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1.0 INTRODUCTION

Interest in highly maneuverable, aerodynamically controlled missiles has increased in
recent years. Evaluation of mission capability for missiles of this category relies primarily on
the missile aerodynamics, It is well known that the missile static aerodynamics are
predominant in a mission analysis; what is not known is the importance of the dynamic
derivatives in such an analysis. It is necessary to define the effects of these parameters so that
in the future, an experimental test apparatus may be designed for their measurement and so
that accurate simulations can be performed.

This subject analysis documents the effects of only those dynamic derivatives that may
significantly affect the motion of highly maneuverable missiles. The derivatives investigated
are the direct derivatives Cmq, Cings CLq, Crg» Cgp, Cr,» and Cy; the cross derivatives
Ce,s Cnp. and Cyp; and the cross-coupling derivatives Ceq, qu, Cmp, and Cp . The missile
configurations used for the investigation are representative of the conventional yaw-to-turn
and bank-to-turn missiles. The sensitivity of each configuration is documented with respect
to derivative variations Root loci, time response, and damping ratio plots are used.

2,0 METHOD OF ANALYSIS

The sensitivity of flight vehicle motion to variations in aerodynamic and physical
characteristics is reflected in the longitudinal and lateral-directional stability modes. The two
longitudinal modes are short period and phugoid, and the three lateral-directional modes are
toll, spiral, and dutch roll. Linearized analysis of geometrically and aerodynamically
symmetric air vehicles in wings-level, nonrotating flight without sideslip does not require
more than a three-degree-of-freedom program since the longitudinal and lateral-directional
perturbations are truly uncoupled. However, for asymmetric geometry and nonzero-
rotational rates, the perturbations from the reference conditions are all coupled. In many
cases, the degree of coupling may be small; hence, a three-degree-of-freedom analysis would
be adequate, but when an attempt is made to determine the actual effect of the cross-
coupling between the longitudinal and lateral-directional motions, a six-degree-of-freedom
analysis is required.

The Arbitrary Degree of Freedom (ADOF) computer program was modified to provide
initial trim required for level and steady turning flight conditions. The program is applicable
to flight vehicles either with or without feedback control systems and can be used for any set
of degrees of freedom. The equations of motion and data input routines used in the program
are of a general nature and are not restricted by assuming a symmetric vehicle or an
equilibrium reference condition.
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The modes of motion are represented by the roots of the characteristic equation formed
by linearization of the six equations of motion.

Initially, all dynamic derivatives under investigation were individually assigned a value of
unity and then varied over a predetermined range. All other pertinent parameters were
maintained at the required trim values. The stability characteristics were recalculated for
each assigned value of the derivative, thereby mapping the effects on the five primary modes
of motion.

3.0 TECHNICAL DATA
3.1 MISSILE CONFIGURATIONS

Two missile configurations were selected for the dynamic derivative sensitivity study — a
conventional yaw-to-turn and a bank-to-turn configuration. The selection of a specific
missile for each configuration was made on the basis of current configuration design trends
and available wind tunnel data.

For the bank-to-turn missile, one of the early Interlab Air-to-Air Technology (ILAAT)
designs was selected and is shown in Fig. 1, along with representative full-scale dimensional
characteristics. The basic configurational components consisted of nose, body, wing, and
fins. The body makes a smooth transition from circular to an increasing elliptic cross section
to a constant elliptical main body.

A general research model known as the Aerodynamic Data Correlation (ADC) missiie
was selected for the yaw-to-turn configuration. Representative full-scale dimensional
characteristics are given in Fig. 2. The ADC model consists of an ogive nose section and a
cylindrical body with aft mounted cruciform fins.

3.2 AERODYNAMIC DATA
3.2.1 General

The rigid-body acrodynamic data are input to the stability axis system. Data are given in
table look-up form as functions of the variables shown in the equations of the Appendix. All

aerodynamic coefficients for both missile configurations are referenced to body cross-
sectional area and diameter.
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3.2.2 Wind Tunnel Measurements

The static aerodynamic data matrices used in modeling both missile configurations were
obtained from wind tunnel tests at AEDC. The static data for the bank-to-turn
configuration (Fig. 1} were obtained for the Mach number range from 0.8 to 3.5 and for an
angle of attack of up to 26 deg. The static data matrices for the yaw-to-turn configuration
(Fig. 2) were formulated from data obtained in previous study at AEDC. The matrices
include data for Mach numbers from 0.6 to 3.0 and for an angle of attack from -6 through
26 deg.

The matrices for the dynamic aerodynamic data for the yaw-to-turn configuration were
formulated from data presented in Refs. | and 2 and in other work at AEDC. These
matrices include data in the Mach number range from 0.6 to 3.0 and in the angle-of-attack
range from -6 through 26 deg. The roll damping characteristics are documented in Refs. 1
and 2, and pitch and yaw damping have been documented.

3.2.3 Estimated

The dynamic stability characteristics for the bank-to-turn configuration have not been
determined experimentally. Several prediction methods were reviewed for estimating flight
vehicle dynamic derivatives. Both semi-empirical (Ref. 3) and unsteady panel methods (Ref.
4) were reviewed. For the methods available, a semi-empirical method known as the USAF
Stability and Control Datcom (Ref. 3) appeared to be the most extensive and easiest to
implement. A portion of Datcom (Digital Datcom; see Ref. 5) was used in estimating the
bank-to-turn dynamic stability derivatives. The Mach number and angle-of-attack ranges
for which the derivatives were estimated were, respectively, from 0.8 to 3.5 and from -6 to 26
deg. It should be noted that Datcom is valid only for the attached flow regime (low angle of
attack).

The missile configuration of Fig. 1 was geometrically modified to conform to the
restraints of the Digital Datcom computer code. In the Digital Datcom, flight vehicles are
modeled with the use of body, wing, horizontal, and vertical tail input data. Therefore, for
the computer program, fins 3 and 4 of the missile of Fig. 1 were modeled as the horizontal
control surfaces, while the areas of fins 1 and 2 (also of Fig. 1}, were combined as one upper
vertical surface. In addition, the wing, horizontal, and vertical tail were modeled as straight
tapered planforms rather than double delta planforms.
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4.0 RESULTS AND DISCUSSION

4.1 GENERAL

The dynamic stability analyses for the bank-to-turn and yaw-to-turn missile
configurations were conducted in trimmed level and steady turning flight. Turning flight
conditions were used to simulate the missiles in maneuvering flight regime. The turning
flight condition provides larger values of the angular rate terms (p, q, and r), thereby giving
the aerodynamic cross-coupling moments larger values in the linearized equations of
motion. This turning flight condition provides a means for ascertaining the importance of
the second-order cross-coupling derivative terms.

The dynamic derivative sensitivity studies were conducted with use of flight envelopes
representative of both missile categories. The specific Mach number, altitude, and g flight
conditions at which the investigations were conducted are shown in Fig. 3. The trimmed
flight conditions shown for each Mach number and altitude are 1-g-level, an intermediate g,
and a maximum g. The maximum g at each Mach number and altitude was limited only by
the control surface authority and by the maximum angle of attack of the data matrix. Tables
1 and 2 summarize the aecrodynamics used for the missile flight conditions. Table 3 gives the
mass, inertia, and geometric characteristics used to represent the full-scale bank-to-turn and
yaw-to-turn missiles.

Figure 4 gives the range for varying the dynamic derivatives plus the associated maximum
and minimum values measured in the wind tunnel and estimated by Digital Datcom. Both
the direct and cross derivative ranges were arbitrarily selected at approximately twice the
maximum of the measured and estimated derivatives. The range for the cross-coupling
derivatives was chosen to correspond to the range for the cross derivatives. Experimental
results obtained by Orlik-Ruckemann (Ref. 6) with use of a cone wing model have shown
that the cross-coupling derivatives combined with the acceleration derivatives (Cmé, Cigs
and Cg;) approach and/or exceed those of the cross derivatives for high angles of attack. It
should be noted that the dynamic derivatives for the yaw-to-turn configuration were
experimentally obtained as a combination of the rate and acceleration terms (e.g., C,_- Cug
cos «). In the sensitivity study, these combination derivative values were used as pure rate
terms.

The root locus format shown in Fig. 5 demonstrates the primary method used to show
the effect of derivative variations on the vehicle modes of motion. The resultant roots
(eigenvalues) of the characteristic equation are plotted in the root locus format shown as the
derivatives are varied. The real part of the root represents the damping ratio, whereas the

10
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imaginary part represents the frequency of oscillation (radian/sec). The time required for
each mode to damp to one half or to diverge to double amplitude is shown below each plot;
the motion period is shown vertically. The roots of the characteristic equation may be either
real {aperiodic) or complex (oscillatory) and either stable or unstable.

4.2 BANK-TO-TURN CONFIGURATION

The dynamic derivative sensitivity analysis was conducted for altitudes of 10,000 and
40,000 ft for Mach numbers of 0.8., 1.1, and 3.5 for load factors of up to 25 g. The low
Mach number flight conditions correspond to initial maneuvers after launch, whereas the
high Mach number corresponds to supersonic terminal flight conditions.

