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Abstract

A comparative study was carried out to investigate the trajectory simulation of a short range solid
propellant rocket using aerodynamic coefficients determined by different methods. The first set of
aerodynamic coefficients was estimated using an aerodynamic prediction code, Missile DATCOM. It was
found that the accuracy of the predicted coefficients was limited due to the limitation of Missile DATCOM
and model simplification. The second coefficient set was obtained from published experimental data and
employed as a benchmark. Then these two sets of coefficients were applied to a 6-DOF rigid body model
for trajectory simulation. The result parameters, such as spin rate, angle of attack, and impact point, were
compared. The comparison suggested that the less accurate coefficients predicted by Missile DATCOM
could be used for predicting velocity and impact point of the selected rocket with moderate errors.
However, significant error was found in the spin rate and angle of attack prediction.

Keywords: Trajectory Simulation, Aerodynamic Coefficients, 6-DOF, Rocket, Missile DATCOM.

List of Symbols Cnq Pitching moment coefficient derivative

At Reference area, which is equal to with pitch rate (1/rad)
rocket cross section area (mz) Cop Yawing moment coefficient derivative

Ca Axial force coefficient with side slip angle (1/rad)

Co Drag coefficient C. Yawing moment coefficient derivative

C Rolling moment coefficient with yaw rate (1/rad)

Cp Rolling moment coefficient derivative Cop Yawing moment coefficient derivative
with roll rate (1/rad) with pitch rate (1/rad)

Cra Pitching moment coefficient derivative Cra, Normal force coefficient derivative with
with angle of attack (1/rad) angle of attack (1/rad)

Cné Pitching moment coefficient derivative Cvp Side force coefficient derivative with side
with angle of attack rate (1/rad) slip angle (1/rad)

F.Fy.F, Aerodynamic forces (N)
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M,,M,,M, Aerodynamic moments (N.m)

Forop Propulsive force (N)

Moy Propulsive moment (N.m)

g Acceleration due to Earth’s gravity (m/sz)

Lo lyy: |, Rocket moments of inertia (kg.mz)

Lies Characteristic length, which is equal to
rocket caliber (m)

m Rocket mass (kg)

p,g,r  Rotation components in the body frame

(rad/s)

u,v,w Velocity components in the body frame
(m/s)

\% Total velocity magnitude (m/s)

Xep Center of pressure location measured
from nose (m)

Xeg Center of gravity location measured
from nose (m)

o Angle of attack (rad)

B Side slip angle (rad)
P Atmospheric air density (kg/ms)
G,G,\V Rocket attitudes in Earth frame (rad)

1. Introduction

A six degree of freedom (6-DOF) model
enables engineers to investigate rocket
dynamics during the preliminary design phase
[1]. The aerodynamic forces and moments
included in the six degree of freedom model are
normally calculated using aerodynamic
coefficients. These coefficients can be estimated
by many methods, which may be categorized
into 3 groups [2]: experimental methods,
computational fluid dynamics (CFD) methods,
and semi-empirical and analytical methods.

Experimental methods obtain

aerodynamic coefficients from wind tunnel,
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ballistic range, or flight tests. Secondly, the CFD
methods simulate flow fields and aerodynamic
forces by solving a set of fundamental
equations, i.e. Navier-Stokes equations, for fluid
domains divided into discrete cells. Some
advanced CFD techniques also incorporate Rigid
Body Dynamics (RBD) into the simulation [2-6].
Finally, the semi-empirical and analytical
methods predict aerodynamic coefficients using
analytical formula and empirical database.

Among these groups, the semi-empirical
and analytical methods are arguably the quickest
way to determine aerodynamic coefficients. This
advantage makes them suitable for the
preliminary design phase, where the rocket
performance needs to be evaluated quickly.
Aerodynamics softwares that employ semi-
empirical and analytical methods are Missile
DATCOM, Aeroprediction, PANEL3D, PRODAS,
etc. These softwares have been evaluated for
various geometry configurations. Although some
literatures showed good agreement with
experimental data, it was suggested that these
softwares cannot give accurate results for every
projectile configuration [7-13]. So caution must
be taken when using coefficients from these
softwares in trajectory simulation.

