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To predict the full-scale aerodynamics of a combat aircraft performing high-alpha maneuvers requires
the combined usage of experimental and theoretical tools. The preferred experimental tool is the rotary
rig because it provides simulation of one important component of advanced maneuvers, i.e., the velocity
vector roll. The present paper analyzes the results obtained in the recently completed investigation by
AGARD FDP Working Group 16. Anomalous results are obtained when attempting to simulate high-
Reynolds-number rotary characteristics in subscale tests using boundary-layer trips alone or in combi-
nation with forebody strakes.

Nomenclature
b = wingspan
d = maximum body diameter
l = rolling moment, coef� cient Cl = 2l/(r U /2)Sb` `

n = yawing moment, coef� cient Cn = 2n /(r U /2)Sb` `

Re = Reynolds number based on d and freestream
conditions

S = reference area, projected wing area
t = time
U = horizontal velocity
x = axial body-� xed coordinate
Y = side force: coef� cient CY = 2Y/(r U /2)S` `

a = angle of attack
aS = sting crank angle
D = amplitude
uA = apex half-angle
r = air density
s = inclination of the roll axis
§ = azimuth
§m = azimuth of stagnation point on coning model
§t = azimuth of boundary-layer trip
f = roll angle
c = coning angle
V = dimensionless coning rate, vb/2U`

v = coning rate, rad/s

Subscripts
A = apex
CG = center of gravity or rotation center
cr = critical
LS = laminar separation
S = sting
TS = turbulent separation
t = transition trip
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WR = wing rock
` = freestream conditions

Differential Symbols
Cnr = ­Cn/­(rb/2U`)
Cnb = ­Cn/­b
C Çnb = ­Cn/­( Çbb/2U )`

r = ­c /­t

Introduction

S TEADILY increasing performance demands expose pres-
ent-day combat aircraft to unsteady � ow � elds that gen-

erate highly nonlinear aerodynamics with strong coupling be-
tween lateral and longitudinal degrees of freedom. The
complex vehicle dynamics are caused by � ow separation ef-
fects of various types that have largely eluded theoretical de-
scriptions and, therefore, are placing great demands on dy-
namic testing capabilities.1 One very important experimental
tool for obtaining the needed information about nonplanar mo-
tion effects is the rotary rig. A prerequisite for the successful
use of rotary-rig test results is a thorough understanding of
how the aerodynamic environment in the wind tunnel differs
from that in full-scale � ight. The present paper addresses the
problem of accounting for the often large difference in Reyn-
olds number between subscale tests and full-scale � ight. The
strong coupling occurring between boundary-layer transition
and vehicle motion can cause the subscale test results to be
very misleading. This is particularly true in cases where � ow
separation occurs in combination with boundary-layer transi-
tion.2 If the � ow physics are well understood it is sometimes
possible to predict the full-scale vehicle dynamics through an-
alytic extrapolation.3–5 The scaling problems are discussed in
the context of the effects of different forebody modi� cations
used in the tests of the AGARD WG16 model of a represen-
tative combat aircraft con� guration. The basic model was
tested with and without boundary-layer trips and/or forebody
strakes.6

Effects of Boundary-Layer Trips
It has been common practice to use boundary-layer trips on

subscale models in an attempt to simulate full-scale � ow con-
ditions. This method has, however, very limited success when
the aerodynamic characteristics are dominated by the effects
of separated � ow, as in the case of the WG16 model6 (Fig. 1).
Figure 2 shows that not only are the body-alone results de-
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Fig. 1 AGARD WG16 generic combat aircraft model.6

Fig. 2 Effect of boundary-layer trips on body alone for aS = 60
deg.6

Fig. 3 Effect of aS at a = 40 deg on body alone for wt = 640
deg.6

Fig. 5 AGARD WG16 model with nose strakes and grit strips
at wt = 640 deg.6

Fig. 4 Effect of nose strakes and trips on complete model (a =
aS = 40 deg).6

pendent upon the trips, but also the support interference, which
has been shown to be large in rotary-rig tests,7– 9 depends
strongly on whether transition is free or � xed and also upon
the location of the grit strips when used. The large effect of
different sting crank angles, aS = 60 deg vs aS = 40 deg at
a = 40 deg for body-alone with trips at §t = 640 deg (Fig. 3),

is similar to that observed previously.10 The results for a = 40
deg in Fig. 4 for the complete model show that the use of trips
changes the effect of the nose strakes (Fig. 5), even changing
the sign of the rolling moment for the complete con� guration.
The different effects of trips and/or strakes for positive and
negative coning rates in Figs. 2 and 4 reveal the strong cou-
pling between the viscous � ow conditions, as affected by the
grit strips used, and the prevailing ground facility interfer-
ence.2,7–11 Figure 4 shows that at a = 40 deg the presence of
the trips in� uenced CY greatly for V < 20.1 and V > 0.05,
but they did not affect the Cn characteristics. This indicates
that the forebody vortices have a signi� cant effect on down-
stream wing-body surfaces, as is veri� ed by the Cl character-
istics.

