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PREFACE 

This report documents the aerodynamic coefficients and stability derivatives 
resulting from a series of free flight tests of a generic missile configuration with circular 
and non-circular cross sections over a Mach number range of 0.75 through 3.5. All 
configurations had a common rectangular tail fin design and were either of a three-fin of 
four-fin variety depending upon the missile cross-section These tests were conducted in 
the USAF Aeroballistic Research Facility, located at Eglin AFB, FL. The period of 
testing covered a time period of 1997 to 2000. 

The data analysis was accomplished by the Arrow Tech Associates of South 
Burlington, Vermont 05401-4985, under Contract F08630-96-C-0001, with the Air Force 
Research Laboratory Munitions Directorate, Eglin Air Force Base, Florida 32542-5434. 
Mr. Gerald Winchenbach, Dr. Gregg Abate, and Captain Benjamin Kruggel of AFRL 
were the principal investigators and test directors. Mr. John Krieger of the ARF 
conducted the test that included launch, instrumentation, data acquisition, and image 
processing. 
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SECTION I 

INTRODUCTION 

Current munition designs are departing from conventional right circular cross- 
sections for many reasons including enhanced performance, increased range, increased 
maneuverability, and stealth. Improved manufacturing and production capability for both 
metal and composite structures is also leading weapon designers to consider non-circular 
vehicle shapes. The objective of this effort is to obtain an experimental aerodynamic 
database on several basic cross sectional shape variations within a free-flight ballistics 
range. The results will serve to supplement existing data and will be used to improve 
current analytical design methodologies that estimate vehicle aerodynamics. A total of 
seven configurations were tested. The models were designed to have an equivalent cross 
sectional area and identical fin planform to isolate effects due to the body alone. The 
primary goals for this effort are (1) to determine shape effects on the aerodynamics and 
(2) provide an experimental database for aeroprediction methodology. 

The free-flight ballistic range has several advantages compared to wind tunnels 
for aerodynamic research. The most important one is that the test object is in 
unrestrained flight. Thus, no model support (sting) or wall interference effects are present 
during the measurement of the data. Additionally, the ballistic range allows for the 
determination of aerodynamic stability coefficients and derivatives that are not easily 
measured in a wind tunnel. Each trial conducted in the ballistic range results in a unique 
initial starting attitude (initial conditions) upon launch resulting in pitch and yaw motion 
that enables the test engineers to determine the dynamic derivatives and coefficients. 
Analyzing two or more trials simultaneously results in a common set of aerodynamic 
parameters of the configuration independent of initial conditions. This can be done over 
a range of Mach numbers to determine the aerodynamic parameters as a function of Mach 
number. It is also desirable to have trials with sufficient pitch and yaw amplitudes to 
cover the angle-of-attack regime of interest. A drawback of ballistic range testing is size 
limitations. Typical free-flight models are sub-scale so matching the full scale Reynolds 
number if difficult or impossible. However, this is also a limitation of wind tunnel tests 
and, in either case, care must be used when interrupting results. 

One challenge in free flight testing is the model design and construction. Since 
the model is typically launched via circular tube (e.g., powder gun) it must be encased 
within a sabot for launch. In addition, the model/sabot package must be sized to fit the 
particular launcher and be capable of withstanding the in-bore accelerations. Therefore, 
the size of the model is often small and results in high precision tolerances during 
manufacture. The in-bore acceleration requirement means that the model/sabot design 
must capable of surviving the launch cycle. Hence, the models require adequate strength 
to be launched without suffering structural damage. 



This report documents the aerodynamic coefficients and stability derivatives 
extracted from trajectory data collected during free flight tests of five non-axisymmetric 
configurations. In addition, two circular configurations were tested to establish a baseline 
reference for the results. The models were designed so that the cross-sectional area was 
common for all configurations. The tests were conducted in the USAF Aeroballistic 
Research Facility. During this period of the tests, the Flight Vehicle Integration Branch 
of the Air Force Research Laboratory Munitions Directorate solely maintained and 
operated the Facility. Recently, the University of Florida Graduate Engineering and 
Research Center (UF/GERC) has become a partner in the management of the facility. 



SECTION II 

AEROBALLISTIC TESTING 

1. Aeroballistic Research Facility 

The Aeroballistic Research Facility1 (ARF) is an enclosed concrete structure used to 
examine the exterior ballistics of various free-flight configurations. The facility contains a gun 
room, control room, model measurement room, blast chamber, and an instrumented range. 
Figure 1 contains an illustration of the ARF and an interior view. The range atmosphere is 
controlled and closely monitored. 

