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1. Introduction

Improving the maneuverability of guided projectiles enables range extension using
gliding maneuvers, and terminal-phase maneuverability enables the projectile to
engage imperfectly located targets and evade active protection systems.'™
Additionally, operating at higher velocities is advantageous for many military
projectile applications, particularly in the terminal phase of flight but across the
entire trajectory as well. Projectiles lacking an in-flight propulsion system rely on
low-drag designs to preserve as much of the launch energy as possible. Thus, the
maneuverability and drag characteristics are important to consider for projectile
design.

The aerodynamics determined by the airframe and control-surface design are
among the main drivers of maneuverability and drag for guided projectiles,
including the overall lift capability, the baseline drag, and the careful coordination
of the center of pressure and center of gravity (CG) to achieve marginal stability
across the flight envelope. A marginally stabile design enables the projectile to be
oriented to a desired angle of attack (AoA) to generate lift while using minimal
control deflection to minimize drag effects.

Current research into low-drag, high-lift airframes for both supersonic and subsonic
flight regimes is improving the understanding of desirable features of the airframe
design while reducing design-cycle iteration time to rapidly evolve capabilities.*
One approach to long-range projectile design leverages a symmetric flight body
with low-aspect-ratio fins for stability, lift, and control. For these designs, the static
forces and moments can vary substantially with aerodynamic roll angle at moderate
to high AoAs desired for most maneuvers.>

This research presents an approach to analyze the characteristics and flight
dynamics of a guided projectile across the intended flight envelope to evaluate the
maneuverability/stability properties and the lift, drag, and lift-to-drag (L/D) ratio.
This methodology is illustrated on a gun-launched guided projectile but is
applicable to missile-/rocket-propelled systems as well. The projectile design is
presented briefly, and the aerodynamic model is summarized. The steady-state trim
analysis methodology is outlined, and the analysis on stability and lift-to-drag is
presented, followed by an analysis of the control-surface effectiveness. Finally, an
analysis of the short-period dynamics is presented to inform flight-control and
actuation-system requirements.



2. Airframe Description

The Laboratory Technology Vehicle (LTV) is an engineering test-bed projectile
used by the US Army Combat Capabilities Development Command Army
Research Laboratory to experiment with various gun-launched, guided flight and
maneuver technologies. The LTV flight body was shaped through a series of
optimization analyses that identified design candidates with low drag and high L/D
ratios while maintaining marginal stability across the supersonic Mach regime.**°
The body is 105 mm in diameter and 10 cal (1.05 m) in length with a 0.5-cal 7°
boattail, and has a CG located 6.0 cal back from the nose. The projectile has a 30%
ogive nose as a trade-off between drag and payload volume. There are four low-
aspect-ratio fins arrayed symmetrically around the body. The projectile is designed
to be sabot launched from an 8-inch-diameter gun with no deploying aerodynamic
surfaces, which limits the fin span to 8 inches tip to tip. Figure 1 shows an
illustration of the LTV flight body in a configuration with a 10.5-mm-radius
rounded nose tip and 80-mm-chord control surfaces hinged at their leading edges.
The mass properties for this variant are given in Table 1.

!
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1

Fig.1 LTV flight body with rounded nose and 80-mm control surfaces hinged at the
leading edge. Dimensions given in millimeters.

Table 1 Mass properties for LTV

Mass properties

Mass 16.8 kg
CGx 588 mm (56%) from nose
CGy, CGz On center line
Iyx 0.0273 kg-m?
Iyy, 172 1.247 kg-m?

For this analysis, the projectile is configured to fly in the “X” configuration with
the roll angle location of movable surface i given by d);w a5 =
[45°,135°,225° 315°] for 81, 67, 3, 84, respectively, as illustrated in Fig. 2.



Fig.2  Numbering scheme of the movable aerodynamic surfaces along with the deflection
sign convention. View is from projectile base.

