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Ground Interference Effects on Subsonic Dynamic Stall
in Pitch and Plunge

L. E. Ericsson* and J. P. Reding}
Lockheed Missiles & Space Company, Inc., Sunnyvale, California

An earlier developed analytic method for predicting dynamic stall is extended to high subsonic speeds to in-
clude both pitching and plunging oscillations in the presence of ground plane interference. Theoretical

relationships are derived for the interdepend

e of unsteady and steady aerodynamics, providing the means for

analytic extrapolation of subscale dynamic experimental data to full-scale flow conditions.

Nomenclature

= effective time lag parameter

=two-dimensional chord length

= frequency

= maximum thickness

= Mach number

= sectional pitching moment, coefficient
Cn=m,(pV?/2)c

=sectional normal force, coefficient
c,=n/(pV?/2)c

= static pressure, coefficient

=(p—Px)/(pV?/2)

= pitch rate

=time

= crossflow velocity

= convection velocity

=horizontal chordwise coordinate

=vertical coordinate

=angle of attack

=trim or time-average angle of attack

= phase lag, =wAr

=increment and amplitude

= gap size, distance to ground plane

=time lag

= dimensionless z coordinate, =z/c¢

= perturbation in pitch or torsion

=dimensionless x coordinate, =x/c

=air density

= dimensionless time = Vt/c

=phase angle, =w!

= oscillation frequency, w=2xf, =wc/V,
respectively
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Subscripts

= attached flow
=Dbase
= discontinuity
=hysteresis
C = oscillation center and moment reference axis
=separated flow
.2 =numbering subscripts for conditions on both sides
of the aerodynamic discontinuity
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o = freestream conditions

Superscripts

[ = separation-induced, e.g., A’c, = separation-induced
normal force

Derivative Symbols

Cm,, =4dc,,/do
& = dae/ 0t
cq
o ()
s =0Cn/d (i;‘ )
Cay =dc,/d (é)
Cmy =Cpg + Cina
Crz = Cpp + Cpy
Ciwmg»Cq; = integrated mean value

Introduction

N an earlier publication' it was shown how the method

developed for dynamic stall analysis at low speeds®* could
be extended to high subsonic speeds to include the dynamic
effects of shock-boundary layer interaction. In the present
paper the analysis of Ref. 1 is extended to include plunging
motion in addition to the pitching oscillations considered in
Ref. 1, and to consider ground interference effects through
the transonic speed range, where the ground plane introduces
an inlet-like flow phenomenon. The ‘‘airfoil’’ is the rec-
tangular cross section of the Space Shuttle cable trays and the
ground plane represents the surface of the external tank,
above which the cable trays are mounted on brackets.*

Discussion

Figure 1 illustrates the flow phenomenon introduced by the
ground plane at transonic speeds. At M=0.7 and a<0 the
flow on the underside of the Space Shuttle cable tray exhibits
the same type of shock-induced flow separation charac-
teristics*® (Fig. 1a) as the leeside of a high performance
airfoil, as was demonstrated in Ref. 1. However, at M=0.9
the flow becomes choked in the channel between the bottom
of the cross section and the ground plane (Fig. 1b). The flow
in the ‘“inlet’” accelerates to supersonic speeds. This local
supersonic speed region is terminated by a strong shock,
which generates a pressure rise and associated flow
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separation. At =0 and 1 deg the flow aft of the shock is
reaccelerated to supersonic speeds, and this new supersonic
flow region is terminated by another strong shock, which
provides the pressure rise to the downstream pressure level
(i.e., topside pressure). When the cable tray is pitched from
a=1 to 1.5 deg the two-shock configuration changes to a
single strong shock at the channel entrance. The resulting
extensive flow separation causes a completely subsonic flow
behavior through the rest of the channel. .

This sudden flow change generates a discontinuous increase
of the pressures on the bottom side, resulting in a positive
normal force discontinuity (Ac, ). The aerodynamic center of
pressure is located aft of the pitching axis (Fig. 1b) and the
corresponding moment discontinuity (Ac,) is statically
stabilizing (Fig. 2).

