iﬂl—— vdR-— 10.

Negligible pressure effect at T.E. Mlnor pressure
effect on airfoil "wetted surface."

(2) Long bubble: hg > $25"
(hg /6 > 1.47 and hg/6% > 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.

: o (xr - X )c

Bubble growth lan is roughly hg - .12 = dR 38.
Pressure effect at T.E. Stronger pressure effect -

over wetted surface. . -

The long bubble category can be broken down into 3 components ‘as
f0110w3' : :

(2) Long bubble: hg > .25"

i.t"Reattachment point lies on flap surface'
.25" <hg < .31"

ii. Recompression occurs on flap surface-
31"<h < 6" _

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

_ In reference 8, Newman. 1nvest1gated a sp01ler 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 =
»gradlents were also found to exist in ‘the separated reglon.

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

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 summarlzed in order to. explaln
observed steady-£flow behav1or.
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Upstream of the spoiler pressure coef11~Jents are funvtlonq

‘hs (x - xs dc
ngL % and. , h » dsl where Xsi is the location of the.«

s
upstream separation point. As T increases, ds1 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 iate of
entrainment is- 1ar§e1v independent of shear-layer thickness at

. the spoiler tip. Spoiler base pressure (Cps) (i.e., pressure

on the downstream face) decreases very':apidly aslgi increasee,
' h
for small values of == 6*’ and flnally remains falrly constant for.
h
large 5;. The fluid in the separated Tegion beneath the lower

edge of the s:parated shear layer will be accelerated from near
rest due to eimrainment .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 Cp
The larger transverse pressure gradient will cause an increase
in shear-layer curvature, and so a decréase in bubble length.

An increase occurs in the angle of incidence of the dividing .
streamline, so an increase occurs in fluid returned to the . .
bulble., Hence, lower base pressures are assoc1ated with smaller'

- non-dimensional reattachment distances, dg. :

Three-dimensional flow effects may also be significant.
(Refer to Figures 2.11 and 2.12.) The corner flow can have an
influence on Cps and reattachment distance, dg, 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 sn011er position. For this experiment the ratio
is. ,



b

B = ,038 .

In reference 9 it is stated that end effects are v1rtua11y ,
negligible for aspect ratios greater than 2, where

AR = bubble span
bubble length
reattachment on the flap surface.

> 1,8 for the present exper;ment with

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 dp 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 dp and Cpg- 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
streamllne curvature, base: pressure and the bubble growth law.

A pressure recovery coefflclent for the bubble can be
defined as: ‘

p"P =Cp‘cps
%pUg 1'-CPS

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

In reference_38, Kao shows that reduced coordinates based
on the pressure recovery coefficient defined above and a non-
" dimensional dlstance based on bubble length, i.e., :
' X -x .
s ; :
d_=v;—7::;23 may be used to represent pressure distributions
~“r  Tsp : : R
on airfoil long bubbles. For the 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 0 is evaluated at reattachment, a value of 0 .= .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 hg > .45". :

The effect of pressure overshoot on hinge-moment coefficient
is showu in Figure 2.10 as a p031t1ve moment effect for .125" <
hg .31"

In Figures 2.25A~F and 2.26A-F incremental hinge-moment
and pressure data are reconstructed for zero frequency and V. =
.12. Reconstructed pressure data is also found in Figures
2.27A-G. Reconstructed pressure coeff1c1ents represent the
difference between actual pressures and zero sp011er height
pressures, i.e.: '

6 CP = 'cp - ‘(Cp)h=.0j

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 1nterpreted only -
in a limited sense. ‘ :

Figures 2.25A-F are cyclic (or "time") histories plotted
80 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-1line,
increased suction associated w1th the separation bubble is
abvious. :

In the unsteady case, once the bubble affects the pressure
at a point, there follows a rapid decrease in pressure. Then
follows a monotonlc,‘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,Alncludlng 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 1t can grow in size.
The returned fluid will contain vorticity of predominately
clockwise sénse. - 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 amd 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 ve1001ty 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”fluld 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 varlatlons
due to random fluctuationms. :

On the spoiler upstroke evidence of low pressure "over- -
shoot" is apparent near ‘the spoiler, even for cases involving
small values of h, 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
d istribution shown there is expected to be less accurate than
that shown downstream, where six data p01nts--four on the upper
and two on the lower surface--are used. :

v-The chordw;se pressure dlstxlbutions‘clearly illustrate
the spatial as well as.temporal distribution of pressure. Also
apparent is the change in pressures and length assoclated 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- empha51zed 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 vV =

.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 equatlon of motion of the form: :

Aﬁ+BB+C/3»=
where it is assumed:

H=H&B+Hﬁﬂ+AH

(since —§-<< 1) with HB and HB based on spoiler-fixed results
and w1th

: Al = Z\CH q, bf’cf2

and

: c
o = . 2 __f_
HB = CH_B q@.vbf cg (ch)

1]

. . 2
g = g 9= Pt °f

The equation of:motionrfot the forced system is:

» (B-H) C-n)
oo B ) B ——A_H
ﬁ-"’ 3+ A B—iA

or

F+r28, B+w 8= —H@

For a given frequency of forcing, the flap will respond as -
" a linear second order system; however, the aerodynamic terms
y and. are: functions of the frequency of motion and mean

spoiler - elght.v

Therefore, flap steady-state response components can be
found as follows. ‘
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For predictlons ‘based on the above formulat:.on it is »Q :
assumed that: :

’ Cgg = -.‘518/raci

and.

: cﬂﬁ' = -1,29 .20 for n>0
» nv

These a're'_chariacteristics found for h =0and 0 <V < .14.
Parameter values are found to be: ‘



| 40667  for A

Vo= !.0805 for A,
by o= .0208  for A,
Vs = ' 0249  for A,
, = [ -0699 for A
t - .0843 . for A, -

©.0830 < £, < .1160
4 o { .0247.  for Ay
s = ' .0301 for A
0865 < L_ < .1200
Since parémeter values h, and Ah for cases A-G in the .
flap-flxed tests differ somewhat from those in the flap-free

tests it was necessary to correct the measured values of
ACHn and zbn for h ‘and Ah’ variations. Also, it was desu‘ed

to express ‘them as functlons of frequency. -

"A Taylor series expans:.on for ACH ACHn {ho, Ah v} and
for. zbn d) {V} was accompllshed as: -

bAc L : .b‘Ac;Hn”

Hy = _(AcHﬁ)hm+T (h, -».'hf’i) *5An
AR _
4v=0 7
' . , b ACn : H:Lgher
' (Ah--Ahl_)+Tv+{ Order }
U o - Terms -
S ey R
Y, = @)y, *—5,- v+ {HoOT]
Bk 01 . R , 4
A
v=0

The subscript 1 refers to flap-fixed resulfs.» Flrst terms in
- each series were evaluated at zero frequency in the appropriate
flap-fixed case. ,(l‘bn)y:O ‘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. ACHn

variation Wit_:h'ho and Ah- was evaluated ahalytically by the
technique of referénce 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 F',

. which involve a change in flap system inertia, component magni-
tudes and phase angles are predicted fairly well even near
resonance. ' E :

The theory could be modified to account for large values
. of hy 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

d ACH -0 Ac : N
(ACHn)U—O , _—Sh_ and —/——— WY could be altered and based on.:

steady-flow data %or mean - flap-deflections of B < 0. This

second method was attempted.. The steady-flow ACy 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;ACHn which reflected the difference in shape of
' o} ACH_n d Ac :

. th:.s new curve. New values of —-—b—h——- and —5 Ry Ay vere not used
in the modified theory, however. » Values of 0 ACHn/b V were

- assumed. The modified theory predictions show better agreement
with data. - ' ‘ o

- 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 w=

c - H ’ . ) .
[ B

Consider the coupled system with‘coupling parametersvsuchv»'

that: : ' ' _ : ' '

h = .08l + .00652 B8
where B is measured in degrees. ‘This relation is shown in a

previous sketch.

A plot of Cy versus B can be constructed as show'n'in -the
following sketch, ' ‘ C :
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- ‘,08'
CH
.04
+2°
T :
. B

-2
|

= .081 + .00652 g

" Over the region -6 =B = 1° the relation 1s ‘nearly linear.
The "'steady-state" solution is found as B, == -3° and h = .0612"
(hg = .367"). For this case the limit cycle amplitude was

- found to be A By, = 4.1°, which relates to Ah= .026 (Ahg

«156"). By use of Figure 2. 18 a descrlblng function for

'spomler effects is found’

A L
_-A-l_i-"_" --2.12 :

or, in the éoupled case:

_‘,Zih EB»*"B‘E§§*4 ZSCHB = e.791/rad ‘

‘When this is added to the value of CHB found at h = 0625 i.e.,

Cgﬁ = -.520/rad we find an estlmate for total system aerodynamic

Jstiffness

| qHBt-Ot = Cgg + AcHB = -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 ¥ = ,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 ASH - component
of 187.52° which appears reasonable. (See Figures 2. 17C and E. )
Section 3 contalns ‘a more detalled 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 :
symnetrical arrangement. The coupling relation was:

=

~h=-==.0668 + .00616 B

Hh

where B is measured in degrees.

Limlt-cycle behavior was observed over an airfoil incidence
range of 1° to 6°. Incidence had little effect on reduced
frequencies of osc111at10n or limit-cycle amplltude. (Refer to
the prior discussion of incidence effects and. see reference 40.) -
Limit-cycle behavior was observed for .17 <V < ,24 with a
maximum amplitude of A ;. = 4°, : : . S

, When the data of reference 39 is further analyzed it -is
found that for a typical limit-cycle case where ¥ = .20, an -
incremental hinge-moment coeff1c1ent can be found, i.e.,
ACHﬁ = -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 correctlons,
from reference 40 for the differences in airfoil thickness :and
spoiler chordw1se location, then a predlcted value of Z&C&B

=1.20/rad is obtained. This large spoiler effect is respon51ble :
for the higher reduced frequenc1es associated with the Phillips
and Adams experiment. With little spoiler effect (i. e., for

A 5 = 0) their flap system had a hlgh natural frequency of v =

.1 6. .

Results obtalned for steadz -flow testlng can be summarlzed‘
as follows: A

(1) - Hinge-moment coefficient is approxlmately 11near1y
' related to flap -angle for fixed sp011er helghts.

(2) Hinge-moment coeff1c1ent 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 separatlon bubble lengthens as spoiler helght
~ 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 summariied:

(1) With the flap fixed and sp011er forced to osclllate

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

ii. On the spoiler upstroke;ibubble 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 positiomn.