The control mixing of the four movable surfaces into virtual control channels is
given in Egs. 1-3:

6y = 7 (~81— 82— 6~ 6) )
0 =1(—51+52+53—54)

=3 e
5= 2 (=81 — 8y + 83+ 64) )
"4

3. Aerodynamic Model

The aerodynamic model uses coefficients based on Mach and AoA to provide the
aerodynamic forces and moments.”® Aerodynamic data describing the forces and
moments due to the fin-tab control surfaces, termed movable aerodynamic surfaces
(MAS), is calculated and applied separately from the aerodynamic data for the
assembly of the body and fixed fin surfaces, referred to as fixed aerodynamic
surfaces (FAS).

The FAS aerodynamic component model given in Egs. 4-9 contains the
aerodynamic forces and moments from the FAS in the nonrolling aerodynamic
coordinate frame (Fig. 3), with each coefficient dependent on Mach number and
aerodynamic roll angle.
—~QS[Cay (M, pa) + Ca, (M, pa) sin? @ \
F= +Ca_ (M, ¢,) sin* @] @
QS[Cs,(M, pa) + C5, (M, p4) sin@ + Cs_, (M, ) sin® @
Fy — + CS&3 (M, ¢A) Sin3 a+ CSE‘I- (M, ¢A)Sin4& (5)
+ Csas (MI ¢A) Sins &]



QS [Chy (M, §) + Cy, (M, §,) sin@ + Cy_, (M, §,) sin @
FZ — + CN&3(M, ¢A) Sin3(i + CNE‘L (M, ¢A)Sin4§ (6)
+ Cx, (M, §,) sin® |

QSD[Ciy(M, pa) + €1, (M, ) sina

D
4G, (M, sin? @+ Gy, (M, ) 2] ?

0SD [Cmo (M, $) + Cg (M, ) Sin @ + Cp_, (M, ) sin? @
M,, = + Gy (M, 1) sin® @ + Cm_s (M, ¢4)sin* @ (8)

NE ab
+ C gy (M, §0) 107 @+ o, (M, 0 3]

0SD [Cno (M, $4) + Coy(M, $4) SN @ + C,,_, (M, §) sin? @
My = +Cn_s (M, ¢4) sin® @ + Cn_y (M, ¢q)sin* @ 9)

~ rD
+ Cogy (M, 5in° @+ G, (M, ) 2]

where «a is the body AoA, f is the body angle of sideslip, @ = /az + ﬁz is the total
body AoA, D is the projectile diameter, V' is the projectile velocity, Q = %pV2 is
the dynamic pressure, and S = %DZ is the aerodynamic reference area. The Z’mq

and Z’nrare the pitch and yaw damping sums, which include both the Cmq and Cp,
terms as well as the angular rate terms Cp,, and Cnﬁ.
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Fig.3  The nonrolling aerodynamic coordinate system and body-fixed coordinate system
for the projectile. View is from projectile base, with both X axes into the page. The coordinate
systems are related through a ¢, rotation about X, with the Y, Z projection of the projectile
translational velocity vector, V, aligned to the 4Z axis.



The MAS aerodynamic model is similar in form and sums the force and moment
contributions of the four movable fin-flap surfaces arrayed around the body in the
nonrolling aerodynamic coordinate frame. For the full details on the MAS
aerodynamic model, see Bryson et al.’

4. Steady-State Trim-Analysis Methodology

An analysis of the aerodynamic forces and moments is conducted across the flight
envelope by exercising the aerodynamic model with the ranges of Mach, altitude,
aerodynamic roll angle, body AoA, and control-surface deflection angle.
Conditions where the moments, C;, C,,, C,, are all zero correspond to steady-state
trim conditions, which are of particular interest in evaluating the flight performance
of a projectile design. As previously discussed, the critical metrics for this
application are the maneuverability (i.e., lift capability) and drag, but also important
are controllability metrics such as stability and control effectiveness.