0Oil flow photographs at M=0.9, taken during the dynamic
test,® confirm the existence of the earlier discussed double and
single shock systems at a=0 and 2 deg (Fig. 3). The
photographs also indicate that the forward shock is highly
skewed, an ‘“‘inlet-behavior’’ that will be discussed later in
more detail. Figure 4a shows the unsteady characteristics for

the cable tray in the presence of the ground plane. It can be’

seen that the main effect of a change of the model span} was
to move the critical Mach number at which a change occurs
from a pure ground interference effect to the inletlike flow
behavior, described earlier in Figs. 1b-3. Figure 4b shows that
for = ~1 deg and O the pressure distribution data for
M=0.7 assume a great likeness to those at «=1 and 1.5 deg
for M=0.9 (Fig. 1b), indicating the existence of dual shocks
also at M=0.7 for —1 deg < @< 0. When the angle of attack is
increased above a=0 the second shock disappears and a
single strong shock is formed, similar to what happened at
M=0.9 when « was increased above a=1 deg (Fig. 1b). At
M=0.7, however, the resulting force change is centered
around the midchord rotation center and causes no significant
moment change (Fig. 2).

At «=0and 0.7 <M<0.9, perturbing o to & >0 will restrict
the channel exit area and move the rear shock forward. This
generates a moment contribution that becomes less statically
stabilizing as the rear, second shock moves upstream with
decreasing Mach number. The dynamic effects are opposite
due to time lag effects,! explaining the continually increasing
damping when the Mach number is decreased from M=0.9 to
M=0.7 (Fig. 4a).

The flow pictures in Fig. 3 show that the ‘“inlet shock™ is
slanted away from the leading edge of the cable tray. As it has
to become normal before reaching the ground plane, it is
highly curved, concave in shape, as sketched in Fig. 4b. This
provides the mechanism needed to respond to the exit area
restriction resulting at increasing angle of attack, as is
illustrated in Fig. 4c. The pressure data support the inlet
behavior suggested by the flow sketches. When « is increased,
the ““inlet shock” has to become much steeper to reduce the
velocity and thereby the mass flow in spite of the increase of
the inlet capture area.§ This explains the extremely steep
increase of the pressure-level at the leading edge with in-
creasing «, indicating a rapid decrease of the inlet velocity (for
a>0 at M=0.7 and a>1 deg at M=0.9, Fig. 4c). The
discontinuous aerodynamic characteristics occur in con-
nection with the change from the two-shock to the single-
shock channel flow configuration. Based on the results in Fig.
4c, one would expect the discontinuity to occur at —1
deg << 1.5 deg in the Mach number range 0.7 <M =0.9.

At M<0.7, the 1.25 deg pitching amplitude used in the
dynamic test® does not restrict the channel exit area enough at
«=0 to cause inlet choking, and the regular shock-induced
effects discussed in Ref. 1 are realized with associated

1For blockage reasons the span had to be decreased from 16 to 12

¢m when adding the ground plane.$
§The cable tray pivots around midchord to change a.
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decrease in the damping level. Thus, the abrupt change of
damping level at M=0.7 (Fig. 4a) can be explained by the
different types of ground plane interference existing for
M>0.7and M< 0.7.

Analysis of Ground Plane Interference

At M <0.7 the ground plane provides the regular type of
ground interference. Assuming the channel to be truly closed
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Fig. 1 Static pressure distribution on the Space Shuttie cable tray.’
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Fig. 2 Static aerodynamic characteristics of the Space Shuttle cable
tray.’
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at the sides, as in the static test,’ one obtains the following
continuity and Bernoulli equations for incompressible flow:

[A_Ch - (g—é)a] V' =const eY)

P V?

p+ =const 2)

Letting the streamtube height at upstream infinity be #.,, Eq.
(1) gives

|4 hy/C

V.  Ahjc—((—Y)a ®

Using freestream conditions as a reference, Eq. (2) becomes

Combining Eqgs. (3) and (4) gives

I-C, T (Ah/)—(a/2) T

I—Cpb_[(Ah/c)—(S—Vz)a] ©
That is,

o (Ah/c) —(a/2) 72

Cp=1~(I C”b)[(Ah/c)—(g—f/z)a] ©®
Differentiating Eq. (6) one obtains

1—£) (Ah/
Cp.=2(1-C,p,) (1=¢) (Ah/c) %)

[(Ah/c) — (= 15)al?