4.2.1 Dynamic Direct Derivative Variations

Longitudinal. The missile motion sensitivity to variations in the direct rate and acceleration
derivatives Crlrlq and Cy,; is shown in Figs. 6 and 7, respectively. The range (£ 1,000 per
radian) for which the derivatives were varied was at least twice the magnitude of that
obtained from Digital Datcom (see Fig. 4). The influences of altitude and load factor (g’s)
on the missile’s sensitivity to derivative variations are presented for each Mach number. As
previously noted, the maximum g’s available at each Mach number are limited by the control
surface authority and angle-of-attack limit. Only the short period, S/P, mode shows
sensitivity to variations in the pitching moment caused by the Cmq and Cp,; derivatives. The
sensitivity in the short period mode at each Mach number is essentially unaffected by the
load factor, g; there is, however, a significant effect of Mach number on sensitivity of the
short period mode with Cmq and Cy,; variations. The short period mode is less sensitive to
Cmq and Cp,; variations at 40,000 ft than at 10,000 ft. The reduced sensitivity is primarily
due to the reduction in density with increased altitude.

The motion sensitivity to the force derivatives CLq and Cy; is shown in Fig. 8. The
longitudinal and lateral-directional modes of motion were totally insensitive to variations in
either CLq or Cp; over the range of + 500 per radian.

Figures 9 and 10 demonstrate, respectively, the influence of variations in Cmq and Cy,,
on the vehicle damping ratio and motion response characteristics at Mach 3.5 and 10,000-ft
altitude for a 10-g banked turn. Figures 9a and 10a show the sensitivity of the short period
and damping ratio, Z, with variations in Cmq and Cy,; over the range of + 1,000 per radian.
As can be observed in the root locus plots, the short period damping ratio is quite sensitive
to variations in Cmq and Cy, .. The time response shown in figures 9b and 10b results from a
pitch control doublet and characterizes the changes in the short period motion for three

11
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values each for both Cmq and Cp,;. The changes in the pitch rate response to a unit doublet
in pitch control are shown for values of Cmq and Cy,; corresponding to the trim values,
values near the point at which the short period is neutrally stable, and values near the
maximum or minimum for the experimental ranges shown in Fig. 4. The changes in the time
response, again, indicate the senstivity of the short period motion to the direct derivatives
Cmq and Cp,. and quantify the significance of the root migration with derivative variation
shown in Figs. 6 and 7. :

Lateral-Directional. The missile motion sensitivity to variations (+ 1,000 per radian) in the
direct damping derivative in yaw, C,, is shown in Fig. 11. The only significant motion
senstivity to C,, is in the dutch roll mode of motion. The sensitivity in the dutch roll mode
due to C,_increases with increasing load factor (g’s) for all Mach numbers at each altitude.

The effects of variations (4 1,000 per radian) in the direct roll damping derivative, Cpp,
on the longitudinal and lateral-directional modes of motion are shown in Fig. 12, Only the
lateral-directional modes are shown here for clarity; the longitudinal modes were insensitive
to Cgp variations.

The extreme sensitivity of both the roll and dutch roll modes to variations in Cgp is
associated with the low moment of inertia, 1, about the roll axis. The sensitivity in the dutch
roll mode due to Cyp variations increases with increasing load factor (g’s) for all Mach
numbers at each altitude. For large negative values of Cgp, the dutch roll mode may migrate
from a periodic spiral to a roll-spiral coupling (lateral phugoid) to, finally, an apericdic
mode at large positive values. This sensitivity is made apparent by tracing the dutch roll root
migration at Mach 0.8 and 40,000-ft altitude for a 5-g banked turn. The roll mode is
extremely sensitive to relatively small changes in C, as can be seen by tracing the roll root
migration at M = 3.5 and altitude = 10,000 ft for 1-g level flight. The sensitivity in the roll
mode due to Cpp increases with increasing Mach number but decreases with increasing
altitude and load factor. The roll and dutch roll modes are more sensitive to the same
magnitude variations in Cgp than to variations in C, ; this greater sensitivity to Cy, can be
seen by comparing Figs. 11 and 12, The increased sensitivity of the roll and dutch roll modes
to Cgp is associated with the previously mentioned low moment of inertia, I,, about the roll
axis.

Figure 8 shows the motion sensitivity to variations in the side force derivative, Cy , with
variations in CLq and Cp;. The Jongitudinal and lateral-directional modes of motion were

totally insensitive to C,, over the range of + 500 per radian.

The influence of variations in C, on the vehicle lateral-directional damping ratio and
motion response is shown in Fig. 13 at M = 0.8 and 40,000-ft altitude for a 10-g banked

12
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turn. The sensitivity of the dutch roll and spiral mode damping ratio to variations in C,,_is
shown in Fig. 13a. As can be noted in the root locus plots of Fig. 11, the dutch roll damping
is very sensitive to C,,_variations. The yaw rate time response shown in Fig. 13b results from
a yaw control doublet and characterizes the changes in the dutch roll motion for three values
of Cp,. The sensitivity of the dutch roll mode, as demonstrated by the yaw rate response,
ranges from a highly damped motion for C,,_ = -1,000 per radian to a lightly damped motion
that approaches a neutrally stable mode at C,_ = 100 per radian. The change in the yaw rate
response for the three values of C,_ corresponds to the changes in the Time-to-Half-
Amplitude, T, », shown in Fig. 11 for the same values of Cy,-

The sensitivity of the dutch roll mode damping ratio and motion response to variations in
Cgp over the range of +1,000 per radian is presented in Fig. 14. The flight condition
presented corresponds to M = 0.8 and altitude = 10,000 ft for a 10-g banked turn. The
damping ratio plot (Fig. 14a) demonstrates the sensitivity of the dutch roll to relatively small
changes in Cy, about zero value. This sensitivity is also apparent in the roll rate time response
(Fig. 14b) for Cpp values of -200, -100, and -62.5 (trim value) per radian. The roll rate
response attributable to a unit roll control doublet changes from a motion with T, ~ 0.1
sec at Cgp = -62.5 to a much less damped motion with T, ~ 0.04 sec at Cgp = -200 per
radian, The roll and dutch roll modes are quite sensitive to small changes in C,rp; this can be
seen by tracing the root migrations in Fig. 12a.

Both the roll and dutch roll modes of motion have been shown to be quite sensitive to
changes in C,, and Cpp within the value ranges estimated by Datcom (Fig. 4).

4.2.2 Dynamic Cross Derivative Variations

The missile motion sensitivity to variations in the cross derivative, Cq, is shown in Fig.
15. Only the lateral-directional modes of motion are affected by a variation in C,_ (in the
range of + 500 per radian). The sensitivity of the dutch roll mode to C, increases with
increasing load factor (g’s) with each Mach number, whereas the roll mode sensitivity
decreases with increasing g flight at each altitude and Mach number. By comparing the
dutch roll root migrations in Figs. 11 and 15, one sees that the sensitivity of the dutch roll
mode to variations in Cy_is equal to that for variations in the direct derivative, C, .

Variations of the yawing moment caused by the roll rate parameter, Cnp, affect the
damping and frequency of the roll and dutch roll modes of motion significantly, as can be
seen by tracing the root migration in Fig. 16. In general, the sensitivity of the roll and dutch
roll modes to Cnp increases with increasing load factor (g’s) and Mach number. The roll
mode may go from aperiodic stable with negative values of Cnp 1o unstable with positive
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values of Cnp. The dutch roll mode may go from an unstable oscillation with negative values
of Cy, to astable oscillation and finally to a degenerated aperiodic mode with positive values
of Cnp. In general, the roll and dutch roll modes of motion are more sensitive to Cnp {Fig. 16)
than to Cq_ (Fig. 15) for the flight conditions investigated.

The motion sensitivity to variations in the side force derivative, C, - is shown in Fig, 17.
As with other force derivatives, the effect of C, on both the roll and dutch roll modes is not
considered significant.

The influence of variations in C;,_ on the vehicle dutch roll damping ratio and on the roll
rate response is shown in Fig. 18 at M = 0.8 and altitude = 40,000 ft for a 10-g-banked
turn. Shown in Fig. 18a is the sensitivity of the dutch roll mode damping ratio to variations
in C;_over the range + 500 per radian. The roll rate time responses shown in Fig. 18b result
from a yaw control doublet and demonstrate the sensitivity of the dutch roll damping to
Cy,. The dutch roll motion, as shown by the roll rate response, ranges from highly damped
motion for C; = 500 to that approaching a neutrally stable mode at Cy = -30 per radian.
The changes in the roll rate time responses, along with the dutch roll root migrations shown
in Fig. 15, indicate that the missile’s motion may be highly sensitive to variations in the cross
derivative Cy.

The sensitivity of the dutch roll damping ratic and yaw rate response to Cnp is presented
in Fig. 19 at M = 1.1 and altitude = 10,000 ft for a 10-g banked turn. The dutch roll damp-
ing ratio {Fig. 19a) is sensitive to variations in Cnp over the range of + 500 per radian, The

yaw rate time response shown in Fig. 19b results from a roll control doublet and

demonstrates the sensitivity of the dutch roll mode motion for three values of Cnp. The
changes in the yaw rate time response with C"p variations follows trends of the dutch roll
mode root migrations with Cnp variations as shown in Fig. 16. As with C;, the bank-to-turn
missile motion is sensitive to Cnp variations.