Considering the lessons learned when attempting to control
asymmetric cross� ow separation by the use of body trips in
the case of static tests,12 one could have expected that it would
be very dif� cult to achieve the desired results with tripping
devices in the present coning tests. Even though they used
distributed roughness, Hall and Banks13 concluded that ‘‘the
sectional side forces produced by the gritting patterns were
50% larger than the grit-free high Reynolds number data.’’ The
largest dif� culty is to determine to what extent asymmetric
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Fig. 6 Effect of helical and straight body trips on side force of
ogive– cylinder body.14

Fig. 8 Coning characteristics of a pointed cone– cylinder body.

Fig. 7 Conceptual cross� ow characteristics of translating circu-
lar cross section: a) turbulent and b) laminar cross� ows.

boundary-layer transition in the near-tip region affects the
cross� ow separation and associated vortex shedding.12 The
tests performed with helical trips by Rao14 illustrate the dif� -
culties involved (Fig. 6). The helical trips were found to be
effective in reducing the side force, but the usually effective
straight trips were not. Whereas a nose strake generates its own
cross� ow separation and associated vortex geometry, the body
trip acts only via its local action on the boundary-layer devel-
opment over the forebody. Its location relative to the natural
separation line is crucial. The � ow physics causing the differ-
ent effects of the tested trips shown in Fig. 6 are described in
Ref. 15.

The variation of side-force characteristics in Fig. 6 gives
ample warning that one should expect the grit strips on the
WG16 model to produce local tripping effects that vary along
the length of the forebody. Adding this to the effect of coning
rate, Reynolds number, wind-tunnel turbulence, and ground
facility interference, it became clear how dif� cult it would be
to simulate high-Reynolds-number characteristics in the test of
the WG16 model.

Coning Characteristics
The simulation of unsteady turbulent cross� ow conditions

by the use of boundary-layer transition trips is extremely dif-
� cult. Full simulation in dynamic tests with subscale aircraft
models is possible only if the full-scale Reynolds number can
be simulated by the use of a pressurized test section or a cry-
ogenic wind tunnel.2 Of course, in the present case of interest
the incident � ow conditions are stationary rather than nonsta-
tionary, and one would expect the simulation problem to be
rather benign. However, this turns out not to be the case.

The rotation of the � ow stagnation point as a result of the
coning-induced lateral velocity component at x is

2 1f = tan [2(x /b 2 x/b)V] (1)m CG

For the maximum rate tested, V = 0.15, Eq. (1) gives fm =
19.4 deg at the nose tip and fm = 10.1 deg at the apex of the
leading-edge extension (LEX). In the analysis that follows the
more representative rate V = 0.1 is used for the cross section
translating in the starboard direction, giving fm = 11.6 deg for
the cross� ow geometry immediately aft of the nose strakes.

Figure 7a illustrates the cross� ow characteristics existing for
turbulent cross� ow conditions. The moving-wall effects in the

stagnation region will cause the � ow separation to be delayed
on the advancing side and promoted on the receding side,16,17

generating a prospin force as indicated. Figure 7b shows that
a similar separation geometry exists for purely laminar � ow
conditions, also resulting in a prospin force as has been dem-
onstrated18,19 (Fig. 8). Experimental results for a � ghter aircraft
model20 (Fig. 9) showed that body-alone aerodynamics could
in that case represent the essential high-alpha Cm(V) charac-
teristics of the complete aircraft. In contrast, the WG16 model
has LEX surfaces extending forward all the way to the base
of the slender forebody. As will be shown later, the LEX-
induced upwash dominates over the moving-wall effects, re-
versing the Cn(V) trend from proconing to anticoning. How-
ever, many existing aircraft, such as the F-14 with its � at-spin
tendency, discussed in Ref. 21, have geometries similar to that
shown in Fig. 9, making this a case of current interest.
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Fig. 9 Yaw damping of � ghter aircraft model.20

Fig. 10 Conceptual cross� ow characteristics of translating cir-
cular cross section for laminar � ow conditions. Trips at wt = a)
640 deg and b) 670 deg.