At each flight condition, [Mach, Alt], the set of control deflections, [§, &, 6], are
identified, which balances the total aecrodynamic moments to zero for each &, ¢,
pair. The aerodynamic forces and moments are calculated at these trim conditions
for each point within the flight envelope and are used to analyze the
maneuverability and controllability metrics of interest. Figure 4 illustrates this
process for standard-day sea level (SSL), Mach 2, for an example of @ = 5°, ¢, =
0° (in the body pitch plane). The C,, for the projectile with undeflected control
surfaces is shown as a solid blue line, which is shifted through increasing &,
deflection angle until the C,, = 0 trim point reaches @ = 5°, shown with a dotted
blue line. Following this process for [4,, &, &,] simultaneously, the trim conditions
for the projectile are identified across the flight envelope for use in subsequent
analyses.



Fig. 4  Illustration of trimming procedure for @’ = 5° at Mach 2, ¢, = 0°, SSL. C,, is
plotted for varying @ for showing the undeflected case (6, = 0°) along with &, = 2.2°

corresponding to the C,, = 0° trim condition at @’ = 5° shown with the black star.

As a measure of maneuverability balanced with controllability, the stability
derivatives of the projectile at these trim conditions are analyzed across the flight
envelope. The design goal for this projectile is to achieve marginal stability across
the supersonic flight regime while minimizing the unstable regions within the
subsonic—supersonic flight envelope. Figure 5 plots the longitudinal stability
derivative, %, at trim conditions for varying @, ¢, at Mach 0.8, 2, 3, and 4 at SSL.
The analysis shows the projectile exhibits a small unstable region at small a across
Mach, surrounded by marginally stable conditions moving to more stable as «
increases.

The aerodynamic properties for this projectile are known to be ¢ A-dependent,s’6

and this is well illustrated in Fig. 5. The stability properties are symmetric in ¢4
every 90°, and less stable regions correspond to &’s oriented along ¢, =
[0°,4£90°, £1809, ... ]. The remainder of the analysis presented in this research will
focus on pitch plane maneuvers in the “X” flight orientation (¢, = 0°) for
simplicity, but these methodologies can be trivially extended to analyze
maneuverability across ¢ 4.



ba Mach 0.8

45
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Fig.S  Longitudinal stability derivative values for the projectile at trim for Mach 0.8, 2, 3,
and 4 at sea level. The projectile is unstable at small &, and has varying stability properties
across ¢,, with symmetry every 90°.



5. Maneuverability Analysis: L/D, Load Factor

The projectile maneuverability is assessed by analyzing the L/D and the load factor
to determine the lateral acceleration capabilities and evaluate the extent to which
the flight speed could be eroded by drag forces during a sustained maneuver.
Following the previously presented trim methodology, the total forces at trim are
identified across the Mach, Altitude flight envelope and used to obtain total lift
force, L, and drag force, D.

At each [Mach, Alt, ¢,] condition, there is value of @’ that maximizes the L/D of
the projectile. Operating at or near this optimal L/D condition results in a
compromise between maximizing lift and maneuverability while minimizing drag
to maintain flight velocity.

Figure 6 shows an analysis of trim conditions and resulting L/D for Mach 0.8, 2,
and 3 at SSL. Figure 6a, ¢, and e plot Cp,, Cy across @,d,, with dashed lines
indicating constant & countours and solid lines representing constant §, contours.
Points along the C,,, = 0 line are valid steady-state trim conditions, which generate
the corresponding Cy value at each &, §,; configuration. Figure 6b, d, and f plot L/D
at trim across @’ , with the maximum L/D trim condition marked with red squares
on each figure.
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Fig. 6  Analysis at flight condition: sea level, ¢, = 0° for Mach 0.8, 2, 3, and 4. Subfigures
a), ¢), e), and g) show pitch plane stability data: Cy and C,, for varying @, §,. Subfigures b),
d), f), and h) show L/D at trim (C,, = 0) across . The points of maximum L/D for each Mach
number are shown as red squares.



