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ABSTRACT

An investigation has been made to determine if there is a
correlation between lateral-directional static stability characteristics
and spin susceptibility. The effects of longitudinal static stability
and adverse or proverse yaw were also considered. The motion of an
airplane entering the high angle of attack, low speed flight regime is
analyzed in six degrees of freedom utilizing a digital compbter. The
basic asrodynamic¢ characteristics used as input data are representative
of a fighter-type airplane and the motion of the airplane is first
computed utilizing these basic data and then recomputed with variations
in lateral-directional static stability characteristics and a variation
in pitching moment. The Cng,dynamic and aileron-alone divergence param-
eters are calculated for four aerodynamic cases and two sets of mass
characteristics. The results of the study show that these parameters
have promise as criteria for predicting spin susceptibility of fighter-
type aircraft in the early stages of design and development. An airalane
whose Cng,dynamic and aileron-alone divergence parameters are bot!, nega-
tive at near-stall angles of attack tends to be susceptible to spinning
and an airplane with positive values for these parameters tends not to
be susceptible to spinning. With & positive Cng,dynamic and a negative
aileron-alone djvergence parameter, an airplane may or may not be suscep-
tible to spin depending upon whether an airplane is directionally unstable
or stable at near-stall angles of attack and also upon the variation in
pitching moment. The results of the study also indicate that, in general,
proverse yaw appears to be preferable to adversz yaw regarding spin sus~

ceptibility.
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SYMBOLS

moment of inertia about longitudinal
body axis

moment of inertia about lateral body
axis

moment of inertia about normal body
axis

product of inertia

airplane mass

airplane weight

wing area

wing span

wing mean aerodynamic chord
center of gravity

air density

dynamic pressure (%pvz)

linear velocity components along the
X, ¥, and z body axes, respectively
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airplane roll, pitch, and yaw rates
about x, y, and z body axes,
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altitude
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engine thrust force along .. ;ody
axis
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ft/sec

degrees/sec

ft
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S/MBOLS (CONTD)

Definition of Angles

a

Sy

angle of attack, measured between
the X body axis and the projection
in the X-Z plane of the relative
wind vector, positive when the X
axis is above the projected relative
wind vector (Figure.38)

angle of sideslip, measured between
the relative wind vector and its
projection in the X-Z plane, positive
when the relative wind vector is to
th? right of the X-Z planc (Figure

38

airplane pitch attitude angle,
measured in a vertical plane
between the X body axis and the
horizontal plane, positive airplane
nose up (Figure 39)

airplane roll attitude angle,
measured in the Y-Z plane between
the Y body axis and the horizontal
plane, positive right wing down
(Figure 39)

airplane yaw attitude angle,
measured between the initial
flight direction and the
projection in the horizontal
plane of the X body axis,
positive airplane nose right
(Figure 39)

control deflection -~ aileron

or any lateral control surface,
positive direction right stick
(i.e., left aileron trailing edge
down)

control deflection - elevator or
any horizontal control surface
positive direction traliling edge
down

deg

deg

deg

deg

deg

deg

deg
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]
Fx» Fyr Fz
L, M, N

SYMBOLS (CONTD)

control deflection - rudder,
positive direction trailing
edge left

components of the aerodynamic
forces along the x, y, z body
axes, respectively

components of the aerodynamic
moments about the x, y, and z
body axes, respectively

Aerodynamic Coefficient and Derivatives

CN
Cy
Ce
Ce
Crm
Cn
“vg %Y'
Cag ™ %;&

normal force coefficient, body axis
CN ='Fz/q°S

side force coefficient, body axis
CY = Fy/qoS

chord force coefficient, body axis
Cc =-Fx/q°S

rolling moment coefficlient
Cy = L/qoSb

pitching moment coefficient
Cm = M/qOS'é

yawing moment coefficient
Ch = N/qOSb

derivative of side force coefficient
with respect to sideslip angle

derlvative of rolling moment
coefficient with respect to
sideslip angle

deg

fe-1b

per deg

per deg
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SYMBOLS (CONTD)

derivative of yawing moment
coefficient with respect to
sideslip angle

derivative of rolling moment
coefficient with respect to
roll rate

derivative of yawing moment
coafficient with respect to
roll rate

derivative of pitching moment
coefficient with respect to
pitch rate

derivative of rolling moment
coefficient with respect to
yaw rate

derivative of yawing moment
coefficient with respect to
yaw rate

derivative of pitching moment
coefficient with respect to
the rate of change of angle
of attack