The 200-meter range has a 16-square meter cross-section for the first 70-meters and a 
25-square meter cross-section for the remaining length. The range has 131 locations available 
as instrumentation sites and each location is separated by 1.5-meters. Presently, 50 of these 
sites are used to house fully instrumented orthogonal shadowgraph stations. At each of these 
stations, the maximum shadowgraph window (an imaginary circle in which a projectile will 
cast a shadow on two orthogonal reflective screens) is 2-meters in diameter. The orthogonal 
photographs of the model's shadow are then used to determine the spatial position and angular 
orientation of the test model at each of the 50-instrumented sites. The range is an atmospheric 
test facility where the temperature and the relative humidity are controlled to 22 ±1 °C and less 
than 55% respectively. 

The Comprehensive Automated Data Reduction and Analysis System (CADRA)2 is 
used to read the film and calculate the trajectory. The film is digitized using a high resolution 
scanning process. Automated image processing is done using CADRA. 

A chronograph system provides the flight times for the projectile at each station. These 
times together with the spatial position and orientation obtained from the orthogonal 
photographs processed by the CADRA system provide the basic trajectory data for the 
subsequent analysis. These discrete times, positions, and orientations are then used by the 
Aeroballistic Research Facility Data Analysis System (ARFDAS)3 to determine the 
aerodynamic coefficients and stability derivatives acting on the model during the observed 
flight. 
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Figure 1. USAF Aeroballistic Research Facility (ARF), Eglin AFB, FL 

2. Models and Test Conditions 

A total of seven configurations were designed and tested for this effort. All 
configurations are designed to have an equivalent cross sectional area (i.e. reference area). In 
addition, the reference length used in the data analysis was common for all configurations. For 
missile configurations, the reference length is typically the diameter of the projectile. For the 
non-circular configurations, an "equivalent" diameter is used for the reference length such that 
the area of a circle based upon this diameter is equivalent to the non-circular area. However, 
since the cross-sectional areas were equivalent for all configurations, the reference length is the 
same for all configurations as well. This allows for one-to-one comparison of the data of each 
configuration to isolate the body alone influence. 

The fin planform was identical for all configurations. This will further isolate the 
effects of the body alone. The test configurations are 8.08 calibers in length with a 2.2 caliber 
ogive. Figure 2 contains a schematic illustrating the test model configurations tested during this 
research program. The model dimensional details are provided in the following sections along 
with the aerodynamic data. A fin tab was attached to the fin tip trailing edge of one fin of each 
model in order to determine roll orientation. The flight data covered a Mach number range of 
0.75 to 3.5. Table 1 lists the nominal physical properties for the configurations tested. 
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Table 1: Model Physical Properties 

Configuration Circular 
4 Fin 

Circular 
3 Fin 

0.8 
Elliptical 

4 Fin 

0.6 
Elliptical 

4 Fin 

Blended 
Elliptical 

4 Fin 

Square 
4 Fin 

Triangular 
3 Fin 

Diameter (d), mm 17 17 17 17 17 17 17 
Length (L), mm 137.5 137.5 137.5 137.5 137.5 137.5 137.5 

Mass, g 844 835 880 916 912 853 824 
Ix, gram-cm2 36.0 34.6 38.0 42.3 39.8 38.4 40.5 
ly, gram-cm2 1270 1230 1355 1290 1410 1304 1230 

CG. location (XCG), 

mm from nose 
58.6 58.6 62.5 64.8 63.5 59.5 59.5 

Number of ARF Trials 15 15 17 15 11 13 18 



3. Aerodynamic Parameter Identification 

Extraction of the aerodynamic coefficients and stability derivatives is the primary goal 
in analyzing the trajectories measured in the ARE. The process is summarized in Figure 3 and 
is accomplished by using ARFDAS3. ARFDAS incorporates a standard linear theory analysis4'5 

and a six degree-of-freedom (6DOF) numerical integration technique6. The 6DOF routine in 
ARFDAS incorporates the Maximum Likelihood Method (MLM)7 to match the theoretical 
trajectory to the experimentally measured trajectory. The MLM is an iterative procedure that 
adjusts the aerodynamic coefficients to maximize a likelihood function. The use of this 
likelihood function eliminates the inherent assumption in least squares theory that the 
magnitude of the measurement noise must be consistent between dynamic parameters 
(irrespective of units). In general, the aerodynamics can be nonlinear functions of the angle of 
attack, Mach number, and aerodynamic roll angle. ARFDAS also has the ability to analyze 
nonaxisymmetric projectiles using a "body fixed" aerodynamic model. The "fixed plane" 
method for the analysis of axisymmctric projectiles is given in Appendix B and the "body 
fixed" method is described in Appendix C. 

ARFDAS represents a complete ballistic range data reduction system capable of 
analyzing both symmetric and asymmetric bodies. The essential steps of the data reduction 
system are to: (a) assemble the dynamic range data (time, position, attitude), physical 
properties, and atmospheric conditions, (b) perform linear theory analysis, and (c) perform 
6DOF analysis for final aerodynamics. These steps have been integrated into ARFDAS to 
provide the test engineer with a convenient and efficient means of interaction. At each step in 
the analysis, permanent records for each flight are maintained such that subsequent analysis 
with data modifications are much faster. 