Figure 7 presents the L/D at trim for flight across Mach at sea level. Figure 7a plots
the maximum L/D at trim, which is generally near 2.5 for supersonic flight and
around 3 for high-subsonic flight. Figure 7b and c plot L/D at trim across @’ and
Mach. Along with the particular maximum L/D, the shape of the L/D curve in
Figure 7b is of interest in the maneuverability assessment, with a broad region of
near-maximum L/D desirable for operational flexibility. Figure 7 shows the
location and value of the upper and lower @’ boundaries region with at least 90%
of the max L/D to provide a better representation of the available region for near-
optimal maneuver. In the regions where the 90% max L/D point lies outside the
flight envelope of @ < 159, it is clipped to 15° for this analysis.

a
15
1+
0.5 ) Max L/D
a
0
0 1 2
Mach
o L/D
S 14 I
55 4o 2 25
10 / —~
2 w YV 2
()
< 8 I \\
1.5 : * = T — 15
N 6 |

15 1 4 e e - 1

Fig.7 L/D at trim conditions across Mach at sea level, ¢, = 0°. Maximum L/D at trim
across Mach is plotted in a), along with the 90% max L/D values. b) and ¢) show surface and
contour plots, respectively, of trim L/D across the Mach and @’. The values of a’
corresponding to maximized L/D at each Mach are shown as a solid red line, with 90% max
L/D region boundaries shown in dashed/dotted red.

An analysis of the load factor experienced by the projectile can be helpful for
understanding of L/D values across the maneuver envelope in a more intuitive form.
The load factor calculations used in this analysis calculate the specific acceleration
(force/mass) associated with L and D forces and normalizes that value by the
acceleration of gravity, as shown in Egs. 10 and 11.

D= () (10)

10



L = (=) (an

mg

These load factors express the projectile accelerations in multiples of the
gravitational acceleration, and are unit-less quantities but typically expressed in g’s.
Figure 8 plots the load factors across Mach experienced at the maximum L/D
trimmed flight conditions and at the 90% max L/D conditions. These results are
highly dependent on dynamic pressure but show a general capability to achieve
lateral accelerations in excess of 40 g’s with acceptable drag throughout Mach 2—4
at SSL. The dashed and dotted lines in Fig. 8 show the upper and lower @’ bounds
corresponding to 90% of the max L/D flight condition, respectively, to provide a
representation of the available region for near-optimal maneuver.

140 1 140 1
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o
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Fig. 8  Load factors associated with L and D at trim across Mach for ¢, = 0°, SSL

6. Control Effectiveness Analysis

In addition to the maneuverability, the overall control-effectiveness and control-
deflection requirements at trim are important factors to analyze. Control deflection
angles that are too high can have issues with flow separation and loss of
effectiveness, indicate the control surfaces are undersized, and/or indicate the CG
location should be adjusted to decrease the projectile stability. Figure 9 shows the
virtual pitch-control deflection, 52, required to trim maximum L/D and 90%
maximum L/D across Mach at sea level along with the associated @’ for
comparison. Values corresponding to maximum L/D and 90% max L/D shown in
solid and dashed red lines, respectively. The results show control-deflection
requirements between 5°- 8° are generally required to trim at maximum L/D across
the flight envelope, indicating an acceptable combination of control-surface sizing
and CG placement.

11
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Fig.9  AoA, @', and pitch-control deflection, 65, for flight at trim condition across Mach
for sea level, ¢, = 0°. Values required for trim at maximum L/D are plotted with solid lines,
and values for trim at 90%, boundaries of maximum L/D are plotted with dashed and dotted
lines.

Another factor of interest relating to control effectiveness is the ratio
between @’ and 65, hereafter referred to as the /6 ratio. The design goal for this
projectileis 1 < a /8 < 2. At lower a/§, the control surfaces would begin to stall
and lose effectiveness before desired a is achieved, and larger deflection angles
often require higher torque/power from the actuator systems. At higher a/§, the
projectile is extremely responsive to slight changes or noise in the deflection angle,
and the actuator may struggle with the precision required to accurately position the
control surfaces. Figure 10 plots a/§ at trim for maximum L/D and 90% maximum
L/D across Mach, showing the a/& value generally stays above 1 except for near
Mach 4 and stays below 2 for all supersonic flight. Figure 11 summarizes the
relations between a’, 62, and the load factor achieved by the projectile at various
Mach numbers.