This paper investigates the accuracy of
6-DOF trajectory simulation using aerodynamic
coefficients that were predicted by Missile
DATCOM. The rocket chosen for this study was
Hydra70, which is a short range solid propellant
rocket. Aerodynamics and flight test data of
Hydra70 in a published report [14] was used as
a benchmark. These coefficients were applied to

a 6-DOF trajectory model to simulate spin rate,
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angle of attack, and impact points, etc. Results

from simulation using experimental coefficients
were compared to the same simulation using

coefficients from Missile DATCOM.

2. Six Degree of Freedom Model

Similar to most literatures, the six
degrees of freedom in this study comprises 3
translational components and 3 rotational
components. Following assumptions are made:

1) Rocket structure is rigid.

2) Thrust vector is coincident with the
rocket longitudinal axis.

3) Product moments of inertia of the rocket
are insignificant.

4) Effects from Coriolis, Magnus, and wind
are neglected.

Two Cartesian coordinate systems are
employed: the body frame and the Earth frame.
In the body frame (XYZ), the origin is attached
to the rocket center of gravity but the axes do
not roll with the rocket body. All axes are
orthogonal to each other. The X axis is
coincident with the rocket longitudinal axis and X
is positive forward. The Y axis is directed out the
starboard of the rocket. The Z axis points
downward and normal to the X and Y axis,
satisfying the right-hand rule.

In the Earth frame (NED), the origin is
attached to the launch site. The N and E axis
pointed to the geographic north and east
respectively. The D axis pointed downward,
following the right-hand rule. The orientation of
body frame relative to Earth frame is defined by

3 Euler angles (d, O /). Transformation from
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the body frame to the Earth frame can be done
using a rotation matrix.
The 3 translations and 3 rotations are

calculated by Egs. (1) — (6).

U= % (Fpmpu,Sion +Foia )— gsin@+rv—qw (1)
\'/=%Fside+gcosﬁsin¢+ pW —ru (2)
v‘v=%Fnormal +gcosfcosg+qu—pv  (3)
b= IL{M roion + M+ (1, =1 Jar} @)

Q:i{Mer(IZZ—IXX)pr} (5)
r:li{Mz+(|xx—|W)pq} (6)

24

The aerodynamic forces and moments
are determined by Egs. (7) — (12). Note that the

nomenclatures in the equations below are case

sensitive.
1
Faial = EPV ’ At (_ CA) (7)
1
I:side = Epv : Aref (_ CYﬂIB) (8)
1
I:normal = EIDV zAref (_ CNaa) (9)

C,pL
M, =2 V2L, [ C + 2P (10)
2 vV

1 quef
Myzzpsz,ef[cmaa+(cmd+cmq) o j (11)

1 Lref
M, = Epsz,ef [cnﬂm (c,r+c,p) - J (12)

3. Aerodynamic Coefficients
3.1. Hydra70 Rocket
The Hydra70 rocket is a short range
unguided solid propellant rocket that is

aerodynamically stabilized. Besides air-to-
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surface applications, Hydra70 is also used for

surface-to-surface applications in some trainings
and experimental works due to its low cost. The
configuration selected for this study is the MK66
Mod1 rocket motor mated to M261 warhead, as
shown in Fig. 1. It is important to note that M261
warhead is chosen due to the availability of test
data [14]. It does not imply that the Royal Thai
Armed Forces employs such a submunition
warhead.

The rocket is 70 mm in caliber and 1.7
m long. The rocket motor produces a total
impulse of 1500 Ib-sec approximately, which
enables the maximum speed up to Mach 1.8
and maximum range more than 10 km. Fig. 2
shows the nozzle with unfolding wrap-around
fins. All fins are beveled at the leading edge and
partially at the trailing edge to produce desirable
aerodynamic rolling moment characteristic. It is
difficult to model these features by semi-
empirical or analytical methods. In addition, the
nozzle outlet is fluted to providing torque during

the power-on period.