derivative of side force
coefficient with respect to
lateral control deflection

derivative of rolling moment
coefficlent with respect to
lateral control deflection

derivative of yawing moment
coefficlent with respect to
tateral control deflection

per deg

per radian

per radian

per radian

per radian

per radian

per radian

per deg

per deg

per deg
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4
4 SYMBOLS (CONTD)
#
a
ii CYG = 351. derivative of side force coefficient
# R 36R with respect to rudder deflection per deg
. ac
; Cp. = L derivative of rolling moment
> 6g  36g coefficient with respect to
iﬂ rudder deflection per deg
i Ch. = %gﬁ derivative of yawing moment
v SR R coefficient with respect to
E: rudder deflection per deg
E
- 3c
3 CCG = =< derivative of chord wise force
f H o %6H coefficient with respect to
E: elevator deflection per deg
3
3c
b CN6 = 55& derivative of normal force
4 H H coefficient with respect to
@ elevator deflection per deg
b
! aC . .
g Cp, = EEE derivative of pitching moment

6y H coefficient with respect to

elevator deflection per deg

c
C"B - CZB ™2 aileron-alone divergence

Cog parameter per deg
a

Iz .
Cng,dynamic an cos a - ]:: CZB sin per deg

A dot over a symbol represents differentiation with respect to time.

i;
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SECTION 1

INTRODUCT ION

The purpose of this study is to determine the usefulness of
existing lateral-directional divergence parameters for predicting a
fighter-type airplane's spin susceptibility characteristiics following
departure from controlled flight., The expression ''post stall gyration'
is often used to denote uncontrolled motions about one o~ more aircraft
axes following departure from controlied flight., |f the post stall
gyration resulting from a stall ronsists of an appreciable arnunt of
vawing motion with a corresponding increase of angle of attack, the
airplane can be considered spin susceptible, The type of rolling
motion is also significant regarding spin susceptibility in that an
increasing bank angle with time together with excursions in sideslip
angle and a nose down attitude could be interpreted by a service pilot
as "'spin." Such an interpretation causes a pilot to apply anti-spin
recovery controls or lateral control in an effort to 'pick up" the
down wing, If lateral control is used to pick up the down wing, adverse
or proverse yaw can drive the airplane into a fully developed spin,

A degradation In lateral-directional static stability character-
isties in the high angle of attack, low speed regime can and often does
lead to a loss of control with subsequent ''spinning' motion. An
airplane with poor lateral-directional stability characteristics at
near-stall angles of attack could have a high degree of spin suscepti-
bility following departure from controlled flight. Consequently, it

is desirable to establish a correlation between lateral-directional
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SECTION 1

INTRODUCT ION

The purpose of this study is to determine the usefulness of
existing lateral~directional divergence parameters for predicting a
fighter-type airplane's spin susceptibility characteristics following
departure from controlled flight., The expression ''post stall gyration'
is often used to denote unconirolled motions about one or more aircraft
axes following departure from controiied flight, If the post stall
gyration resulting from a stall ronsists of an appreciable ap~unt of
vawing motion with a corresponding increase of angle of attack, the
airplane can be considered spin susceptible. The type of rolling
motion is also significant regarding spin susceptibility in that an
increasing bank angle with time together with excursions in sideslip
angle and a nose down attitude could be interpreted by a service pilot
as "spin.'" Such an interpretation causes a pilot to apply anti-spin
recovery controls or lateral control in an effort to "pick up' the
down wing, If lateral control is used to pick up the down wing, adverse
or proverse yaw can drive the airplane into a fully developed spin,

A degradation in lateral-directional static stability character-
istics in the high angle of attack, low speed regime can and often does
lead to a loss of control with subsequent "spinning'' motion. An
airplane with poor lateral-directional stabiiity characteristics at
near-stall angles of attack tould have a high degree of spin suscepti-
bility following departure from controlied flight. Consequently, it

is desirable to establish a correlation between lateral-directional
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static stability and spin susceptibility, preferably in the form of
criteria utilizing static aerodynamic data,since these kind of data
are obtained early during the initial design stages. If spin suscep-
tibility is investigated early in the design and development stage,
design changes can be made which will produce satisfactory high angle
of attack lateral-directional stability characteristics and thus
minimize spin susceptibility.