Each model fired in the ARF was initially analyzed separately, then combined in 
appropriate groups for simultaneous analysis using the multiple fit capability. This provides a 
common set of aerodynamics that match each of the separately measured position-attitude-time 
profiles. The multiple fit approach provides a more complete spectrum of angular and 
translational motion than would be available from any one trajectory considered separately. 
This increases the probability that the determined coefficients define the model's aerodynamics 
over the entire range of test conditions. 
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SECTION III 

RESULTS AND DISCUSSION 

Aerodynamic force and moment coefficients and stability derivatives have been 
extracted from each set of free flight motion data measured in the ARF. The 
methodology includes both linear theory and six degree-of-freedom (6DOF) matching of 
the observed motions to determine the aerodynamics. The parameter identification 
methodology provides a best match to the experimentally measured motion by 
determining the aerodynamic forces and moments acting on the flight vehicle resulting 
in the measured motion. 

The following sub-sections present the aerodynamic data determined from the 
ballistic range trials for each class of configuration: circular, elliptic, square, and 
triangular. Appendix D contains the tabular data of the physical properties, range 
conditions, and 6DOF aerodynamic results for each configuration. The 6DOF results 
contain both the single and multiple fit analysis data. It is believed that the multiple fit 
analysis represent the best estimates of the configurations aerodynamics since the 
combined trajectories contain more data over a wider range of angles of attack. The 
plots of aerodynamic data presented in the following sub-sections contain hollow and 
solid data symbols. A hollow symbol represents the result of a single fit analysis and a 
solid symbol represents the result of matching multiple flight trajectories to a common 
set of aerodynamics. It should be noted that the angular motion amplitude for most 
flights was very small. Such small amplitude angular and swerve motion diminish the 
accuracy of the resultant aerodynamic coefficients since its effect on matching the 
measured motion becomes less significant. 

1. Circular Cross Section Configurations 

Two circular cross-section configurations, a three-fin and a four-fin, were tested 
to provide a baseline for the other non-circular configurations. The four-fin 
configuration provides a baseline for the elliptic and square cross-section configurations 
and the three-fin provide a baseline for the triangular configuration. The two circular 
cross-section configurations had identical bodies and fin planform dimensions. Figure 4 
contains a schematic of these two configurations. 

Figure 5 presents the zero yaw axial force coefficient (Cxo) versus Mach number 
as determined from the flight data for both the three-fin and four-fin circular cross 
section configurations. Since the only difference in the three and four fin models is the 
number of fins, the difference in drag seen in this figure is a direct result of the 
additional fin. The data indicate there is about a 5% difference in drag over the Mach 
number range from 0.6 through 3.2 
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Figure 4. Three- Fin and Four-Fin Circular Configurations 

Figure 6 shows the normal force coefficient derivative (CNa) versus Mach 
number for the three-fin and four-fin circular configurations. Here, the additional 
normal force resulting from the four versus three fins is quantified. There is about an 
18% difference in normal force coefficient derivative at Mach 0.8. The difference 
increases to about 30% at Mach 1.4 and then decreases to about 5% at Mach 3. 

Figure 7 contains the pitch moment coefficient derivative (Cma) as a function of 
Mach number. The difference in static stability for three versus four fins is clearly seen 
and is accurately determined. The difference in pitch moment coefficient derivative for 
the three-fin and four-fin configurations is about 20% over the entire Mach number 
range. 

The variation of pitch damping moment coefficient (Cmq) versus Mach number is 
shown in Figure 8.   Due to the small amplitude motion, it was difficult to accurately 

10 



determine the pitch damping moment. However, Figure 8 indicates that there was not a 
significant difference in the pitch damping with three versus four fins. 
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Figure 5. Zero Yaw Axial Force Coefficient versus Mach Number - Circular Cross 
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2. Elliptic Cross Section Configurations 

Three elliptic cross-section configurations were tested in this effort. The first 
configuration had an elliptic cross section with a 0.8 eccentricity (ratio of minor 
diameter to major diameter) and the second had an elliptic cross section with a 0.6 
eccentricity. The third configuration was a "blended" cross section that had a 0.6 
eccentricity on the top half and a 0.8 eccentricity on the lower half. All three 
configurations contained four fins and are shown in Figure 9. As noted in Table 1, the 
center of gravity for each configuration was different. 

Analysis of the flight data was done using the 6DOF "body fixed" equations of 
motion within ARFDAS3 (see Appendix C). This allowed solving for unique force and 
moment coefficients in the pitch (alpha) and yaw (beta) planes (e.g. Cma £ C„p). The 
four-fin circular cross section configuration serves as a baseline for the elliptic 
configurations. Since all configurations tested in this effort have a common cross 
sectional area, the reference length and area are common to all configurations and this 
allows for direct comparison of the resultant data. However, there was variation in the 
CG locations of the various configurations and this will be important for moment 
coefficient comparisons. 