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

U
to an apparent ‘convective veloc1ty where ﬁg =0

Ve The effect of a trip w1re which increases
boundary-layer thickness, is to reduce sp011er
: 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-of-attack affects boundary-layer
thickness ‘and velocity at the spoiler. For thls
configuratlon ‘the two effects nearly cancel
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ix.
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Part—span spoiler effects are qualltatlvely
31m11ar to- those for the full-span spoiler.

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

(2) With the sp011er flxed and the flap forced to oscillate:

i.

ii.

Hinge-moment coefflclent is nearly 11near1y'
related to flap angle for |Bl < 10°.

In-phase and in-quadrature components of hinge-
moment coefficient are weak functions of sp011er

helght for low-to-moderate helghts.

‘A thicker boundary-layer reduces flap effectlve-'

- ness..

V.

vi.

Pressures vary in a near linear manner as flap

angle changes, but are functions of sp01ler

~ height.

Large sp011er helghts reduce flap effectlveness,
espec1a11y at low frequencies. :

Spoiler chordwise position may alter flap

effectiveness.

3) With the spoiler- forced to osc111ate and the flap free
to respond :

i.

ii.

C4dd.

. iVO'

.The flap system responds approx1mate1y as a

~linear second-order system with stiffness and

damping that contain attached flow ‘aerodynamic

: contributlons.

The'flap system responds primarily to the
Fourier components of the unsteady hlnge—

-moment due to spoiler motion.

Ultra-harmonic resonance is observed.

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’ qualltatlvely s1m11ar to those of
" réference 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
reattachlng flow field is extremely complex. At very low
frequenc1es 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 control-surface buzz. Although the analogy is not
direct, spoiler-induced loading on a flap is known to resemble
shock-induced loading.87 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 mentloned "analogous" flow
s1tuat10ns. :
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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 (hg/6) 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 be1ow, which serves to define several
parameters.

NEW MIXING REGION

 DIVIDING STREAMLINE

- EDGE OF SHEAR LAYER

—poom X

REATTACHMENT POINT

j P— Q

Xep - ; I

" Based on exper1menta1 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)

(xr .xsp) ¢ 4r (hs hsc) c

-

£
" or in non-diﬁensionél form as:
L A By scy _C
o Sep T G %) 'a;= ol i

£ Cf  ©f

- o1y S
=d G h) c



0T

(x,. ) =dp (h-h)
'and ' ‘
i:xr-é’dr‘(é - hc) %'x;p =dh +.?E
" where

_xc.= xsp‘" dr hc,"A

-.also we have'~
dbh + x ’

The éhordw ise pressure dlstrlbutlon along the surFace is
approximated by a roof-top' distribution as shown below, with
'cPr = 0. (Note: CP in the follcw1ng is actual C_ minus C

S 4 : P
due to airfoil thickness.) - ~
PN T B YYPICAL ACTUAL -
T (eve) _ g -
- Cpy = --;Z—
T ASSUMED !
xﬂQ‘ X Coxy S : +1 ., .

~ 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 s1mp11f1catlon is Just1f1ed
_by measurements made on the flap 1ower surface.,

o ° 09 “‘ -
";(¥ve)f
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_ ~The incremental hlnge-moment due to spoiler deflection may
“be found by 1ntegrat1ng pressures over the flap.

AH

'ACH E-qTf—cf— -— - (—f-)a ‘J‘ (sz - CP )(X - Xf) dX

Xg
where pressure coefficients are approximated as discussed above.

We have five cases to consider:

Cp e
- (=ve)

Cpb

—
CaseA‘
xf - xc
< [, {

X Xe 3 i.e., h =< 3

s .,(A!'%:Cpu—O and ACH =0
Case B

xbsxf and Xfo <1 .

‘ X =X, xfr-,-vx 1-x .
i.,e.; h< q and,——T—-c-thS_ d.c
. ‘b ’ T - . T

. (xf-x) _ ,

CPE—Q’ CPu—CPb(_xr——-—_;g)__\for xf'Sxerv
and , |

<;‘-’—)3 -
3 .2 .].'.d2
~ACH CPb (d db) [6 d° H +2 rﬂ(xc - xf)ﬁ
3
1 s 1 (% - %)
"’.'zdrv(xc-xf) +

; —5——1



Case C
Xe s Xy and X, <1-;
X, - X - 1 -x

ie., ——=CS<h and h-< -

*db_> T
y sz—o;

C - ._ Vx S x <
Pp o £ *»

Cpy = | (x. - x)

, CPb (xr.- xb) Ep T X = Xr

" and

| =2 Lyl o2 32y 12
Acy = CPb’(cf) g (4° +dpd +d°) W
FZ(d +d)(x, - x) B+ L (x - ).2
2 b r’Ye °f g (Ko = xg)]
Case C' (in lieu of Case C) -
Xy < Xe . and “1 < x

Xe - X 1-x

i.e., h =< —=—2L  and —g =< h
_ , 4b T
,(xr - 1) (x - xf) . :
. Cnp, = C < x <
R~ Opp G, T T - wp) ¥gEx sl
| , (x, - x) | .
- C = C ——— S ) < <1
P - D < p.4
e Pb (xr. xb) ) , , - £ ,
énd'
v o Q- xlie a (x 'vX ) |
Ac. =¢ (_‘5..)2____.._._f_._ [d +__C__£_'
= Cp ‘ —4q.
B "Pb et 84 - 4 r n 4
Case D
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5 Xe - X, ‘l-xc l—xc
i.e,.;, =—=—=—=sShs=s- " and =h
L a d

| r
. x, - 1) (x - xg) |
STl WEHEES I B S
Cop, X EEEXR
Cpy = iy (xr-'x)_ ' o
- T T o o sxsS1
and
C 2
(&)

Acy —cpb(d db) dbshe-—db (x - %

+ [% dri'(l - xf)"“ - 3a (:%c - %1
N P Ty S
Experimental data found in F:Lgure 2.13 y1e1ds the follown';g
values: |
q, = 8..538; 4, = 4.838; * = .4167

b= -.4 (this

fcorresponds to a pressure recovery coeff1c1ent value of 0 =
.286) ‘and results are plotted in Figure 3.1. Further approximate
results with parameter values of d. = 5.50; dy, = 3.00 and Xo = Xsp _
are also shown. : : o ‘

Cases A B, C' and D are cons1dered W:Lth CP

_ The exper:.mental data is not- pred:.cted accurately, however,
the non-linear nature of the functional relation ACy = £ {h}

is f:z.mly established. The above simple model also demonstrates
that the ‘hinge-moment functional relation may also be written as
Acy = CPb £ {h} Furthermore, we find that for all results :

"'bAcH,

gence. For the curve based on experlmental data the value of
dAC, - -
—ﬁl—-"a;t T.E. pressure divergence (an average since slope is

occurs just prior to tralllng-edge pressure diver-

discontinuous there) is -3.548 at h = .068. This compares
| - dACcy

. fairly well with the experimental value of h - -3.3 at

h = .066.
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For quasi-steady spoiler motion of the form h = h, +
Ahcos® we find that the above formulation does not properly
represent the functional dependence of ACg on hy and Ah.
Accordingly, a polynomial "curve fit" to the exper1menta1 data
was attempted in order to duplicate the steady-flow functional
relation ACy = £ {h Ah} over a range of hy 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- relatlon. .

Acy = a h5v+ba4 h + a3 W + 3, B+ g h+a

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 portlon
of the bubble.

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

*1 Up | | - U, I-—
| c , 5 .
8b u '
. 1 b [ pivibiNG
yd-..-__-L_ [ STREAMLINE
B _~§“~ ' "5;
Rt SR ’
v o~
. ///////////_//// ST
X X,

Norbury and Crabtree (Ref 11) have represented the turbu-
- lent mixing, and reattachment region om 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 py and P The portion of the bubble to
the left of statlon x;, 15 assumed to be a region of constant
pressure ''dead ‘air' with pressure p;. 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.

Pp and p, are related to Uy and U. by Bernoulli's equation:
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1,422 1o 2
Pb+2pUb = 'pr+.2 p‘Ur

By use of the steady flow momentum equation applied to the
control volume ABCDE, the following expression is derived for
the pressure difference (pr - pb)

6

oy - By) = 61-U; ‘Elrurzdyl»
vdv , |

Viscous and turbulent stresses are neglected in this development
as they were in reference 1ll; 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 BC of the
form: : '

=a+ (1-a)——5

o lof

At the dividing streamline (y = yd)'and

|
=

u, =3l =uy
~ so we have:

1, 1

1
(pp - pp) = 'ae; Gug & U+
A .
+ Urf:(er + 6r> - Gr)J'i . (3.1)

where 8_ and Gr are the momentum and dlsplacement thlcknesses
of -the shear layer at reattachment. S

The steady flow continuity equation is:

: ‘ 5 .
fyé_ub;dy = I r.ur dy
Y4 o '

or -

6 %)

%UB ﬁb (l'+42)'.=~Ur (5r - (3.2)
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Norbury and Crabtree proceeded to develop an expression
for the pressure recovery coefficient, 0, where:

o=l Po_ S " Cm
= bz B
pUz7 " I-Cpy

H

o}

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

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

Now consider the steady flow continuity equatlon applied
to the 1nter10r of the separation bubble, i.e., the so-called
"dead air" region. (See also Ref 18). We have hj, = figy¢- At_;
the dividing streamline on the average mj, = M, = 0, but now
consider the region near reattachment,

ZERO
_ ' DIVIDING
STREAMLINE STREAMLINE

-In the region ABE we have fij, = @_ . and the mass flux per unit
span is:

and
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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:-

X=X = ¥
b - . 7d
—pef Py ax=p[
X .y,
sp . Tz
where Ve is the entrainment 'velocity of fluid into the mixing

region. Vasilu (in' Ref 5 ) assumes ﬁ-g = const. where U, is the

velocity at the edge of the shear layer a_lon‘g the bubble. -

Since C_ is assumed cdnstant over much of the bubble we

P
have == = const and
U, R
h =pcv'..r‘bdx.3p.v L since v_ - 0
~out ' e'x e e :
- Tsp . asx~x.

Fluid recirculated into the dead air reglon from- the reglon near -
- reattachment can be: represented as: : '

-p-r udy pu

where up is the velocity along the dividing streamline and 0,
1s a resultant length. (For a linear velocity profile from Vs

Ya = Yz . . o V ’
 to ygs 0p =—5— )

And for tﬁeseparated region we have:
P ug 6,=p ‘_’e_z

~and

‘i.e., ~bubb‘]'.e length i:arameters scele”to £ in sﬁeady 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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(x) '*pcf Ve dx
xsp

n (=) out

Pec v, (x- Xsp)’

(x - x ) C ®-x e
= pc veﬂ—f—E—-P—fé_ﬁ. ,(X) 7

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 Whlch involves a long. bubble type of -
separatlon.