Certain parameters Involving only lateral-directional static
aerodynamic data are studied for the purpose of establishing these
parameters as criteria for determining spin susceptibility during
design evaluation of fighter-type airplanes. These parameters are
known as the '"'Cpg,dynamic'' criterionand the "aileron-alone
divergence'! parameter,

As discussed in References | and 2, the parameter Cpg dynamic
is generally a primary factor in determining the undamped natural
frequency of the Dutch rcll mode and has been shown to correlate
with directional divergence of inertially slender configurations.
Further, it was shown for the study presented in Reference | that
the expression Cpg,dynamic <0 is an approximate criterion for
divergence in the form of lateral-directional oscillatory instability.

The paraméter Cng,dynamic is defined herein as

I2
CnB,dynamic = Cpg cos a = T—-ng sin a ()
X
The aileron-alone divergence parameter relates to divergence

characteristics when lateral control alone is applied and is defined

herein as
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SECTION 11

GENERAL METHOD OF ANALYSIS

The motion of an airplane entering the high angle of attack, low
speed (Mach number less than 0.50) flight regime Is analyzed in six
degrees of freedom utilizing a digital computer. The equations of
motion are included in Appendix | as well as diagrams (Figures 38 and 39)
defining the reference axes, angles of attack and sideslip, and attitude

angles.

The static and dynamic aerodynamic data (in coefficient form) used
as a base for the studies discussed in this report are presented in
Appendix 1l. The basic aerodynemic characteristics are representative
of a fighter-type airplane considered to be relatively spin resistant
when flown at low speed to angles of attack near the stall angle of
attack. Changes to these basic data are made and involve the directional
stability derivative (C,g), the effective dihedral (CQB)’ and pitching
moment. Figures 40, 41, and 45 in Appendix Il and Table | show these
changes. The directional stability derivative and effective dihedral
are used to define Cpg, dynamic and the aileron-alone divergence
parameter. The motion of the airplane is first computed utilizing the
basic data and then recomputed with variations in directional stabllity

and effective dihedral characteristics.
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TABLE |
AERODYNAMIC CASES
Case Changes to Basic Aerodynamic Data
A
(Basic)
B Cng unstable for a > 20.6°
t Cgg positive for 20° < a < 27.5°
Cop Positive for 20° < a < 27.5°
D
Chg unstable for a > 20.6°

The definition of Chg dynamic also Includes the yaw to roll moment
of inertia ratlo, 1,/ix. Two sets of mass characteristics (Table 1)
are used in the analyses to determine their effect on spin susceptibility.
The weight is concentrated chiefly along the fuselage for both airpianes.
The thrust required initially to trim the airplane is maintained
during the entire maneuver. Engine gyroscopic effects are neglected in

the equations of motizn for accelerations.
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TABLE

MASS CHARACTERISTICS AND

Weight (1b) , , . . ... ......

s (Ft2), . ... ... ...,

G

e (ft) . ..o e
Moments of Inertia:

Ix (slug-ft2), , , , ,

ly (slug=ft2), . ., ., , ..

1z (stug=ft2), , ., ., ., ...,

ixz (slug=fFt2). . . . . . . . ..,

IZ/'X.....‘.......

INERTIAL PARAMETERS

3

Airplane | Airplane 2
38,790 10,910
538 170
38.4 25.25
16.04 6.73
25,850 1,700
122,800 23,500
140,900 30,100
2,600 0
5.45 17.7
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SECTION 111

Cng, dynamic PARAMETER FOR PREDICTING SPIN SUSCEPTIBILITY

1. METHOD OF ANALYSIS

Four aerodynamic cases are considered (Table | and Appendix |!)
for determining the usefulness of Cng,dynamic as a criterion for
predicting spin susceptibility.

The airplane is flown to high angles of attack from a l-g wings-
level trimmed flight condition at an altitude of 30,000 feet by applying
a horizontal .control surface deflection. The control surface is deflected
over a time interval which produces a deflection rate of 10 degrees per
second to a maximum deflection of minus 21 degrees (stick back) which is
held throughout the maneuver. At the same time, a sides!ip angle increase
is obtained from an initial input of 2.5 degrees in sideslip angle.
Lateral and directional control surface deflections are not applied.