The zero yaw axial force coefficient (CXo ) versus Mach number as determined 
from the three elliptic cross section configuration flight data is contained in Figure 10. 
Also included for comparison are the 4-fin circular cross section results. Here again, the 
solid symbols represent "multiple fit" data versus single shot analysis. Although there is 
some scatter in the data in the Mach 0.8 regime, overall the data appear consistent for all 
configurations. 

Figure 11 shows the pitch-plane (or alpha-plane) normal force coefficient 
derivative (CZtx) versus Mach number. The data of Figure 11 show the increase in body 
lift generated with the elliptic body in the plane of the major diameter. 

Figure 12 shows the yaw-plane (or beta-plane) yaw force coefficient derivative 
(Cyp ) versus Mach number. The yaw-plane force coefficient derivative results have 
more scatter than the pitch-plane force coefficient derivative as seen in Figure 11 due to 
low amplitude motion. However, the trend shows decreased lift in the yaw-plane 
(minor diameter) versus the pitch-plane. 
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Figure 13 contains the pitch (alpha-plane) moment coefficient derivative (Cma) 
as a function of Mach number as extracted from the ARF flight data measurements. As 
indicated, the moment references were the individual CG locations for each 
configuration. The Mach number trends are similar as would be expected. However, to 
make direct comparisons between the configurations, the moment reference should be 
common for each configuration. Figure 14 contains the same results with the moments 
adjusted to a common body reference location coincident with the CG location for the 
four-fin circular cross section model. The moment adjustments were done using the 
following equation6: 

Cma(5S.6mm Ref) = Cma(CG Ref) + CZa( 
58.6 - CG Ref 

) 
(1) 

Comparing the pitching moment results for all three elliptic configurations and 
the circular cross section (Figure 14), the differences are small with the possible 
exception of the transonic Mach regime. This would imply that the increase in Normal 
force for the elliptic shapes was coupled with a forward movement of the center of 
pressure location resulting in an equivalent pitching moment. 
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Figure 15 contains the yaw (beta-plane) moment coefficient derivative (C„p) as a 
function of Mach number as extracted from the free-flight data measurements. Here 
again, as in the case for the pitch plane, the moment references were the individual CG 
locations for each configuration. The yaw moment coefficient derivatives were adjusted 
to a common body axial location and the results are plotted in Figure 16. 

Comparing the yawing moment results for all three elliptic configurations and 
the circular cross section (Figure 16), the differences are small with the possible 
exception of the transonic Mach regime as is the case for the moment in the alpha-plane. 
However, the yaw force (beta plane) showed a slight decrease as compared to the 
circular cross section. This would imply that the decrease in yaw force for the elliptic 
shapes was coupled with a rearward movement of the center of pressure location 
resulting in an equivalent yawing moment. 

The damping moment coefficients in the alpha plane (Cmq) and the beta plane 
(Cnr) extracted from the flight data are plotted in Figure 17 and Figure 18. The 
qualitative trends show a small decrease in the damping moment in the beta plane 
(minor diameter). 
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The center of pressure can be found via the following equation6: 

c.p.  _ XcG Cm„ d ma   

C    I 
(2) 

The center of pressure for the pitch-plane (alpha-plane) was computed based on 
the resulting normal force and pitch moment coefficients in the pitch-plane. These 
results are presented in Figure 19 on a scale consistent with the total body length. The 
center of pressure for the yaw-plane (beta-plane) was computed in a similar fashion 
based on the resulting yaw force and yaw moment coefficients in the beta plane. These 
results are presented in Figure 20 on a scale consistent with the total body length. 

In Figure 21, these center of pressure results in the pitch-plane, for the multiple 
fit results only, are plotted on an expanded scale. This provides a detailed comparison 
of the most accurate results showing a slight forward movement of the normal force 
center of pressure (alpha plane) with the elliptic configurations. Figure 22 shows the 
center of pressure results for the yaw-plane on the same expanded scale for that of the 
pitch-plane. In general, the center of pressure in the yaw-plane is about 5% of the body 
length aft of the center of pressure in the pitch-plane. However, the data is not refined 
to make an accurate quantitative measurement. 
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3. Square Cross Section Configurations 

One square cross section configuration was tested in this effort. The 
aerodynamic data from this configuration will be compared with the four-fin circular 
configuration data. Figure 23 depicts the four-fin square cross section configuration 
tested in this effort. It should be noted from Figure 23 that the square section blends 
with a segment of the ogive. In addition, the corners of the square are rounded as shown 
in Figure 23. This data was analyzed using the fixed plane equations of motion in 
ARFDAS. 
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Figure 23. Square Body Cross Section Configuration 

Figure 24 contains the zero yaw axial force coefficient results extracted from the 
flight data. The supersonic drag for the square cross section is about 7 percent higher 
than the circular cross section but at subsonic velocities, there is very little difference in 
the data. 

