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Abstract

Rotational flow aerodynamic data, as
measured by a rotary balance at low
Reynolds number, are used to analytically
predict steady spin modes and post-stall
motions. The excellent agreement obtained
between predicted and full-scale flight
results would indicate that use of low
Reynolds number rotary balance data is
sufficient for calculating steady-spin
modes for military configurations and gen-
eral aviation configurations not having
large wing leading-edge radii. Considera-
tions, however, in the application of
these low Reynolds number data to steady-
state spin analysis, as well as large an-
gle, six degree-of-freedom high alpha
studies, are discussed. Also, the proce-
dure for developing a configuration highly
resistant to spins is illustrated.

Nomenclature
Cp pitching moment coefficient
Ch yawing moment coefficient
@b/2V  spin coefficient, positive for
clockwise spin
84 aileron deflection, deg
§q differential tail deflection, deg
Se elevator deflection, deg
Sy rudder deflection, deg
S1EF leading-edge flap deflection, deg
L.E, leading edge

I. Introduction

Since spins could not be predicted
analytically in the past, spin tunnel and
full-scale spin tests were employed to de-
termine an airplane's spin characteristics.
While these experimental techniques suc-
cessfully identified the spin characteris-
tics, they provided no insight into the
factors responsible for the observed
behavior and seldom influenced the aero-
dynamic configurations. Consequently, in
recent years, full-scale military flight
programs were reoriented towards document-
ing departure from controlled flight at
high angles of attack and corresponding
recovery techniques. NASA Langley Re-
search Center continued traditional spin
model testing and the development and val-
idation of experimental and analytical
techniques for the prediction of spin char-
acteristics.

Rotational flow aerodynamics, as meas-
ured by a rotary balance, are a vital pre-
requisite for analytically predicting post-
stall motions. Such a balance was devel-
oped, therefore, to measure the rotational
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flow aerodynamics(l) at various angles of
attack, sideslip angles, spin radii, and
control settings. Using these data, on-
line steady spin modes may be analytically
predicted(2) by solving the moment equa-
tions for steady equilibrium conditions.
The rotary balance data may subsequently
be used to compute post-stall motions.such
as the incipient, developed, and recovery
phases of a spin by employing an appropri-
ate, large angle, six degree-of-freedom
computer program.

This paper presents the correlation
obtained between predicted steady spins,
using low Reynolds number rotary balance
data, and spin model and full-scale flight
results for several military and general
aviation configurations. Considerations
for the application of low Reynolds number
data to steady-state spin analysis and to
large angle, six degree-of-freedom high
alpha studies are also discussed. Final-
ly, the procedure for developing a config-
uration highly resistant to spins is il-
lustrated.

Correlation Between Predicted and
Experimentally Determined Spins

II.

A computational method can be vali-
dated by demonstrating acceptable correla-
tion between predicted and experimentally
determined results. In this instance,
however, both the method(2) for computing
steady-state spin equilibrium conditions
and the use of low Reynolds number rotary
balance data must be justified. Conse-
guently, low Reynolds number free-spinning
dynamically ballasted model results ob-
tained in the spin tunnel are compared
with the predicted values to verify the
computational method; whereas full-scale
airplane results are reviewed to identify
possible Reynolds number related difficul-
ties. These data are presented in Table 1
for military and Tables 2 and 3 for gener-
al aviation configurations. It should be
noted that the predicted steady spins pre-
sented in these tables were calculated
using on~line rotary balance data, i.e.,
no smoothing, shifting, etc. of these data
were performed.