2. RESULTS OF ANALYSIS, AIRPLANE 1

The results of the six degree of freedom analyses for a fighter-type
airplane whose yaw to roll moment of inertia ratio, iz/lx, equals 5.45
(airplane 1) is presented in Figures 1 through 13. Figure | shows the
time historles of sideslip angle for the four cases studied. The case
which produces an abrupt directional divergence and therefore is consid-
ered spin susceptible is indicated by the curve labeled D. Figures 2
and 12 show that the beginning of the abrupt divergence occurs at an
angle of attack of about 24.5 degrees (2.5 seconds), where CnB,dynamic
first becomes a relatively large negative value (Figure 3). Figure 3
shows that Cpg,dynamic Is always positive for the three cases (a, B,

ard C) which display rather well~behaved motion following departure
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from controlled flight while the value of Cpg,dynamic for case D
is about -0.003 per degree at and immediately following departure
from controlled flight.

The remaining figures (Figures 4 through 13) show time histories
of rates, angles of attack, and orientation angles. The motion or
post stall gyration displayed by the divergent case (case D) is seen
to be quite severe in comparison to the motion indicated for cases A,
B, and C. The roll «ngle time history (Figure 11) for case D shows
that the airplane rolls tc the right through 180 degrees in about
5.5 seconds and through 360 degrees in about 8 seconds. In contrast,
cases A, B, and C show relatively small changes in roll angle with
time. Note that case C shows a mild, continuous roll to the left
(Figure 10) because of the negative sideslip angle with time (Figure
1). Pitch angle or attitude (Figure 9) is seen to be oscillatory for
case D as well as yaw angle (Figure 12). Note that at 180 degrees of
roll the airplane attitude is about 50 degrees nose down and at 360
degrees of roll about 65 degrees nose up. Figure 12 shows that for
case D the airplane experiences abrupt changes in yaw angle and will
spin, yawing through one turn in about 25 seconds, if no recovery
control is applied. A pilog can be expected to become quite confused
and disoriented because of this motion, that is, the combination of
savere rolling, pitching, and yawing motion; and the probability of
applying the improper recovery controls while in a post stall gyration
is considered high, Consequently, case D Is considered to be spin
susceptible from this standpoint also.

The importance to spin susceptibility of effective dihedral,
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whether positive or negative, is indicated when comparing the two
Cng,dynamic curves for case B and case D (Figure 3). The variation
of the directional stability derivative (Cpg) with angle of attack
used for both of these cases is unstable for angles of attack above
20.6 degrees. However, case B represents positive effective dihedral
('CEB) at all angles of attack while case D represents slightly nega-
tive effective dihedral (+Cyg) for angles of attack between 20 and
27.5 degrees. In the first case, positive effective dihedral compen-
sates for the negative directional stability thus producing reasonably
well~behaved motion at these angles of attack.

Comparison of the two Cng,dynamic curves for cases A and C further
illustrates the importance of positive effective dihedral at near-stall
angles of attack. |In both of these cases, the variation of the direc-
tional stability derivative with angle of attack is stable up to an
angle of attack of 37.5 degrees while the variation of effective
dihedral with angle of attack for cases A and C is the same as for
cases B and D respectively. A large decrease in Cpg,dynamic, beginning
at about an angle of attack of 14 degrees, is shown for the case C
curve, The computed motion is well~behaved for this case but the
initial variation of sideslip angle, particularly over the first six
seconds, is greater than for case A (Figure 1). In addition, changes
in yaw angle are considerably greater for case C as shown in Figures
12 and 13. Although the motion Is not considered spin susceptible
motion, it does illustrate the Influence of effective dihedral; that
Is, negative effective dihedral at near-stall angles of attack can

degrade the beneficial effect of positive directional stabiiity.
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3. RESULTS OF ANALYSIS, AIRPLANE 2