The influence of variations in Cyp on the dutch roll damping ratio and yaw rate response
is shown in Fig. 20 at M = 3.5 and altitude = 10,000 ft for a 25-g banked turn. For variation
in Cyp over the range of + 500 per radian, the change in the dutch roll damping ratio of Fig.
20a is not considered large enough to significantly alter the dutch roll motion. This is
shown in the minimal change in the yaw rate response of Fig. 20b attributable to a roll
control doublet for range in Cyp, of -500 to 500 per radian.

In general, therefore, direct damping derivatives are important in motion analysis. The
sensitivity of the missile lateral-directional modes of motion to variations in the cross
derivatives C; and Cnp is on the order of the direct derivative C, ; therefore, Cg, and Cn]J are
necessary to perform accurate missile motion simulation.

14
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4.2.3 Dynamic Cross-Coupling Derivative Variations

In the cross-coupling derivative investigation the derivatives C, , Cmp, ng ,and qu were
each initially given nominal values of 100 per radian. Then, individual variations in each
derivative were performed with the remaining derivatives at their nominal values. By
maintaining nominal (nonzero) values for the cross-coupling derivatives, the possible
derivative interaction effects described in Ref. 7 were included.

The motion sensitivity to variations in the cross-coupling derivative qu is shown in Fig.
21 for Mach numbers of 0.8, 1.1, and 3.5. Including the cross-coupling derivatives in the
linearized analysis results in a weak coupling in the longitudinal and lateral-directional axes
as indicated by the migration in the short period, spiral, roll, and dutch roll modes. As
observed, the sensitivity of the dutch roll mode with variations in ng depends on the flight
conditions {Mach number, altitude, and load factor). Although the sensitivity of the modes
of motion to ng is not as significant as it is to C; (compare Figs. 15 and 21), errors may
occur in missile motion simulation if the qu derivative is not modeled when the magnitude
approaches the maximum ranges utilized in Fig. 21.

The motion sensitivity with variations in the cross-coupling derivative Cm[:1 is shown in
Fig. 22. The short period, roll, and dutch roll mode sensitivity to Cmp is similar to that
experienced with the C@q derivative variations. If it is assumed that the cross-coupling
derivative Crnp is of a magnitude approaching that of the cross derivatives, then incorrect
motion simulation may possibly result if the derivative is not included in the aerodynamic
modeling.

The motion sensitivity with variations in the cross-coupling derivatives Cy, and qu is
shown in Fig. 8 along with the variations in the force derivatives. The longitudinal and
lateral-directional modes of motion are totally insensitive to variations in either C, or qu
over the range of + 500 per radian.

The sensitivities of the missile damping ratio and frequency and the roll and pitch rate to
variations of ng (Fig. 23) and Cmp (Fig. 24) are given for M = 3.5 and altitude = 40,000 ft
for a 25-g banked turn. At this flight condition, the missile was most sensitive to variations
in cross-coupling derivatives. The short period, phugoid, and dutch roll mode damping
ratios are shown, in Fig. 23a, to be quite sensitive to variations in ng over the range of + 500
per radian. The short period and dutch rell damping ratios exhibit similar sensitivity to Cmp
(Fig. 24b). The sensitivity of the dutch roll mode of motion to Cpq is shown {Fig. 23b) by the
changes in the roll rate response resulting from a pitch control doublet, whereas the
sensitivity of the short period mode of motion to Cmp is shown (Fig. 25b) by the changes in
the pitch rate response resulting from a roll control doublet.
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4.3 YAW-TO-TURN CONFIGURATION

The dynamic sensitivity study for the yaw-to-turn missile was conducted at altitudes of
10,000 and 20,000 ft at Mach 1.3 and at altitudes of 10,000 and 40,000 ft for Mach 3.0. The
flight conditions investigated were 1-g-level flight at Mach 1.3 and 1-g-level and 5- and 10-g
turning flight at Mach 3.0. Angle of attack and/or control surface deflection required for
trim flight at Mach numbers of less than 1.3 for accelerated g flight conditions exceeded the
range in the available aerodynamic data matrix.

4.3.1 Dynamic Direct Derivative Variations

Longitudinal. Figures 25 and 26 show the missile motion sensitivity to variations in the direct
rate and acceleration derivatives Cmq and Cy,;. The range for which the derivatives were
varied (1,000 per radian)}) was slightly less than twice the magnitude obtained
experimentally (see Fig. 4). Due to the absence of coupling between the longitudinal and
lateral-directional planes of motion, only the longitudinal modes are shown. Only the short
period mode shows sensitivity to variations in Cmq and Cp,.. There is a significant Mach
number effect on the sensitivity of the short period mode with Cmq and Cp,; variations. As
noted for the bank-to-turn configuration, the short period mode is less sensitive at 40,000 ft
to Cmq and Cy, . variations than at 10,000 ft because of the decrease in density with
increasing altitude.

The motion sensitivity to the force derivatives CLq and Cp; is shown in Fig. 27. The
missile modes of motion were totally insensitive to variations in either CLq or Cp . over the
range of + 500 per radian.

The influence of variations in Cmq and Cq; on the vehicle longitudinal damping ratio
and pitch rate response is shown respectively in Figs. 28 and 29 at M = 3.0 and altitude =
40,000 ft for 1-g-level flight. In Figs. 28a and 29a, the short period damping ratio is shown to
be sensitive to variations in Cr,, and Cp;. The pitch rate time response shown in these
figures results from a pitch control doublet and demonstrates the sensitivity of the short
period mode to Cmq and Cy, ;. The changes shown in the pitch rate response correspond to
values of Cmq and Cy, . at trim, at values of zero, and at values near which the short period
mode is neutrally stable,

Lateral-Directional. The missile motion sensitivity to variations (£ 1,000 per radian) in the
direct damping derivatives in yaw, C,, is shown in Fig. 30. The roll, spiral, and dutch roll
modes are affected to different degrees by C,_ variation. The most predominant effect is on
the dutch roll mode for the flight conditions evaluated. The sensitivity of the roll and spiral
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modes is more pronounced for the 1-g-level trim flight conditions. The dutch roll mode sen-
sitivity due to C;, variations increases with increasing load factor (g’s) and altitude at Mach
number 3.0.

The effect of variations ( £ 1,000 per radian} in the direct roll damping derivative, Cgp, on
the lateral-directional modes of motion is shown in Fig. 31. The extreme sensitivity of the
roll and spiral modes to Cgp is associated with the low moment of inertia, Iy, about the roll
axis. The pitch, Iy, and yaw, Iz, moment of inertia are approximaiely two orders of
magnitude larger (see Table 3} than the rolling moment of inertia. The dutch roll mode of
motion is sensitive to variations in Cgp, but this sensitivity does not produce an unstable
mode for the flight conditions analyzed. The roll and spiral modes are more sensitive to the
same magnitude variations in Cyp than to C,_as can be seen by tracing the root migrations in
Figs. 30 and 31.

The lateral-directional modes of motion are totally insensitive to variations ( £ 500 per
radian) in the side force derivative C,; these modes are shown with the normal force
derivatives CLq and C, . in Fig. 27.

The influence of variations in C;,_on the vehicle spiral and dutch roll damping and yaw
rate response is shown in Fig. 32 at M = 3.0 and altitude = 10,000 ft for a 10-g banked turn.
The sensitivity of the dutch roll damping ratio with variations { + 1,000 per radian) is shown
in Fig. 32a. As can be noted from the curve slope, the dutch roll damping is very sensitive to
C,, variations. The time history shown in Fig. 32b results from a yaw control doublet and
characterizes the effect of changes in C,,_ on the dutch roll motion.

The sensitivity of the roll and dutch roll damping and roll rate response to variations in
Cgp is shown in Fig. 33 at M = 3.0 and altitude = 10,000 ft for a 10-g banked turn. The
damping ratio plot (Fig. 33a) demonstrates the sensitivity of the spiral, roll, and dutch roll
modes to relatively small changes in Cgp about zero values. This sensitivity in the dutch roll
mode is apparent from the roll rate time response plot (Fig. 33b). For the same magnitude
change in the derivatives, the dutch roll mode of motion is significantly more sensitive to C{p
than to C,, .

4.3.2 Dynamic Cross Derivative Variations
The vehicle motion sensitivity to the cross derivative Cy, is shown in Fig. 34. Only the
lateral-directional modes of motion are affected by variations in C; over the range of’ + 500

per radian. The sensitivity of the dutch roll mode to Cq, increases with increasing load factor
(g’s), whereas the spiral mode sensitivity decreases with increasing load factor. By
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comparing the dutch roll root migrations with Fig. 30, it can be seen that the sensitivity of
the dutch roll mode to Cy, is greater than that for the direct derivative C, .

Changes in the spiral, roll, and dutch roll modes of motion with variation of Cy are
shown in Fig. 35. The roll and spiral mode sensitivity to Cnp increases with increasing load
factor. The dutch roll mode sensitivity is also highly dependent on the load factor. In most
cases, the roll and spiral modes are more sensitive to Cnp than to C; as can be seen by tracing
the root migrations in Figs. 34 and 35.

The lateral-directional modes of motion are insensitive to variations { = 500 per radian) in
the side force parameter Cy,, as shown in Fig. 27. For the flight conditions investigated, the
Cyp parameter does not appear to be an important parameter for motion analysis.