Figure 25 contains the normal force coefficient derivative results for the square 
cross section configuration. Relative to the four-fin circular cross section, the normal 
force is larger in the supersonic regime, only slightly larger in the transonic regime, and 
about the same subsonic. 

The pitch moment coefficient derivative results are presented in Figure 26. The 
square cross section models resulted in about a 10% increase in pitch moment 
coefficient derivative versus the four-fin circular configuration in the supersonic regime. 
The difference is smaller, about 5% in the subsonic regime. 

The pitch damping moment coefficient derivative results are presented in Figure 
27. Here only a slight change from the four-fin circular configuration is noticed. 

The normal force center of pressure was computed based on the extracted 
normal force and pitching moment (see equation 2).  The results are plotted in Figure 
28. Differences in center of pressure location between the two configurations are small. 
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4. Triangular Cross Section Configurations 

Figure 29 depicts the three-fin triangular cross section configuration tested in 
this effort. The results presented are compared against the three-fin circular cross 
section. It should be noted from Figure 29 that the triangular section blends with a 
segment of the ogive. In addition, the corners of the triangular cross section are 
rounded. 
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Figure 29. Triangular Body Cross Section Configuration 
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Initially, the extraction of the aerodynamics was performed with the body fixed 
equations of motion and asymmetric aerodynamic model. Analysis of the data was also 
done using the fixed plane model. The quality of the match to the measured motion was 
equivalent for both. The conclusion is that the differences (e.g. Cma versus C„ß) do not 
have a measurable effect on the low amplitude motion measurements from these flights 
in the ARF. Therefore, additional flights with induced motion for larger amplitudes are 
required to adequately define the aerodynamic asymmetries. 

Figure 30 contains the axial force coefficient results extracted from the flight 
data. The transonic and low supersonic drag for the triangular cross section is higher 
than the circular cross section. 

Figure 31 contains the normal force coefficient derivative results. The normal 
force experimental results for the triangular configuration show more scatter than the 
circular configuration as a result of the low motion amplitude. However, the increase in 
normal force resulting from the triangular cross section is quantified. 

The pitching moment coefficient derivative results are presented in Figure 32. 

The pitching moment for the triangular cross section is larger throughout the 
Mach range, but particularly below Mach 2.5. 

The pitch damping results are presented in Figure 33. Differences between the 
pitch damping coefficients are considered within the measurement noise relative to the 
effect of matching the observed motion. 

The normal force center of pressure was computed based on the extracted 
normal force and pitching moment via equation 2. The results are plotted in Figure 34. 
The center of pressure for the triangular cross section is about 0.5 calibers forward as 
compared to the circular cross section. 
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SECTION IV 

CONCLUSIONS 

This report documents experimental aerodynamic test results of a variety of 
cross sectional shapes; all of which have the same cross sectional area. Aerodynamic 
force and moment coefficients have been extracted from free-flight data measured in the 
AFRL Aeroballistic Research Facility (ARF). The range of Mach numbers covered 
during these trials ranged from Mach 0.75 to 3.5 and comprised a total of 104 flights. A 
total of seven configurations were tested and evaluated: four-fin circular, three-fin 
circular, 0.8 eccentric elliptical (four-fin), 0.6 eccentric elliptical (four-fin), 0.8/0.6 
eccentric blended elliptical (four-fm), four-fin square, and three-fin triangular. 

These experimental test results provide a good comparison of the shape effects 
on the basic aerodynamics with respect to axial force, normal force, and pitching 
moment. There is a high degree of confidence in the aerodynamic data derived from 
these ballistics range tests. There was repeatability and a common set of aerodynamics 
was derived from multiple flights. 

The circular cross section configurations, a 4-fin and a 3-fin configuration, 
established a baseline reference of experimental aerodynamics for comparison to the 
non-axisymmetric configurations. 

With respect to axial force, the elliptical cross sections did not exhibit any 
increase in drag, but did result in increased normal force. However, both the square and 
triangular cross section configurations incurred a drag penalty to achieve an increase in 
normal force. 

This aeroballistic test program has provided an experimental aerodynamic 
database that can be used to improve aeroprediction methodologies. 

