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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 susceptibf,!t.y. The effects of longitudinal static stability

and adverse or proverse yaw were also considered. Th_ motion of an

airplane entering the high angle of attack, low speed flight regime is

analyzed in six degrees of freedom utilizing a digital computer. The

basic aerodynamic 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 CnO,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 airplane

whose CnO,dynamic and aileron-alone divergernce parameters are bott, 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 a positive CnB,dynamic and a negative

aileron-alone divergence 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 adverse yaw regarding spin sus-

ceptibi lity.

~i ii
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SYMBOLS

moment of inertia about longitudinalX body axis slug-ft 2

Iy moment of inertia about lateral body 2axis slug-ft2

Iz moment of inertia about normal bodyaxis slug-ft2

Ixz product of inertia slug-ft 2

m airplane mass slugs

W airplane weight lb

S wing area ft 2

b wing span ft

Swing mean aerodynamic chord ft

c.g. center of gravity %;

p air density slugs/ft 3

qo dynamic pressure (OpV2) lb/ft 2

u, v, w linear velocity components along the
x, y, and z body axes, respectively ft/sec

V resultant linear velocity ft/sec

p, q, r airplane roll, pitch, and yaw rates
about x, y, and z body axes,
respectively degrees/sec

i altitude ft

g acceleration due to gravity 32.174 ft/sec2

T engine thrust force along .. )ody
axis lb

ix
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SIMBOLS (CONTD)

Definition of Angles

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) deg

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
the right of the X-Z plane (Figure
38) deg

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

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) deg

£ 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) deg

6a control deflection - aileron
or any lateral control surface,
positive direction right stick
(i.e., left aileron trailing edge
down) deg

6H control deflection - elevator or
any horizontal control surface
positive direction trailing edge
down deg

X
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SYMBOLS (CONTD)

61 control deflection - rudder,
positive direction trailing
edge left deg

Fx, FY, Fz components of the aerodynamic
forces along the x, y, z body
axes, respectively lb

L, M, N components of the aerodynamic
moments about the x, y, and z
body axes, respectively ft-lb

Aerodynamic Coefficient and Derivatives

CN normal force coefficient, body axis

CN =-Fz/qoS

Cy side force coefficient, body axis

Cy Fy/q 0S

Cc chord force coefficient, body axis

Cc =-Fx/qoS

Ck, rolling moment coefficient

C, = L/qoSb

Cm pitching moment coefficient

Cm - M/qoSB

Cn yawing moment coefficient

Cn = N/qoSb

8C_= derivative of side force coefficient

4 with respect to sideslip angle per deg

Cza6 = icT derivative of rolling moment
coefficient with respect to
sideslip angle per deg

xi
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SYMBOLS (CONTD)

C aCnl derivative of yawing moment"no 3coefficient with respect to
sideslip angle per deg

DCZ derivative of rolling momentCtP a(2 Vb coefficient with respect to
•2W roll rate per radian

Cn 3Cn derivative of yawing moment
Va) coefficient with respect to

F2 roll rate per radian

C acm derivative of pitching moment
mq ai2•l coefficient with respect to

k2V/ pitch rate per radian

Czr aCZ derivative of rolling moment
r b) coefficient with respect to
-Vyaw rate per radian

ar_ •n derivative of yawing moment

coefficient with respect to
TV yaw rate per radian

C a)m derivative of pitching moment
/aa coefficient with respect to

S2-i the rate of change of angle
of attack per radian

S= VCy derivative of side force

Y6a a6a coefficient with respect to
lateral control deflection per deg

C - t derivative of rollIing moment
'a coefficient with respect to

lateral control deflection per deg

Cn acn derivative of yawing moment
6a a6a coefficient with respect to

lateral control deflection per deg

xii



ASD-TR-72-48

SYMBOLS (CONTD)

CY6 = CY derivative of side force coefficient

R 36R with respect to rudder deflection per deg

CZ6 = derivative of rolling moment
R a6R coefficient with respect to

rudder deflection per deg

C =Cn derivative of yawing moment

61R =6R coefficient with respect to

rudder deflection per deg

Cc6 = acc derivative of chord wise force
'H 6H coefficient with respect to

elevator deflection per deg

N C= N derivative of normal force
N 6H coefficient with respect to

elevator deflection per deg

Cm. aCm derivative of pitching moment
m6 H =6H coefficient with respect to

elevator deflection per deg

Cn - CnSp aileron-alone divergence
8 ~ C~6  parameter per deg

Iz
Cna,dynamic Cna cos a - 7 C,1 sin a per deg

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

INTRODUCTION

The purpose of this study is to determine the usefuness 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 uncontrolled motions about one or more aircraft

axes following departure from controlled flight. If the post stall

gyration resulting from a stall -onsists of an appreciable ai'~unt of

yawing motion with a corresponding increase of angle of attack, lhe

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 !n 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 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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static stability and spin susceptibility, preferably in the form of

criteria utilizing sta.tic 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 "CnB,dynamic" criterion and the "aileron-alone

divergence" parameter.

