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Abstract

This paper explores the effectiveness of spin motion in mitigating the flight dispersion of a two-stage solid-propellant rocket
model due to thrust misalignment. The aerodynamic coefficients of the rocket model are obtained by the use of a panel
method and semi-empirical equations. A simulation program is developed to solve the equations of motion while consider-
ing the variations of the inertial parameters. Monte Carlo simulation techniques are applied to provide statistical data that
are used to analyze the relationship between the spin motion and flight dispersion. The spin motion is generated by canting
the fins to generate the axial aerodynamic moment. The results show that thrust misalignment at the first stage of the rocket
has a great impact on the dispersion of rocket flight. By canting the first-stage fins at a relatively large angle to create the
spin motion right after launch, the dispersion area of the payload-release location can be minimized considerably. However,
thrust misalignment as well as the fin cant angle at the second stage appear to have insignificant effects on the rocket flight
trajectory. On the other hand, canting the fins of the second stage at a large angle may lead to an increase in the spin rate,
which may be harmful to the rocket operation. The paper also shows the variation of the dispersion characteristics of rocket
flight when the fin size is modified.

Keywords Sounding rocket - Thrust misalignment - Rocket flight - Simulation - Flight dispersion

1 Introduction rocket through pitch and yaw torques that occur about the

center of mass. There are many sources of thrust misalign-

Sounding rockets are used to carry instruments into the
upper atmosphere to reach an altitude of between 40 and
2000 km for research on solar physics, astrophysics, Earth
science, geophysics and microgravity [1, 2]. Basically,
sounding rockets can be categorized into three types cor-
responding to the solid, liquid and hybrid motors. For solid-
rockets, their engines may produce large thrust, whose mis-
alignment can cause substantial dispersion in the flight data
[3]. Thrust misalignment can be understood as the angular
offset of the thrust vector from the centerline of the engine.
This factor may largely deflect the flight path of a sounding
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ment, such as tolerances on the manufacturing and assembly
of rocket motors and nozzles, as well as the distortions of
motor cases and changes in nozzle angle as a result of pres-
surization, etc. [4].

It should be noted that thrust misalignment is only one of
many causes of sounding rocket flight dispersion, which are
addressed in 14 CFR Part 417 [5] regarding launch safety.
The dispersion problem of rocket flight has been investigated
and discussed in several previous studies [6—10]. However,
in these studies, researchers did not analyze the impact of
each factor on the dispersion data separately. Therefore,
there have not been any data to indicate to what degree the
thrust misalignment factor can account for the overall dis-
persion of rocket flight. In reality, this kind of data may be a
very important basis to set the requirement for the fabrica-
tion standard of rocket engines.

To mitigate the effect of thrust misalignment on the flight
paths of sounding rockets and other types of spacecraft, spin
stabilization techniques are often applied. In recent years,
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many studies have been conducted to find analytical solu-
tions for the motion of spinning spacecraft with thrust mis-
alignment [11-17]. These research results have indicated
that such analytical solutions can provide deeper insight into
the behavior of spacecraft motions, and also can be used to
develop control algorithms for on-board computers. How-
ever, it should be noted that this type of approach does not
include the variation of mass and the contribution of aero-
dynamic loads in the calculation model.

Jarmolow has solved Euler’s dynamical equations of the
spinning rocket while considering the variation of mass and
the torque produced by thrust misalignment [18]. The solu-
tion was compared with that in a case of constant mass and
torque. The characteristics of the two types of solutions were
found very different, which deduces that in rocket motion
analyses, the variations of mass and torque produced by
thrust misalignment cannot be neglected.

Papis et al. have done research on attitude dispersion of
a spinning rocket in vacuum under various angular distur-
bances [19]. The solutions from the equations of motion were
derived by employing a numerical integration and a Monte
Carlo technique. However, it is noteworthy that compared to
actual rocket flight, the problem in their study is considerably
simplified since no aerodynamic force is included.