The correlation obtained between pre-
dicted steady spins and spin model results
is considered excellent and indicates the
sufficiency of the computational method.
As shown, no spins are obtained that had
not been predicted and for each predicted
spin mode, three possibilities exist in
flight: the steady spin will be realized
(models A,B,D,E,F,G,I), oscillatory about
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the steady spin values (models C,E), or
non-existent (model C). The latter two
conditions reflect the underlying spin
mode's level of instability, which is il-
lustrated by the model C results. For
this model, two steady spin modes, moder-
ately flat and flat, were predicted, but
only a highly oscillatory spin about the
predicted flat mode was encountered.
These spin tunnel model results are at-
tributed to the levels of instability ex-
isting at the predicted steady~state
equilibrium conditions. To demonstrate
this premise, the wing tips were modified
to increase the stability of the spins.
As shown, this modification affected the
predicted steady spin modes only slightly,
but caused the spin model to exhibit both
of the predicted spin modes.

The correlation obtained between full-
scale flight results and predicted steady
spins is also considered excellent for
the military configurations presented in
Table 1. Unfortunately, not many docu-
mented spins are available since, as men-
tioned previously, full-scale spin demon-
strations are no longer required. Fully
developed spins are, therefore, seldom
and only inadvertently encountered, e.g.
airplane B, which encountered a spin
while the controls were held in a spin
recovery position.

As shown in Table 2, the level of
agreement between predicted and full-
scale flight results for general aviation
configurations, while still considered
excellent, can be somewhat less than that
obtained for military configurations. In-
stances are also shown in which predicted
spin modes are experienced by the spin mod-
el but not demonstrated by the full-scale
airplane. This does not infer that these
spin modes do not exist, only that the
airplane was not able to generate the re-
quired equilibrium conditions. Since the
wing characteristics are largely respon-
sible for steep and moderately steep
spins, the use of low Reynolds number
data may adversely affect the accuracy of
predicted spin modes. This is illustrated
in Table 3, which presents the correla-
tion obtained when the basic wings of mod-
els F and H were modified by incorporating
large drooped leading-edges over part or
all of the wing span. With these large
leading~edge radii, the agreement between
predicted and full-scale spins deterio-
rated appreciably.

The level of agreement between pre-
dicted and full-scale flight results would
indicate that use of low Reynolds number
rotary balance data is sufficient for cal-
culating steady spin modes for military
configurations and general aviation con-
figurations not having large wing leading-
edge radii. The use of low Reynolds num-
ber data in spin analysis is further dis-
cussed in the next section.

TII. Reynolds Number Considerations

Since the rotary balance data are
measured in the Langley Spin Tunnel at low
Reynolds number, their validity is always
of concern. Presently, there is no opera-
tional facility that can provide compara-
ble data at Reynolds numbers approaching
those of the full-scale airplanes. Re-
course was taken, therefore, to compare
rotary balance based spin predictions with
full-scale results, as discussed above,
and static rotary balance data (measured
at 0b/2V=0) with equivalent data obtained
at high Reynolds numbers.

A review of the static data has shown
the stability and control characteristics
to be reasonably well represented by low
Reynolds number data except as noted here-
in. Military configurations have a more
negative pitching moment at a given angle
of attack than would be measured with the
rotary balance model. This Reynolds num-
ber effect on pitching moment is not due
to a difference in wing aerodynamics, but
results from a larger cross-flow drag act-
ing on the model forebody than on the air-
plane forebody. The magnitude of this
discrepancy is a function of the forebody
fineness ratio and shape, as well as its
distance ahead of the center-of-gravity
location. The greater the fineness ratio,
moment arm, and distribution of the fore-
body volume in the horizontal plane, the
greater the discrepancy. In general, the
rotary balance models' pitching moment co-
efficients are up to .15 more positive
than the airplanes' for alphas in the 459
to 900 range. BAn error of approximately
.35 C, was noted, however, for one config-
uration possessing all of the Reynolds
number sensitive forebody characteristics.