The influence of variations in Cy on the lateral-directional damping ratios and roll rate
response is shown in Fig. 36 at M = 1.3 and altitude = 20,000 ft for 1-g-level flight. The
damping ratio plot demonstrates the sensitivity of the spiral, roll, and dutch roll modes to
variation in C, over the range of +3500 per radian. The roll and spiral modes are quite
sensitive to Cy, over the range of +500 per radian. This is shown by changes in the roots
from a coupled root at large negative values to real non-oscillatory roots or modes for values
less negative than -100 per radian. The roll rate time response attributable to a yaw control
doublet (Fig. 36b) demonstrates the predominance of the spiral and dutch roll roots in the
Cq, range from -100 to 200 per radian.

The sensitivity of the lateral-directional damping ratios and yaw rate time response to
Cy, is shown in Fig. 37 for M = 3.0 and altitude = 10,000 ft for a 10-g banked turn.
Changes in the damping ratio of the dutch roll mode shown in Fig. 37a further demonstrate
the sensitivity of the dutch roll roots to relatively small changes in C“p near zero. The
changes in the yaw rate time response (Fig. 37b) with changes in Crlp point up the
significance of the root migrations shown in Fig. 35. The changes in the time response shown
for values of C,,p = -1.2 and 50 demonstrate the dutch roll sensitivity to Cnp, whereas the
changes shown for values of -1.2 and -30 demonstrate the spiral mode sensitivity.

The sensitivity of the missile lateral-directional modes of motion to variations in the
cross derivatives Ce, and Cnp is of the same magnitude as for the direct derivatives and
therefore is important and necessary for accurate motion simulation.

4.3.3 Dynamic Cross-Coupling Derivative Variations
As noted for the bank-to-turn configuration, the cross-coupling derivatives Cy, Cinpys

Cey » and qu were assigned nominal values of 100 per radian. Each derivative was varied

18



AEDC-TR-80-11

separately over the range of =+ 500 per radian while the others were fixed at their nominal
values.

The sensitivity of the longitudinal and lateral-directional modes of motion to variations
in the roll due to pitch rate derivative, qu, is shown in Fig. 38. The short period, dutch roll,
roll, and spiral modes are shown to be quite sensitive to ng over the range + 500 per radian
for M = 3.0 flight conditions. The dutch roll mode sensitivity to ng increases with
increasing load factor, whereas the roll sensitivity remains approximately the same with
increasing load factor. Although the lateral-directional modes of motion are less sensitive to
ng than to Cg, inaccurate motion simulation may occur if the qu derivative is of a large
magnitude and is not included.

The motion sensitivity with variations in the pitch attributable to roll rate derivative,
Cmp, is shown in Fig. 39. The mode sensitivity to Cmp is almost identical to that shown for
qu. Neglecting Cmp in motion analysis could cause inaccuracies if the derivative is of the
magnitudes over the ranges investigated in this study.

The sensitivity of the missile modes of motion to variation in qu is shown in Fig. 40. The
root locus plot for M = 1.3 flight conditions is omitted because of the insensitivity of any of
the modes to qu. For the M = 3.0 flight conditions, one can note some movement of the

roots with qu variation, but the movement is much less than that associated with ng and
Crnp variations.

The missile modes of motion are totally insensitive to variations in Cy,_ and are included
in Fig. 27 with the force derivatives.

The sensitivity of the missile damping ratio and roll rate time response to qu is shown in
Fig. 41 at M = 3.0 and altitude = 10,000 ft for a 10-g banked turn. This flight condition
represents the condition for which the mode sensitivity to qu was the most pronounced. The
short period, phugoid, dutch roll, and spiral damping ratios in Fig. 41a are shown to be
quite sensitive to variations in C, over the range of +500 per radian. The roll rate time
response (Fig. 41b) to a pitch control doublet demonstrates the sensitivity of the dutch roll
mode to variations in ng over the range from -50 to 100 per radian.

The sensitivity of the missile damping ratio and pitch rate time response to le3
variations over the range + 500 per radian is shown in Fig. 42 at M = 3.0 and altitude =
10,000 ft for 1-g-level flight. The primary effect shown in Fig. 42a is the sensitivity of the
short period damping ratio. Associated with the change in damping ratio is a corresponding
change in frequency as can be seen by tracing the root migration in Fig. 39. The pitch rate
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time response (Fig. 42b) demonstrates the short period sensitivity to Cm'j values of -500, 0,
and 200 per radian. A point of particular interest is the lack of coupling between the
longitudinal and lateral-directional modes for Cmp = (.0.

The sensitivity of the damping ratio and yaw rate time response to qu is shown in Fig. 43
at M = 3.0 and altitude = 10,000 ft for 10-g banked turn. Little change in dutch roll and
short period damping ratio is seen in Fig. 43a. The changes in the yaw rate time response
(Fig. 43b) for values of qu =-500, 0, and 200 demonstrate the dutch roli sensitivity to qu.
The missile modes of motion are much less sensitive to qu than they are to C‘,q or Cmp,

5.0 CONCLUDING REMARKS
Based on this analysis, the following observations and conclusions may be made:

la. Variations in the longitudinal direct derivatives Crnq and Cp,; significantly
affect the short period mode of motion for both the bank-to-turn and yaw-to-
turn missiles. The sensitivity of the short periocd mode of motion with variations
in Cr, and Cp; increases with Mach number but is relatively unchanged by
load factor (g’s).

b. Variations in the lateral-directional direct derivatives C,,_and Cgp significantly
alter the roll, spiral, and dutch roll modes of motion for both the bank-to-turn
and yaw-to-turn missiles. The sensitivity of the dutch roll mode increases with
increasing load factor (g’s) and Mach number. The spiral and roll mode
sensitivity may increase or decrease with increasing load factor (g’s), depending
on the missile configuration.

2. Variations in the lateral-directional cross derivatives C, and Cnp alter the bank-
to-turn and vaw-to-turn rell, spiral, and dutch roll modes of motion in a
manner similar to that resulting from variations of the same magnitude in the
direct derivatives. The roll and dutch roll motion sensitivity increases with
increasing load factor (g’s) and Mach number.

3. Large variations (£ 500 per radian) in the cross-coupling derivatives ng, qu,
and Cmp alter the longitudinal and lateral-directional modes of motion for both
bank-to-turn and yaw-to-turn missiles. The yawing moment caused by pitch
rate, qu, was found to be less important than either ng or Cmp. The pitching
moment associated with yaw derivative, Cy, , appears to be insignificant in
missile motion.
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4. Varying the force derivatives CLq, CLQ-!, Cyp, and C, did not produce any
noticeable changes in the modes of motion for either the bank-to-turn or yaw-
to-turn missile.
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Figure 11. Bank-to-turn configuration - locus of roots with C,, variation.
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Figure 11. Continued.
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Figure 18. Bank-to-turn configuration - effect of C¢, on damping
ratio and time response.
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Figure 19. Bank-to-turn configuration - effect of Cnp on damping
ratio and time response.
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Figure 20. Bank-to-turn configuration - effect of ch on damping
ratio and time response.
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Figure 21. Bank-to-turn configuration - locus of roots
with C¢_ variation.
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Figure 21. Continued.
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Figure 21. Concluded.
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Figure 22. Bank-to-turn configuration - locus of roots
with Cmp variation.
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Figure 22. Continued,

63

TIME TO DOUBLE, sac



AEDC-TR-80-11

sYH

MAGN ITUDE OF GAIN

1

LARGE x GAFL- 0
teo ~—— LARGE s GAIN =] I— i |
LARGE o GAIN ~ o LEVEL FLIGHT, Ig
s 0 < |LOGYIGAINIT < 1 a
a0 a 1< NOGHIGAINDI < 2 TaLT » 1ok * 0.2 deg
— T o« 2 < 1L0GylIGAINN] <3 TALT s 4ok = O3 2897
o« ° 3 ¢ L0GgileAIND] < 4 | !
< 1 1< LGy IGAINDE < 5 k
80 | . 5< (LG IGAINDY < 6 -5qo SIF(; o ‘
> . 6< LOGIGAINGY < 7 T.,
-3 \ T< 06l IGAINTH < & Hp el 300
=z . 8 < [LOG GRIND < 9 1
@ 40 $/P, 4|o=
= K -500_0
= . R,CI)O b 500
20 0(59 N I R -4y DIR 1ok
-58 -54 -50 -46
R, 40k DIR 40k PHUGOID,
| 500 O -500 SPIRT_ 10k, [40* /_|ok 40k
0 —r,i0 g 1 l
-28 -24 -20 -16 -12 -8 -4 8
80 T i
TURNING FLIGHT, 10g ‘
QTaLT = 10k " 1 deg S/P, 10%
= 60 |dt x * 36 deg -390 -
o« ALT * 40 L
< Zp,, 500
o b
>
40
& Ts/P, a0k
z ‘500'-&..500
2 /R, 40" N\ | |
= 20 x—DfR 10%
= . l 500?500 SPIRAL, 10k, 40K
R,I0 I R, 40k \ PHUGOID,
400 0 -500 | 500§ -s00 ‘ ZIO" a0k
o I — ; + 1 T
-58 .54 -50 -46 -42 .8 -4 0 4
80 ‘ , I —
TURNING FLIGHT, 25¢ ! |
QT 7 « 10k * 2.6 deg .s00 S/P 10K | :
~ 60 T (= 8.4 deg . 0 ,
- ALT = 40 "K*-..ﬁoo
q .
a \ ,
> 40 D/R, 40" 7 .500 ‘—S/P.W{tok}
E .4“'“. .i. » Ja v ]
z 500| 0 -500 5100
] K |
9 D/R, 10K —=gp |
= 20 l
R, 10¥ SPIRAL, IDk, 40k PHUGQID,
500 O -500 R, a0k -\ /. tok, 40k
0 = A |
-54 .50 -46 -42 -38 -8 -4 0 4
REAL PART
| L ! Ll |
0.025 0.05 0125 0.5 -05 -0.125
TIME TQ HALF, sec TIME TO DOUBLE, sec
c. M=35

Figure 22. Concluded.
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Figure 23. Bank-to-turn configuration - effect of ng on damping
ratio and time response.
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Figure 24. Bank-to-turn configuration - effect of Cmp
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Figure 28. Yaw-to-turn configuration - effect of C,,,q on
damping ratio and time response.
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Figure 29. Yaw-to-turn configuration - effect of C,, , on
damping ratio and time response.
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Figure 30. Concluded.
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Figure 31. Concluded.