A similar analysis was conducted on an airplane whose |,/1yx equals
17.7 (airplane 2) for the same four cases. The same general conclusions
can be drawn regarding the use of Cng, dynamic to predict spin susceptibility
and the importance of effective dihedral (Figures 14 through 25), Case D
is considered to be spin susceptible because of the rapid increase of
sideslip angle (Figure i4) at near-stall angles of attack together with an
appreciable yaw rate (Figure 20) and a corresponding increase in angle of
attack (Figure 15). Figure 16 shows that the parameter Cpg,dynamic is a
large negative value at an angle of attack of 25,7 degrees where an abrupt
divergence occurs (6.0 seconds). However, there are significant differ-
ences in the computed motion between airplanes | and 2. The time histories
of sideslip and yaw angle for case D show a '‘gradual'' divergence over the
first 5 seconds and then an abrupt divergence in sideslip to about 20
degrees in the next 1.5 seconds (Figures 15 and 25). Airplane | begins
an abrupt divergence within 1.5 seconds and initially peaks to approximately
45 degrees in the next 2.0 seconds (Figure 2). This abrupt divergence
occurs at an angle of attack of approximately 24.5 degrees (at 2.5 seconds)
while the abrupt dlivergence for airplane 2 occurs at an angle of attack of
about 25.7 degrees (at 6.0 seconds). The motion is in general less oscil-
latory and less severe for airplane 2, A full turn in yaw was not achieved
and the change in roll angle did not exceed 360° for the first 12 seconds.
Nevertheless, the post stall gyration shown in Figures 14 through 25 for
case D can be considered conducive to spin.

Figure 16 shows Cng,dynamic plotted versus angle of attack. The
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curve for case C indicates a negative Cnhg, dynamic over a small range

of angle of attack. The corresponding time history of sideslip angle
(Figure 14) shows an increase in sideslip initially peaking to about 3
degrees and ther rapidly diminishing. This further illustrates the

fact that Cpg,dynamic Will be In the order of -0.003 per degree when a
directional divergence occurs at near-stall angies of attack as indicated
by the curve for case D and the corresponding time history of sideslip
angle. It should also be noted that for the same caie (i.e., case C) the
peak magnitude in sideslip angle Is less, by about Z degrees, for airplane
2,as compared to airplane | (Figure 1). In fact, the sideslip excursions
for airplane 2 are of smaller magnitude and well damped as compared to
the sideslip excursions for airpiane 1.

It is worth noting again that for the case where directional
divergence occurs (case D) the variation of the directional stability
derivative with angle of attack is unstable for angles of attack above
20.6 degrees. Based on this, an airplane would be expected to experi-
ence a directional divergence at an angle of attack close to 20.6 degrees.
However, under dynamic flight conditions the divergence for airplane |

occurs at 24,5 degrees and at 25.7 degrees for alrplane 2.
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SECTION 1V

AILERON-LONE DIVERGENCE PARAMETER FOR PREDICTING
SPIN SUSCEPTIBILITY

1. METHOD OF ANALYSIS

The six degree of freedom analyses is repeated for the four aerodynamic
cases and the two sets of mass characteristics listed in Tables | and |1,
respectively, In addition, the effect of pitching moment on spin suscepti-
bility is investigated.

The airplane is initially trimmed at angles of attack of 22, 23, 24,
25, 27, and. 30 degrees at an aititude of 30,000 feet. At each angle of
attack and for each case, a lateral control surface deflection (§5) of 30
degrees (right stick) is applied at a rate of 20 degrees per second and
maintained. The effects of both adverse and proverse yaw due to lateral
control deflection (Appendix 11, Figure 47) on spin susceptibility
is considered for each aerodynamic case and at each angle of attack as
is the effect of pitching moment (Appendix Il, Figure 45).

Now, depending upon the aerodynamic case (A, B, C, or D), each angle
of attack represents a degree of lateral-directional stability or instabil-
ity. Since the values of Cphg,dynamic and the aileron-alone divergence para-
meter are functions of angle of attack, the values of these parameters at
the initial trim angles of attack are used to determine their utility as
criteria for predicting spin susceptibility.

2. RESULTS OF ANALYSIS, AIRPLANE 1

Case D: An example of the motion obtained for airplane 1, case D,
following a lateral control deflection,ls shown in Figures 26 through 29.
Although these time histories represent the effect of lateral control input
at an Initial trim angie of attack of 27 degrees and adverse yaw, this type
of motion is representative for angles of attack above 23 degrees, for pro-

verse ya# as well as adverse yaw, and regardless of pitching moment
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characteristics.

Figures 26 through 29 represent a steep left oscillatory spin which

LR AL IR DINTT A RO

completes about 5.8 turns in 40 seconds (Figure 28). The airplane ini-
tially diverges in yaw to the left at about 3 seconds and in roll at
about 3 seconds. Note thet the roll divergence is opposite to the roll

command (right stick), in the same direction as the yaw, and that when the

airplane completes about one roll to the left and begins oscillating
(Figure 29) the motion consists primarily of yaw.