25 l' \\ Max L/D N
e 90% Max L/D
2
< 15¢
3
1 L
05F
0 ‘ ‘
0 1 2 3 4

Mach

Fig. 10 Ratio of “/ 5 at trim condition for maximum L/D and 90% maximum L/D across
Mach for sea level, ¢, = 0°

12



Mach 0.8
14 6
12+ 57
=5 10F =
& 43
S gl &
gT 3
3 6 g
. -
. 2
2 - 1
a)
0 5 10 15
T
6 [deg]
16 a 16 100
Mach 2 / Mach 3 /
14 40 14
/ 80
12+ = 12
— 2
o 10 80 5 w10y 60
S © S, |
T ° 20@ T °
5 § 6l 40
4 10 41 20
2 |
b)" ( | ¢ | |
0 5 10 15 0 5 10 15
T T
de de
8 [deg] 9, [deg]

Fig. 11  Control effectiveness plots summarizing the relations among a’, &4, and the load

factor achieved by the projectile at various Mach numbers, SSL. The point of maximum L/D
is shown as a red square on each plot for reference.

7. Short-Period Dynamics Analysis

The short-period mode of the projectile longitudinal dynamics is also analyzed to
help evaluate the maneuverability and to inform the flight-control and actuator
design requirements. Due to the projectile symmetry, this analysis of the
behavior/motion in the pure pitch plane represents the yaw-plane dynamics as well.
However, the aerodynamic asymmetry of the projectile with ¢, requires an
evaluation of the short-period mode along both ¢, = 0°, and 45°, or equivalently,
for the longitudinal plane of the projectile in both the “x” and “+” flight
orientations. Figure 5 and Bryson et al.” show the projectile to be generally more
stable at ¢p, = 45°, which will increase the natural frequency in that orientation.
These higher frequencies are important to consider when determining overall flight
control and actuator requirements.

The short period natural frequency and damping ratio, wy,, and {sp, are

approximated using Eqgs. 12 and 13, respectively!®!!:

(12)

13

LoadFactor [gs]



Zg
- _(Mq-}-Md +u—0) (13)
P 20,

where u, is the projectile velocity and the longitudinal derivative terms
Zg» Mg, Mg, and M, are defined in Egs. 14-17:

0S
Za = _?(CLa + CDO) (14)
QSD
Mll = Cma (15)
Iy
_&bD . 16
71, 2u, ™ (16)
SD D
SLLLE (17)

L 2u

As previously noted, the aerodynamic model for this projectile does not break out
the individual contributions of Cmq and Cy,,, but rather has the damping terms

included only as a combined sum. For the calculation of {sp, these terms are used
together as a sum so the available data can be used without complication. For the
W, calculation, Gy, is assumed to be 1/3 of Cmq to estimate Cmq from the total
ZgMg

Ug

damping sum, C’mq 19 For this projectile, the term containing this Cmq estimate

in the wy,, approximation is small relative to the M, term, so errors introduced by
this assumption are minor.

The longitudinal derivatives, Eqs. 14-16, are evaluated locally at each trim
condition and used to calculate w,, and {sp across the projectile flight envelope.
Figures 12 and 13 plot the w,, and {sp across a’, Mach for ¢p, = 0° and 45°,
respectively. As expected from Eq. 12, wy,, increases with dynamic pressure and
spans a large range across the Mach numbers within the flight envelope. The
damping ratio remains small across the flight envelope. The approximation for the
damping ratio calculation assumes positive damping and is not valid in regions
where the projectile is unstable, so the unstable portions of the flight envelope are
left off the plots.

14
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Fig. 12 Plots of w and {sp across @', Mach for ¢, = 0°, SSL. Flight conditions

ngp
corresponding to maximum L/D and 90% maximum L/D are shown in solid and dotted red
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unstable
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Fig. 13 Plots of w,,, and {sp across a’, Mach for ¢, = 45°, SSL. Flight conditions
corresponding to maximum L/D and 90% maximum L/D for ¢, = 45° are shown in solid and
dotted pink lines, respectively.