Due to the nonlinear effects of input perturbations on
sounding rocket trajectories, a full six-degrees-of-freedom
(6-DOF) dynamic model is usually required together with
Monte Carlo simulation techniques to obtain the accurate
statistical properties of flight path dispersion [20]. How-
ever, in all previous studies on spinning-rocket flight with
thrust misalignment, researchers have not provided complete
6-DOF models that involve the effects of aerodynamic loads
and the variations of the rocket’s inertial parameters.

In this paper, the 6-DOF model of a two-stage solid-
propellant sounding rocket is built in multibody dynamics
simulation software MSC Adams. Aerodynamic forces and
moments are calculated using a constant-pressure panel
method proposed by Woodward [21] in combination with the
semi-empirical method of Lebedev [22]. The effects of the
variations of the inertial properties and the center of mass
are taken into consideration in this study. Firstly, an analysis
is carried out to find out how the fin cant angles affect the
spin motion of the rocket model. Next, Monte Carlo simu-
lation techniques are applied to assess to what degree the
flight dispersion of the rocket due to thrust misalignment
can be reduced by the spin motion through canting the fins.
In the present paper, a complete integrated computational
model, which includes the details of the aerodynamic loads,
the variations of the inertial parameters, and the full 6-DOF
equations of motion, is developed for a multi-stage sound-
ing rocket model while statistically studying the effect of
thrust misalignment. The model is built in the environment
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of MSC Adams software, and a series of user-defined func-
tions and subroutines are added to the software to make it
applicable to multi-stage rocket flight simulation. This is
the first time MSC Adams software has been customized
to be used for this kind of simulation task. In this work, a
wide range of data related to the spin rate of the rocket and
dispersion areas are obtained and intensively analyzed in an
effort to find appropriate cant angles to enhance the quality
of sounding rocket flight while thrust misalignment occurs
at all stages. In addition, the fin size effect on the dispersion
characteristics of rocket flight is numerically studied and
discussed in this paper.

2 Rocket Modeling and Simulation
Methodology

2.1 Rocket Modeling

The solid-propellant sounding rocket model studied in this
work is composed of two stages as shown in Fig. 1. The
subscript G refers to the ground-fixed coordinate system. In
this study, the origin of the coordinate system is located at
the launch point; the positive z; axis points vertically down-
ward, and the rocket is launched toward the x; axis. Some
main parameters of the rocket are presented in Table 1.
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Fig. 1 The sounding rocket model
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Table 1 Main parameters of the rocket model

Initial mass (kg) 92.0
Mass of the 1st stage (kg) 55.0
Mass of the 1st stage without propellant (kg) 26.0
Mass of the 2nd stage (kg) 37.0
Mass of the 2nd stage without propellant (kg) 14.7
Total length (m) 4.0
1st stage diameter (m) 0.235
2nd stage diameter (m) 0.12
Length of the nose cone (m) 0.5
Ist stage wing’s leading-edge location (from the nose tip) 3.75
(m)
Ist stage wing’s length (m) 0.22
st wing’s root chord (m) 0.25
Ist wing’s tip chord (m) 0.15
Ist wing’s sweep angle (deg.) 24.4
2nd stage wing’s leading-edge location (m) 2.65
2nd stage wing’s length (m) 0.15
2nd wing’s root chord (m) 0.15
2nd wing’s tip chord (m) 0.15
2nd wing’s sweep angle (deg.) 45
1st stage thrust (N) 19,300
2nd stage thrust (N) 5,950
1st stage burn time (s) 2.8
2nd stage burn time (s) 4.6
Specific impulse (s) 190

The sounding rocket is launched at an angle of 85°, and the
first stage separates immediately after it runs out of fuel. The
ignition of the second-stage motor is delayed by 18 s after
the separation of the first stage. The purpose of this delay
is to enhance the maximum altitude of the rocket. In this
work, we study the flight path of the rocket within the first
100 s. It is assumed that after this period of time, the 12-kg
payload compartment separates from the second-stage motor
and is then recovered by a parachute system. For simplicity,
the effect of separation impulses is neglected in this study.