The values of Cpg,dynamic and the aileron-alone divergence parameter
at the trim angles of attack investigated for all four cases are shown in
Figures 30 and 31. Figure 30 represents adverse yaw and Figure 31 repre-
sents proverse yaw., The case D points are shown in the lower left hand
quadrant (negative Cng,dynamic and aileron-alone divergence parameter)
and are identified for each trim angle of attack.

Referring to Figure 30, at angles of attack above 23 degrees, spins
are obtained following a la'eral control input and as previously noted the
motion is similar to that shown in Figures 26 through 29. At 23 degrees
angle of attack,the airplane has a strong tendency to spin to the ieft
but will not sustain i1arge average values of angle of attack and yaw
rates. At 22 degrees angle of attack following a lateral centrol input
the airplane pitches nose down and exhibits severe oscillations about all
three axes with no significant Iincrease in angle of attack or yaw rate.

In general, the area within the dashed lines shown in Figure 30 repre-
sents a region of spin susceptibility with case D lateral-directional stabil-
fty characteristics. Furthermore, there Is no significant difference due
to the variation in pitching moment shown in Figure 45,

Case B: Case B points with adverse yaw are shown in the lower right

hand quadrant of Figure 30. Unlike Case D, Case B represents an c!rplane
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with appreciable positive effective dihedral at near-stall angles of attack
(Figure 41). Both cases are directionally unstable at near-stall angles
of attack.

An airplane with case B lateral-directional stability characteristics
will not be spin susceptible below 27 degreas angle of attack with the
basic pitching moment. However, with decreased longitudinal stability the
case B airplane will readily spin at angles of attack below 27 degrees.

The motion is similar to that shown in Figures 26 through 29 but the spin
is less oscillatory and quickly stabilizes.

Dashed lines are shown originating from the 22 and 27 degree angle
of attack points. The area bounded by the horizontal dashed lines at 22
and 27 degrees angle of attack and by the vertical dashed line represents
a region oﬁ spin susceptibility dependent upon the variation in pitching
moment. At an angle of attack of 27 and 30 degrees, the airplane is
spin susceptible regardless of the variation in pitching moment.

It appears that appreciable values of positive effective dihedral will
compensate to some extent for a lack of directional stability at near-stall
angles of attack. As pointed out earlier, the only difference between cases D
and B is that the latter case represents an airplane with appreciable posi-
tive effective dihedral at near-stall angles of attack. However, the

" variation in pitching moment 1s Important and can become an overriding
factor particu]arly at the lower angles of attack (22 through 25 degrees).
At the higher angles of attack (27 and 30 degrees) and with the directional
stability characteristics of case B (i.e., Increasing instability with
angle of attack), the degree of directional instability is the primary
factor regarding spin susceptibility.

Case C: All but one of the case C points with adverse yaw are shown

N e et
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in the upper right hand quadrant of Figure 30. Case C represents a
directionally stable airplane up to 37.5 degrees angle of attack and very
little effective dihedral at near-stall angles of attack, ranging from
slightly negative to slightly positive.

The motion exhibited by case C with adverse yaw is primarily a
rolling motion with no tendency to spin and the variation in pitching
moment shown in Figure 45 has no significant effect on the motion.
Apparently the directionally stable case C airplane is not particularly
bothered by poor effective dihedral characteristics within the constraints
of this analysis.,

Case A: The case A points with adverse yaw are shown in the lower
right hand quadrant of Figure 30. The motion following lateral control
inputs at any of the trim angles of attack Is primarily roll like case
C,and again the variation in pitching moment has no significant effect.
However, sideslip angle buildup is less,and consequently the number of
rolls in a given time Interval Is generally less for case A. Case A
represents an airplane whose lateral-directional stability character-
Istics are considered excellent at near-stall angles of attack.

It is of interest to compare the results obtained between cases A
and B, Both cases have the same positive effective dihedral character-
istics but, as noted previously,case B represents a directionally unstable
airplane at near-stall angles of attack. It is apparent that if an air-
plane Is to have satisfactory high angle of attack characteristics, that

Is, not spin susceptible at near-stall angles of attack, a requirement

for maintaining direziional stabllity at these angles of attack is essential.