Additional testing at higher angles of attack, especially for the elliptical 
configurations, is recommended. The test flight data reported here do not contain large 
enough angular motion amplitude to accurately quantify aerodynamic asymmetries. 
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APPENDIX A - NOMENCLATURE 

6DOF Six degree of freedom 
AFB Air Force Base 

AFRL Air Force Research Laboratory 
AFRS Air Force Research Shape 
ARF Aeroballistic Research Facility 

ARFDAS Aeroballistic Research Facility Data Analysis 
System 

C Celsius 
CADRA Comprehensive Aerodynamic Data Reduction 

Analysis 
CG Center of gravity 
Ix Moment of inertia about x-axis 

Jxy Cross product moment of inertia 

fy Moment of inertia about y-axis 
Iz Moment of inertia about z-axis 
M Mach number 

mbar milibar 
MLM Maximum Likelihood Method 

UF/GERC University of Florida Graduate Engineering and 
Research Center 

XcG Center of gravity location w.r.t nose 
XCP Center of pressure location w.r.t nose 
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APPENDIX B - FIXED PLANE AERODYNAMIC MODEL 

1. 6DOF - Methodology 

The aerodynamic data presented in this report obtained using the "fixed plane" 
6DOF analysis is detailed in this appendix. Here, the equations of motion are derived 
with respect to a fixed plane coordinate system. The x-axis points downrange, the^-axis 
points to the left looking downrange, and the z-axis points up. 

FIXED PLANE EQUATIONS OF MOTION 

ü = gsm6-qw + rv-a    + F Im 
CIA J6 

v = -ru-rwtan9-a    + F Im 
cv      y 

w = -gcos0 + rvtanO + qu-a     + F Im cw      z 

p = lll 

q = -r2tane-(IxIIy)rp + mlIy 

r = tfrtane + (/^ II  )qp + nlIy 

Where acu, acv, and acw are coriolis accelerations dependent on the latitude XR 

and azimuth 8^ of the range and rotational rate of the earth coe. 

BODY FIXED CORIOLIS ACCELERATIONS 

aa = -2o)e (y sin AR+z cos XR sin SR) 

acy = +2coe (x sin XR - z cos XR cos öR) 

aa = +2a>e (x cos XR sin SR + y cos XR cos SR) 

acu = +acx cos 9 cos y/ + acy cos 0 sin y/ - acz sin 6 

acv=-acxsmy/ + acycosy/ 

acw = +aa sin 6 cos if/ + acy sin 9 sin y/ + aa cos0 

Once the aerodynamic forces and moments (i.e., Fx, Fy, Fz, I, m, n) are determined, 
the solution of the Equations of Motion will define the 6DOF flight motion with respect 
to the fixed plane coordinate system. Since the position-attitude measurements, as 
acquired from the ballistic spark range, are relative to the Earth-fixed coordinate system, 
additional transformation equations are required. These transformation equations are 
shown below in terms of the fixed plane Euler angles (9, \\i) and the angle of rotation 
about the missile axis (<|>). 
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EARTH FIXED TRANSFORMATION EQUATIONS (FIXED PLANE) 

x = u cos 9 cos y/ - v sin yr + w sin 9 cos y/ 

y = u cos 9 sin yr + v cos y/ + w sin 9 sin y/ 

i = -wsin# + wcos0 

9 = q 

y/ = r/cos9 

</> = p + rtanQ 

The Equations of Motion and the Earth Fixed Transformation Equations ar 
numerically integrated using a fourth-order Runge-Kutta scheme. 

2. Aerodynamic Forces and Moments. 

The fixed plane aerodynamic forces and moments are defined as follows: 

Fx=-qACx 

V    2V   YpaV 
+ (CNSöA)sit\(f> ~(CNSSB)cos(p] 

Fy=qA{-CNa^^CYpa^ 

where: 

Fz = qA[~CNa-- — CYpa--CY  - 

~ (CNS SA) sin </> - (Cm SB ) sin 0] 

m = qAd[C„,„ — + -L— C„,„ + *-— C„„„ — 1 L    ma  y       jy      mq        ~y      npa y 

+ Cnya y + Cnay + CmS8A cos <f> - CmSSB sin</>] 

-,,r H    v     rd -p;      pd =    w 
n = qAd[-Cma — + — Cma + J-— C„n„ — 1        L        ma y       riy     mq       ny     npa y 

—      W     —     W     — — 
+ Cnya ~ + C„ay+ Cm3SA Sin<f> + CmSSg COS(|> ] 

A - reference area 

d = reference length 

q = dynamic pressure = — pV2 

V=Vu2+v2+w2 
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The aerodynamic coefficients and derivatives are assumed to be nonlinear 
functions of Mach number, sine of the total angle of attack, and the aerodynamic roll 
angle. This assumption is made in a general sense in defining a generalized aerodynamic 
math model. These expansion are shown as follows: 

AERODYNAMIC COEFFICIENT EXPANSIONS (FIXED PLANE) 