3.2. Unsteady Flow Modifications

3.2.1. Unsteady Bul.)ble' Growth

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

-h=ho_+Ah cos VT

. Consider now the "quasi-steady” assumption that separation
bubble growth is in phase with spo:.ler helght.' The bubble
growth relatlon would be: : , _ o

where we approximate:

th

ol

A=
and
d py=8 m i +04)
but in the quasi-steady assuinption:

e s _ e
2 dr ce (hs hsc) - dr c hs v



-115-

-- —c_...
1z = df‘c h

Hh

'v ¢ d : == _‘E_. -
S P (A)_—-p‘d‘r e hg h, = p d. cc. hh
Define this as the quasi steady mass flux m¢ so that
d . | S
p.EE (A) = me.(t) =p dr ceg hh o (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 ﬁoﬁth'=

ﬁoutSS vwhere the "steady-state" mass flux is as before:
| ﬁbutss =p "ve'e i

‘And that ﬁinQS'= ﬁinss + M where ﬁinss =p uy 8, and where
modifications to ug and §, account for the quantlty me in’
quasi-steady flow. That 1s, in the assumed model m¢ 1s 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 quantlty‘mln(x) we assume in
the qua81-steady case -

(x=-x__)c
de (%) = de (x, ) ——z—E——-

The above quasi-steady result involves a bubble that grows

in phase with spoiler motion. Since this is at odds with experl- .

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 0/U, as compared to £/|Uc| for the separated flow (where
‘U, is the mean reversed flow velocity), an appropriate assump-
tion would be that the outer layer reacts 1nstantaneously to
sp011er motion; . i.e., the return mass flow is m€ “from the
quaSL-steady assumption. :

Now consider an elemental area, 0A, within the bubble where
we make the unsteady-flow assumptlon (as in reference 17) that
the backflow mass fluctuations, ‘me , travel upstream at a mean
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flow velocity, U ce That 1s,' m€ (X) = m€ X, t-T )

e X, t - ) where now X:is a distance measured aft from

-X
the spoiler. Then

a N V L3 [ d .
P 3¢ .[5A (X’t)]_ = Din. T Wout,

e A (X+dR)
mer(X'i' X, t - IU l )

- fie &, & -T5)
. C

qu long wavelength (i.e., -]Q)Uir << 27f) we find from a Taylérf
series expansion that o e " 2

_ d .

p %'-(BA) = 3% e &K, t- 7)) &X
:t_b.. -t .).(.
= 3x me “@, t T€) 7 dx

°‘m€(£, t"T)%_

Now we integrate over .the .bubble area
o/ ©4) = p ‘<A> Litaa AR
‘bubble t dt oI TR LY
where ¢ ¢, t - Te) =p d, ccg h (t - Te) ho(t- Te). For
h=h, + Ah coswt ; h = - wAh sin Wt we find:

d" ]Ucl ce, | o e
T @) = - —— |:2h0 Ah sin w(t- - m)

s:.nw—|—|>+ sin Zw(t —I—I-)s:mw—r——r]»-'

Consider now_small perturbat:l.ons so that ho ?1',
L=4y+7 where T = Ah cos wt and [h] <'h, & [T] << zo.

We have :
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2 IU Id rCCf

oo h sin (w—l-—-l-)

d
E-E (A) =

SR .
[- w Ah sin w(t - ?I-U—°T)]'
, ‘ “1%

: e wJ&o - zo
. A) = w6 sin (.ZIUcr)'h (t - ?ﬁl—;r)

But since the area is A 3‘-:2]-'- hy £ = ’hﬂl Ce then -a‘-it-:- (A)_3‘

[h ,(’, + Zn h,] c; and we find the -unsteady flow result:

£d z L .
~&:—° . . N asd ) ~
L= [w*r sin w7, h (£ - T45) - h] |
o o .
, Ed o v
whete To =7'-U—CT . For h = Ah cos Wt v?e find:
f) 3% [(k cos WTy - 1) h+ (k w sinwT,) h]
where :
4l | 3 | \
c! o 2
k = sin W - = sin w7
Low ™ 2[ue] ~ wr, o

'Integfating‘ to find £~(t) we haire:
L(t) - 2(0) =§-[(k cos wT, - 1)_Ah_(cos wt- 1)

+ (k sin wTo) Ah sinwt ]

" Assume that over a cycle the average length perturbat:l.on is zero
so that

Z(o) (k tos wT, - 1) Ah

'::rlh
[« 1 ]
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and
£

T(e) =2 [k cos wT, - 1) Ah cos Wt -
0 |

+ (k sin w T ) Ah sinwt]

This can be written as:

£ : .
’Iz'(t)-'-a—g-AAh cos(wt-a)=.dr¢AAh cos (wWt- @)
o
where -
. 1
A= (K -2kcosw70+.1)2
and’
A=0
-alsb.-
, sin w T,
o= tan! [— =1
°°SwTo'E
@z0
Now:
4 we, U1 d c a4
= o . f || x - T
“WTo =93 T T U, Uc,ch_ho 2V h, c
I'ﬁ;l

Note that for quasi-steady bubble growth:

ES

7~

Z(t) = 'ﬁ'(:t) = dr c Ah cos Wt

2
h
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 o ’



o119~

,That,b‘is,'

'All‘feff‘ = A Ah cos'(wt,? 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

WTy <1 (where Ipcl'” 0 (75-) )

‘We find

2 e
s:.anQ =2

and

14
H .

@2 tan”t QwT,) = tan”? (W )
S ' -0 o lUc],
‘Therefore, the length perturbation is:

~ ~ ) . . - o
L(t) = dr ¢ Ah cos w (t ._IU_J')

That 1s, the length lags 1ts qua31-steady location by a t1me lag -
which is the "bubble characteristic time." "

' Now consider a larger bubble and higher frequency where the’ o

relation is more complex. For e_xample, -consider the following -
A values.

U
<
U,

W

then W Ty = .18 ad; k = 1.99; A = 1.02 anda=‘203 = .354 rad

o« O

() = d,_. ¢ Ah (1.02) cos (wt- 20.3%)
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The linear approximation yields:

T(t) = d, c Ah cos (wt - 19.8°)

The unsteady'bubble growth:reletion also shows that the
region of the bubble near reattachment grows in phase with
sp011er motion.

3.2.2. The PreSsure Rise Near Reattachment

" The mass flux term, m€ , which is 1nc1uded in the unsteady-
' flow model can be represented as

~
»

me = - pPugdy

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- contlnulty
equatlon (3.2) we find:

1

5 ug ab 1+ —) = % (“}3 + Q’B) 6y, + '61)(1'+ %)

e
= U 6, - 6, )

 and

- That is, a perturbatlon of Gb results in a proportlonal change’
o B

. The momentum equatlon ( 3 1) y1e1ds an approprlate pertur-
bation to pb. . ,

1

— 2 o~ : 1.
'?bﬁr“p[E“.uBﬁb(l"'E"'?),
1,25 1,1 -
+3uB>5b(1+a aa)]+m€uB
1.z 1,1
=pl-3u 06, L+2+75)] -puf oy

or
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and in coefficient form:

N . : ’ o
~ Py 1 B ,
Cpb = W = - (4 + = + '—— )] 5 :
Now 5 =0 (hg ) and contlnulng the assumption that condi-

tions at reattachment are unaffected by small perturbations to
h we have' ,

| ﬁr =-6ro 2=k, dr c ho
Froxp the quasi-steady equation fqr mass flux (3.3 ) we have:

~ ~
fie = P dcop by b

Therefore, the pressui:e perturbation can be written as:

~ 1 1., 2¢ vy

Gy 03 <4+-+ae>1’1:“u-rh

or if we assume a constant relation

-then, since h = - w Ah sin wt,

+ (3 (4+-1 L3

C"ln

Cpp

ke v‘—[ Ah 811;1wt

where
ﬁ ~d_ ch u
2 1 1 v ¢ o B
kg 4+ =+ 3)] AR
3 32 L 67-'() Uc ,

'~ Thus, we see that the pressure perturbation depends on spoiler
rate and a shear-layer parameter, ks. This corresponds to a
perturbation to the pressure recovery coefficient, 0, and indi-
cates that the normally constant value of ¢ for a reattachmg
shear-layer may be modified in unsteady flow.

Ah sin Wt )
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In order to gain 1n51ght into the mechanisms involved in
these unsteady flow perturbatiomns, 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

T'= If v dx dy § q  ds
bubble

0 ‘ ' '
where 7 is the vort1c1ty (5§ - ~E) and C is a curve, descrlbed‘
in the counterclockw1se sense, whlch encloses the bubble.' 1t
coincides with the dividing streamline, spoiler aft face and
airfoil surface, in steady flow. gqg is the tangent1a1 veloclty
- component around the dividing streamline. .

If we consider turbulent flow sp that u, v and Y consist . -
of mean values U, Vv, and Y on which are superimposed random

fluctuating components u', v' and ¥' due to turbulence and-
whose time. average values are zero then we find (Ref 12):

-$7 E;‘nds'é-ué%ai;dswg%;';‘vds (3.4)

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

L’éS%E? ds:=§;§?;;' ds

On the surface of the model q ' = 0 and we may write
reatt . = : sepn -
oY - __Z oy
v y Hsurs * Lf 3 v, )ds]

sepn ' reatt

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

reatt

‘i.!: » - o "yl | B
o] (psepn preatt) _'I Y 9 ds
- © sepn _

This gives the relation between the fluctuating vorticity
and normal velocity at the bubble boundary and the pressure
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’ rise.]'2 The rate of transfer of vorticity is very high in the
reattachment reglon since the pressure rise occurs primarily

there .

. Comsider 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: :

. %E=?§;;;a; ds

where g? Y q, ds = ya\}g I (Abubbl e) with yavg an average vel_ue

of vorticity along the dividing streamline.

Prev1ous experiments have shown that for low sp011er helghts
(roughly for hy < .015 c% airfoil 1lift is relatively unaffected
by spoiler prQJectlon 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

Tairfoi1 = Tuerrea * Thunble = To
surface L

Now Wood s theory (Ref 28) predlcts that 11ft generated by. the T
wetted surface varies in direct proportlon to spoiler helght -

so that

=T + k.h
rwetted =2t k‘*h
surface

where k4. > 0, ' This results in:
'rbubble = - keh A

and

Also we heve

bubble o= — . _= d ,
' =7 q ds = avg at Pbubble’

dt
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If we neglect phase lags then both q and A are proportional to
h and ¥(s) < 0, which is to be expected. Thus, on the spoiler
. upstroke. (h > O), 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
lnterlor.