If this is not possible, then maintaining an appreciable amount of positive

effective dihedral at near-stall angles of attack is absolutely essential.
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Figure 31 shows the results of the analyses for all four cases with
proverse yaw. A region of spin susceptibility is identified for case D
which is independent of the variation in pitching moment. Cases A, B,
and C are shown in the upper right hand quadrant. The motion exhibited
for these three cases with proverse yaw is well-behaved with no tendency
to spin, regardless of the vuriation in pitching moment. In general,
proverse yaw appears to be preferable to adverse yaw regarding spin
susceptibility except for an airplane whose lateral-directional stability
characteristics are like Case D.

3. RESULTS OF ANALYSIS, AIRPLANE 2

Case D: Figures 32 through 35 show an example of the motion obtained
for airplane 2, case D,and represent the effect of lateral control input at
an initial trim angle of attack of 27 degrees, adverse yaw, and the basic
pitching moment.

The steep left spin is similar to that obtained with airplane |, case
D. However, it is not as oscillatory, and stabilizes sooner. The airplane
completes about one roll to the left, after which the motion consists primar-
ily of yaw and about 4.6 turns are completed in 40 seconds.

The values of Cpg dynamic and the aileron-alone divergence parameter
at the trim angles of attack are shown in Figures 36 and 37 for adverse
and proverse yaw respectively. Like airplane 1, the case D points are in
the lower left hand quadrant.

Referring to Figure 36, at angles of attack above 24 degrees the air-
plane is spin susceptible,and at 23 degrees the airplane motion shows no
angle of attack or yaw rate Increase. At 22 degrees angle of attack, there
is no tendsncy to spin. The area within the dashed lines indicate a region
of spin susceptibility for case D which is independent of the variation in

pitching moment.
n
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The difference between airplanes | and 2 is that the latter
indicates a region of spin susceptibility beginning at a slightly
higher angle of attack or alternatively, at a higher negative value
of the aileron-alone divergence parameter. With proverse yaw, a com~

parison between Figures 31 and 37 show the same trend. However, both

airplanes indicate a minimum negative value for Chg,dynamic of about
0.0016 per degree for adverse or proverse yaw. Regarding the effects

of adverse and proverse yaw on airplane 2, Figure 37 shows that, with

proverse yaw, the region of spin susceptibility starts at 25 degrees

angle of attack with a value of approximately -0.0031 per degree for

the aileron-alone divergence parameter,

The remaining cases for airplane 2, proverse as well as adverse

o s g

yaw, indicate no tendency to spin, regardless of the variation in

' longitudinal stability. Regions of spin susceptibility for airplane

4% 2 are identified only for case D. Since the primary difference between
‘%' airplanes 1 and 2 is the inertial characteristics, it appears that an
bL

f: airplane with a large value of Iz/lyx will be less susceptible to spin
e

b at near-stall angles of attack than an airplane with a low value of
23

b,

f ; 12/t (Reference 4).
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SECTION V

SUMMARY AND CONCLUSIONS

It is felt that the Cpp, dynamic and aileron-alone divergence param-
eters, as criteria for predicting spin susceptibility,show considerable
promise, However, this study deals with specific cases and,although these
cases are considered representative of current fighter-type airplanes, the
results presented herein are not conclusive proof cf the criteria. An
airplane with poor lateral-directional stability characteristics,such as
case D,tends to be spin susceptible once the post stall gyration is
entered. When the post stall gyration is entered without the use of
lateral control input, Cpg,dynamic will be a relatively large negative
value and remain so at near-stall angles of attack. In general, if
Cng,dynamic is positive an airplane tends not to be susceptible to
spinning,

The aileron-alone divergence parameter is negative for airplanes
whose lateral-directional characteristics are conducive to spin (case D)
regardless of the variation in pitching moment used in this study and
whether or not adverse or proverse yaw is present. With lateral control
input at near-stall angles of attack and case D lateral-directional
stability characteristics, regions of spin susceptibility are identified
whose boundaries are negative values of Cpg,dynamic and negative values
of the aileron-alone divergence parameter. An airplane will be spin
susceptible when its Cpg, dynamic and aileron-alone divergence parameters
fall in these regicns.