The incompressible channel flow contribution to ¢, at «a=0
. 9 &
is

1
(erden= |, Codi=(1=C,p, )/ (AR/C) ®)

In compressible flow, applying the Prandtl-Glauert correction
gives

(¢, cn="U—Cpp)/ (AR/ONT—M?; M<0.9 ©9)
The contribution to Cm, is
1
(en o= |, Cp, (E=toc)di (10)

== (Co)en(5—%00))

According to Eq. (6) of Ref. 1 the corresponding con-
tribution to the damping derivative is

Cmo)cn=—(AT) ctt (Cpma ) cHi (11

For the regular ground interference effect existing at « <0
and M <0.7, the time lag (A7) ¢y is the same as for the leeside
flow on a regular airfoil.! At M>0.7, however, the inlet-like
flow introduces time lag mechanisms not encountered in
earlier dynamic stall analyses.'* and the time lag has to be

§This applies also with less than 10% error to lal <3°.
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determined experimentally. As for the case of M=0.7,
analyzed in Ref. 1, the aerodynamic characteristics become
discontinuous for certain angles of attack and a nonlinear
analysis is needed.

Nonlinear Analysis

Figure 4 shows that the jumpwise change of the
aerodynamic characteristics associated with the discontinuous
channel flow phenomenon (Fig. 2) would occur at 0<a<1
deg at M=0.7 and at 1 deg <a<1.5 deg at M=0.9. Con-
sequently, no oscillation with amplitude A6 =1.25 deg around
a=0 is possible in the Mach number range 0.7<M<0.9
without ‘‘catching’® the discontinuity. Thus, a nonlinear
analysis is required for prediction of the damping (Fig. 4a).
The needed detailed static experimental results® for such an
analysis are only available for M=0.9.

The highly nonlinear damping characteristics measured**
at M=0.92 on the sharp-edged Space Shuttle cable tray are
shown in Fig. 5. The data indicate that the sudden change of
the shock-induced separated flow on the bottom side, which
happens at 1 deg <a<1.5 deg in the static test (Fig. 1b),
occurs at a<1 deg in the dynamic test. The topside flow
remains totally separated. Thus, the infinitesimal amplitude
damping, c,;, is obtained from the bottom side.

When the channel flow between the bottom of the cross
section and the ground plane becomes choked, as is the case
for M>0.7 and a =0 (Fig. 4c), its aerodynamic characteristics
are determined solely by the channel geometry, as has been
verified by experimental results.?

As the insensitivity to frequency of the measured damping®
(Fig. 5) shows that no static hysteresis is present, Eq. (14)
from Ref. 1 can be applied.

) +c Coi = Cus —
mg mg mg mg . Qg — Oy Qg — O
Cppy = —4 2 4+ 2 larc sin + 4
b5 2 T Af Af

y /1_ ((xd—ao )2]_2aAcm g I (ad—-ao )2
Al Tay A8 Af

The discontinuity at o= — 1.5 deg for M'=0.9 in Fig. 2 is
Ac,, = —0.08. In the dynamic test the discontinuity occurred
at a—1.0 deg rather than at o=1.5 deg. The time lag
parameter @ = (A7) oy can be obtained by applying Eq. (11) to
the experimental results® in Fig. 6. The difference between the
results at M=0.94 with and without the web is caused by
channel flow effects. One obtains a=(A7)cy=2.8. Still
needed before Eq. (12) can be used are the values of the in-
finitesimal amplitude damping levels Cmg, and ¢, on both
sides of the discontinuity. The expenmental results ata=—1
deg and 3 deg should represent these levels, as the 1.25 deg
amplitude oscillation at those angles of attack will not
‘“‘catch’’ the discontinuity at « =1 deg. Figure 5 gives Comg =
—2.2 and ¢4, = —3.9. The static characteristics for M=0.9
in Fig. 2 1nd1cate that c¢,, is constant on both sides of the
discontinuity. As a matter ‘of fact, the moment discontinuity,
Ac,, = —0.08, is obtained by using the linear C,, ()
characteristics indicated by a dashed line in Fig. 2. Thus, the
measured damping values, ¢, =—2.2 and cpg,=-3.9,
should represent the infinitesimal amplitude damping levels
on both sides of the aerodynamic discontinuity.