Steady-State Spin Analysis

To ascertain the importance of these
C, errors, predicted steady-state spins
were recalculated with the rotary balance
data shifted so that the static (Qb/2V=0)
values agreed with those obtained during
high Reynolds number tests. For none of
the longitudinally stable models tested to
date did these pitching moment corrections
significantly affect the predicted spin
modes. This result was anticipated be-
cause of the excellent correlation ob-
tained between predicted and full-scale
flight determined spin modes and because
of the ability of dynamically ballasted
spin models to identify, fairly accurately,
full-scale spin characteristics over the
years. All the results to date indicate
that steady spin modes can be predicted
for military configurations using low
Reynolds number rotary balance data. As a
precautionary measure, however, when spins
are predicted for a preliminary design,
their sensitivity to larger negative pitch-
ing moments is also evaluated.
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It should be noted that low Reynolds
number testing can present a problem for

a control-configured vehicle that is high—

ly unstable longitudinally. If such a
configuration had a Reynolds number sen-
sitive forebody design, both the spin and
-rotary balance model could exhibit posi-
tive pitching moments over most of the
0-90°9 alpha range. Consequently, a non-
spinning high alpha trimmed motion would
be demonstrated and predicted by the spin
model and rotary balance data, respective-
ly. However, if, at high Reynolds number,
a stable pitching moment curve having neg-
ative moments were shown to exist over
some portion of the high alpha region,
then a spin mode may be predicted using
these data instead of a high alpha trim
condition.

As shown in the previous section, the
ability to predict spin modes is appreci-
ably degraded for a general aviation con-
figuration having a large wing leading-
edge radius. Obviously, this situation
can be anticipated if the measured static
and/or rotational flow pitching and roll-
ing moment characteristics are shown to
vary with Reynolds number. A technique
for overcoming this problem remains to be
developed. One of several possibilities
is the selection of an equivalent model
airfoil section that duplicates, at low
Reynolds number, the full-scale wing stall
aerodynamic characteristics. Use of an
equivalent airfoil section at high alphas
(above 359), however, would probably re-
sult in higher autorotative moments than
would be obtained on the airplane; thereby
requiring some changes in the present test
procedure.

Large Angle, Six Degree-of~Freedom Compu-
tations

If the stability of a predicted spin
is to be determined using a large angle,
six degree-of-freedom computer program,
the direct application of rotary balance
data would suffice, as was the case in
predicting steady-state spin modes. 1In
this instance, dynamic derivatives must be
included in the aerodynamic model and the
computations would be initiated for condi-
tions near the predicted spin equilibrium
values. The ensuing motion would be in-
dicative of the spin's stability. If,
however, time histories were to be com-
puted for a maneuver beginning in the un-
stalled flight regime and proceeding into
the post~stall region, as would be the
case for a departure or spin susceptibil-
ity investigation, the direct use of low
Reynolds number rotary balance data would
be improper for some configurations, as
discussed below.

Static force tests show a yawing mo-
ment at zero sideslip in the 40° to 70°
angle-of-attack range for most fighter
configurations due to asymmetrical vortex
shedding at the nose. The magnitude of
this moment is greater for the rotary bal-
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ance model than the airplane because of
the correspondingly greater cross-flow
drag experienced at low Reynolds number,
as mentioned previously in regard to stat-
ic pitching moments. Therefore, for a
proper representation, the rotary balance
determined Cn and Cp value at Qb/2V=0
should be shifted to the lower value cb-
tained at high Reynolds number.

Although the magnitude of the yawing
moment offset at full-scale Reynolds num-
ber may be less than that measured at low
Reynolds number, the influence of rotation
on yawing moment is assumed not to be sig-
nificantly affected by Reynolds number.
That is, a damped or propelling character-
istic demonstrated at low Reynolds number
should reflect the full-scale airplane
characteristics. This belief is based on
the following observations: Flat and mod-
erately flat spin rates are uniquely de-
pendent on the Cp vs 2b/2V* relationship
existing at the spin angle of attack; i.e.,
propelling moments exist up to approximate-
ly the spin equilibrium rotation rate and
then are damped for higher rotation rates.
Since the spin rates and angle of attack
identified by spin model and rotary bal-
ance data agree well with full-scale val-
ues, it would appear that the C, vs Qb/2V
relationships determined at low Reynolds
number are proper. The relationships also
appear valid at lower alphas since the ef-
fect of off-set yawing moments on airplane
behavior seems to correlate with rotary
balance determined Cy vs Qb/2V character-
istics. That is, directional "nose slice"”
departures are experienced during a longi-
tudinal maneuver for configurations shown
to have propelling rotational yawing mo-
ments; whereas this is not the case when
damped yawing moments are indicated.

