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Shock-Induced Dynamic Stall

L E Ericsson* and J P Redingt
Lockheed Missiles & Space Company, Inc , Sunny vale, California

At freestream Mach numbers above M= 0 3 shock/boundary layer interaction begins to complicate the
unsteady airfoil stall characteristics The present paper shows how theoretical relationships can be developed for
the interdependence between unsteady and steady characteristics to provide the means whereby the shock
induced dynamic stall characteristics can be determined if the static characteristics are known, e g , from ex
periments

Nomenclature
a = total time lag parameter Eq (15)
c = two dimensional chord length
d = sectional drag; coefficient cd = dl (p(
f = frequency
h = cross sectional thickness
kM = shock movement parameter Eq (11)
/ = sectional lift; coefficient c, = l/(p00 U2

x/2)c
M = Mach number
mp = sectional pitching moment; coefficient

cm=mp/(PooUl/2)c2

n = sectional normal force; coefficient
cn=n/(PooUl/2)c

q = pitch rate
r = radius
t = time
U = velocity
U = convection velocity
x = chordwise distance from leading edge
a = angle of attack
a:0 = trim angle of attack
A = increment and amplitude
A/z = height above ground plane
6 = perturbation in pitch
£ = dimensionless x coordinate = x/c
£c = convective time lag parameter
£sh = effect of shock movement
£sp = effect of separation point movement
£w = Karman Sears wake lag parameter
p = air density
PN = dimensionless nose radius = r/c
T = dimensionless time = U^t/c
co dj = angular frequency; co = 2irf d> = coc/ U^

Subscripts
a = atttached flow
c = critical
OC = oscillation center or rotation axis
d = discontinuity
h = hysteresis
LP = local peak
N = nose
s = separated flow
sh =shock
sp = separation point
TH = theoretical
v = vortex

/2)c
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w = wake
oo = freestream conditions
Derivatives
Cma = dCm/doi
a = da/dt

= integrated mean value the " effective damping
derivative"

Introduction

INCOMPRESSIBLE (low speed) dynamic stall has received
a great deal of attention12 and methods have been

developed for prediction of the associated unsteady
aerodynamics 3 4 However it is only recently that serious
attempts have been made to investigate what role the
shock/boundary layer interaction plays in the dynamic stall
phenomenon McCroskey et al 5 6 found that the peak
velocity on a stalling airfoil exceeded sonic speed already
when Moo>0 2 (Fig 1) The analytic method developed in
Ref 7 for prediction of the peak velocity ratio at low subsonic
Mach numbers, when U^/U^ «MLP/M00 can predict MLP
through the transonic range with less than 10% error The
same analysis showed that M^ >0 35 would be required for
the appearance of a strong terminal shock This is in basic
agreement with the experimental results in Ref 5 where no
shocks were observed in the tested Mach number range
M<0 3, but the authors expressed the expectation that such
shocks would appear if the Mach number was increased
beyondM=0 3

These results indicate that shock/boundary layer in
teraction will enter into the dynamic stall picture in many flow
conditions of practical interest The present paper shows how
theoretical relationships can be developed for prediction of
the shock induced dynamic stall characteristics using ex
perimental static characteristics

Analysis
The dynamic stall characteristics are determined by

superimposing the effects of separated flow upon the attached
flow unsteady aerodynamics determined by use of thin airfoil
theory 8 9

Linear Analysis Results
For small oscillation amplitudes and low frequencies

I0C/C/I < 1 and d)2 <^ 1 the local linearization concept can be
applied even to the nonlinear separated flow aerodynamics as
long as the characteristics are continuous in nature This

tin Refs 16 and 17 the half chord c/2 rather than c is used as a
reference giving twice the magnitude of the damping derivatives
compared to those herein
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permits the dynamic stall characteristics to be determined by
very simple analytic means.

The attached flow damping, cme , is obtained as follows8'9

* (0.25 - -0.75)] (1)

where £w is the Karman-Sears wake-lag parameter,10 giving
the phase lag
follows8 •

£w can be approximated as

co<0.16

= 0.245/o>, o>>0.16 (2)

Experimental results11 indicate that the attached flow
normal force slope, cna=cia+cd, can be approximated by the
thin airfoil lift slope, c/a = 2?r, even for thick rectangular cross
sections. Compressibility effects are accounted for using the
Prandtl-Glauert compressibility correction up to M00=Q.9t
where the agreement with experiment ceases.9 Thus, one
obtains

M<0.9 (3)

The static derivative cmGiQ in static tests, and cmda in dynamic
tests, is obtained simply as

cmea = - (c™) TH (0.25 - £OC) (4)

The difference between cmda and experimental results is the
effect of flow separation on static stability

= cmoi — cn (5)

It has been described previously how the corresponding
separation-induced dynamic effect can be defined by the use
of an effective time lag. In the case of a flare-cylinder body12

(Fig. 2) the separated shear layer impacting on the flare at
time 't, when a ( t ) = 0, was generated by the nose at a time
increment At earlier, when the angle of attack was a(t —
At) >0. Thus, a residual flare force exists at a ( t ) = 0, which
drives the motion. Consequently due to the time lag the
statically stabilizing flare force has a dynamically
destabilizing effect.