If we consider now the maintenance of kinetic energy of the
bubble, as in Ref 12, we may look at the steady flow equ111br1um ‘
relatlon ' .

W= +u.§y qq ds-l-§qn p' ds-§qs (—pqs qn') ds
' 3.5

where W is the rate of d1$$1pat10n of energy due to viscosity -
and :

wep [ 72 acay

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- tangsntial -
to the bubble boundary. All but the last term may be neglected
as an approximation. Co - : : o

Lw=p [P ady=-6 T, (-paq") ds

as the energy equilibrium’relation for the bubble.12

. Note that the bubble contalns both positive and negatlve
vorticity. The negative vorticity largely diffuses into the
bubble in steady flow and the pesitive vorticity is created at -
the surface. The rate of dissipation, W, is least for any given .
circulation, Iy ubble> when the vorticity is all of the same sign.

In unsteady flow where we have found that negative vorticity
(of clockw1se sense) is either transferred into or out of the
bubble we expect the following:
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%¥-<-%£ for h>0
and
o >-é§>- for h < 0

“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 thlckness,-hhat lS,

‘probably near xy.

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 v
energy is being added to the bubble faster than it is d13$1pated.
A more comprehensive unsteady flow model Would probably yleld

thls result.

The prev1ous 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 Justlfy and/or refine these assumptlons.

3.3. ‘Unsteady Elow Model

Two significant unsteady flow effects will be included in

- the steady flow equation for A Cy. 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 spomler height is used, which
lags actual spoiler motion.
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Thus, the steady-flow relation:

Acy = ash® + a,h* + ab® + a,h® + :ah + a4

is modified to the unsteady flow approx:.mat:.on for h = hy +
Ah coswt:

~~

C

Acy(t) = [1+g=1las Wopp + 2 Hope + 2 Moge
. . [o] . » '
+a FP__+ g heff + a,) o | (3.6)

eff

where Cpy  is the steady flow value of‘CPB
o : o

- , A
. C .

Cpp = ks V Iﬁ;lAh sin wt

and -

heff = ?1° 4+ A Ah cos (got_-‘oz)

v The follcw:.ng parameter values are ‘chosen based on exper:.-
mental observatlcns and other results.?

so that
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'But,

dch u
2 1 1 T o B
k=[5 G+HI+D] 5~ Tg
o c

d_ch

ks = 12.0 § 2

: To

,Now, based on boundary layer measurements, assume 3 h cg —.5
so -that

drc 7
k; = 4.0 7;;-_.16.0-dr = 88

where d,. = 5.5 and x,. = drh + xsp; A best steady-flow curve fit
- yields: ' : , :

1.3 x 10°; a3 = -1.48 x 10%;

-4 x 10°; a,

as
.06190375

a = 689 5 a = -12.38375; a,

Figure 3.2 shews a compafison of the unsteady prediction and -
experiment (reconstructed curves) for the following three cases:

Case “h, -~ Ah
B .053 .026
c .076 - .027
E .062 .040

Vv = ,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, T,. , are
integrated from the start of the spoiler upstroke, multiplied
by a factor of % L (to approximately allow for dissipation of
energy due to v1scous and turbulent stresses) and superlmposed
on the qu331-steady value of CPb’ that 1s,

RGN

mod kavl_lAh [s1n wt--— (1+cos wt)]

This empirical modification improves the otherwise fair
. agreement which is demonstrated in Figure 3.2; however, it is



Aty

-04

-08

-08°

. ) —'12 -

© e

-128-

h = .053+.026 cosv7 .

b = .062+.040 cos PT

. EXPERIMENT
o= THEORY

—=—-—-#——— THEQORY (MOD)~

FIG. 3 2 DYNAMIC HlNGE MOMENT VARIATIONS, EXPERIMENT

AND THEORY
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not used in further analysis since it is a rather speculative -
addition to the unsteady theory. :

The present theory caﬁnot' 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 11m1t-cyc1e behavior of the coupled flap/
spoiler system. :

3.4. ‘The ‘Desc’ribing Functions
For sp011ef motion of the form h = hy + Ah cos VTt , with

hy, Ah and V constant, the resultant 1ncrementa1 hlnge-moment
coefficient may be represented in Fourier serles form as:

m% A% &wAhV}+§A%n%WAhV}

n=
eos [nwt + zpn {h,, Ah, v_ 1

Results obtained from the unsteady . relatlon (equatlon 3 6)
are as follows:

27 o | -
ACHO El-,ﬁ: _{; ACyg {h’o- + Ahcos wt, ~w Ahsin wt} d(gut).‘

Acy, = [(ashy® + aghg* + ahy® + a3hg® + ah, +a) |
E l (10a5hy® + 6aghg® + 3ashy + %) A K2

S — (535h + a4)Ah4A 1+ -ISEEV—JMI-M Ahs:.n a .
Cphy

[(Saghoé + 434}103 + 3a3h® + 2a,h )+ a) AhA

"'% (103:_--,'!‘1(,2 + baghg + a3) AR As ‘+-g- (as)'AhsAs]A

(3.7)
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L S R Ac
Now define the describing function Ah y
ACHl ,
M tiN
where
= mf Acy {ho + Ahcos wt, -w Ahsin wt}
[o] . S
% .
cos wt .
d(wt)
sin wt
We find:
Ny = [(5ashg® + 4agh® + 3ah? + 2a,h, + a;)
+%'(10a5h02 + hagh, + a) AP A + 2 (@) Antat]
wlomd
A cos ¢ + -T(g;—— sin 2« [E (10ash, + 6ashg
h O . ‘
+ 3ah, + ag)_Ah?A2 + 5 (5ashy + a4}Ah4A4]
| '  (3.8)
and |

= I:.(5""51104 + baghy® + 333h P + '_Za?h.o + a)
+v_l3_; (10ssh? + 4agh, +kae)Ah2A'.2 _,__g (25) AL A*]
kv |U /U]

. ~ 1o s
(-A sin @) + - ¢ cos 2&[2 (10aghy° 3
- 20,

+ 6agh? + 3agh + 3,) AWA® + % (Saghy + ag) AlA*]

kev|U, /U, | . S
- ———6;——-— [(ashy® + agh* + 33 ® + a,h ® + ayhy

be
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-1; ao) +% (10a5n°3 + 6a4h02 + 3a3h  + 3,) ARPA |
3 (Sash, + a4)AVh4A4]‘ - 3.9
Also we find: |

A

i
~
[

V)
+
&
o’

and

¥, = 180° + tan™d 22

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

Acy = AcCy + ACy cos (wt +¢1)

or

ACy = ACHO + N Ah cos wt + % '(-w An sin wt_)

A L .
Plots of ACHO An — and ¢, N, and N, are shown in

Figures 3.3 to 3.5 and may be compared to the exper:.mental steady
flow results which are also shown.

Unsteady predlctlons for ACHO 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 ACHO as frequency increases.

Existing discrepancies, which are minor, can be attributed. _
primarily to the approximate fifth order polynom1a1 curve f:.tv
for steady flow.

Acy

. Predictions of the describing function, —Z-ﬁ’-', are also’

dependent on the goodness of fit of the polynomial.  For high
values of h, there is obvious discrepancy and the compl:.cated
AcC

dependency of _A-_hL on Ah is not reproduced Furthermore,

frequency effect on magnitude is not accurately predicted for
high h_, and phase shift ) is not predicted well over some of
the h, range. Several reasons exist for these discrepancies:
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1. The experimental results reflect the integral effect

Acy
-on.circulation, Whlch would ‘tend to- 1ncrease Zkh as
. frequency-and h increase..-

2. For sp011er motion which 1nvolves 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

ACy o
. to increase ] Z&h , as frequency 1ncreases.

3. The theory does not allow for large bubbles where
" reattachment, hence m1x1ng and addltlonal mass flux,
occurs in the Wake.

g/ fIn the limit at very high frequenc1es, the bubble is
' washed off the airfoil into the wake. It does mot |
dissipate ‘as in our model. The effect of bubble 'wash.
off" is that a large region of high suction is able to -
“affect hlnge-moment greatly. » :

Alﬁhough 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 hy, = .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 con51der the
evaluation of describing functions which can be used when sp011er
motion is of the form: : v :

h=hy (&) + A (8) cos w(b)

That is, for transient motion, where h,, Ah and w are assumed °
to vary slowly and can be averaged over a cycle of motion. We
have: h = Ah cos wt- w Ahsin wt and now proceed to form an
expre581on for ACp(t) which includes the first 'damped :

_-harmonlc 1, The follow1ng expre351ons are ‘evaluated:

2T
-_-—lﬁf CH{h + Ahcos wt, Ah cos wt
o

.9,UJZ§hJSin u)t} d(wt)
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A

f Lo2m R BRI
A =,1r_5_£ Acy {h, + Ahcos wt, Ah cos wt
N ‘ ,
COS wt
- W Ahsin wt} o d(wt)
’ sin wt | '
And we find: |
ACy = AC __f_l_.I.I._I_Ah[ I h‘*+4h3
Ho = 8%~ T T 5 (535 a,

o
+ 3a;3'h02 + 'Zaeho) A‘pA-;-% (I_O?Shoa‘*' 4a4h° + a'a).
AhaAa + ___ (as) AhsAsj cos o (‘3'10). =

where ACHO -is gi.venv in equ_ation (3;7),. O

L kec

AN |
Ah-
N,':Nl--—c-;;—-——— {[(ash5+a4h4+a3h3
o .

+ah® +ah +a)+ 3 ,(ma‘shos + 6-3%}‘02_ + 33;h,
3 . U eaagn .l "
+ a) Ah?A?f 3 (Sashg + a.) AR A ] + iz (10ash®
1 2 AR - . .
+ 6a,h® + 3a33h + &) AWA + 7 (5ash, + ag) -
AntA*]cos 2a} o (3.11)

where N; is given in equatiqn~'(3*.8),~ and

c lU l . . _ .

f '"c! Ah 1 v

Tl Cpp_ U, wAh “4 (1025hy° + 6ashg® 3ashy
o .