The roots of the characteristic equation for the short period approximation are

calculated as
/11,2 = _(spwngp + iwnsp /1 - (szp (18)

Using the values of w, , and {sp at ¢, = 0° and 45°, the short period poles are
calculated for the maximum L/D and 90% maximum L/D flight conditions across
Mach, and plotted together in Fig 14. The poles for the lower speed conditions
begin near the origin and move out to higher frequencies as Mach increases. Lines
of constant Mach are plotted as solid, while lines of constant @’ are dotted. Lines
indicating the maximum L/D condition for varying Mach at SSL are also shown in
each plot as red for ¢, = 0° and pink for ¢, = 45°, following Figs. 12 and 13,
respectively.

15



w w

%0 20
of ¢ 0075 0052 0036 0.026 0.016 0.00880 | of¢ 0075 0.052 0036 0.026 0016 0.00880 |
70 X ¢ =452 710
60 0.12 \’»\\ 4 60
60 E 60 [ L SRR E
50 R 50
40 40 | 40 + 40 |
30 30
o 20t 00 g 20f 20
3 10 3 10
§ of g ol
2 2
g 10 g 710
£ 20 20 £0f 20|
30 30
40 40 -40 40’
50 50
or 60| -eor 60
a) 0 b) 70
80 0.075 0052 0036 002 0016 0.00880 | -80 0.075 0052 0036 002 0016 0.00880 |
-8 7 6 5 4 3 2 4 909 8 7 % 5 4 3 2 4 9
Real Axis Real Axis

Fig. 14 Map of the short period poles for the projectile across @’ and Mach for ¢, =

0°,45°, Lines of constant Mach are solid, while lines of constant a’ are dotted. Lines
indicating the maximum L/D condition for varying Mach at SSL are also shown in each plot.

8. Conclusion

A methodology was presented to analyze the performance characteristics of a
marginally stable projectile with the goal to evaluate overall maneuverability while
minimizing drag and determining whether control-surface deflection requirements
are reasonable. This approach was illustrated with a gun-launched guided projectile
and used to analyze the maneuverability and flight dynamics across the intended
flight envelope. The trimmed flight conditions were identified and used to find the
maximum L/D operating points across the flight envelope. An analysis of the
longitudinal stability, load factor, and control effectiveness was presented to
explore the maneuverability/stability properties. Finally, an analysis of the short-
period dynamics was presented to further evaluate the maneuverability/stability
characteristics and to inform the flight-control and actuator requirements
development.
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Nomenclature

body angle of attack in pitch plane

total body angle of attack, \/m

total body angle of attack at steady-state trim condition
body angle of sideslip in yaw plane

zeroth, second and fourth order axial force coefficient
zeroth, first and second order roll moment coefficient
lift coefficient derivative with respect to a

roll damping coefficient

zeroth, first and ith order fit coefficients for normal force

coefficient of pitching moment

zeroth, first and ith order fit coefficients for static pitch

moment

pitch damping coefficient

zeroth, first and ith order fit coefficients for static yaw

moment
yaw damping coefficient

zeroth, first and ith order fit coefficients for side force

reference diameter

roll rate

aerodynamic roll angle
pitch rate

72 pV2 , dynamic pressure
yaw rate

D2n/4, aerodynamic reference area
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List of Symbols, Abbreviations, and Acronyms

Alt
AoA
CG
FAS
L/D
LTV
MAS
SSL

altitude

angle of attack

center of gravity

fixed aerodynamic surfaces
lift-to-drag

Laboratory Technology Vehicle
movable aerodynamic surfaces

standard-day sea level
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DEFENSE TECHNICAL
INFORMATION CTR
DTIC OCA

DEVCOM ARL
FCDD RLD DCI
TECH LIB

DEVCOM ARL
FCDD RLW A

F E FRESCONI
FCDD RLW W

T SHEPPARD
FCDD RLW WD

L STROHM

JBRYSON

B BURCHETT

I CELMINS

B C GRUENWALD

J DESPIRITO

L FAIRFAX

JPAUL

JD VASILE
FCDD RLW WA

N TRIVEDI
FCDD RLW WB

JSADLER
FCDD RLW WC

M MINNICINO
FCDD RLW WE

MILG

B TOPPER

D EVERSON
FCDD RLW WF
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