78

o
PERIOD, sec

i

PERIOD, sec

n
PERIOD, sec

sac



Z-DAMPING RATIC

YAW RATE
YAW CONTROL DOUBLET

AEDC-TR-80-11

SYM MAGN ITUDE OF GAIN
LARGE x GAIN =10
LARGE & GAIN = 1
LARGE o GAIN ~rm
: 8¢ ILOG1glIGAINIH < 1
o 1 < IL0GygiIGAINDT < 2
* 2 < |LOGyptIGAIND] < 3
P 3 < [L0GytIGAININ < 4
! 4 < L0y IGAINN| < 5
+ 5 < |L0Gyl [GAIND] < 6 M=300 ALTITUDE = 10,000 ft
) & < 106yl IGAIND] < 7 TURNING FLIGHT, 109
0.5 . 7 < IL0Gyg IGAIND] < 8
. 8 < |L0GyfIGAIND| < 9
)
0.4
[
[
0.3
|— D/R DAMPING RATIO
[ /
0.2 L
]
0.1
3
o i
%

N
-1000 -800 -500 -400 -200 0 200 400 800 800 (000
Cnyt per/rod

a. Damping ratio
Cnes POr/rad

a:ooo “ \ ‘ﬂ: -I-g%% {TRIM)

ool | T

w00 || AN

e I T T A
o L\ NIV A WA A
IR RVIDAIEINE R
SN RN LAY
BT IMEERVERY

S VIR

e Y

TIME, sec

b. Time response
Figure 32. Yaw-to-turn configuration - effect of C,, on damping
ratio and time response.
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Figure 33. Yaw-to-turn configuration - effect of Cp p ON damping
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Figure 34. Concluded.

82



AEDC-TR-80-11

29s 'QoIy3ad

dy

*UollBLBA YD yam
53004 JO $n20| - uoneinbijuos uinl-ol1-mex  Gg aunbyy
€lL=WN 'k

295 “378N00 Ol 3NWIL 29s ‘JVH OL 3IWIL

mN.OI _I ] _ mN-O _.o
I 1 — | 1 g/
l3¥vd v3d
1 4 e 0] - y- g - 8-
02 ‘1vHids ool 002,
1" oor - %
olf o . 0
S I 002 - 00 Q02
00§
el quimu\ cO¢ -
er . 402=4i7Y)
| 0oP €6 =" 01=11v, 0 1y
= bapgo = ip
6 ' 174 13A3T
"I 00s oog-*" 6 > |(NIvaBlaoT > 8 "
- . g > JUNIvoOta0T) > ¢ !
: 025 t.“o $O! /0 _ s jnivaploon) 59 e
SL 006 - o> [(NivePlooT > ¢ *
¢ > UNIvaPlaon > v '
v > 10N Olool) > ¢ ©
CN ¢ > (Unryan®lao >z *
z > lUNvonQlson > 1 o
- 15 [UNvanlao] S o v 2l
OF« NIYD » 394V1
- NIYO ¢ 394V
0 - NIV % 394Y1

NIV9 JO JaNLINOYW WAS

L¥dvd AYUYNIOVWI

83



AEDC-TR-80-11

IMAGINARY PART

IMAGINARY PART

IMAGINARY PART

SYM MAGNITUBE OF GAIN
LARGE x GAIN = O
LARGE & CAIN - |
LARGE @ GAIN ~tm
4 ¢ ILOGyplieANN| < 1
o 1< OB iGAINI < 2
* 2 < G LIGAINIIT <3
o 3 < WOGlIGAINIIE < 4
' §< LOG IGRINNE < %
. 5 ¢ JLOG G IBAINDI < 6
30, &< ILOGGIGRINDT < T
. T< LG g IGA NI < 8 J
" B< LOGGIGAINDY <9 /R, 10k A
500 o - 500
* - . » . X - - - . A
20 §
LEVEL FLIGHT, Ig o
a = 1.2 de
aTALT-w" I “g o/R, a0k 1s o
T, k° = 9 o Sx
ALT=40 by
500 -500 e
10
SPIRAL, 10K, 4 QK 4,
R, 10K
- 500 D 200 [300 400 1
o ]
500 R, a0k -0 - 500
30
T |
TURNING FLIGHT, 5¢ 4,
a =534
Tact =10k S a::
TALT ] 40k ’ D/R, lok o
20 o ‘h:: vex - 300 :
500 a
o
DEGENERATED 1.5 @
/R, 40 Lt
10 neesuen:gﬁo pa——r
D/R
- - 500 smnlm_. 401 500 4
-200 // -200 R. 40100 20\0\ 5
o — * .
100 R,10k0 -5007%500 \ o
30 T T —=SPIRAL, 10%__
TURNING FLIGHT, 10q 4
ay k" 9.1deg
ALT =10
=22.5 de
TALT = 40K v
20 -500 g
aver | 500 b
2 D/R, 10¥ o
-1003 o "’ o
v oo DEGENERATED 18
e /R, 40" =
10 a
DEGENERAIED | 500 - | ~500 ' I
O/R. 40 R 1ok R, 'Z" /- SPIRAL, 40K ﬂ
- ' 0\0‘ - 50 k
40 al J \SPIHIAL,IO -50 1s
° o A} ! .
] T
-8 -6 -4 -2 0 2 4
REAL PART
| . |
0.1 Q.25 1 -1 -0.25

TIME TO HALF, sec

b. M=30

Figure 35. Concluded.

84

TIME TO DOUBLE, sec



Z-DAMPING RATIO

ROLL RATE
YAw CONTROL DOUBLET

SYM MAGNITUDE OF GAIN
LARGE x GAIN = 0
LARGE 2 GAMN = |
LARGE o GAIN ~t o

o

0 < |LOGglIGAINI| < I

AEDC-TR-80-11

o 1< 1L0GUIGAINDI < 2
" 2< WOGYIIGAINDY < 4
o 3¢ 06y IGAINDY < 4
| 4 ILOGyGANIH < 5 M= .30 ALTITUDE = 20,000 f1
. 5 ¢ |L0G g IGAING < 8 LEVEL FLIGHT, Ig
1O - . 6 < IL0GglGAINI < 7
. 7 < LOG Gl IGAINI < B *
o8| - ¢ IL0GHIGAINNY < 9_g)
0.4 [‘ t 1 1
COUPLED SPIRAL/ROLL
0.2 |- DAMPING RATIO #‘i
. | L
-0.2 —
-0.4
-0.6
0.8 0/R DAMPING RATIO
-1.0
-500 -400 -300 -200 -100Q 0 100 200 300 400 500
Clr, par/rad
a. Damping ratio
10,000
8000 e
Cz , perirad
6000 2'00
e
/! O (TRIM} /\
4000 77y 1eg - SPIRAL T
/ / \_(UNSTABLE) /
2000 == e
/ a\ / I
o \ - ]
(/N> N
-2000 / \ / \ / T T
-4000{ <
- 6000 - UNSTABLE
DUTCH ROLL
-8000
-10,000 -
o 0.5 1.0 1.5 2.0 2.5 3.0

TIME, sec

b. Time response

Figure 36. Yaw-to-turn configuration - effect of Cy, on

damping ratio and time response.



AEDC-TR-80-11

SYM MAGNITUDE OF GAIN
LARGE x GAIN = 0
LARGE GAI - 1
LARGE ¢ GAIN =+@
: 1< logg o <) M33.00  ALTITUDE = 10,000 ft
e ¢ Iyt
x 2 < IL0GyglcaIkhl < 3 TURNING FLIGHT, 109
_ o 3 ¢ LoGyglleANDl < 4
0.5 | 4 ¢ LG IGAIND] < 5
. 5 ¢ [LOGyf IGAIND| < 8
0.4 - | 6 < [LOGyglIGAINDI < 7
. 7¢ L0GytIGAIND] < 8
0.3 - . 4 < 106yl [GAINDL < 9
o 0.2 & B ~ D/R_DAMPING RATIO
£ p ¢ B 7
& o
2
= 0
g LT L
=
o - o
[=]
1
Noo-o02
- 0.3
-0.4

.5
-500 -400 -300 -200 -10Q0 0 100 200 300 400 500
cnp' par/rad

a. Damping ratio

10,000
[\ Cpn,e Per/rad
8,000 ”‘ 5';
A 12 (TRiM)
E 6,000 V { f[iw
3 4000 77 UNSTABLE —
© I [ T /\ ‘SPFRAL
e[ 2,000
L~ .
& 8 o A” ﬁ /
N
£l /AN RY RV Y
3 2,000 \]L \ [ ( V
3 -4,000 o
5 \ /
*  _6,000 [
-8,000 v
-10,000
0 0.2 0.4 0.6 0.8 1.0 1.2

TIME, sec

bh. Time response
Figure 37. Yaw-to-turn configuration - effect of Cnp on damping
ratio and time response.