Fig. 11 Effect of strakes and trips at Re = 0.205 3 106 on Cn(V)
characteristics for the AGARD generic � ghter model.6,24

In contrast to the cross� ow characteristics for a clean fore-
body (Fig. 7), the trips at §t = 640 deg at subcritical � ow
conditions will generate the cross� ow characteristics shown in
Fig. 10a. On the advancing side the trip at §t = 40 deg is close
to the stagnation point and there is a long run of favorable
pressure gradient after the trip. Thus, even if the trip caused a
transition to turbulent � ow, relaminarization is likely to occur
before � ow separation. [This was indeed the case at Re = 0.205
3 106 (Ref. 22).] At critical � ow conditions, Re = 0.3 3 106

in Figs. 2 and 4, relaminarization is likely to have occurred on

the advancing side of the forward portion of the nose. In con-
trast, on the receding side the trip is farther away from the
stagnation point and the trip could cause a transition to tur-
bulent � ow conditions before separation, resulting in a sub-
stantial delay of the cross� ow separation compared to the other
side. The net result would be the generation of an antispin
force, as illustrated in Fig. 10a, contrary to the prospin force
expected for turbulent � ow (Fig. 7a). For the trips at §t = 670
deg (Fig. 10b) it is very unlikely that the turbulent � ow has
time to develop on the advancing side. It is even possible that
the trip could promote laminar � ow separation on this side.
Thus, it is likely that the trips at §t = 670 deg would also
generate antispin cross� ow characteristics.

The detailed cross� ow characteristics in Fig. 10 depend on
both the Reynolds number and the coning rate. Figure 2 shows
that at a = 40 and 50 deg discontinuous changes of the steady-
state Cn(V) take place at certain values of the coning rate,
indicating the possible existence of threshold values that the
rate has to exceed to overcome the inertia of the bistable � ow
condition, which in turn is in� uenced by support interference,
allowing the � ow geometries sketched in Fig. 10 to be estab-
lished. The existence of such a threshold is investigated in Ref.
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Fig. 12 Effect of Reynolds number on static yawing moment
characteristics of the clean basic con� guration (BC).6

Fig. 13 Conceptual cross� ow
geometry of translating circular
cross section at critical � ow con-
ditions.

Fig. 14 Flow visualization of basic AGARD WG16 model at a =
40 deg.6 V = a) 0 and b) 60.10.

11. From the experimental results for body alone at a = 40
deg in Fig. 2, it appears that V = 20.05 was such a threshold
value. Thus, both trip locations generated antispin forces at V
< 20.05, in agreement with the � ow sketches in Figs. 10a and
10b, respectively. At a = 50 deg a second cell of asymmetric
cross� ow separation12 is established aft of the nose tip at a $
46 deg (Ref. 23).

Experimental results at Re = 0.205 3 106 for the basic con-
� guration without trips6 (clean forebody in Fig. 11) show
Cn(V) characteristics with antispin tendencies that increase
with a up through a = 30 deg. At a = 40 and 50 deg this
trend becomes very erratic. (Note the changing ordinate scale
between different angles of attack.) It is no surprise that the
stabilizing data trend Cn(V) is strongest at a = 30 deg.24 As uA

= 14.25 deg, the static asymmetry12 starts at a > 28.5 deg as
expected (Fig. 12). Consequently, at a > 30 deg the effect of
the coning rate is decreased greatly.24 At a = 50 deg the mi-
croasymmetry effect apparently dominates at uV u $ 20.08, as
the uCn u value agrees with the static results in Fig. 12. The rate
V at which the discontinuity occurs is in� uenced by support
interference. The aerodynamics of the clean con� guration are
analyzed further in Ref. 11. Throughout the a range the effect
of adding the nose strakes (strakes and tips in Fig. 11) was to
greatly reduce the magnitude of the measured yawing moment.

Low-Re Test Results
The test Reynolds number for the results in Fig. 11, Re =

0.205 3 106, would be expected to produce laminar cross� ow
conditions, particularly when considering that this is the upper
Re limit for the cross� ow on the slender nose. At the time of
these tests the authors knew of only one � ow mechanism that
could establish the measured anticoning data trend, i.e., mov-
ing-wall effects at critical cross� ow conditions.16 One possi-
bility was, of course, that tunnel turbulence could have caused
the cross� ow conditions to become of the critical type even at
this low-Reynolds number. In that case the upstream moving-
wall effects would promote transition,2,16 resulting in the cross-
� ow geometry sketched in Fig. 13. This would have produced
antispin forces on the forebody, in agreement with the experi-
mental results in Fig. 11. However, the test covered a large
enough Reynolds-number range to determine whether or not
the cross� ow conditions could have been in or near the critical
range. Thus, Fig. 12 can show conclusively that the experi-
mental results for Re = 0.205 3 106 in Fig. 11 were well below
the critical range. Otherwise, large variations of the side force
and yawing moment would have been observed for the Reyn-
olds-number range tested.12 Thus, in the absence of LEX sur-
faces, the cross� ow geometry should have been that shown in
Fig. 7b giving a prospin rather than an antispin moment.