As discussed in References I and 2, the parameter CnO,dynamic

is generally a primary factor in determining the undamped natural

frequency of the Dutch roll mode and has been shown to correlate

with directional divergence of inertially slender configurations.

Further, it was shown for the study presented in Reference 1 that

the expression CnOdynamic <0 is an approximate criterion for

divergence in the form of lateral-directional oscillatory instability.

The param6ter CnO,dynamic is defined herein as

Iz

CnOdynamic =CnO cos a - - Cko sin a (I)

The aileron-alone divergence parameter relates to divergence

characteristics when lateral control alone is applied and is defined

herein as

2
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SECTION II

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 I 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 I1. The basic aerodynamic 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 (Cnd), the effective dihedral (Cta), and pitching

moment. Figures 40, 41, and 45 in Appendix II and Table I show these

changes. The directional stability derivative and effective dihedral

are used to define Cna, dynamic and the aileron-alone divergence

parameter. The motion of the airplane is first computed utilizing .he

basic data and then recomputed with variations in directional stability

and effective dihedral characteristics.

14
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TABLE I

AERODYNAMIC CASES

Case Changes to Basic Aerodynamic Data

A

(Basic)

B CnO unstable for a > 20.60

C" positive for 200 < a < 27.50

D CIO positive for 200 < a < 27.50

CnB unstable for a > 20.60

The definition of CnBdynamic also includes the yaw to roll moment

of inertia ratio, Iz/Ix. Two sets of mass characteristics (Table II)

are used in the analyses to determine their effect on spin susceptibility.

The weight Is concentrated chiefly along the fuselage for both airplanes.

The thrust required initially to trim the airplane is maintained

during the entire maneuver. Engine gyroscopic effects are neglected in

"the equations of moti.., for accelerations.

5
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TABLE II

MASS CHARACTERISTICS AND INERTIAL PARAMETERS

Airplane I Airplane 2

Weight (lb) ..... ................ .... 38,790 10,910

s (ft 2 ) ................... 538 170

b (ft) .. . .. ......... . . 38.4 25.25

c (ft) .* . . . . . . . . . . . . . . . . 16.04 6.73

Moments of Inertia:

Ix (slug-ft 2 ) .. .* . . . . . . . . . . . 25,850 1,700

ly (slug-ft 2 ) ...... .............. 122,800 29,500

Iz (slug-ft 2 ) . .. . . ....... 140,900 30,100

Ixz (slug-ft2). . . . . . . . ...... 2,600 0

Iz/Ix . . . . . . . . . . . . . . . . . 5.45 17.7

6
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SECTION III

CnI3, dynamic PARAMETER FOR PREDICTING SPIN SUSCEPTIBILITY

1. METHOD OF ANALYSIS

Four aerodynamic cases are considered (Table I and Appendix II)

for determining the usefulness of CnO,dynamic as a criterion for

pvedicting 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 sideslip 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 I
The results of the six degree of freedom analyses for a fighter-type

airplane whose yaw to roll moment of Inertia ratio, Iz/Ix, equals 5.45

(airplane 1) is presented in Figures I through 13. Figure I shows the

time histories 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 CnB,dynamlc Is always positive for the three cases (A, B,

ard C) which display rather well-behaved motion following departure

7
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from controlled flight while the value of CnO,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 pilot can be expected to become quite confused

and disoriented because of this motion, that is, the combination of

severe 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,

48
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whether positive or negative, is indicated when comparing the two

CnB,dynamic curves for case B and case D (Figure 3). The variation

of the directional stability derivative (CnO) 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

(-CZO) at all angles of attack while case D represents slightly nega-

tive effective dihedral (+Cyo) 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 CnO,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 CnL3,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 I). 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 stability.
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3. RESULTS OF ANALYSIS, AIRPLANE 2

A similar analysis was conducted on an airplane whose Iz/Ix equals

17.7 (airplane 2) for the same four cases. The same general conclusions

can be drawn regarding the use of CnB,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 14) 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 CnO,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 I 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 I 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 divergence 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 riot achieved

and the change In roll angle did not exceed 3600 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 CnOdynamic plotted versus angle of attack. The
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curve for case C indicates a negative CnBdynamic 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 CnO,dynamic will be in the order of -0.003 per degree when a

directional divergence occurs at near-stall angles 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 cast (i.e., case C) the

peak magnitude in sideslip angle is less, by about 2 degrees, for airplane

2,as compared to airplane I (Figure 1). In fact, the sideslip excursions

for airplane 2 are of smaller magnitude and well damped as compared to

the sideslip excursions for airplane 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 I

occurs at 24.5 degrees and at 25.7 degrees for airplane 2.
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SECTION IV

AILERON-LONE DIVERGENCE PARAMETER FOR PREDICTING
SPIN SUSCEPTIBILITY

I. METHOD OF ANALYSIS

The six degree of freedom analyses is repeated for the four aerodynamic

cases and the two sets of mass characteristlcs listed in Tables I and II,

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 altitude of 30,000 feet. At each angle of

attack and for each case, a lateral control surface deflection (6a) 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 II, 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 II, 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 CnO,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 I

Case D: An example of the motion obtained for airplane 1, case D,

following a lateral control deflection,is shown In Figures 26 through 29.