With these values, Eq. (12) gives the results shown in Fig. 7.
The agreement between prediction and experiment is good,
particularly for the maximum adverse damping at «=«, =1
deg (Fig. 8). It is true that for the inletlike flow existing at
M=0.92, the nonlinear damping characteristics caused by the
aerodynamic discontinuity at a = 1 deg could not be computed
using only static experimental data, as was done for M=0.7 at

(12)

**Note that the dynamic derivatives in Ref. 6 are referenced to
cq/2V and ca/2V rather than to cq/V and cé/ V, as used herein.
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Fig. 4 Steady and unsteady aerodynamic characteristics of the Space
Shuttle cable tray. a) dynamic charucteristics at a«=0; b) static
pressure distribution at M=0.7; c) leading edge pressure at M=0.7
and M=0.9.
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Fig. 5 Measured nonlinear pitch damping characteristics at
M=0.92.°

a= —2 deg in Ref. 1. Until the inlet-like flow condition has
been studied as extensively as the dynamic stall condition at
M=0.7,"* dynamic measurement of the time lag (An)cy
and the damping levels ¢,¢, and ¢, Will be needed. Even so,
the agreement shown in Figs. 7 and 8 confirms the effect of
the channel flow time lag. These results, together with those in
Ref. 1, provided the confirmation of the analytic method
needed before it could be applied to compute the aeroelastic
characteristics of the Space Shuttle cable trays.>'®

Plunging Motion
For the channel flow effect on the plunging cross section,
one niceds only to compute ¢,;, since ¢,; = — C,,z (AT) cy- Cpy

can be computed by adding the effect of the plunging degree
of freedom (z) to the expression for Cpin Eq. (6).

(Ah—2)c—(a/2) 2
=1-(1-C 13
S ( "b)[(Ah—z)c—(g—Vz)a] (13)
Differentiating Eq. (13) produces the following derivative
aC, 21 -8 al(Ah—2)/c—(a/2) ]
=(l1—-C 14
d(z/c) (1 =Cpp) [(AR=2)/c— (§—12)a)? (1
Asa/{(Ah—z/c)] < <1, Eq. (14) can be simplified to
ac, 2a
— ={U=-C,) —— (I-¥) (15)
4 Ah—2z\2
(%) =)
c c
Thus, the incompressible derivative c,,, is obtained as
ac, [:Te) (1I-C, )x
tn= —— == ——at=- — " qe)

0 Al — 2
(%) (%) (%)
c c c
That is, the translatory derivative c,, at z=0 [Eq. (16)] is

related to the « derivative at « =0 [Eq. (8)] as follows

an'__ _(Cna)CHa/(Ah/c) (17)
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Fig. 6 Effect of flow restriction web on measured damping at o= 0.3

The infinitesimal amplitude plunging derivative on both
sides of the discontinuity is given by

Cn; = _an(AT) CH (18)

The time lag (A7) ¢y is the same as for the moment charac-
teristics discussed earlier.

The effect of the plunging degree of freedom on the
discontinuous aerodynamic characteristics s ill be evaluated
next.

When the critical deflection z=z, has been exceeded, it
takes a final time Af before the discontinuous force change
Ac,, is realized. For harmonic oscillations, z= Az sin wt, one
obtains

z=Azsin (Y —B) (19)

where = wt and §= wAt= »AT.

Equation (19) is illustrated graphically in Fig. 9b.