86



AEDC-TR-80-11

-uonzenea "3 yum
$100J 4O SN20] - UOIEINBIUCD UINY-0}-MBA °8E 34nbBig

EL=W B
285 “378N000 01 3INIL 99s “47VH OL 3WIL
Se o - | G20 1'0
| 1 _ | i 1
1¥vd Tv3N
t A 0 e- v - 9- 8-
i i
0
ol | i
YN 00S - | 006
w02 "yOI "vHidsS a\_ xON .xom.m
2 b 402 ‘401 ‘0109NHd |
| oo0s N
0 B . o
M 402 /0 0
2 -
ol 00¢
o | 00§
@ o \mm.om .Ko & w01 ¥/
o S1'+ yoe 'd ommo- 6og - 6 > 1NIv9|PlooT| > 8 . 8
005 8 > |(INIvaOlaoy > ¢ !
. . | L> HnvepPlaon > g '
g yO1°'d/8 " o 9> [(NIvalPlao1 S ¢ +
006G - s > UNivo oot >y _
T y> JUNvlaol] 5 ¢ © el
. Oz=11v € > junvo%aol > 2 *
bop ¢'6 =¥ ol = h._q._.d 2> lonvooloo) > 1 o
N | 1 0L 5
bapeg'g= e} 1> lntvolflaoy) S o v
61 ‘LH9ITd T3A3T @F -~ Niy9 7 I9UV1
[ - NIVO v 394v1
0= Niv9 X 194Vl

NIVI 40 JANLINDYW WAS

LHVYd AYUNIOVINI

87



AEDC-TR-80-11

30

20

IMAGINARY PART

30

20

IMAGINARY PART

30

20

IMAGINARY PART

SYM MAGNITUDE OF GAIN

TIME TO HALF | sec

r LARGE x GAIN = O
LARGE = GAIN = 1
LARGE © GAIN ~im .1
. 0 < iLoGyIGAINDI < 1 LEVEL FLIGHT, Ig
o 1< IoglGAINDI < 2 D/R, 10K GTALT .ok 1.2 duy
* 2 ¢ |LOGygtIGAMNDY <3 x TaLT=40%" 39 deg °
S 3¢ [LoGypIGAIND} < 4 = w0
) 4.¢ [LooytIGAINDI < 5 "
N 5 ¢ [LOG 1 [GAMD < 6 o
, §< 1L0G)gl(GAIND] < 7 - 500 o
‘ 75 |06 1GAINIH < 8 H D/n 40“ 415&
- B< IOl GAINIH < 9 - w
“sip, 'ok /P, 2ok
R 4ok \{ 509 spIRAL, PHUGOID, | ] '
R, lo“ ;800 sﬁr._. m" 40k
400 500~ 4 '
* | I | -
500 500
T T
TURNING FLIGHT, 59 1,
a = 5.3 de .
QAT = 108 L e
TaLT =40k 0 000 X
0/R, 10 o
L]
-500" "'P s00 -
-500 o
w. g
. 4.5
K a
s/p, 1040
‘DEGENERATED 2 DEGENERATED
O/R, 40 & S/P, 40k ' 4,
-— SPIRAL, 10" o1 500 —
k. 1oKLR: 40° *,, PHUGOID,
400 - Ni- 500 10K, 40K Is
v T s00
TURNING FLIGHT, (09
aTALT ok " 9.l deg 1
a
=22.5 de
aTALT a0k ¢
} o
L]
"sgo 500 s5/p,10%  -s00 “
ey LT O ._._..-R [}
-~ LT SN § Py (=]
0 Y, 15z
O/R, IGk__‘.__x_ 5/P, 40kmDEGENRERATED g
DEGENERATED . D/R,
O/R, 40 LT |
-— SPIRAL, 40k ~~, 500/-PHUGOID. ok, g0k 11
R. 40K ~ SPIRAL, 10K
500 R,J0K_ o -500 |
Py S00 s
-6 -4 -2 o] 2 4
REAL PART
1 | | I 1
o 0.2% | -1 -0.25

TIME TO DOUBLE, sec

b. M=3.0
Figure 38. Concluded.

88



AEDC-TR-80-11

29s ‘QOIN¥3d

‘uoneuea %o yum

51001 JO $N20j - uoneINbyuos win}-oy-mep “gg ainbiy

29s ‘3718N0AQ 01 3INIL

EL=IN "B
20s ‘4VH OL 3INWIL

mN.OI _l _ mNO _.o
| [ _ T T |
L¥vd Tv3d
L4 e 0 2- b - Q- -
i _ l |
[— 00s 0
ol o N !
S 402 ' IvHIds 006 - w02 401y
4Ol ' W YIdS | /
2 b %02 ‘40! ‘0109MHd L y02=17Y)
005 bap €6 = - D
| yO! = 17v b
P bapg'g:= ip —
| o w0z ‘wsa
61 ‘LHOIT14 13AIT
_OOm -
[ Q0g -
. C0os .
005 Ygpe— yO! ‘¥/Q
) — — |
Sl 102 'd/s g Olggy| . 8
005 - = b > :_z_éceoj 38 4
009 8 > [UNIvelaoT >
‘g L > HiNtvo|Plaot, g :
o= yOr /8 | ¢ 6 > un1v9 Qoo » ¢ !
006 - $ > uNpyeOlag Sy b
T v > lenpvapdlood) e & el
£ > envlool >z =
Z > JUNiveltlao o1 o
> luniwanlisor o v
®F - NIVY s 138V
1= NIY9 399V
0 - NIV % 3081

N1vD 40 3aN1INO v WAS

lHdvd AHYNIOVAI

89



AEDC-TR-BO-11

30

20

IMAGINARY PART

30

IMAGINARY PART
n
Q

30

20

IMAGINARY PART

10

SYM

MAGNITUDE OF GA

N

ree LARGE x GAIN =0
LARGE & GAIN = 1
LARGE © GAIN -t N
R 0 ¢ IL0GyGUGAINNT < 1 . LEVEL FLIGHT, Ig
o 1< 1L0GygllGANDI < 2 O/R, 10 T raroh L2 de9
* 2 < |L0G)ptIGAINDT < 3 X TaLTeaok” 39 deg o
~ & 3 ¢ |L0GygllGAINDIT < 4 B ®
' 4.< NOGyGtIGAINDY < 5 "
. 5 ¢ 1LOGyl IGAIND | < 6 . 500 a
. 6 < LOGyHIGAINI | < 7 « o
. < 106 IGAIND | < B H D/R, 40k Se
L. 8< L0GIGAINN | <9 _g/p, |OK a2 { o
0%
| ) | Y.~ 500 | '
PHUGOID, 10¥, 40k \*? S/P, 40K
o N\
400 R,i0%. 2 500 ~4.400 5
L
-500 '
T I
TURNING FLIGHT, S¢ A
a = 5.3 de
TaLt=10% (S0, 9
T p 1.0 deg
ALT = 40 o
-500-0 e
D/R, 10K OO0 ”
' -500 g’
b d
K& 5
S/P, 10
| o\: \ __DEGENERATED w
§/P, 40 3
DEGENERATED SPIRAL, | v |"0/R. 40
O/R, 40 OVERDAMPED SPIRAL , IOk — :
PHUGOID, I1QK, 40k '
R, 40k 300
500 R0 0 U500 5
-} 500
-500
I [
TURNING FLIGHT, 10¢g
dy = 9.1 deg
ALT = 10* _
TALT = apk > 225 989 o
s/P, 10K v
-500‘ | 500 ] -500 C;
O‘ —tr o
kO 4-5=
DEGENERAEEU o/R, 19 ! DEGENERATED G
| D/R, 40 L 1 kTl a
OVERDAMPED \. 0/R, 40
PHUGOID, 10%, 40k " d4
K
N \ SPIRAL, 40K
3 K
500 o SPiRA, , iQ .
“u-{--soo 506 —f—{ 153
8 -6 -4 -2 2 4
REAL PART
| | | 1 |
0.1 0.25 | -1 -0.25
TIME TO HALF, sec TIME TO DOUBLE, sac¢
b. M=3.0

Figure 39. Concluded.