+ a,) AKX + -g;- (535h°'+ ay) AHtA*] s;‘.n» 20
(3.12)

where N, is given in equation (3.9).
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. . The above relations will be used in order to investigate
_ system stablllty and transient behavior for the coupled flap/
spoiler system.: -The first terms in the. Fourler series repre-
sentatlon for ACy would be: '

o Ao o |
'Acﬂ_a A6H0+ /1\}1 Ah cos wt+ %- (Ah cos »wt-v w Ah sin‘wt) -
A o N -
*ACHO+ [N,_ 12) AE]AhCOS wt+ % (-w Ah sin @x)

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=hy +kB L (3.13)

which 1nvolves -the coupling parameters h,. and k. We seek to
lnvestlgate the dependence of system stab111ty on these
parameters.

The system equation of motion is of thé form:
AB+ BB+ cB=mH
where ,
H ='Héﬁ+ HB,B+ AH
'l‘hls form of the equation has been Justlfled by exper1menta1
resvults. (See section 2.4 and - reference 20 ) So. ‘we have

. (B-H-).(c‘-n) . BN
B+—TQ-B+_—K—&B=—AA—H o V(3‘14),

In the flap-free case AH, the forcing functlon ‘was due solely
to spoiler motion, but now it is a function of flap motion
through the coupling relation (3. 13) ‘We have:

‘an BCa by o .
.%EACH =t @15y

where- ACH - f {,80, By, w} for spoiler motion of the form B =
Bo + 131 cos Wt. , , '
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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 8 (t) may be neglected.

Therefore, it is appropriate to represent ACH(t) , in order to -
determine system stability, as:

} Aci1 ACH°+ [Nl +§2-§’~]k61 cos wt ‘

+ Ez. (~wk B,_ sin wt)

since

Ah =kBl

A A A o
But now ACHO » Np and N; are functions of the assumed slowly

varying parameters ﬁ , B1 and w.
In order to study susta:.ned (11m1t-cyc1e) osclllatlons we
represent AcCy as: _

ACH ACHO + N;,_ k By cos wt+ Ea- (-wk B, sin wt)

A direct solution of equatidn (3V.14) is not attempted,

instead (as in references 42 and 43) we consider an approximate -

method of solving non-linear differential equations.

First:define A= gl- 2;

- Then from equatlons (3. 14) and (3 15) we find the following
approx:.mate relatlons for Bo> A and w

AGHO q, b £ c f2 o AeHo . .
Bo o . (C TH ) = C ) (3.16)
. B : (q bf c? T CHB)
B-B) -Braq b,
A= 7A —
1 Cf 8, |
Chi@agrebaneeon e
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A _
(C - Hy) - kN q by f

coaé-)@-i-[ e ]
. C .~ (Cyg +kN1)q'b
= -2 4 [— B8 - f f ] (3.18)
| | | e
where h =h01 +k B, Ah=k B and v = Um .

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

il
o

B-208+w?B

Wherev w_ﬁz = + )\é ‘and -\ = Cwn

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 8, = "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 CHﬁ and

: CHB result from the series of flap-forced testing with zero

. spoiler height. The parameter, values are:

A= .0099_sl;ft2; _Bv = ._0'11"5'-'ft-1];183“-1‘sec>

¢ = 477 2R 5 oy = o518
| CHB»=“1-29 o 5 q, bf ef = 1d.zo‘fc;ib
-~ (i.e., 'm 150 fi)

Figure 3.6 presents the’system‘stability parameters over a
wide range of coupling parameters. The lines of constant B,
are seen to be straight, which is to be expected since hy, =

- k B,» The curve of A = 0 defines the system stablllky
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 B, 25-40, which corresponds to h, = .065, '
the system is most unstable for any given k. This c01nc1des
with the peak value of ﬁ;. The constant frequency curves nearly
follow the curves of constant A due primarily to the similarity
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in h, dependence of lNil and N;. An equivalent. -damping ratio,
g, takes on a value of approximately -.07 at h = ,08; k = .3.
‘For h = .10; k = .6, then C = -.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
- Bos B1 and w in order to satisfy the set of equations with A =
A high-speed d1g1ta1 computer was used. At the limit cycle we
have: ,

N L , L
ACHo = ACHO; N =N and N, = N,
and

ACy a,ACHO-+ N, k B1 cos wt+,%- (~wk B; sin wt)

Figure 3.7 contains curves of constant parameter‘values;
Bos By and V. Note that there is evidence of the "rectification"
-effect on ACH A comparison of Figures 3.3, 3.6 and 3.7 shows

that the 8 .—--4 curve is relatively unaffected, which follows
from the unsteady theory (see Figure 3.3). For low values of
hol (hence, low values of hy) we find that B°LC < Bo '3 where

IC and SS stand for limit-cycle and steady-state "equlllbrlum "
respectively. ‘Conversely, for high values of hg;. B°LC B°ss

This effect is more pronounced for large ;. lelt-cycle,

. frequencies are less than for 8; == 0. This is due to- reduced -
magnitudes of N; as B, goes from zero to limit-cycle amplitude.
The frequency change is more pronounced for large B .  Maximum
limit-cycle amplitudes occur near h .08; k = .26. This

corresponds to hy = .065 as expected L1m1t-cyc1e amplitude
decreases as k 1ncreases past about .26 because of the combined
frequency effect and the nonlinear dependence of N, on Ah.
Also, B, = %gi. Note also that for low values of hol 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 rectlflcatlon effect on‘ACH hence B,. In this

case "hard oscillator" behavior ex1sts, 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 thlS phenomenon.

The_theory was modlfled‘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



12+

A0+

06T

m——————=§ (DEG)

KEY:

-—O—— B, (DEG)

FIG. 3.7 LIMIT-CYCLE PARAMETERS (IDEAL COUPLING)



-143-

- system equatlon of motlon as an addltlonal damping term of the
form:

h ‘ S
2
ks k? 4, b cf

~ The dependence on hg q, b. occurs because the normal force on
the spoiler face is a function of dynamic pressure and spoiler
- wetted area. The k® dependence represents the effect of gear
ratio on moment and provides a best fit -to the test data. ‘The -
constant value is kg == .232. ’

A Thus, at the,limit-cycle,~equati6n (3.17) becomes:

h
A’nw] 9, b f f

E—— ch + k'gl - ks ¥

Once agaln a search algorithm was run and results -are shown in
Figure 3.8. 1In this case, however, computer data was con51dered
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 proport10nal

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 max1mnm occurring near h = .073 and k = 25. The

contours of constant By are shlfted downward and to the left'
due to dependence of dry friction on h, and k. . The curves of
constant 8, are not significantly altered however, frequencies
are uniformly increased due to the fact that the- lower ampli-
“tudes, B;, relate to lower values of Ah at 11m1t -cycle, hence
to hlgher values of INll and frequency. :

Finally,pin Figure 3.9 data points taken from several
coupled system tests are shown. Curves of constant frequency,
B, and B, are shown interpolated between the points. In all
cases amplitude data was within 207 of the final results shown.
Frequency results are within 10%. Only data taken for a free-
‘stream speed of- U = 150 ft/sec was used. Some of the tests at .
extreme values of h did not demonstrate long-term sustained

‘ llmlt-cycle behav1or. 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 surprlslngly good. Frequencies, amplitudes and mean values
of flap angle appear to be well predicted. Note that largest
amplitudes occur near B = -3° which corresponds to h, = .06.
This is the region where the unsteady theory is expected to be
most accurate. . . : .
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The concept of relative stability of the limit-cycle oscil-

lations is worthy of mention. Consider the function A,

A=¢£{h, An, vV}

and its total derivative:

DA . YT o
bhcdho+bAh dAh+—-—dv (3.19)

oV

The‘value of j%%ﬂ can be taken as a measure of the relative

stability of sustained nonlinear oscillations. Also we can
evaluate sensitivities; e.g., -

2L . DA\ DA

3h, ' 3AR ¢ v

: The relatlve stab111ty can be 1nvest1gated approxlmately by
reference to equations (3.16) to (3.18) and Figures 3.3 and 3.5.

From

and

also,

Flgure 3.5 and equation (3 17) we have: -
2A <0 for .045<h_ < .085
0 Ah . Cot o °

We also find from Figure 3.3, equatlon (3 16) and the relatlon

h01+kB

bho . '{< 0 for h <>v.065‘
S (o]

3Ah '°1 >0 for h) > .065

- and from equation (3.18) and Figure 3.5

-bv»

bZ&h <0 (approximate1Y)
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Equation (3.19) is apprqximately:

ax 0N, DX . DA Qdv

dA
dAn = [bho~oAh*“bAh*'ov bAh]<:0

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

In conclus1on, it has been shown via small perturbatlon
-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. reglon.' 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 f0110w1ng characterlstlcs

1. 'Bubble length lags sp01lervmot10n due tomass 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 satlsfy momentum relations.

3. The comblned 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-cycle behavior is predicted for
the coupled system. " This predicted behavior is con-
firmed by experimental observatlons.

The unsteady bubble model is expeeted 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-dlmen31ona1 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 investigatlon although

2
some of the important assumptions must be regarded as somewhat
, speculative at present.-

It will be shown that these methods may be applled to other
similar problems in order to obtaln useful results.
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4, TFURTHER 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. TFor 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 extermal 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 M"dynamic stall" is
. initiated with resulting forces and moments that differ in. .
- character and intensity from the steady flow stall case. A’47
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 osc111ate in pltch the
loadlng 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

B 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.

Mfﬁ&gn 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 1nc1dence.~9 This
type of instability involved the single-degree-of- freedom of
rotatlon 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 predlctlng 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.
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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 osc111at1ng flap, the flow
elements are taken to be: -

1. A potential flow field that acts over the surface of
airfoil with mean properties that are related to the
alrf011 at its mean 1nc1dence.

'2.'4The effects of airfoil or flap motion on tﬁe potential -
flow field to include the effect of vorticity whlch
is shed into the wake. :

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

4o A constant pressure lamlnar shear layer to the transi-
tion point.

5. The turbulent mixing-and reattachmentvregion.

"' 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 sectlon, thus precluding the 1nf1uence
of tralllng-edge separation.

Airf011 or flap motion is prescribed. We consider two
cases of forced: motlon, with reference to the diagram below.-
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EDGE OF. THE BOUNDARY LAYER
" REVERSE FLOW VORTEX"

DEAD AIR REGION- TURBULENT FLOW.