Axial Force Coefficient 

Cx = Cxo+CXa/+CXa/+CXm{Mi -Mr) + CXm2(Mi -Mr)
2+Cxra/ cosN 

Normal Force Coefficient Derivative 

CNa = CNa + CNa] s
2 + CNai e> + CNam (M, -M,) + C^ e2 cos Ny 

Magnus Force Coefficient Derivative 

Cypa = Cypa + ^Ypa,G 

Induced Side Force Coefficient 

CYra=CYms2smNy 

Spin Decay Roll Moment Coefficient 

C^C.r+C^y+C^JMt-M,) 

Static/Induced Roll Moment Coefficient 

C,=ClgS + Clra2 sin Ny 

Pitching Moment Coefficient Derivative 

Cma = Cma+Cma/+Cma/+Cmam(Ml -Mr)+Cma,n2(Mi -Mr)
2 

+ CNa (CG -CGr) + Cmms2 cos Ny + Cmpa (^ 

Pitch Damping Moment Coefficient 

Cmq =Cm + Cmqa/ +Cm94B
4 ♦C^CM, -Mr) 

Magnus Moment Coefficient Derivative 

Cnpa = Cnpa + Cnpai e
2 + Cnpas e* + Cnpam (M, - Mr) 
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Induced Side Moment Coefficient Derivative 

Cnya = C«ya sin Ny + C„m *   ^n Ny 

Trim Force Coefficients 

Trim Moment Coefficients 

Out of Plane Side Moment Due to Pitch 

The aerodynamic roll angle, y, is computed by transforming the fixed plane 
missile velocities into the rolling body coordinate system. 

vb = vcos^ + wsin^ 

wb = -vsin^ +wcos^ 

y =tan~'(v4/w6) 

The sine of the total angle of attack is calculated as follows: 

E = . 
I    2 2 V  +w 

Slight variations in the center of gravity (CG) between test projectiles (models) 
are accounted for by assigning a reference CG location (CGr) and making an appropriate 
correction to the pitching moment coefficient derivative. The pitching moment 
coefficient is the only coefficient of which slight changes in CG have a first order effect 
on the observed motion. 

The full 6DOF equations of motion portion of the analysis eliminates the 
assumptions of Linear Theory by retaining all cross coupling terms and allowing 
nonlinearities both as functions of Mach number and angle of attack. In addition, the 
procedure within ARFDAS allows analysis of up to five test flights simultaneously. This 
provides improved accuracy of the extracted aerodynamics and their nonlinearities with 
angle of attack, roll angle, and Mach number. 
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APPENDIX C - BODY FIXED AERODYNAMIC MODEL 

1.6DOF - Methodology 

The aerodynamic data presented in this report that were obtained using the "body 
fixed" 6DOF analysis is detailed in this appendix. Here, the equations of motion are 
derived with respect to a rotating body fixed coordinate system. The x-axis points down 
the axis of the body, the y-axis points out the left side of the body looking downrange, 
and the z-axis points up with respect to the body. The body fixed coordinate system is 
rigidly affixed to the projectile and rotates with the body about the x-axis. The inertial 
frame of reference is the earth. It is assumed the earth is fixed in space and flat. The 
body fixed equations of motion are given as follows where the subscript "6" refers to the 
body fixed coordinate system. 

BODY FIXED EQUATIONS OF MOTION 

üb = gsinQ - qbwb + rbvb - acub + — 
m 

Fyb 
% = Pbwb ~rbub ~ gsm<f>cos0-acvb + ^ 

™b = Qbub ~ Pbvb ~ gcos^costf - acwb + -=- 

lyh + V"* ~ (4 +Iy~ h)hyPbTb + (4 + hVy " ^^b 
Pb- (// _/2) 

_ Ixmb f Ixylb + (Ix +Iy- hVxyWb + Vxih -Ix)~ lly)Pbrb 

4b- (// -I2) 

nb + Ixy(p
2

b -ql) + (Ix-Iy)Pb<lb 

Where acub, acvb, and acwb are coriolis accelerations dependent on the latitude XR 

and azimuth 8fl of the range and rotational rate of the earth ©e. 
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BODY FIXED CORIOLIS ACCELERATIONS 

a a = -2(öe(ysinAR + zcosAR sin^) 

acy = +2o?e(xsin AR -zcosÄR cos^) 

acz = +2a>e(xcosAR sinSR + ycosAR cosSR) 
acub = acxcos9cosy/ + acy cosösin^-aczsinö 

■  acvb = acx (sin 0 sin <j> cos if/ - cos <j> sin y/) + a^ (sin 0 sin ^ sin yA +cos $* cosy/-) 

+ 0^(8^00080) 
acwb ~ acx (s*n 0 cos ¥ cos 0 + sin 0 s^W) + acy (SU1 ^ cos ^ sin ^ - sin ^ cos ^) 

+ 0^(00800080) 

Once the aerodynamic forces and moments (i.e., Fx, Fy, Fz, I, m, n) are determined, 
the solution of the body fixed equations of motion will define the 6D0F flight motion 
with respect to the body fixed coordinate system. Since the position-attitude 
measurements, as acquired from the ballistic spark range, are relative to the Earth-fixed 
coordinate system, additional transformation equations are required. These 
transformation equations are shown below in terms of the fixed plane Euler angles (0, \\i) 
and the angle of rotation about the missile axis (((>). 