90



IMAGINARY PART

IMAGINARY PART

IMAGINARY PART

AEDC-TR-80-11

SYM MAGN ITUDE OF GAIN M= 3.0
30 __ s OGN LEVEL FLIGH_T, le
LARGE GAIN - t T Taoh -2 deg
LARGE o SAIN =z a TaLT:a0k" >° 499 4.1
4 9 < LOGglIGAINDY < 1
o Y LOGfIGAIRIH < 2 0/R, 10k
= 2< {LOGlIGAINT) < 3 x
20 3 < ILOGyIGAINDY < 4 e
| 4.< IL0GylIGAINNT < 5 b
. 5 ¢ [L0G)g IBAIND] < 6 a
. §< LoGytIGANDI < 7 o
. T < ool lGAIND] < 8 o/R, 40k 1%
P 8¢ L0GLIIGAINDI < 9 : w
- 500
$/P, 0% X K 41
| 500 5 S/F+ 40
o ) SPIRAL, PHUGOID,
R,I10" R, 40
0 i | {I&I—Llo‘:' sok___| 3%
30
— T T T
TURNING FLIGHT, 5¢ 4
a = 5.3de )
TaLt =10k 20 v
T k ©1=-6 dey
ALT =40 X
O/R, 10 v
20 ™
b ! "
o
o
4.5
o |- : 500 . DEGENERATED g.‘
| s/p, 10% K D/R, 40
DEGENER?TED i -500K S/P, 40k —_— - 41
/R, 40 i
0 R, 10 R a0k PHUGOID, 10K, 40k
0 .500140 - SPIRAL,10" 45
0 - 500 it 500 -500—t-—— —
30 . . _
TURNING FLIGHT, [0¢ .1
a * 9.4
TALT = ok =225 ;:g
TaLT =40k "7
20 | i - R <
T T -«
! = w
‘05°° s/p, 1ok o
00 « + + . 500 182
k mi ’ k . 5
10 2/R, 107 TR & S/P,40% prGENERATED a
; -50 « | DA, a0k
DEGE NERATED ’ SPIRAL,40% 0 4
D/R, 40 . " PHUGOID, 10k, 40
-— R'éo R, 40 SPIRAL, 10% 1
0 f -500-—-&-—1 500— - _so0=+ ———— -
-8 -6 -4 -2 0 2 4
REAL PART
1 | R |
0.1 0.25 | -1 -0.25
TIME TO HALF , sec TIME TO DOUBLE, sec
Figure 40. Yaw-to-turn configuration - locus of roots
with C, q variation.

91



AEDC-TR-80-11

SYM SMAAGNITUDE OF GAIN
LARGE % GAIN = D
LARGE » GAIN = 1
LARGE © BAIN =+
) 8 ¢ ILOByglGAINII < 1
o 1< ILGyqllGAIND| < 2
« 2 < |LoGqglIGAINIT <3
o 3¢ ILOG:gIIGAIN-II <4 M= 3.00 ALTITUDE = 10,000 ft
) 4¢ LoGgHBAIND] <5 TURNING FLIGHT, 10g
9 0.5 5 < ILOGlIGAIN]H] < &
@ . 6 L0GglIBAINDE < 7
\-G 0.4 R 7< It0GyglIGAINIY < 8
e - B WeygIoAN <9 TR L
bl 0.3 ‘LT—TL § % i fe | PHUGOID DAMPING RATIO
o
Z 0.2 D/R DAMPING RATIO %
2 ’ A
S . 22z P
x Q.1 'l '} O . MGz F T e, S O
n o PHUGOID FREQUENCY /
3 — {
R ! /-
.r i—3—-3—-% 3 THIRD OSCILLATORY MODE
o -0.1 %
E [ S/P DAMPING RATIO ‘
x -0.2 %
o |
= -0.3 t
o :
Z -04 §
a
N -0.5
-500 -400 -300 -200 -100 o 100 200 300 400 500
ch‘ perfrad
a. Damping ratio
10,000 \ 1
Cc ., par/rad
e TN
A\ o
CEITAT AN f\// I
: /
® 4,000 /
)
ol3 U Y PV ]
= [© 2,000 o
2
k3 VNI ATAN B A LA [
o 0 ]
3z JIRUAN T
g o '21000 AV 4
° VAT Y
I .4000
<
: i NERVAVERY
o -8,000
ool ViV ]"©
PO A Y
-10,000
o 0.5 1.0 1.5 2.0 2.5 3.0

TIME, sec

b. Time response
Figure 41. Yaw-to-turn canfiguration - effect of CQq on damping
ratio and time response.

92



PITCH RATE
ROLL CONTROL DOUBLET

Z-DAMPING RATIO

AEDC-TR-80-11

SYM MAGN [TUDE OF GAIN
LARGE x GAIN = D
LARGE GAIN - 1
LARGE © GAIN ~:m
s 0< [L0G)glIGAIND| < 1
a 1< [LOGylIGAINDY < 2 M= 3.00 ALTITUDE = 10,000 ft
* 2 L0Gygl IGAINDT <3 LEVEL FLIGHT, Ig
0.5 - o 3¢ 106y -GAIND| < 4
' 4< L0Gygl GAINDY < 5
.41 - 5 < LOG)gl IGAIN]}| < &
, 6 < I0GglIGAINTY < 7
03 | 7< 1LOGygl IGAIND < B
“ 8 < [LOGygl [GRIND' < 9
0.2 +— 5/P DAMPING RATIO
: {/ 3 i—, [D/R DAMPING RATIO
o1 33 3 S DL ¢ AN
P S S SR S SR SRS St L KL S S S L S R S S SN SR
0 A
%
-0.1 \
A
-0.2 1
-0.3 A
\
-0.4 \

-0.5
-500 -400 -300 -20C - 100 0 g0 200 300

400 500
Cmp,per/rod
a. Damping ratio
10,000 T
Cmp, per/rad
S'OOOR /--200
-500
6,000 / 0
] ) /_’
4,000 l\ lﬁ /n‘f /,/ -
A A D
o L\\/ Y
VI NS A TN
e
-4,000 \ { \]
-8,000 \/
- 8,000 V
-10,000
0 0.8 .0 1.5 2.0 2.5 3.0
TIME, sec

b. Time response
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Table 1. Bank-To-Turn Configuration
a. M = 0.8, Altitude = 10,000 ft

) Level Turning Turning
Trim Values Flight, 1 g Flight, 5 g Flight, 10 g
o (deg) 1.5 5.8 9.8
¢ {deg) 0 78.5 84.3
{(deg/sec) 0 10.5 21.3
Cm {per rad) -264.9 -28h6.6 -301.3

q
Cm.(per rad) 0 0 0

a
Cm (per rad) 0 0 0

P
Cm (per rad} 0 ¢ 0

r
CL (per rad) 137.4 169.8 186.4

q
CL.(per rad) 0 0 0

o
Cn {per rad) -66.3 -67.0 -66.8

r
Cn {per rad) -1.0 -7.4 -13.3

p
C, (per rad) Q 0 0

q
C. (per rad) 13.4 13.8 14.3

X

r
C, (per rad) -62.6 -62.8 -62.5
CQ (per rad) 0 0 0

q
C._ {per rad) 0.3 0.2 0.2
Yr
C.. (per rad) -0.7 0.6 1.8
Yp
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Trim Values

a{deg)

¢ {deg)
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C, (per
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C . (per
T

Ch {per
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Ch (per
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C,, {per

q

CL_(per
«

Cn (per
r

<, {per
P

<, {per

d

C2 {per
r

C, (per

P

CE {per

d

C. (per
yr

C_ [(per
p

rad}

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

Table 1.
b. M = 0.8, Altitude = 40,000 ft

Level

Flight, 1 g
4.

-274.

157.

13.

-62.

4

8

6

7

.2

Continued

96

Turning Turning
Flight, & Flight, 10 g

15.1 24.7
78.5 84.3
11.8 23.9
-311.2 -330.5

Q 0

0 0

0 0
205.4 231.0

0 0
-65.4 -60.8
-20.9 -33.3

0 a
15.2 17.0
-59.7 -58.7

0 0
0.1 -0.1
3.5 6.3



Trim Values
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¢ (deg)

&(deg/sec}
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Cm_(per
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Cm (per

P
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<, (per
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Cn (per
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Cn (per

g
CQ (per
‘T

CQ {per

p
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C.. {per
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C., (per
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Table 1.

Continued

M = 1.10, Altitude = 10,000 ft

Level
Flight,

0.1

-335.7

153.0

10.0

-55.8

AEDC-TR-BD-11

Turning Turning
Flight, 5 g Flight, 10 g

3.5 6.0
78.5 84.2
7.6 15.4
-343.3 -367.3

0 0

0 0

0 0
167.4 184.6

0 0
-65.1 -65.3
~3.3 -6.6

¢ 0
10.2 10.5
-56.4 -57.1

0 0
0.3 0.3
-1.0 0.6
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Trim Values
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rad)

rad)

rad)

Table 1.
d. M = 1.10, Altitude = 40,000 ft

Level

Flight,

2.6

-339.7

lel.2

0.1

-56.1

1

g

Continued
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Turning Turning
Flight, 5 g Flight, 10 g

9.3 16.2
7.5 84.2
B.5 17.4
-406.0 -425.8

0 0

o 0

0 0
203.4 2l6.3

0 0
-65.0 -62.7
-10.8 -19.2

o 0
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-58.0 -53.6
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0.2 0
1.5 3.4
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Table 1.
e. M = 3.50, Altitude = 10,000 ft

Level

Flight, 1 g

6.2

=-227.0

122.0

-31.7

-40.5

Continued
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Turning

Flight, 10 g

1.1

122.4

-31.8

-40.6

AEDC-TR-80-11

Turning
Flight, 25 g

2.6

B7.7

12.2

-230.4

123.5

-40.8
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Trim Values

a(deq)

¢ (deg}

@(deg/sec)