=

Fig. 1 Hydra70 rocket [15]

Fig. 2 Wrap-around fins of MK66 rocket motor
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3.2 Aerodynamic Data from Experiments

This study employs the aerodynamics in
the unclassified report published by Dahlke and
Batiuk at US Army Missile Command [14] as a
benchmark. This literature provides experimental
data of Cp, Cyg , Crgq » G, Cp , and X, for
Hydra70 MK66/M151 and MK66/M261
configurations. The literature also presents the
spin rate, Mach number obtained from a flight
test. It was described that C, for power-off
period was obtained almost entirely from the
actual flight test and C, for power-on period was
determined by adjusting the base pressure drag.
Cna :Cmg » G, and Cj, were derived based on
wind tunnel test data. All coefficients were
presented as a function of Mach number only. In
addition, C, and C, are not presented in the
Dahlke and Batiuk [14]. So they are derived from
Egs. (13) and (14).

(C, —Cy asina)

C, - (13)
cosa
Che =—CN“(XL°Q X (14)

Furthermore, by assuming 90° rotational
symmetry, we have Cyg = Cyq , Cop=-Cpq , and
C,r = Cq- Although the Hydra70 is actually 120°
rotational symmetry, this approximation should

be reasonable for a spinning rocket.

3.3. Aerodynamic Data from Missile DATCOM
Missile DATCOM is a semi-empirical
code for preliminary missile aerodynamic design.
It can predict aerodynamics coefficients of both
finned and non-finned projectiles based on

empirical data and analytical formula. The
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original FORTRAN 77 version of Missile
DATCOM was developed by the McDonnell

Douglas Corporation [16]. The 1997 version was
used in this study.

The curvature of wrap-around fins is
neglected and the fins are treated as a planar fin
for simplification. The diameter step at the fin
hinge is not modeled. The beveled leading edge
and partially beveled trailing edge of the fin, as
shown in Fig. 2, are also neglected. These
simplifications could results in prediction errors
but the purpose of this study is to investigate the
effects of errors in coefficients on trajectory
simulation, not to obtain accurate aerodynamic
coefficients from Missile DATCOM.

Appendix A shows the aerodynamic
coefficients predicted by Missile DATCOM
throughout the range of Mach 0.4 to 2.5 and
angle of attack -12° to 12°.

3.4. Prediction Accuracy

The ability of Missile DATCOM in
predicting aerodynamics for various rocket
configurations has been studied in many
research works [7-9,12,13]. Some studies were
done at the angle of attack up to 90° and speed
ranging from subsonic to supersonic. It was
suggested that Missile DATCOM was reasonably
accurate for simple missile configurations such
as Body alone and Body-Tail with low sweep fin
angle. For Body-Wing-Tail configurations, errors
of predicted C,, Cyq , Crg Were less than 4% at
angle of attack 0° to 20° and 22% at angle of
attack 20° to 45° [7,8]. Both over prediction and
under prediction were observed. Furthermore,
prediction of dynamic derivative coefficients such

as Cnq Cng Cyp, was less accurate than that of
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static coefficients. Predicted values of dynamic
coefficients might have errors up to 30% [7,8].

Despite the fact that the wrap-around
fins of MK66 Mod1 rocket motor are curved, the
rocket is simply a Body-Tail configuration. So
Missile DATCOM should be capable of
predicting such aerodynamic characteristics
accurately. However, it was found that there are
large errors in the predicted roll moment
coefficients because some geometric features
that affect aerodynamic characteristics could not
be input into Missile DATCOM as discussed
previously.

Overall, both power-on and power-off C,
are under predicted in supersonic region but
over predicted in subsonic region. Fig. 3
compares C, predicted by Missile DATCOM to
C, derived by Eq. 13 at zero angle of attack. It
could be seen that the error of power-on C, is
higher than the error of power-off C, in most
range of Mach number. Furthermore, the
magnitudes of Cyg, Cne Ci, and Cy, are largely

under predicted.