YLAMINAR”fLOW'
L REAfTACHA?ST; '
'1, TRANSITIQ&
. vSEPARATION édINf_f

_LEADING EbGE STAGNATION POINT

/‘ o ' Figurelx-l :
' L Leadlng-Edge Bubble Def:mltlons :

CASE I. The a1rfo:.1 at a mean 1nc1dence Oy, is forced to. pltch
'about an axis x = a, with amplltude Aoz such that

"a@)=%+ﬁ=%+muwwt._

whe.re' Oy Aoz and w are constant prescrlbed values.
CASE II. The airfoil is fixed at an :an1dence Oy and the flap

is forced to oscillate with amplltude AB. The flap is' a plaln ‘
,rflap with hmge-lme at x = c. y

o= a,

B (t;): =AB cbs_ wt

We now define non-dimensional time and reduced frequency

- .-parameters. - - -



 flow.
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CASE I

_Uxt - wb
Ta =7 and - a = .I-J:_ -
also
. da b, - ' b se
1= g _ D 1o o By2
o aT, ‘(Um) o ar_ld o Uw)

where b is airfoil semi-chord.

CASE II

so that

B'Eié' = (‘ﬁ'i) _c_l_é ete.

also we have

Hh

so that
v=2(1 -'c) v,

Also, we have a non-dlmens;onal chordw1se dlstance X based on b
w1th origin at mid-chord:

L]
m
o

v-’» 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 ’

veloc1ty 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.

,Wé.Qpnsider,the.non-linearuBernoulli equation‘for,unsteady

SRR (U 2 26
ACp- %—p—ﬁ:g 1 (an) Umg >t , . 4.1)



-153-

with ﬁ, 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
J.e.d ¢=’¢’+$ ' o '(42)
U ,Um UQ-: O.V C . .
and (
28 _ 2%
ot bt

Uy/U,, will be found from the NACA method and’ T/U_, will be found
from c1a351ca1" unsteady thln airfoil theory. :

The unsteady,thln,a1rf01l.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, 31
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 equatlon (4.2) where U,/U_ is known from the NACA
method we find /v, from: - o

__;;_ 1+x T, SR
where

Ty

Den

is the thin airfoil result and the correction factor;

14+ x %’,
(1 + x + pN)

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

Py = -0158

for a NACA 0012 profile.



-154-

~

(JL)Eh is,foupd?_asvekplained in reference 37, from the
relation: ‘ '
T, 1 ~ , 2 33 | |
Gy = - 5 @p, + 5 =2) (4.4)
U_'th 2 *Pu U2 D¢t : 3
where
Cpaa+ CP' o + C,.. Ol'+CpI-. CASE I
~ (a)
-~ Cpu
C + C + C '+ C CASE 1II
Cop P Cop BT * Cog B4 Cpp

The non-dimensional derivatives are for Case I:

Cop = 0

cp&f- [(1+2x) / +2A/1'_- "]
Cp» = (2& -'X) ;\/l -

and for Case II:

1-x
1+x:I

o, _
CPﬁ = ;_»[anNl + 1 - c®
| =2

‘BT a-o

~{cos™ ¢ Jl - -2 (x-c) znlNl

1 L*1 T - o2 T - x4
f 5 [cos e (L4 2x) +cal=-c? ] JT1+x }

CRB E??T-:—ESE.{['I -+ (x - 2¢) cosj  c]‘vq7:T;??
- (x - C)2 ZnINI} ' :

where:

o (- cx - vﬁ - czlJl - x2 )

N & -9

; . The above derivatives are valid for attached flow and
general motion, but with the Kutta condition satisfied.
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The perturbatlon quantities. CRP and C are sensitive
(@)

Te)
..to the dlstrlbutlon of- shed vort1c1ty~1n,the wake, and :we-have:
the approx1matlons

where

c=¢C (va); the Theodorsen Functibn

and Q is found from the Kutta condition to be:

» 1 j? X + 1 :
Q== [ ——— ¥ (x_,t) &
2™ % &KZ -1 © 9
[o]
U [G+ G -a) '] CASE I
LEE: Bv+—T—14——ﬁ"‘] " CASE II
T L0 2 (1 -2¢) - ,

where

1= c® .+ cos™t c
" Typ =cos™t ¢ (1 - 2) +41 - (2-c)

It can be seen that dynamic effects modify the magnitude
and phase relation of pressures due to c1rcu1atlon. The rela-
-tion.; '

: C
M= M -1¢ pILnsteadx
M=Me C
: PT

steady

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 andvReding50~as a significant factor in
stall overshoot. TFlap 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 -
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‘ maes" terms UP. and CE§ are small. ~ Their overall contrlbuflons
.(CP" @ and Cpﬁ B") are usually small except for high frequen-
cies.. The Cpu rerm is hlghly dependent upon pitch axis location.

- The damplng terms Cn- o’ and Cpﬁ B are deflnltely 51gn1L1cant,

especially near the leadlng 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 mot cause
a noticeable modification to the curves due to the scale of the
© X axis. The circulation dependeant components, CRF’ in the_

figures are based on unit values of & and B, and are dependent
on frequeucv and pltch axis Locatlop. ,

The combined effect of pressure components is shown in
Figures 4.5 and 4.6. 1In Figure 4.5 we see a comparison between
-“steady flow and unsteady flow perturbatlons. The motion involved
~ 1s represented by '

&= 5°'cos (0.16 T,)

and the five pictures represent the instantaneous pressure

 distributions at time intervals that are equally spaced on the

airfoil upstroke (i.e., & > 0). This type of representrntion -
“(again excluding Lighthill's leading-edge correcrisn} has been
offered by Carta®* as indicative of the imporiant role unsteady
flow effects play in dynamic stall., This additional, unstsady.

_ distribution involves favorable pressure gradients along the

' entire airfoil chord as the airfoil pitches upward rast & = O.

" This effect helps not only in a delay of bubble burstiny, buc

“in a "suppression" of trailing-edge seall as well See refefence,‘
37 for mere detalls on this. : ' C

v

Figure 4.6’1nvolves motion of the form:
B =5.73%cos (0.127) . .
and indieates trends, ﬁear the leading-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 ~_b$;’2 [b¢€$ b¢F]
U2 0t U2 ot~ ot

where: .
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2/T-F & + (x-2a) JI - &  CASE I

T leesT eT-F - - z@lNIJB'
P WIS TR st e
(x-2) VI =R - (x - c) 4n|N|]B" CASE TI
and . . '
v.bar o : i (D x) v . .
2 I - a’ ,
U2 ot “ BT W) + 1TV )] T Q
where -
‘ -ivaxé
' R - dx0
I, -f

J——(x~

‘and I is evaluated numerically.

In Figures 4. 7 and 4, 8 we see the dlfference in the unsteady
quantities: :

8

" 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 tralllng-edge. In all cases, as one would expect, the
veloc1ty perturbations -~ u/U°° lag the pressure perturbations-:

Cp . These magnltude and phase relatlons -are very much frequency

and pitch axis location dependent, and the curves of Flgures
4.7 and 4.8 must be treated as such. :

" The lamlnar boundary layer, separatlon point and shear
. layer are approximately accounted for by the quasi-steady
- assumption that they react instantaneously to changes in the
~outer flow. . This assumptlon 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 separatlon point is found by use of an empir-
ical result found by Owen and Klanfer, Gault and Gyorgyfalvy,5
_that 1s,
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where Ug /U and U /U -are veloc1ty ratios at separat:.on and the .
point of max:.mum veloc:Lty.

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

U

Lo L .k . a

T U, T, CLa %
U ya |

. = =k .. I
TG+ @ oy - a

and we find
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U

m—_—-
E- o (U )max

from:

d (EL) d (Ei):
U’ .~ Us” o o o
0x dx Ly * o /

which yields the magnitude and location of
U,
G
U, 'max

as e»function of o,

From the above relations we find the predlcted separatlon
- point..

, , Ve10c1ty perturbatlons are accounted for by cons1der1ng
the follow1ng. '

) ~

= = s ..U
Xy = X +,A.xs = Xy, + T T

B o (F~ ®

"where x o is the predicted steady flow value of Xg» the . laminar'
separatlon point. Although -

'-—-— << 1

th1s perturbatlon quantlty is found to yleld a 31gn1f1cant effect.

The quantlty dxg /0 (U/U) is evaluated for xg = Xgq3 u/Uco
0, as discussed in reference 37. , V

The relation which is used to determlne the 1nstantaneous
4 locatlon of the laminar separation point is then:

0x

x (t) =x_ (o) + S . ’E(f)'
s soo b(ll) ‘ U, _
A : @=0,
Xs = %30
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On Figure 4.9 the locations x and xg refer to maximum-
velocity and separation points. Xy is the point of turbulent
reattachment. Distance £ 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 separatlon
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 1nterested in flndlng the lengths £ and m so
that we can ‘determine the pressure (or veloc1ty) rise across
the assumed bubble. :

- At present no analytlcal 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, velocltles and surface
‘curvature. : - :

We,-therefofe,'choose to fall back on an empirieal model
that is due to Von D'oenhoff,5 The Von Doenhofﬁ-model/is:

pU (x.b-x)b pU L b
Rexb H T _‘5;;'104

where Ug is the veloc1ty at the edge of the. boundary layer at

the separatlon point, Xg. - Therefore, we have'

»Ituis shown in reference 37 that ah”apprbpriate quasi-steady ‘
flow model for the turbulent mixing and reattachment region is:

m(t) U (t) b p

where k; is a functlon of Reé ; that is, the Reynolde number -
based on- shear-layer dlsplacement thlckness at separation.

Based on experimental results, the relations above are
.combined and a constant added so that we have approx1mate1y

4 ) = Ptk
S
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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- separatlon -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 geod
agreement with values that were interpolated from NACA 0010
(mod) and NACA 665 - 018 experlmental measurements for Re

2 x 16 which were taken from reference 51. Results for bubble
length at ¢ = 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 imodel is
consistently overestimated by about 0.75% of chord, and the
turbulent region length is' overestimated by about O.S%Aehord.'
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 takeén to imply that bubble
bursting is not achleved. In the case of .the NACA 0012 (for
Rec 2 x 10%) it appears that static stall is achieved when the '

leading-edge bubble bursts at an 1nc1dence of around 13 16

, The pressure recovery coefficient, O, or Crabtree's param-‘
: _eter can be evaluated also.. - It is deflned

Cp, = Cpg -

0 = =T
1 - CPS':

It has been evaluated in steady-flow for the NACA 0012 and
results are- plotted in Figures 4.1l and 4.12.