With case B lateral-directional characteristic: (i.e., appreciable
positive effective dihedral but directional Instablility at near-stall
angles of attack), a region of spin susceptibility is identified for air-

plane | with adverse yaw which is dependent upon the variation in pitching
55
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moment at the lower trim angles of attack investigated. At the .. gher
trim angles of attack (27 and 30 degrees), that is, at large negative
values of the aileron-alone divergence parameter, airplane | with case B
lateral~directional characteristics will be spin susceptible regardiess
of the variation in pitching moment. Airplane 2 with case B lateral-
directional characteristics and adverse yaw indicates no tendency to

spin with either variation in pitching moment. It is concluded that

for an airplane whose Cpg, dynamic and aileron-alone divergence param-
eters fall in the spin susceptible region for case B (Figure 30), further
analyses are needed to definitely determine spin susceptibility or
nonsusceptibility. Until this is established, points that fall in this
region should be considered as an indication of spin susceptibility.
Points that fall outside the spin susceptible region in the lower right
hand quadrant (e.g., case A for airplane ! and cases A and B for airplane
2) indicate nonsusceptibility to spinning. -

In general, proverse yaw appears to be preferable to adverse yaw,
regarding spin susceptibility, Proverse yaw due to lateral control
deflection on airplane 1| eliminated the region of spin susceptibility
for case B and reduced the region of spin susceptibility for airplane 2,
case D. An airplane whose Cpg dynamic and aileron-alone divergence
parameters are both positive will not be spin susceptible,

The results of this study also indicate that airplanes with large
values of the yaw to roll moment of inertia ratio are less susceptible
to spins than airplanes with low values of 1,/lx. The regions of spin
susceptibility begin at larger negative values of the aileron-alone
divergence parameter, and directional divergence Is delayed to higher
angles of attack. Furthermore, regions of spin susceptibility for

alrptane 2 were found only for case D with adverse and proverse yaw.
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APPENDIX |
EQUATIONS OF MOTION AND ASSOCIATED EXPRESSIONS
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AP S O SRR EA R

The six degree of freedom differential equations of motion referred

RIS TV

to a body axis system and associated expressions are as follows:

v o g

] Force Equations

F
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e S
= -9smne- s.‘.‘,"; + 553" w?‘(cc. + Cc\‘n‘Tu)-# -
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% H v S¢e

; is = gcas 6 cosg 4t T~ 3K (Cuw + Comi- 3)

Ei,:

g’ Moment Equations
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: I I b /
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% JP )Y‘ & 73T r’. (;7,3 T x Fr rt CJ,Q ‘A
o

%
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Attitude Equations Altitude Equation
b=gcosd-veang R = usine~ veasosingawcos 8cos ¢
¢: =P+ 'y.} N 6
= veosd 4 g3ing Linear Acceleration & Velocity Equations
cos &
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M v
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v=_us v‘-c»w‘)

Rate of Change of v
Angle of Attack Rate of Change of Sideslip Angle
&=$-7'3<‘:3‘030‘~&08\““ A:=5.7.3(\)'-03|“e

NV cosg V cos s
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Derivation of Equations for Rate of Change of Angle of Attack and

Sideslip ¢

From Figure 38

s P

WS Vcospg cos (1)
& v = Vsing (2)
- w= Vcosg sin
: (3)
Differentiating (2) gives,
'V- P . . [ ]
Y o A= VSins « VA coss
at p VA (h)
Solving for 3 ylelds,
pg= T VI (5)
Veoass
From Equation 1,
Vcoss = o (6)
& Ceas of
Substituting 6 into 3 gives,
cos X
Y i or
A ,
| Weas o = W 3Iina (7
|
: : Differentiating 7 and solving for g,
- Weosod = wsimag = Wsimd + WXcosa
L3
o’((wsma( + U\c.oso() 2 Weosa - b SINK
. A Uo 5\0 (®)
o= _Weesot— U

WK + K cos ol
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3
s
W wsad = Veess cos X
i
£ ] *
¢ S WsK 4+ weesa = Veasg (sind + cos'w)
:
3 =
1 V cos
&
i,“\
N Consequently,

S spiaiiaoad et SRRt R A

& = WcCosol — i 3in o

(9)

Vcos s

| ~4

/

><

VAR 4

Figure 38. Reference Axes, Angle of Attack, and Angle of Sideslip
Definition
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Airplane Plane Vertical Plane

of Symmetry

Horizontal Plane

X
Earth

Rotatlion Sequence Indicated ‘?
by Numbers at Arrow Heads zEarth

Figure 39. Attitude Angle Definition and Rotatlon Sequence
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