[ O Power-on
r Experiments [14]
09 +
. A Power-off
06 & Experiments [14]
- A --- Power-on
03 & p DATCOM
[ —Power-off
00 i oy o L DATCOM
0 1 2 3

Fig. 3 C, at zero angle of attack
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4. Trajectory Simulation

4.1 Analysis Setup

Four combinations of aerodynamic
coefficients, namely EXP, COMBINE1,
COMBINE2, and COMBINE3, were applied to
the ftrajectory simulation. EXP consists of
aerodynamic coefficients from experiment only.
COMBINE1 consists of aerodynamic coefficients
from Missile DATCOM but uses C, and C,, from
experimental data. COMBINE2 is similar to
COMBINE1 except that it includes only Ci,.
COMBINE3 consists of all coefficients from
Missile DATCOM. Table 1 summarizes the
combinations of aerodynamic coefficients used
in simulation.

Trajectory simulations were performed at
launching elevation angles 30°, 40°, 50°, and 60°
for each set of aerodynamic coefficients. Totally,
sixteen simulation runs were performed. The
fourth order Runge-Kutta method was employed

for integration using time step 0.0001 sec.

Table. 1 Aerodynamic coefficient combinations

Coefiicient EXP COMBINE1 COMBINE2 COMBINE3
Ca Experiment”  DATCOM DATCOM DATCOM
Cvp Experiment®  DATCOM DATCOM DATCOM

CN‘1 Experiment DATCOM DATCOM DATCOM
(o] Experiment  Experiment o+ o
Cp Experiment  Experiment  Experiment ~ DATCOM

Cha Experiment* DATCOM DATCOM DATCOM
Cmq Experiment DATCOM DATCOM DATCOM

Cma MNA DATCOM DATCOM DATCOM
Chp Experiment® DATCOM DATCOM DATCOM
Cro NA DATCOM DATCOM DATCOM
Cor Experiment® DATCOM DATCOM DATCOM

Experiment = Use experimental data

DATCOM = Obtain from Missile DATCOM

NA = Data not available

* Derived from symmetry or relationship with other coefficients
** The predicted C, was zero
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4.2 Results and Discussion
4.2.1 Range and Drift

The predicted range and drift of impact
points from 16 runs are presented in Table 2
and the impact points are illustrated in Fig. 4.

Predicted range from COMBINET1,
COMBINE2, COMBINES3 runs are about 18% to
25% greater than EXP runs as shown in Table
2. Moreover, it could be seen that the larger
elevation angle, the more error. The over
predicted range could be caused by the under
predicted predicted C, in subsonic region hence
less drag. Although C, is over predicted in
supersonic region, most of the flight is in
subsonic region as shown in Fig. 3.

Table. 2 Range and drift of impact points

Laikiching G Impact Range Impact Drift

Elevation Used Dist Error  Error Dist Ermor  Error
(m) (m) % (m)  (m) %

EXP 8,719 - 2 - -
30 deg COMBINE1 10,249 1,530 18% -12 14 755%
COMBINE2 10,248 1,530 18% -10 11 607%
COMBINE3 10,251 1,532 18% 1 1 33%

EXP 9,170 - - [ - -
404d COMBINE1 11,129 1,959 21% -12 19 287%
- COMBINEZ2 11,128 1959 21% -4 11 163%
COMBINE3 11,130 1,959 21% 10 4 59%

EXP 8,913 - - 12 - -
50 deg COMBINE1 11,026 2112 24% 9 21 168%
COMBINEZ2 11,026 2113 24% 0 13 102%
COMBINE3 11,025 2112 24% 23 11 B8%

EXP 7,683 - - 19 - -
60 deg COMBINE1 9821 1938 25% -2 22 113%
COMBINE2 9820 1,937 25% 9 10 54%
COMBINE3 9,820 1937 25% 41 22 112%

#EXP  +COMBINE1 xCOMEBINEZ xCOMBINE3

Elevation Angle 30° Elevation Angle 40°

12,000 12,000
+ x x
% X
= = *
g 9,000 . E 9,000
S 8000 & 6000 }
c &
[ m
& 3000 % 3000 §
0 + 0 -+
20 0 20 40 80 20 0 20 40 60
Drift{m}) Drift(m)

Elevation Angle 50° Elevation Angle 60°

12,000 12,000
+ X x
~ + 0% x

g o000 . g o0 .
S 6000 & 6000
o m
= 3000 % 3000 §

] + o

20 0 20 40 60 20 0 20 40 80

Drift (m) Drift (m)

Fig. 4 Predicted impact points
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As shown in Table 2, the drift error

percentage is more than 700% in some runs.
However, the drift error measured in percentage
might not be very meaningful. The drift, which is
a denominator, is very small so the drift error
percentage becomes very large. From the
design point of view, small drift error is
acceptable because it does not affect rocket
sizing and range performance prediction.