Flgure-4 11 involves the NACA 0012 with various combinations:
of o, and ¢. The trends ‘appear at least qualitatively correct
except that most combinations of o, + @ do. not yield exactly the .
same result for an. egulvaleng "non-perturbed" incidence. For
example, for o, = 14 0" we have 0 = ,273 whereas for o5 =
10°; o = 4° we have (o) —~.276. 'This discrepancy is expected,
however, and thought to be acceptable in light of the fact that.
- the pressure distribution_imposed by perturbations, @, is of
~the thin airfoil form (i.e., ~A/(1 - x)/(1 + x)) and includes
-,Lighthlll s correction factor. Similarly; the results of
Figure 4.12 show the same effect. The irregular curvature to
the o« = 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.

‘A 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 G =

Ocr- For example, if ¢ stall = = 13° then we take GCR = ,26 and

can find combinations of 0, and B 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. 1s seen to be an appropriate measure of velocity drop
since;’

g = EEE;:_EEE =1 - éEE)z
s s

Now deflne a parameter, Young and Horton s parameter,14 whlch
:I.S.‘

2AU AU
0=~ [0+ ()P
Fo T G

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 pltchlng motion is con31dered with: '

‘o= 12° + 5 cos V, T, ; Va = .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/U ex1sts 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 :

(—.....

G

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

- then the critical value of AU/U follows from point (1) on
Flgure 4.13 and we have: R

AU, o
-}(US)CR = - .13 fs: a%t tic ‘12.0

: Stal._l

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

(M)>_ .13
S.

Thus, on the upstroke, bubble burstlng (and the 1n1t1ation
of. dynamlc stall) is assumed to occur at :

: f.A.p_ = _AE
U U, 'CR.

FromsFigure'§,13 we find that for

- 3 ’ » oi = °
"stall
or for
< . T . - 50
,va 0.30 (di.e., 3); aﬁynamic | 13,2
' stall

If we dé'fi_.ne' a stall angle overshoot, A o, where: . ..

: ZSO% ='qaynamic frogtatic'
stall = . stall
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then we have:_v
.6° forv, = 0.04
1.2° forVa= o'.3o

Points (4) and (5) on Flgure 4.13 can be assumed to y1e1d
the reattachment angles as discussed prev1ously.__

‘The difference between using- a velocity-based criterion
Z&U/Us , and a pressure-based criterion O, has been investigated
over a range of pertinent parameters. It appears that the -
difference is mostly sensitive to frequency effects, and if we

—deflne an error parameter e(v), where : :

cw) = 'M‘SU'- A%y
= %
U

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

e(V) ~ .267 Ve

Thus, at low frequencies, predlctlons based solely on .

.pressures and. Crabtree s criterion will yield reasonable results.‘"

Results based on.the. veloc1ty method of determlnlng 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 (Aag) is plotted versus §
pitch rate at bubble burst ('g). The effect of frequency and - -
amplitude of oscillation is clearly evident and we find that

for a given frequency, A, is roughly proportional to the .
amplitude of oscillation (Z o) which is a more-or-less - -expected
result since a linear unsteady flow model is used. Notlce,- A
however, that for a given value of 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 Q&U/U ) was determined from the somewhat -
-arbitrary: selection-of- steady flow stall- angle where

Cstatic
stall
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was assumed to be 13.1°. (This corresponds to Qg = +26 and
Ay, _

The results relate to airfoil pltchlng 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 NACA 0012
leading-edge bubble are considered where o, = 12° and

AU > T

which yields

_ o
Bstatic = 3.4
stall
Also,
A’Bs E de*namic - Bstatic

stall stall

For the largest amplitude considered (i.e., AB = 20%) the
effect of frequency on A S, and B's generally follows trends.
which were seen prev1ously, however the lower amplitudes,
AB = 10°, 15° exhibit a different effect. Consider now the
constant - amplltude curve A B = 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 AB = 5° (and for V = .08). This effect relates
to the so called "stall free reg:l.me" ment:.oned 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. dlstrlbutlon 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 reg10n.53
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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 ofzcirculation: does -not -appear
justified. : :

Reference 37 also contains an approx1mate ana1y31s of the
effect of unsteady pressures on. turbulent trailing-edge separa-
tion. Stratford's cr1ter10n54 is used to show that on.the airfoil
upstroke (or flap downstroke) trailing-edge separation is likely
" to be supressed so that leading-edge separatlon 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 potent1a1 flow and data based on moment stall of an
airfoil. : : :

. Consider now an extension of the‘pfev1ous qﬁasi-steady _
model to allow for the dynamics of bubble growth. . The model

of separation bubble dynamlcs of sectlon 3 serves as a starting
point. v

Crlml in Reference 55 has concluded that growth of the
'leadlng-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 essent1a1 so that
the bubble may grow, and we have: :

e o d L
Be =P Tt Ppubble?

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:» : ‘ ' o

Ap V . .
rb 1 1,1 € B -
A‘::P::b 3:pU2 =[5 (4>+a.+a2>]§pU 6.

-

For quasi-steady bubble growth we have approximately:

k1b2 (a

Apubble = %seall
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or

stal

o D . = - . ). b ,.-.-. e —— e
m€ = Zp kb (& (0 55 1) Ot :

and -

Op Sheb (@ - Oy

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

~ 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: o

T T
I A R T
but A
%f = -V, Aasin wt = a’
for
=0, +Ax cos’ wt
'and

U‘G‘

- L
———— T - 2
(1 CPs)' :

8d

Also, assume T - constant so that

D . - 1
ATy =k - GF

. 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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growth- CR-i-.A-(J
where
Ag A.Cprb _ o'
(1= ¢p.) - 2
o S (1 . CPS)
and _
SRS VR R peny i B
=3 G Pl

" Computations were performed in order 'to find the overshoot -
angle~of-attack for a pitching airfoil. Overshoot angle in this
case 1s defined to be: : : ' '

Ac, @ bble " Xstatic
_ —growth . stall
Aa | Ao

A single case was chosen in order to compare w1th experxmental
data. Motion is of the form:

=12° + 50 ’co's,wt .

- 19° . '
: UCR ‘was ‘chosen ‘so that astatlc = 12", Invthls case, a pressure

stall - :
crlterlon was used in order to predict overshoot angle thus a
small discrepancy is expected with overshoot angle being sllghtly
underestlmated

Results are plotted in Figure 4.16, as curves for bubble
growth. Two values of the shear layer parameter, k,, were used
(i.e., kg = .25 and k; = .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 ummodified quasi-steady. theory. The curve
labeled "bubble burst based on pressures" is nearly coincident =
wiﬁh results if either the pressure gradient at 1.25% chord or T

Ocr 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 fozgg to be nearly coincident with a prediction of .
McCroskey based on the pressure gradlent at 10% chord.

The. onset of bubble growth, as predlcted 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 =



. -182-

'MOMENT STALL DATA

® CRIMIANDREEVESTHEORY ~ <+  INITIAL BREAK-
<> WINDSOR EXPERIMENT B ey -
[0 CARTA AND NIEBANCK = )\THEORY,

v LIVAetal - | “"lfﬁsi%ﬁuw:

A HALFMAN,etal
— THEORY, BUBBLE GROWTH .

o= a + Aozcoswt o, ~a static ; Aa~5°
1.0 . stall N\

4

<

+

+
o4 |+

i
F o
+ ’ .
+ < BUBBLE BURST S
- BASED ON VELOCITIES

#‘ + ,L’:':::____._
| f-x

- “\BUBBLE BURST - ,
» : 'BASED ON PRESSURES

FIG 4, 16 - THEORETICAL AND EXPERIMENTAL STALL DELAY ON
T OSCILLATING NACA 0012 AIRFOILS



-183-

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- 1nstab111ty) 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 begln until mass is forced into the bubble at.
a sufficient rate to cause growth

4.2. A Type of Control-Surface Buzz

The dynamics of a separating region are known to be an
'element in the problem of control-surface buzz. Lambourne in’
references 1,49 & 57 discusses this example of flutter in one
'bdegree-of-freedom'whlch 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
separatlon is 1nduced by the shock wave(s)

Some conclusions concernlng type A buzz are:l,

‘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 fa115‘w1th 1ncrea51ng alrf011
.‘1ncidence.

3. The cr1t1ca1 Mach number is mot greatly altered by a
dhange in the elastic hlnge stlffness.

4. At constant Mach number, the buzz frequency is glven,
approxlmately by:

w = [———ﬁ]%

The theoretical work of Eckhaus®®>39included shock 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 offered.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 viscous-inviscid
interactions at. transonic speeds:one=can-further speculate-as
to the mechanisms and interactions in type A control-surface
buzz. : '

Consider now a typlcal type A flow which 1nvolves 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 divergerce in tra111ng edge pressure.’
The flap is fixed at a '"steady flow equilibrium' angle with =

Cy = 0.

In this case, which borders between the so-called "weak"
and "strong" interactions of the shock/shear-layer system and
the overall flowb2 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 relatlvely weak in the overall sense, since
trailing-edge pressure has not dlverged

Now 1f the flap were to be oscillated harmonlcally with
very small amplltude 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 aerodynamié¢ hinge-mcment
was approx1mate1y 1ndependent of sp01ler height and bubble
length :

‘ As a result of flap motion, pressure perturbations are o
realized at the shock. If the region of supersonic flow azhead

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 dlscussed
in reference 61 and is approximately: : :

=_..__C.‘-______
Arcrraom

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

At U, = . ap. .
ce L (1-M)

AT =

4
C
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A phase shift may be found:
¢ =2TEf At =V AT

Thus, the pressure perturbations at the aft face of the shock,

0ps, 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 relatlons
for a normal shock. ,

‘ . U U
6p . _4Y _s: _s
SE = oS D) for Ial | <<

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

. ' o U
Po -P1 __4 s ly, 8 s
Y P M® y+1 (1 : Mi?) * y+1 (Ui)

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»
along with an equation that may be solved- for the pressure
'perturbatlons 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 p, ~ pp. 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 sp01ler/f1ap experlment 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®4 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 amnormal
shock where an oblique shock emanates from the edge of the shear
layer, we have an approximation from reference 66. L

Po_ = P1 - M, 2 9

B, VL |

where 6 is the deflection angle of the outer flow and can be
taken as equal to the angle at which the shear 1ayer 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. -he :
preceding equatlon yields approximately:

, . "
Qpﬁaa—l‘ﬁ——se (for ’Z:-,<<M1)

Entrainment of fluld 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-
flcantly reduced. Thus, in a manner analogous to spoiler
induced effects, one would expect that shock motion 1nduces'
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. 1In 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.)
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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-exc1ted osc1llat10ns, that is, control- surface-buzz.'