The water-tunnel � ow visualization results at a = 40 deg in
Fig. 14a for the complete no-strake con� guration show the
existence of symmetric forebody vortices for V = 0. This is in
agreement with past experience that, at the low-Reynolds num-
bers of water-tunnel tests, the onset of asymmetric cross� ow

separation is delayed relative to its occurrence in wind-tunnel
tests. In Ref. 22 it is shown that the results in Fig. 14a are
consistent with those in Fig. 12. The antispin characteristics in
Fig. 11 still must be explained.

Because the cross� ow conditions in Fig. 11 are laminar, the
cross� ow separation would look similar to that shown in Fig.
7b, producing a prospin yawing moment. This is certainly true
for body alone (Fig. 8) and for the � ghter aircraft model in
Fig. 9. Why, then, is the WG16 model producing antispin
Cn(V) characteristics (Fig. 11)? One difference between the
aircraft geometries producing the results in Figs. 9 and 11 is
the presence of the LEXs on the WG16 model (Fig. 1). The
wing rock observed in tests with another generic aircraft
model25 (Fig. 15) was caused by moving-wall effects generated
by a rolling motion rather than coning.26 Moving the wing
forward to the base of the slender nose eliminated the wing
rock existing for the wing in the aft position25 (Fig. 15). As
described in Ref. 27, the symmetric wing upwash over the
forebody was so large in the forward position that the critical
� ow conditions generating asymmetric cross� ow separation,
existing at s = 30 deg for the aft wing position, could not be
established. Likewise, the symmetrizing effect of the LEX-
induced upwash at V = 0, in spite of the increased effective
angle of attack on the forebody, delayed the occurrence of
asymmetric cross� ow separation from the expected value,12 a
= 2uA = 28.5 deg to a > 35 deg (see Fig. 12 and Ref. 11).
Oscillatory-motion and support-interference effects may also
have played a role. As a consequence of this dominance, the
coning-induced difference in upwash on downwind and up-
wind sides of the forebody is able to overpower the coning-
induced moving-wall effect in determining the lateral direction
of the asymmetric laminar cross� ow separation on the fore-
body.
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Fig. 15 Effect of wing location on forebody-induced wing rock.25

Fig. 16 Conceptual cross� ow separation on a coning slender
forebody: a) without LEX and b) with LEX.

Fig. 17 Conceptual forebody-LEX vortex interaction at a = 40
deg and V > 0.

Figure 16 illustrates the conceptual effect of the LEX-in-
duced upwash on the forebody in the case of a coning mo-
tion.28 Flow visualization results at a = 39 deg and V = 0
show fully developed leading-edge vortices existing at a cross
section close to the LEX-wing juncture (Fig. A4.2.15 in Ref.
22). The coning rate generates a local sideslip distribution that
decreases the effective leading-edge sweep of the LEX sur-
faces on the advancing side and increases it on the receding
side. This results in a stronger LEX-induced upwash on the
advancing side than that on the receding side, as indicated in
Fig. 16b. Assuming that the LEX-induced upwash dominates
over the moving-wall effects, as discussed earlier, the cross-
� ow separation and associated vortex shedding on the slender
forebody would be affected as seen in Fig. 16. That is, instead
of generating a prospin force as in the absence of LEX surfaces
(Fig. 16a), the LEX-induced upwash causes the cross� ow sep-
aration to generate an antispin force on the forebody (Fig.
16b), in agreement with the � ow visualization results in Fig.
14. This most likely requires the coning-induced sideslip to

exceed a certain threshold value,11 generated at uV u > Vcr (Vcr <
0.10 in Fig. 14). The nose strakes eliminated this LEX-induced
cross� ow asymmetry, resulting in the measured large reduction
of the magnitude of the antispin moment (Fig. 11).