Cm (per

q

Cm_(per
a

<, (per

P

Ch (per
r

C. (per
L
q

C., (per
Ly

Cc_ (per
Ny

Cn (per
P

c, (per

d

Cl (per
r

C, (per
p

c, (pexr
g

C er
Yr(p

C_ (per
Yp

rad)

rad)

rad)

rad)

rad)

rad}

rad)

rad)

rad)

rad)

rad)

rad)

rad)

rad)

Table 1. Concluded
f. M = 3.50, Altitude = 40,000 ft

Level

Flight,

.5

-227.4

122.1

-31.7

-40.5

lg

100

Turning

Flight, 10 g
3.6

84.3

-232.3

124.7

-32.1

-41.0

Turning
Flight, 25 g

8.4

87.7

13.7

-252.2

131.4
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Table 2. Yaw-To-Turn Configuration

a. M=13
Altitude = 10,000 ft, Altitude = 20,000 ft,
Trim Values Level Flight, 1 g Level Flight, 1 g
o 6.5 9.3
¢ 0 0
b 0 0
Ch -409.7 -398.7
q
C 0 0
m»
o
C 0 ¢
m
P
c 0 ]
m
r
CL 0 0
9
Cr.. 0 0
o
Cn -389.3 -309.7
r
Cn -4.1 =5.1
p
c 0 0
n
a
c 0 0
Yy
c, -4.9 -5.1
P
CR 0 0
q
C 0 0
Yy
C 0.8 0.8
b
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Trim Values

a

Table 2. Continued
b. M = 3.0, Altitude = 10,000 ft

Level Turning Turning
Flight, 1 g Flight, 5 g Flight, 10 g

1.2 5.3 9.1
0 78.5 84.3
0 2.8 5.7
-298.0 -287.7 -302.9

0 0 0

0 0 0

0 0 0

0 0 0

0 0 o]
-309.7 -307.0 -244.5
-0.8 -0.5 -1.2

0 0 0

0 0 0
-3.2 -3.6 -3.7

0 0 0

0 0 0
-0.6 -0.2 =-0.1
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Table 2. Concluded
c. M = 3.0, Altitude = 40,000 ft

Level Turning Turning
Trim Values Flight, 1 g Flight, 5 g Flight, 10 g
o 3.9 13.6 22.5
b 0 78.5 84,3
P 0 3.2 6.4
CL -287.9 -303.8 -301.8
g
C 0 0 0
m.
Cn 0 0 0
P
C 0 0 0
m
r
0 0 0
CL
q
0 0 0
CL-
o
C ~-310.0 -182.7 -172.86
Ty
C -0.5 -3.0 -6.5
n
P
c 0 0 0
n
q
0]
C, 0 0
r
c, -3.5 -3.7 -4.1
P
0 0 0
CIL
|
o4 0 0 0
Yy
C -0.2 0.1 1.0
¥p
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Table 3. Missife Physical and Mass Characteristics

Mags

Ix(body axis)
IY(body axis}
Iz(body axis)

Ixz(body axis)

&

cg

Bank-to-Turn
5.75 slugs
2
0.34 slug-£ft
2
34.1 slug-ft
2
34.15 slug-ft

0.0 slug—ft2

0.458 ft2
0.7633 ft

§.9 ft

50 percent body length

104

Yaw-to-Turn

43.80 slugs

9.4 slug—ft2

745 slug—ft2
2
745 slug-ft
2
0.0 slug-ft
1.54 ft2
1.4 ft

14 ft

50 percent body length
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APPENDIX

EQUATIONS DEFINING THE TOTAL AERODYNAMIC DATA
IN THE STABILITY AXIS SYSTEM

Longitudinal

Fx - 48[ Cpla. 8, M]
F, - aS|Citama,MmeC, (2Yic, (¢
Zz =49 L\@: Op M)+ Lq(zv) Lé(zv
- a qd éi €+ ﬂ i
My - 35 [Cm(a’ o M)-#—Cmq(a, W (R)Jrcmd(z\/) Cmp( 2V)+Cmr(2v )]

Lateral-Directional

— pd 4
FY = qS [C)’B(a, M)B -+ C)‘a (a, DA}ﬁ_\’ + C‘ID([I,IW) (_2—‘;) + Cyr(a,M)( QV) ]

¥

- Pl
My = qu[an(a, M 1 €, (@B, + €, (aMis, < Cnp(a,M)( 2V)

¥

d d
m{ =Y +c (92
+Cnr(a, )(ZV) + nq(gv)]

d
y - Co (M5 + Co (e (P—)
My = quI:CEB(a,W1)}3+Cgay(a, M)8y+ gar(a, )8, + {_p(a ) v

rd q_d_
+Clam(55) Cf'q(zv)]

where
SP = Pitch Control
GR = Roll Control
SY = Yaw Control
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Bank-to-Turn Missile

a -6 to 26 deg
0.8 to 3.5
§ -10 to 20 deg

8§ =10 to 20 deg
8§, =20 to 20 deg
GY -20 to 20 deg

Yaw-to-Turn Missile

Data Matrix Variables

o 0 to 24 deg
M 0.6 to 3.0
Sp ~20 to 20 deg

Control Authority

§ -20 to 20 deg

p
GR =20 to 20 deg
Gy =20 to 20 deg
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NOMENCLATURE

(Note: All aerodynamic data are referenced

to the stability axis system.)

Drag-force coefficient, drag force/qS
Lift-force coefficient, lift force/qS

Derivative of lift-force coefficient with respect to pitch rate, dC, /d(qd/2V), per
radian

Derivative of lift-force coefficient with respect to &, aCy/dad/2V), per
radian

Derivative of rolling-moment coefficient with respect to roll rate,
aCy/9(pd/2V), per radian

Derivative of rolling-moment coefficient with respect to pitch rate,
aCy/d(qd/2V), per radian

Derivative of rolling-moment coefficient with respect to yaw rate,
aC/d(rd/2V), per radian

Derivative of rolling-moment coefficient with respect to &, 9C/2(&d/2V), per
radian

Derivative of rolling-moment coefficient with respect to angle of sideslip,
aC,/883, per radian

Derivative of rolling-moment coefficient with respect to B, acg/a(ﬁd/ZV),
per radian

Derivative of rolling-moment coefficient with respect to g, 0Cy/ 96y, per radian

Derivative of rolling-moment coefficient with respect to éy, 3C,/38,, per radian

Pitching-moment coefficient, pitching moment/gSb

Derivative of pitching-moment coefficient with respect to roll rate,
dC/d(pd/2V), per radian

Derivative of pitching-moment coefficient with respect to pitch rate,
aC.,/d(qd/2V), per radian
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Cm

T

Derivative of pitching-moment coefficient with respect to yaw rate,
0C/3(rd/2V), per radian

Derivative of pitching-moment coefficient with respect to &, 8Cy/d(ad/2V),
per radian

Derivative of pitching-moment coefficient with respect to 8, 3C,/3(3d/2V),
per radian

Yawing-moment coefficient, yawing moment/qSd about missile cg

Derivative of yawing-moment coefficient with respect to roll rate,
dC,/d(pd/2V), per radian

Derivative of yawing-moment coefficient with respect to pitch rate,
d0Cp/d(gd/2V), per radian

Derivative of yawing-moment coefficient with respect to yaw rate,
aC,/a(rd/2V), per radian

Derivative of yawing-moment coefficient with respect to &, 9C,/d(&d/2V),
per radian

Derivative of yawing-moment coefficient with respect to angle of sideslip,
aC,/88, per radian

Derivative of yawing-moment coefficient with respect to 3, C,/8(3d/2V), per
radian

Derivative of yawing-moment coefficient with respect to &g, 8C,/dér, per
radian

Derivative of yawing-moment coefficient with respect to &y, 6C,/d8y, per
radian

Derivative of side-force coefficient with respect to roll rate, 3C,/d(pd/2V), per
radian

Derivative of side-force coefficient with respect to yaw rate, 3C,/d(rd/2V), per
radian

Derivative of side-force coefficient with respect to angle of sideslip, ¢C,/98, per
radian

Derivative of side-force coefficient with respect to 8, dCy/dy, per radian
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D/R

IX’IY’IZ
Ixz

j

S/P

W, W

AEDC-TR-80-11

Center-of-gravity location, percent body length
Duich roli

Reference body diameter, ft

Force acting along X-stability axis, Ib

Force acting along Y-stability axis, b

Force acting along Z-stability axis, Ib
Acceleration of gravity, ft/sec?

Moments of inertia about X-, Y-, and Z-body axes, respectively, slug-ft?
Product of inertia, slug-fi?

Imaginary number, -1

Mach number

Moment acting about X-stability axis, ft-lb
Moment acting about Y-stability axis, ft-lb
Moment acting about Z-stability axis, ft-lb
Mass, slugs

Components of Eabout X-, Y-, and Z-body axes, respectively, radian/sec
Dynamic pressure, pV2/2, b/ft2

Body reference area, ft?

Short period

Total velocity, ft/sec

Undamped natural frequency, radian/sec
Damping ratio

Angle of attack, deg

Angle of side force, deg
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0p Pitch control deflection, per radian
6r Roll control deflection, per radian

dy Yaw control deflection, per radian

0 Air density, slug/ft3

o Real part of complex variable

) Angle of roll, deg

SUPERSCRIPT

Derivative with respect to time

K 1,000 of feet
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