EARTH FIXED TRANSFORMATION EQUATIONS (BODY FIXED) 

The Equations of Motion and the Earth Fixed Transformation Equations 
are numerically integrated using a fourth-order Runge-Kutta scheme. 
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2. Aerodynamic Forces and Moments. 

The body fixed aerodynamic forces and moments are defined as follows: 

Fxb = ~qACx 

v     7TJT r     r   Vb+Pbdr    ^ + r    ^1 Fyb = qA-^YO - LYp y + ^y~CYpa  y  + ^Yya  y J 

p     -AT r      r   wb    Pbdr    ^L-r    ^-l 
rZb =(lAl~L'Zo~L'Za~y~~ 2V   Ypa V        ya V 

lb = qA[^-Cep + ClsS + Ceya] 

-AAxr    ^r    wb^bdr   4-Mr    ZL + F    ^1 mb = qAd[Lm0 + Lma — + "^T^mq + 2y ^nPa y      nra yJ 

-An  r      r   v* M r   4. Pbd r    %L + F    ^1 
nb = qAd[-Ln0 - C„ß ~y~    2V   nr     2V    pa V        ya V 

where: 
A = reference area 

d - reference length 
1      , 

q = dynamic pressure = — pV 

y=^i+v2
b+w2

b 

The aerodynamic coefficients and derivatives are assumed to be nonlinear 
functions of Mach number, sine of the total angle of attack, and the aerodynamic roll 
angle. This assumption is made in a general sense in defining a generalized aerodynamic 
math model. These expansion for the body fixed equations of motion are shown as 
follows: 

AERODYNAMIC COEFFICIENT EXPANSIONS (BODY FIXED) 

Axial Force Coefficient 

Q=Q0 + Qa2(^)2 + C^(^)2+C/w(M,.-Mr) + C^2f
2cos^ 

Normal Force Coefficient Derivative 

-Wb,2 Cza = CZa + CZa3 {-ff + CNya^ cosNy 
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Side Force Coefficient Derivative 

öp = CYß + Cyfy (r^)2 + CNms2 cosNy 
V 

Magnus Force Coefficient Derivative 

Induced Side Force Coefficient 

Crya = Cyya^2 ünNy 

Spin Decay Roll Moment Coefficient 

C(P = ctp + Cepa2£
2 + Cipm{Mi - Mr) 

Static/Induced Roll Moment Coefficient 

Q = c®s+ceya2 
sin Nr 

Pitching Moment Coefficient Derivative 

Cma = Cma + Cma^~yf + CZa(CG ~ CG,) + Cm^ COSNy 

Yawing Moment Coefficient Derivative 

Cn^Cnß + Cnß3(^-)2 + CY^CG-CGr) + Cmme2cosNy 

Pitch Damping Moment Coefficient 

.w, 'bs2 C    =C    +C       (—^ mq mq       ^mqa.2 v y ' 

Yaw Damping Moment Coefficient 

C„r — Cnr + Cnm2 (      ) 

Magnus Moment Coefficient Derivative 

C     =C ^npa      ^npa 
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Induced Side Moment Coefficient Derivative 

Cm = C„me2 sin AT, + Cnya/ sin JV, 

Trim Force Coefficients 

Czo> Cyo 

Trim Moment Coefficients 

The aerodynamic roll angle, y, is computed as follows: 

y =tan",(vA/wi) 

The sine of the total angle of attack is calculated as follows: 

e =. 
I    2 2 V  +w 

The body fixed pitch and yaw angles are defined as follows: 

a =—- 
V 

H     V 

Slight variations in the center of gravity (CG) between test projectiles (models) 
are accounted for by assigning a reference CG location (CGr) and making an appropriate 

correction to the pitching moment coefficient derivative. The pitching moment 
coefficient is the only coefficient of which slight changes in CG have a first order effect 
on the observed motion. 

The full 6DOF equations of motion portion of the analysis eliminates the 
assumptions of Linear Theory by retaining all cross coupling terms and allowing 
nonlinearities both as functions of Mach number and angle of attack. In addition, the 
procedure within ARFDAS allows analysis of up to five test flights simultaneously. This 
provides improved accuracy of the extracted aerodynamics and their nonlinearities with 
angle of attack, roll angle, and Mach number. 
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APPENDIX D -FLIGHT TRIAL DATA 

1. Four-Fin Circular 
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2. Three-Fin Circular 
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3.0.8 Elliptical 
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4. 0.6 Elliptical 
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5. Blended Elliptical 
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6. Square 
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