In the case of a pitching airfoil8 the situation is very similar.
The aerodynamic loading existing at a ( t ) = 0 is the residual

PN = 1.58% PEAK MACH NO, MLR

PN = 1.10% EXP (REF 6) PRED. (REF 7)

^ PN = 0.80% O ———————

15° A0 =10° w = 0.20

effect of flow conditions initiated a time increment earlier,
when a(t-At) >0. Also the time history effect in this case
can be described by the use of a lumped, finite time lag, as has
been demonstrated.8 One then obtains the following ex-
pression for the separation-induced dynamic effect.

where Acm6s is given by Eq. (5) and Ar5 is the effective time-
lag parameter

It is shown in Ref. 4 that in the case of dynamic stall the
Karman-Sears wake-lag parameter £w is no longer frequency

NOSE AT TIME

Fig. 2 Effect of time lag.
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Fig. 1 Peak local Mach number on airfoils just before stall.
Fig. 3 Damping characteristics of a c/h = 1 rectangular cross section
as determined by experiment and linear analysis.
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Fig 4 Damping characteristics of an indented c/h = 2 rectangular cross section as determined by experiment and linear analysis
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Fig 5 Static aerodynamic characteristics of an indented c/h = 2
rectangular cross section at Ah/h = 0 55 (Ref 21)
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Fig 6 Static pressure distribution on an indented c/h = 2 rectangular
cross section at A/Z//Z = 0 55 and M^ = 0 7 (Ref 21)
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Fig 7 Static pressure distribution on a high performance airfoil at
M^ =06(Ref 21)

limited as in the attached flow case 810 Eq (2) but remains
constant

*w = 15 (8)

For separation well downstream of the leading edge there
is in addition to £w a delay £c of separation due to the time
required to convect upstream pressure gradient effects down
through the boundary layer to the separation point £5 This
can be expressed as follows:

S^tsUn/U (9)

where t/is the mean convection velocity
The time lag due to the effect of the moving separation

point £sp takes the value £s ~0 75 for turbulent boundary
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Fig 8 Static pressure distributions showing the effect of sudden flow
separation on an indented c/h = 2 rectangular cross section at
A/Z//I = 0 55 and M^ = 0 7 (Ref 21)

layer separation which is the prevalent dynamic stall type 13

Thus
£sp = 0 Separation fixed

= 0 75 Separation free to move (10)
In addition to the above time lag parameters valid for

incompressible flow one has to add the effective time lag
parameter £sh for M^ >0 35 to account for the effect of a
moving terminal shock According to the analysis in Ref 14
one can define £sh as follows:

M0 0<035

035<M0 0<M r (U)

For the airfoil tested by Lambourne 15 one obtains14

kM «1 2 which for lack of other data is the value used in the
present analysis Mc is the Mach number at which the shock
with associated flow separation has become fixed at the
leading edge

The analytic means described above were used recently in
the analysis of the aeroelastic stability of the Space Shuttle
cable trays 16 Initially the exterior of the cable tray consisted
of a rectangular cross section with a chord to height ratio of
2 c/h = 2 Because of the unknown structural characteristics
of the heatshield material used the corner was assumed to
vary from being completely sharp to having a corner radius of
r/h = 0 13 In both cases flow separation starts at the leading
edge and £c = 0 For the sharp corner the flow separation is
fixed i e £Sp = £sh-0 For the rounded corner MC = Q66
according to the experimental data trend 17 Thus £„, = ! 5
£ s p =075 and £sh is given by Eq (11) The oscillation center
was at Joe = 0 5 in all cases Figure 3 shows that the predicted
pitch damping is in rather good agreement with the ex
perimental results 1718

V 1/>ncr- SEPARATEDa = 10 DEG

0 84

Fig 9 Sudden separation effects on a slab wing airfoil section (Ref
23)
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Fig 10 Effect of angle of attack and oscillation amplitude on
measured damping (Ref 17)

The prediction for the indented cross section representing a
later design of the Space Shuttle cable tray 19 is also in good
agreement with experiment1718 (Fig 4a) In the presence of a
ground plane the attached flow damping the thin airfoil
theory curve in Fig 4b had to be corrected for ground in
terference effects 19 20 The reason for the deviation between
pediction and experiment in this case (Fig 4b) is probably the
effect of the ground plane It causes complete leeside flow
separation and the thin airfoil value £w = 1 5 which assumes
that the shed vorticity is convected downstream with
freestream veloctiy should probably be modified by the mean
separated flow velocity n i e

w = l 51/0./C7 (12)

where U/ U<X<1 0
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Fig 11 Comparison between predicted and measured nonlinear
damping characteristics at M& = 0 7
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Fig 12 Comparison between predicted and measured adverse
damping characteristics