Combining the � ow sketches in Figs. 10a and 16b, one con-
cludes that the effect of the trips would be to amplify the
asymmetry of the cross� ow separation and vortex shedding
shown in Fig. 16b. Thus, the measured anticoning Cn(V) trend
at a = 40 deg for strakes-off, ft = 640 deg in Fig. 4, is
contrary to what it would be for purely laminar or turbulent
� ow conditions. Strakes eliminated the forebody � ow asym-
metry and, thereby, the nonzero Cn(V). However, the strakes
had no such effect on CY(V) or Cl(V), indicating that down-
stream vortex interactions generate signi� cant loads. One in-
terpretation of the results in Fig. 4 is that the forebody/LEX
vortex interaction sketched in Fig. 17 had occurred; i.e., the
sidewash induced by the high, lifted-off forebody vortex
caused the low, attached forebody vortex to be displaced lat-
erally to interact with the LEX vortex on the opposite side.11

Apparently, the nose strakes could not eliminate forebody-LEX
vortex interaction effects entirely, judging by the CY(V) and
Cl(V) results in Fig. 4.

Trip Effects on Strake-On Characteristics
At a > 46 deg, where the second cell of asymmetric cross-

� ow separation has been established,23 one can expect the full
effect of the trips to also be present for the strake-on con� g-
uration.11 For a < 46 deg, the trips could affect the primary
cross� ow separation for strake-on to change the vortex ge-
ometry as shown in Fig. 18. Assuming that the strakes act as
forward-facing steps, the nature of the approaching boundary
layer, laminar vs turbulent, will affect the extent of the induced
cross� ow separation and thereby affect the separation-induced
forebody vortices. Figure 18a sketches the expected full-scale
� ow geometry for incident turbulent � ow conditions, and Fig.
18b illustrates the cross� ow geometry for incident laminar
� ow conditions in the presence of trips. The adverse moving-
wall effect on the receding side reinforces the trip effect, caus-
ing turbulent cross� ow separation, whereas on the advancing
side the downstream moving-wall effect is likely to prevent
the trip from establishing turbulent � ow conditions. That is,
even at a < 46 deg the trips will not be able to provide full
simulation of the full-scale cross� ow conditions for the strake-



ERICSSON AND BEYERS 527

Fig. 18 Conceptual cross� ow characteristics of translating cir-
cular cross section with strakes: a) turbulent incident cross� ow
without trips and b) laminar incident cross� ow with trips.

on con� guration. A similar situation will result also in the ab-
sence of strakes at moderately high angles of attack, uA < a <
2uA (uA = 14.25 deg), when the forebody vortices are sym-
metric at V = 0 (Ref. 12). As Fig. 18 indicates and the strake-
on Cn(V) characteristics in Fig. 4 con� rm, the trip effect on
the local forebody side force is probably insigni� cant. How-
ever, the difference in forebody vortex geometry apparently
had a signi� cant effect on C l(V) characteristics through the
forebody-LEX vortex interaction, determined by the cross� ow
characteristics on the aft forebody11 (Fig. 17).

The use of distributed roughness in lieu of boundary-layer
trips avoids the situation sketched in Fig. 10b, where the trip
may initiate the laminar cross� ow separation. However, full
simulation of full-scale � ow conditions would require the cir-
cumferential roughness distributions in the forebody cross sec-
tions to be changed every time the cross� ow stagnation point
moved in response to a change of the coning rate, as the scaled
roughness height varies with the local boundary-layer thick-
ness. As suggested by one reviewer, by testing a number of
grit patterns over the full range of coning rates, a database
could possibly be established that would make it possible to
extrapolate analytically3,4 from the test results to de� ne the
rotary rig data that would exist at full-scale Reynolds numbers.
However, it should also be emphasized that the results ob-
tained in the absence of trips (clean forebody in Fig. 11) pro-
vide an approximation of the full-scale characteristics of com-
bat aircraft when the kinematic effect of the LEX-induced
upwash overpowers the viscous moving-wall effect, as was
discussed in connection with Fig. 16.

Conclusions
Fluid/motion coupling and ground facility interference ef-

fects make the high-alpha wind-tunnel aerodynamics of a sub-
scale model more complex than those of the full-scale aircraft
in � ight. A thorough understanding of the tunnel aerodynamics
is a necessary and often suf� cient condition for successful pre-
diction of the full-scale free-� ight characteristics. The present
analysis has shown the following:

1) For aircraft with clean, axisymmetric forebodies, with and
without LEXs, conventional rotary tests performed at laminar
� ow conditions can provide the qualitative full-scale free-� ight
characteristics.

2) In the presence of signi� cant LEX/wing-induced upwash
effects the forebody cross� ow characteristics become far less
sensitive to viscous � uid/motion coupling effects.

3) For all practical purposes it is impossible to fully simulate
the conditions at a higher Reynolds number by using bound-
ary-layer trips in rotary tests. However, systematic tests with
different grit patterns over the full range of coning rates could
provide the database needed for analytic extrapolation to full-
scale Reynolds-number conditions.
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