In Fig. 9a the critical value is graphed at z; >0. It can be at
any location within the striking range of the oscillation,
—z=<z4=2Z. z, is determined by the angle of attack at which
the plunging oscillation is performed. Allowing for
aerodynamic hysteresis, Az, #0, the normal force variation
with z is as follows (see Fig. 9a).

z 7<2d—AzZp
for { .
z<zghz>0

7224
iy +A4c,  for { - i<o

where éﬂi =Cpp +C,,Z‘.

The nonlinear damping analysis of Ref. 1 will be modified
to apply to the present case of translatory oscillation. In the
nonlinear case, one can define a linear measure c;; of the
energy dissipation per oscillation cycle, which becomes c,;
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when the nonlinearity disappears. For oscillations z= Az sin
wt, where Az=cA{ and cw/ V=&, one obtains the following
expressions for the energy dissipation per cycle

b4
S c,dz= —cﬁis > dz @1)
That is,
to+27/w . to+27/w Z . Yo+2m
—c,-,z_S’o c,,zdt/ gto < dde= S% cncos¢d¢/7rwA§
(22)
or

_ Ygt+27 4 23
oy =T a )y, EncOY 23)

With ¢, defined by Eq. (20), Eq. (23) gives the effective
dynamic derivative Ciy in the following form for oscillation
amplitudes large enough to include the hysteresis loop (see
Fig. 9b). (Note that 7/ V= A{wcosy, where A{=Az/c.)

1 A+ Ac
Cpy = — €,:,€08° Y+ — = cos )d
g Sﬁ’ﬂh ( €08V BAT v)dv
1 B 27—y 5 d ,
— Cpz,COS 4
T Sﬁ’+7r*¢2 <1 vdy 24
where

tﬁ, =arc sin <z—d), ¢2:arc sin (w)
Az Az

The integration gives

Cag = Y2 (Cnzy + Crzy) + (Cpzy = Crzy)

1
x (VY24 L sin2(8+ ) —sin2(5v) 1
T 47
Ac, . .
————[sin(B+y,) +sin(B—1,) ] (25)
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Fig. 9 Nonlinear ¢, (z) characteristics.
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The dynamic test results® showed that there were no
hysteresis effects. Thus, Az, =0 and Eq. (25) becomes

Chz = Crty & Cn + Cnzy = Enzy arc sin(z—d>
< 2 T Az

+ (Z_dz ) ) /1 - (Z_dz )Zcos(.?c'oAr)
j::'; Sin (A7) |1 — ({% )2 26)

For the low frequencies in the dynamic test®, &’ < <1, Eq.
(26) can be simplified further to the following form.

Cos = Enz'I + éniz énzj - éﬂi2

nz — 2 T

. Zd od Za 2

X [arcsm(——>+(——> 1—(—) ]

Az Az Az
2
_ZAC,,AT I (z_d> @7

TAL Az

In regard to the dynamic test,® the results in Fig. 5 indicate
that the plunging test was performed at or very close to o= oy
where z;=0 (zero.) (At o=, an infinitesimal perturbation,
Az—0, will “‘catch” the discontinuity.) This also gives the
maximum effect of the discontinuous aerodynamics.

Setting z, =0in Eq. (27) gives
(28)

As the topside flow is completely separated, wakelike in
character, it contributes nothing to the infinitesimal am-
plitude damping on both sides of the discontinuity. The
channel flow contribution is obtained from Egs. (8), (17) and
(18), as was discussed earlier. For the ground interference
effect at M=0.7 and o= —2 deg, the time lag (A7)¢y can be
computed as described in Ref. 1.