IV. Configuration Definition Procedures

The variation of the three aerodynam-
ic moments with rotation determines the
existence and nature of an airplane's spin
modes. The source of these moments can be
determined by examining the contribution
of each airplane component. Consequently,
component build-up tests are conducted
first to determine the contribution of the
body, wing, horizontal tail, etc. to the
moment characteristics. Then the rotation-
al flow aerodynamics are obtained for the
complete configuration with various con-
trol settings. As mentioned previously,
steady developed spins can be predicted
concurrently with wind tunnel tests. Con-
sequently, if steady spins are predicted,
sufficient insight into the causes will
have been established to permit the selec~
tion of judicious configuration or control
modifications. The effectiveness of these
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Rates of rotation have been traditionally
expressed nondimensionally in terms of the
linear and angular velocities V and , re-
spectively, and half the wing span. Thus
the expression 2b/2V is the ratio of the
wing tip speed to the forward velocity
speed.



modifications in meeting the desired de-
sign objectives are then verified with
additional rotary balance tests. Some of
these procedures are illustrated below for
a general aviation and a military config-
uration.

General Aviation Configuration

Fig. 1 presents the rotational yaw-
ing moment characteristics obtained at 60°
angle of attack for a general aviation
configuration. Autorotative™ yawing mo-
ments occur over a significant Qb/2V range
for this configuration with undeflected
controls. Also presented in Fig. 1 are
the yawing moment characteristics attrib-
uted to the wing, body, and tails. It can
be seen that the airplane's autorotative
moments are caused by the body and the in-
terference of the horizontal tail on the
vertical tail. In this instance, the in-
terference is such that the large damp-
ing contribution of the vertical tail be-
comes propelling in the presence of the
horizontal tail. The body and/or the tail
design would be candidates for further in-
vestigation if an undesirable steady spin
mode were predicted for this configuration.

Military Configuration

The rotational rolling, pitching, and
yawing moment characteristics obtained for
neutral controls at 40° angle of attack
are presented in Fig. 2 for a military
configuration. Autorotative rolling and
yawing moments exist over a significant
Qb/2v range. In addition, the configura-
tion exhibits increasing nose-up pitching
moments with increasing rotation rate and
an off-set yawing moment at Qb/2V=0. Such
characteristics are highly indicative of a
susceptibility to depart from controlled

flight in the alpha range where they occur.

Fig. 2 also presents the contribution
of the body, wing, and tails to these
characteristics. It can be seen that the
autorotative rolling moment is mainly due
to the wing; whereas the pitching and yaw-
ing moment characteristics are dictated by
the body. The influence of the body is
further illustrated in Fig. 3, which pre-
sents the component yawing moment charac-
teristics obtained for the same configu-
ration at an angle of attack of 500, where
the body cross-flow drag effect is close
to maximum. It is shown that the body
alone is completely responsible for both
the off-set moment and autorotative char-
acteristics. Fig. 3 further illustrates
that, in this case, these yawing moment
characteristics are attributable to the
forebody, since the large propelling mo-
ments become highly damped when very small
nose strakes are mounted on the forebody.

*

In a right spin (positive 0b/2V), posi-
tive yawing and rolling moments are auto-
rotative, i.e., propelling rather than
damping.

The influence of the forebody strakes
at 400 angle of attack on the yawing as
well as the rolling and pitching moment
characteristics is also shown in Fig. 2.
The nose-up pitching moment characteristic
is eliminated and the propelling yawing
moment becomes highly damped. Also, a
favorable forebody influence on the wing
is indicated when the strakes are present,
since the configuration becomes damped in
roll.