The preceding discussion involves a con31derab1e‘amount of:
speculation concerning the exact interactions -between flap
motion, shock movement and incremental hlnge-moment._ For .

example, the displacement thickness effect of the shear-1layer on d,t

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 approx1mately modeled in. order to
study the onset of buzz. :

As in the coupled sp011er/f1ap experlment we take as the
equation of motion:

. (B-H) . (€C-H)  An el
Be—L 4+ Eg-81 4

where Hj and Hg are aerodynamic terms which may be found from
tests at moderate values of freestream Mach no. in ‘the absence
~of s1gn1f1cant shock-induced separation. '

.- The: 1ncrementa1 hinge-moment is related to the coeff1c1ent
ACh , which can be determined in steady flow with the flap fixed
by varying freestream - Mach number, M_, 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 ACy is known near the steady-flow "equilibrium"
flap position. . The incremental hinge-moment coefficient as a
function of M is expected to qualitatively resemble the
correspondlng term in the sp01ler experlment as a functlon of
sp011er helght.-

‘A solution for the coupllng relation between flap and shock

motion can possibly be: found by extendlng Eckhaus' work. For
flap motlon of the-form: : v X

. ﬁ = ﬁo +¥ﬁl COS W — e
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shock position can be represented from the linear theory of
Eckhaus as:

Xsh
sh c

X -—f_xsho +x cos (wt-7y)

where le = -g—;i- Bi. g—;% and ‘)/ (the 1lag angle) are functionms

e
of Xgh,> M, V and _f_ - Xgh, can be found as a function of M

from flap fixed experlments with 8 = .. B, should be the
steady flow equilibrium value for a given M_. It will be
expected in the present asymmetric flow example (i.e., .a single
shock exists at the omset) that a "rectification effect'" will
exist so that B, = B,(t) as in the spoiler/flap experiment;
therefore, Xsh, will vary during the transient growth of oscilla-

tions in a buzz situation. We may take:

o &y
- Xshg < (Xsho‘)3=0 d,B Bo
where is found from experiment or theory, or as an approxi-

| -. » mation:dﬁb '
xsho (xsh )ﬁ 0 B Igo

- The ratio %‘f should also be found as M_ is varied. Experi-

‘mental results found by Nakamura (Ref 64) indicate that y = 0
for V.= .09, however, other tests and the time lag theory
previously discussed indicate that 7y may be nearer 809,or SO,
v is found to be primarily a function of frequency, V.

63

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

M =ty = Mo
M, = 1-,M1 M a; _Us
| X |
where Ug = - e - " ¢ X and for transient mot?.on:

. dx ' |
Usa-c[xsh +°; 31 cos (wt- )-wi-&-ﬁl_

| sin (wt-~ 7)]
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whefev Eckhaus' f.heory‘ could be used vto find values of —2-7}3&- ancli.
1

~y which are based -on-average- values=of-1and- Xgh, over a cycle--
of motion.

We then have:

b

/V - m c . ) ) bx i
. Mw.,—- Ml_al'[},{Sho | 3B, ,Bl cos (wt-?) - w—b—.é;lsl
©sin (@t- ] |

or with the approximation ’Esh b B Bo we have: -

F

om - fs 35 o s cos o) - w
sin (Wt~ ‘)’)]4-

In an actual buzz caseé the coupllng terms -g—B-l and y are -
: 1

Vexpected to be functions of flap amplitude as well as shear~-
layer displacement thickness. The present relation can be .
written for the 11m1t-cyc1e case as: :

:a‘. Mmcbx;

ﬂ;' = [wpBy sin (wt'_ 7)]

Ma 08
- or és.: |
~ L . T _ .y
M, =k B cos (wt-_z -y

which. shows that the equ:.valent Mach number perturbation lags -
flap motion by 90° + Y. where k; and v depend. on frequency and :
M .. This relation may be compared to the spoiler height
perturbation in the coupled spoiler/flap experiment.

’1‘1’=k,31 cos wt

where

~ 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 "effect:l.ve" Mach number pertur-
bation:
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MwEff gA.kl Bl COS (wt- 'TZL -Y - Ot)

For a critical range of v 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 f£lux 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 ACH results ‘as
in the spoiler case.

The net result is that unsteady incremental hinge moment
may be approximately found as a function of B,, B, 51, vV and
M_. Under the apparently reasonable assumptlon that flap motion
is approx1mat:e1y of the form:

8 =36+,/31_cos wt

' We can prdcéed to find ACy in describing function form:
. ACy v Ac_ﬂo+ le,lﬁl cos Qt-i- -I:Llw ‘( wﬁ; sin wt)
and for transient motion we have:
AC'H EACHQ"" [Nl + ) >\] lel cos wt- -

. A : L
’ .+'§250151— (- wp sin wt)

where . X = g’- and terms in the ,s>é:;:71".es are found in the .obvious
1 R A . -
e G e o e e R
fway wi =N + i an = iN.
’ AM, T AMm B ‘

 Consider now a. qual:.tatlve d:l.scuss:.on of transient and llmlt
cycle behavior for the buzz problem based on results for the .

o -‘coupled sp011er/ flap problem and other exper1menta1 data.

In the experiment with spo:Ller and flap coupled we have the
] couplmg relation:

h = hol,_+’-k B

(hol' +k By)-+ Xk By cos Wt

ho + Ahcos wt'_
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for flap motion of the form:
B =B, + By cos it

'i‘hus, the mean spoiler ‘height is-ho =.h°1 + k Bo and .spoiler.

amplitude is Ah= k /31.; The spoiler oscillates in phase with
the flap. ‘ , '

In the buzz problem for flap motion of the form 8 = B +
By cos wt we have an approximate mean effective freestream :
Mach number.

ﬁo
(Mm)éff =M, + -E-Fo—
| d M
d B,
where an may be found from experiment or we may use as an
approxlmat:.on ' '
' ‘ dx
sh
d Bo _ M %
M~ Tdxy
M, PT

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:

X = Xshg + x; cos (Wt=17y)

sh
-"‘ﬁ -i-—--—]-b B coé (wﬁ- v)
sh, b B1 1

and an effect:.ve freestream Mach number perturbat:l.on that is
approxmately- :

<ﬁw)eff =A ky By cos [wt - (% +y+ )]

= (AM,) ¢¢ cos [wtf (% +v+ )]
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with 7
My ¢ 0%
Ml a3 ,8

A= 1.0 "kl' =

mhig relatxon is va11d for Iﬁ [ < lﬁlf and- lkl << 1.

: We may tentat:vely assume that the lag in bubble growth is
negllglble and we have. ‘

| (ﬁw)eff = klpl cos [w't-j (g + 7)]

The above result 1s essentially’a qua51-steady model ‘of shock
_effects.-

_ ‘At _the onset of instability we find from Nakamura's
»resu1t564»that;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 agreater 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:7ore,
- it appears appropriate to tentatively take ¥ = 0. In this case,
fperturbatioﬁs are in-quadrature with flap deflection and we
‘have a result which also includes the pressure perturbations to
the separated. reglon whlch are assumed to act in phase with

K (Mm)eff
Y T A : .
Acy = A8Ho+v%— A kB cos wt+ B‘”f—‘- (- wB, sin wt)

‘When the above expression is substltuted into the equatlon of
- motion (4. S) we flnd as in section 3: -

£
U w ’ £ i
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Since the effect of freestream Mach number on ACH in steady
flow is expected to be qualitatively similar to the sp011er '

he:t.ght effect, 1t follows that the describing function ACHI
- AM,
will be of s:.mllar form. Refer to Figure 3.4 and note that a

maximum value of , AL ,-occurs at about h = .065. 1In the buzz

case we expect a similar dependence on M_. The effect of Ah
on -—A#‘- 1s expected to reflect the'dependence of AM 1_ on .
. [+]
Mo ¢ 0%y

(AM, ). off where (AM, )eff A kB, _El——l- 0431 wpBy. Thus, we.
can study system stability with the notion that M_ relates to
hol and k; relates to k for the spoiler and flap system.

Unlike the spoiler and flap system, however, k; is a
- c. . - A
function of M_, ,30, B1, ?f and V. As M_ and V increase we

0xy .. . . . :
- expect CE * to decrease. This follows because in transonic flow
o 1 : :

A‘ . E . . . ) . N ) ) -
,as‘ Tl—-_—i;-l-‘lncrea.ses g receding _wave: ,Whlch .are propagated .
w
U

.upstream tend to cancel and for m >> 1 upstream effe'cts
can be neglected The parameter 1—2’- then will decrease as V or
.M :anrease, and .1‘.12.._1. will decrease as V 1ncreases.

'l‘he solution for stability parameters in the buzz case may
be represented as in the sketch below

B, = CONST

’ 14
SYSTEM STABILITY PARAMETERS
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The A = 0 cuxrve is a closed curve duc to the effect o:fv at low

T -

and high frequencies and because 1\20%51- = 0 at high frequencies.,

The Jhorizontal iine labeled M_* relates to the M_ value for »

, ACHl
AM_

"steady flow equilibrium" flap angles. The coupling parameter

tmax" The horizontal lines labeled Bo = const represent

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

Limit-cycle behavior may alsc be predicted even in the
o ' 1 : '

- absence of amplitude effects on T’)—EL and ¥y since _Kb_liij -0 as’

oM, )eff increases as in the spo:.ler/fl;g case.

A sketch of limit ‘cycle par-amet_ers, as in Figure 3.7, would
likely appear as follows: ' '

8

: v
~ LIMIT-CYCLE PARAMETERS

'Maximum zmplitude limit-cycle oscillations relate to M_*

and a critical value of V (somewhere around V = .10). TFor iower .

frequencies the coupling parameter _wL is increased and in the

actual case ¥, the shock lag angle, would increase as 81

... increases, thus allowing for large amplitude limit cycles at

- low frequencies. Curves of constant amplitude, B8,, are there-
fore skewed to the left. At high frequencies the coupling
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parameter %% decrgaSes. At M_ =M * the ; = 0 locations will

likely correspond to the A = 0 points in the preceding sketch:
For values of M_ above or below M_* we expect that a 'rectifi-
cation effect" (as in the spoiler experlment) would serve to
modify Bo, with the degree of rectification dependlng on
amplitude, f;. :

The shaded regions in the sketch lie outside the previous
A = 0 curve, and result prlmarlly 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 conclusionsvhave'prévibusly-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
qualztatlve and fair quantltatlve agreement.

" In the study of a lamlnar leading-edge separatlon bubble
on an airfoil, it is shown that a model based on an unoteady
inviscid flowfleld acting on a small quasi-steady bubbls 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 pressiure 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)
8o 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 separatlon 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 con51derat10ns.

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 aerodynamlc problem areas mentloned in the
1ntroductlon. : :
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