At M=0.7 and o < -2 deg, where the regular ground plane
interference exists, the complete derivative ¢,; is

(‘,,z-zc,,g/2+c,,z< (29)

At M=0.9 and o >0, where the channel flow is choked, one
obtains

Cre=Cp:=2.18 (30)

Going to Fig. 2a to obtain Ac,,, one finds that no ¢,-jumptt
is occurring at M=0.7 between o= —3 and —4 deg. The
pressure distribution results in Fig. la show that at M=0.7
there is not only a contribution Ac, = —0.12 from the bottom
side, but that there is also an opposing ¢,-jump, caused by the
change of pressure level on the topside. Evidently, when
complete flow separation occurs on the bottom side, the
resulting decrease in channel mass flow rate causes an increase
in the upwash angle, changing the ‘“‘base pressure’’ level on

t1The c,-jump occurring between o= —2 and —3 deg was not

captured in the dynamic test.5
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the topside (Fig. 10). Thus, the topside contributes Ac, =0.12,

and the complete characteristics, defined by Eq. (28), are as
follows.

Topside:

2 0.12Ar
(Acnz')top=; A7 (31a)

Bottomside:

2 0.12A7
(Acy; =-5.95-—
nz)bottom i Ag’

(31b)

) For the topside the pressure change is transmitted almost
instantaneously and its contribution to ¢;; can be neglected.
For the bottomside the analysis in Ref. 1 gave (ATporom
=4.00. Thus, Eq. (31b) gives

0.335
Cﬁi=‘5-95*—A~§_—=—5.95—0.67/%z (32)

Figure 1la shows that the experimental data point® is in
good agreement with the prediction by Eq. (32).

It is obvious that at M=0.7 and o< —2 deg, where the
channel flow is not choked, it-is the presence of the ground
plane that permits the flow to reattach at o> — 3 deg, and one
can, therefore, expect that closing the gap, >0, would help
to cause sudden reattachment on the bottomside, generating a
negative normal force jump, Ac, <0 (Fig. 1a). It is less ob-
vious for the choked channel flow, existing at M=0.9 and
a>0, what the effect will be of closing the gap, z>0. It not
only has the effect of restricting the channel exit area, as for
increasing «, but it also increases the channel inlet velocity.
This is similar to what is obtained through an increase of M,
from M=0.9 to 1.05, for example. Figure 2 shows that the M
effect counteracts the « effect, moving the discontinuity from
ag=~1deg at M=0.9 to oy =2 deg at M=1.05. Thus, closing
the gap, z>0, will cause a positive normal force jump,
Ac, >0, if the « effect dominates, but a negative force jump,
Ac, <0, if the M effect dominates. More extensive static
experimental results, for z variations in addition to «
variations, would have resolved this dilemma. In the present
case, however, one has to use both assumptions and see which
one is in agreement with the dynamic data trend.

At M=0.9, Fig. 2a gives |Ac, | =0.15. Thus, according to
the preceding discussion, Eqs. (28) and (30) give

_ 2 |AC" lATCH
With Arqy =2.8, as before, one obtains
A
Ciz=2.1840.535 / f (34)
-0.4
_ [
;n 0.6 | /0/0—]_0/0’6"0"‘0-'0—0-——9
7 ot
1.0 il L L ! 1 1 ! J
-8 26 -4 2 [ 2 4 5 8
uO

Fig. 10 Topside pressure level at M=0.7.5
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Fig. 11 Nonlinear damping characteristics for translatory oscilla-
tions.

When comparing the results of Eq. (34) with the &x-
perimental data point® (Fig. 11b), it becomes clear that the M
effect dominates and only the minus sign in Eq. (34) applies.
This is also in agreement with additional results in Ref. 6 for
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the same cross section, which show the ground plane to have a
dynamically stabilizing influence on the plunging oscillations.

Conclusions

The developed analytic relationships between unsteady and
steady aerodynamic characteristics provide the capability to
predict the nonlinear damping characteristics of cross sections
describing pitching or plunging oscillations close to a ground
plane. For unchoked flow conditions in the channel between
airfoil and ground plane the only requirement is that the static
aerodynamic characteristics are known (e.g., through detailed
static wind tunnel tests). For choked flow conditions, ad-
ditional, selected dynamic measurements are presently needed
to establish the flowfield time lag. The veracity of the method
has been demonstrated by successful prediction of the highly
nonlinear dynamic experimental results for a rectangular,
indented cross section, representing one design of the Space
Shuttle cable trays for which large ground interference effects
are present at transonic cross-flow conditions.
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