A flat spin mode was predicted for
this configuration. Consequently, the
ability of the strakes to minimize depar-
ture susceptibility was examined using a
large angle, six degree~of-freedom com-
puter program. The effect of the strakes
is depicted in Fig. 4, which presents the
resulting motions obtained with and with-
out the strakes for the identified control
inputs. Without strakes, a departure cul-
minating in a flat spin was calculated;
whereas the airplane with strakes did not
depart.
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Table 1 Experimental and predicted spina modes for military configurations

Model Controls Spin mode
6e éa 6r o sec/turn Qb/2v
A 0 0 0 Spin tunnel 66 8.0 .05
Predicted 66 8.5 .05
-30 30 -30 Spin tunnel 83 2.7 .14
Predicted 81 1.9 .23
B 0 0 0 Spin tunnel 83 2.3 .14
Predicted 81 2.5 .14
+5 -30 +30 Flight test 78 3.8 .08
Predicted 78 3.7 .09
c -20 30 =30 Spin tunnel 85b 1.5 .32
Predicted® 58 4.0 .09
81 1.5 .32
+Wing tip Spin tunnel®  64b 3.7 .12
87b 1.5 .34
Predicted® 63 3.7 .12
81 1.6 .32
+Wing tip & Spin tunnel® 700 5.2 .08
body strake g7b 1.7 .28
Predicted® 66 5.5 .08
81 1.8 .25
LEF Sd/sa
D 0 0 6/20 -15 Flight test 75 3.0 .18
Spin tunnel 81 2.4 .24
Predicted 80 2.7 .21
+Body tanks Spin tunnel 84 2.1 .28
Predicted 81 2.3 .24
E 34 0 20/25 0 Flight test 85 2.7 .14
35 Spin tunnel 83 2.5 .18
30 Predicted 83 2.5 .16
34 0 0 0 Flight test 70D 5.1 .08
35 Spin tunnel 70b 5.3 .07
30 Predicted 69 5.2 .07

aSpins shown are to the right.
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bOscillatory spin.

cMultiple spin modes.



Table 2 Experimental and predicted spina modes for general aviation configurations

Model Controls Spin Mode

ée Ga Gr o sec/turn Qb/2V

F -25 0 -25 Flight test 39 2.3 .27

Spin tunnel® 38 2.5 .22

77 1.1 .83

Predicted® 38 2.2 .23

77 1.2 .81

0 0 0 Flight test®? 54 1.7 .46

Predicted 36 1.7 .32

55 1.7 .39

79 1.0 1.0

Spin tunnel® 42 1.5 .38

78 1.0 1.0

Predicted® 35 1.5 .38

77 1.0 1.0

G -20 12.5 2.0 Flight test 20 1.8 .34

Spin tunnel 22 2.0 .31

Predicted 18 1.3 .40

H -15 15 ~25 Flight test 29 2.2 .29

Predicted 23 1.7 .29

I -10 0 ~26 Flight test 44 2.8 .23

Spin tunnel 30 2.3 .30

Predicted 33 2.6 .27

aSpins shown are to the right. bDifferent inertia distribution for flight and
spin model. ©“Multiple spin modes.

Table 3 Experimental and predicted spina modes for general aviation configurations
having drooped wing leading edges

Model Controls Spin mode
6e Ga Sr o sec/turn Qb/2V
F -25 +22.5 =25 Flight test 63 1.7 .45
(full span L.E.droop) Predictedb 47 2.5 .25
82 1.0 1.00
{(outboard L.E. droop) Flight test 25 3.5 .13
PredictedP 38 2.5 .20
81 1.0 .98
H -15 =25 =15 Flight test 56 2.5 .36
(full span L.E.droop) Predicted 36 1.8 .38

aSpins shown are to the right. bMultiple spin modes.
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