Although these time histories represent the effect of lateral control input

at an Initial trim angle of attack of 27 degrees and adverse yaw, this type

of motion is representative for angles of attack above 23 degrees, for pro-

verse yaw as well as adverse yaw, and regardless of pitching moment
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characterist ics.

Figures 26 through 29 represent a steep left oscillatory spin which

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 that 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 CnO,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 CnO,dynamic and aileron-alone d;vergence parameter)

and are idenLified 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 attackthe airplane has a strong tendency to spin to the ieft

but will not sustain targe average values of angle of attack and yaw

rates. At 22 degrees angle of attack following a lateral control input

the airplane pitches nose down and exhibits severe oscillations about all

three axes with no significant Increase 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-

ity 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 z-rplane
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with appreciable positive effective dihedral at neae-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 degrees 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 of spin susceptibility dependent upon the variation in pitching
Vs

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 Is Important and can become an overriding

factor particularly 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
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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 direc:ional stability 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, 9,

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 v..rlation 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 I, 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-

SIly of yaw and about 4.6 turns are completed in 40 seconds.

The values of CnO,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 susceptibleand at 23 degrees the airplane motion shows no

angle of attack or yaw rate Increase. At 22 degrees angle of attack, there

is no tendency 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.
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The difference between airplanes I 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 CnO,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

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

longitudinal stability. Regions of spin susceptibility for airplane

2 are identified only for case D. Since the primary difference between

airplanes 1 and 2 is the inertial characteristics, it appears that an

airplane with a large value of Iz/Ix will be less susceptible to spin

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

Iz/lx (Reference 4).
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SECTION V

SUMMARY AND CONCLUSIONS

It is felt that the CnO,dynamic and aileron-alone divergence param-

eters, as criteria for predicting spin susceptibillty,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 nut conclusive proof of 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, CnO,dynamic will be a relatively large negative

value and remain so at near-stall angles of attack. In general, if

Cna,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)

regardle.ss 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 CnB,dynamic and negative values

of the aileron-alone divergence parameter. An airplane will be spin

susceptible when its Cna,dynamic and aileron-alone divergence parameters

fall in these regions.

With case B lateral-directional characteristic, (i.e., appreciable

positive effective dihedral but directional Instability at near-stall

angles of attack), a region of spin susceptibility is identified for air-

plane I with adverse yaw which is dependent upon the variation in pitching
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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 I with case B

lateral-directional character;ztics will be spin susceptible regardless

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 Cna,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

nonsusceptlbility. 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 I 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 I eliminated the region of spin susceptibility

for case B and reduced the region of spin susceptibility for airplane 2,

case D. An airplane whose CnO,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 Iz/Ix. 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

airplane 2 were found only for case D with adverse and proverse yaw.
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APPENDIX I

EQUATIONS OF MOTION AND ASSOCIATED EXPRESSIONS
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The six degree of freedom differential equations of motion referred

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

Force Equations

4-7.3 + +.3

~~S? 3 -C 7-• 3 +o•+++ -- -s (c"•. Y',S .( + CY +, VIV)

Moment Equations,

+ ( .
4+ X

+ (C.1ro)+ C"'+ -e Via"

++

Rattiue EquCatinse Aoft Eqato

4:4

+• C- n ,. - wt+ awr.. In- ++ -P)~,•

r6,ouu - i*SlvIO-WCO%8CdSO

oS # 4 4- 3' Linear Acceleration & Velocity Equations
40S 62

V/

Rate of Change of
Angle of Attack Rate of Change of Sideslip Angle

C/ Sid V COS,1 }
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Derivation of Equations for Rate of Change of Angle of Attack and

Sideslip :

From Figure 38

u. - Vcosos• o• (1)

v" = Vs, (2)

(3)

Differentiating (2) gives,

it (4)

Solving for/, yields,

From Equation 1,

v os L , . -(6)
"SVo

Substituting 6 into 3 gives,
U.

or

W CAS( = q Mi o (7)

Differentiating 7 and solving foro(,

+ iA -Sof) - .5... of
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Now, aJ•i ( o V C-S %Yd

.. w i IX .t CA.$ = Vc.SA (6tY%'4X + cos 'a)

-V "s/Y

Consequently,

( =__ _ , _ -_(9)
Vcos4

C.G.

(Y

YBody I '

W X XBody

100 14.

Body "

v

Figure 38. Reference Axes, Angle of Attack, and Angle of Sideslip
Definition
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APPENDIX II

AERODYNAMIC DATA
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