It should be emphasized that the agreement between
prediction and experiment in Figs 3 and 4 is unexpectedly
good, considering that the analytic method was developed for
airfoils and not for the bluff cross sections to which it has
been applied in Figs 3 and 4

The static experimental results21 indicate that the
aerodynamic characteristics are continuous at a.' = 0 (Fig 5)
and that the bottom side pressure distribution on the indented
rectangular cross section (Fig 6) is similar to the leeside
pressure distribution measured on a high performance air

foil22 (Fig 7) However at M^ =0 7, a discontinuous change
of the aerodynamic characteristics takes place at ad « - 3 deg
(Fig 8) The pressure distribution shows that complete flow
separation on the bottom side occurs when a. is changed from
a. = - 3 to - 4 deg Again, the results are rather similar to the
sudden separation effects observed on the top side of an
airfoil23 (Fig 9) In order to consider the effect of the sudden
separation on the dynamic characteristics a nonlinear
analysis is required

Nonlinear Analysis Results
The nonlinear damping analysis of Refs 12 and 24 gives the

following "effective damping derivative " i e the linear
measure of the energy dissipation per oscillation cycle in
dynamic tests where ti2 <\

1 Acmrf r r | /«„ + <
% "»•, T A0 W V

I /a0-oid-Aoih\2 I /a
+ ̂  ( A0 )+^ (~

I ia.Q — ad \2~| 2 Aah

' A/7 \ A^ / J ' (coc/t/) A(9

x arcsin— - —— ̂ - —— - —arcsin—^ —
L AO

. a0-ad oi0 + oid + Aoth
arC'm A0 ' AO ^

a0-ad-Aah 1 /a0-ad-Aa
AO ^ \ AO

Xd + &<*h\2

AO )

'•o + <*d\2

AO )

^ Cme1
 Cme2

j 2-K

M M

( A0 )

A y a0 + ad

) ' AS

\ AO AO

, 4a U \AO + AO ) AO \ TT

U AO (wc/LO AO AO
— a-AO

AO + J1- AO 01)
(13)

Subscripts 1 and 2 designate the derivative values for
and a>ad respectively a is the total time lag parameter
taking the place of Ar^ Eq (7) Equation (13) shows that if
aerodynamic hysteresis is present Aah ̂  0 the measured
damping derivative will become frequency sensitive Testing
at two different frequencies 18 /= 32 and 45 Hz gave the same
results within the data accuracy indicating that Aah = 0 This
was expected for the continuous flow characteristics at
MO, <MC but there is always a good possibility that hysteresis
effects accompany the discontinuous characteristics
especially when they are caused by flow separation 12'24 With
Aah =0 Eq (13) simplifies to

t- »TJ/ —
_ '"Vj

oid ITio
A6^ \

j — ry/i \ 2

AO
(14)

For the continuous flow characteristics at M^ <MC con
sidered earlier Eqs (7 11) Ar5 = l 5 However in this case of
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sudden nose stall one has to add the transient effect of the
"spilled' leading edge vortex 4 Thus,

(15)

(16)

(17)

It is shown in Ref 4 for a sharp leading edge that

Ar ; ;=25

that is in the present case

= 40

Figure 10 shows the nonlinear dynamic characteristics
measured at M=07 for Ah/h = Q55 As indicated in the
figure the discontinuity appeared at ad = - 2 deg in the
dynamic test 17 not ad = - 3 deg, as in the static test 21 This
difference is probably caused by the different test setups An
end plated half model was used in the dynamic test 1718

whereas the model extended from one sidewall to the other in
the static test 21

The topside flow remains totally separated, as is
documented by the constant pressure (Figs 6 and 8) and is
indicated by the flow sketches in Fig 10 At a0<ad the
underside is totally separated also and cm^ =0 Ata0>oid the
infinitesimal amplitude damping is probably well represented
by cm0 for ct0 = 0 shown in Fig 4b For M^ = 0 7 the
predicted value is cm^ = - 1 95 The measured discontinuity at
MO, = 0 7 is Ac w =-006 (Fig 5) Thus one should use the
following values in Eq (14):

«-195 Acw«-006 (18)

Using oid = 2 deg Eqs (14) and (18) combine to give the
predictions shown in Fig 11 The agreement between
prediction and experiment is excellent, indicating that the
simple analytical treatment has simulated the essential un
steady flow characteristics Note that at \a0 — ad\ >A0 the
oscillation does not catch the discontinuity i e c^ = cm^

The most adverse damping is obtained at a0 = ad for which
case Eq (14) simply becomes

7TA0
(19)

This gives the results shown in Fig 12 Again there is good
agreement between prediction and experiment, both in
dicating that positive damping, i e cm^<0 will not be
measured until the amplitude exceeds 7 deg

Conclusions
The developed analytic relationships between unsteady and

steady shock induced stall characteristics provide the
capability to predict linear and nonlinear damping charac
teristics for cross sections experiencing shock induced flow
separation This has been demonstrated by successful
prediction of the dynamic stall characteristics of rectangular
cross sections representing different designs of the Space
Shuttle cable trays
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