Overall, the predicted impact points in
COMBINE1 runs are always drifted most
leftward and the predicted impact points in
COMBINE3 runs are drifted most rightward as
shown in Fig. 4. All COMBINE runs uses the
same coefficients from Missile DATCOM except
C, and C,. So the discrepancies could be
caused by C, and C,,.

4.2.2 Spin rate

Fig. 5 compares the spin rate measured
from the flight test [14] and all runs at elevation
angle 60°. The simulated spin rates at other
elevation angles are almost equal so they are
not presented here. Note that the elevation
angle of the flight is not specified in [14] so this
comparison is not conclusive.

It could be seen that EXP, COMBINE1
runs, which applied C, and C,, from wind tunnel
experiments, predicts the spin rate very closed
to the flight test data. The COMBINE2 run does
not include C, so there is no induced roll moment
and the spin rate ceases quickly after the power-
on period. The COMBINE3 run uses C,, from
Missile DATCOM, in which the magnitude is
much lower than C,, from experiments. Less roll

damping force is estimated in COMBINE3 run
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hence higher predicted spin rate during the

power-on period.

o ——Flight Test

T

o b ] e EXP

@

o —-- COMBINE 1

£

3 - - - COMBINE 2
| —— COMBINE 3

Time (s)
Fig. 5 Spin rate at elevation 60°
4.2.3 Velocity

Fig. 6 compares the Mach number
measured from the flight test [14] to COMBINE1
runs. The results from COMBINE2, COMBINES,
and COMBINE4 runs, which also employ C,
from Missile DATCOM, are almost the same as
COMBINE1, so they are not presented here. For
all curves, the Mach number increases sharply
to supersonic at the first 1 sec then decreases
to subsonic after the first 8 sec.

It could be seen that the simulated Mach
number is close to the flight test data but the
predicted maximum Mach number during the
first two seconds is lower than the flight test
data. However, as previously stated, the
comparison is not conclusive due to the fact that

the elevation angle of the flight test is not

specified.
25
——Flight Test
2.0
= 15
& — - 40 deg
=z 10
1 =---50deg
0.5
—--60deg
00 4 +
0 20 40 60

Time (s)

Fig. 6 Mach number from COMBINE1 runs
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4.2.4 Angle of attack

Fig. 7 shows the simulated angle of
attack and side slip angle of all runs at elevation
angle 60°. The data at other launching elevation
angles, which is not presented, follows the same
trend but smaller in magnitude.

The EXP run predictes much smaller
angle of attack and side slip angle than other
COMBINE runs. This result was expected
because the magnitude of C,,, from experiments
is much higher than those of C.q , Cg ,» Cuyg
from Missile DATCOM. So the actual damping

force is higher than the simulated ones.

Alpha -—-Beta —AlphaBar
EXP COMBINE1
1.0 4
05 2+
g 0.0 e R T _gr‘ 0

05 1 -2+

-1.0 t + -4
0 20 40 80 0 20 40 B0
Time (s) Time (s)
COMBINE2 COMBINE3
4 4

5]
ra

deg

L B o
fa

e e

deg
(=]

0 20 40 60 [i] 20 40 B0
Time (s) Time (s}

Fig. 7 Angle of attack at elevation 60°

5. Conclusion

In summary, the prediction of impact
range using coefficients from Missile DATCOM
could give errors up to 25%. Impact drift errors
are much smaller than impact range errors if
considered in the net distance. The greater
launching elevation, the more errors in theh
predicted range and drift. The predicted Mach

number is close to the flight test data. The
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simulated angle of attack, side slip angle, and
spin rate are inaccurate.

So it could be recommended for the
selected rocket that the aerodynamic coefficients
predicted by Missile DATCOM are used for

impact range and Mach number only.
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Appendix A: Aerodynamic Coefficients from

Missile DATCOM
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