2.2 Aerodynamic Model

The aerodynamic coefficients of the present sounding
rocket model are computed through the combination of
Woodward’s panel method [21] and semi-empirical equa-
tions [22, 23]. The code of Woodward’s panel method is
written in FORTRAN and available in [24]. In this work,
the original panel code is improved by increasing the
maximum allowed number of panels and enabling the
program to work on asymmetric aerodynamic problems.
The present rocket model operates at low angles of attack,
so the linear superposition principle can be applied to the
prediction processes of the aerodynamic coefficients as

C,=C +C +C+C, a® +C,, 8%,
X1 X X1 a 8
Cz = Czaa + Czw*a);‘,
' ey

_ *
me=m o+ m, 6

—_ k
m, = myaa + myw; a)y,

where C, and C_ denote the force coefficients along the x;
and z;, axes of the body-fixed coordinate system. m, and m,
are the moment coefficients about the x, and y, axes. a, o
and o respectively represent the angle of attack, the angular
velocity of the rocket and the cant angle of the fins used to
control the spin motion. The superscripts f, p and b refer to the
skin-friction drag, pressure drag and base drag, respectively.
C,; and C,; are the coefficients related to the induced drag
components when the angle of attack and the fin cant angles
are nonzero. Here, the area and the radius of the second stage’s
cross-section are respectively used as the reference area and
the reference length when defining the aerodynamic coeffi-
cients. In Eq. (1), the superscript * represents the nondimen-
sional quantity, which is expressed as

* lref
o= o5 @
where [ is the reference length, which is equal to the

radius of the second stage’s cross-section; and V_ is the
freestream velocity.

The body-fixed coordinate system is illustrated in
Fig. 2. The x,, axis is placed along the body axis of the
rocket and points toward the nose tip. Before launch, the
rocket has an initial pitch angle as shown in the figure.

First of all, the equivalent cruciform models, which
consist of constant-pressure panels, are created as shown
in Fig. 3 to compute all of the aerodynamic coefficients
mentioned in Eq. (1) except for the skin-friction drag,
pressure drag and base drag coefficients. The pressure
difference on each panel is computed using the non-pen-
etration boundary condition. Expressions related to the
velocity field induced by a constant-pressure panel are
provided in the literature [21]. It is noteworthy that for a
conventional rocket model with a revolved body, Wood-
ward’s panel method tends to underestimate the lift force.
Woodward used line sources to model revolved bodies and
treated them as non-lifting objects. Therefore, lift gen-
erated by the body in this type of model appears to be
lower than the actual value. Using the cruciform models
as shown in Fig. 3, this problem can be solved, and the lift
force prediction becomes more accurate.

@ Springer
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Fig.2 The body-fixed coordinate system of the rocket before launch

The pressure distribution on the rocket body surface
is then computed by the line-source-based aerodynamic
model [21]. By integrating this distribution we can obtain
the pressure drag coefficient Cio. The base drag coefficient
Cfﬂ, which occurs when the rocket engine is off, is deter-
mined by the following semi-empirical equation:

S
C)I:O = kbase ;ase > (3)
0

where ky,. is a coefficient that depends on the Mach
number and the geometry of the base. The value of this
coefficient is determined by a look-up table given in the
literature [22].

Fleeman’s equation is used to determine the skin-fric-
tion drag coefficient CJ;O as follows [23]:

0.2
I M
c =0053=(146= ) , 4
20 d( ql > @

Fig.3 The cruciform models of the all-stage rocket model (a) and its
second stage (b)
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where [ and d are the length and the diameter of the rocket,
respectively; M is the Mach number; and g denotes the
dynamic pressure.

To validate the aerodynamic model used in this study,
we compare aerodynamic coefficients of the “stage 2 and 3”
model of a theater ballistic missile target with those from
a wind tunnel experiment [25]. A good agreement, which
is observed in Fig. 4, confirms the validity of the present
aerodynamic model.

Applying the present method to the sounding rocket
shown in Fig. 1, the aerodynamic coefficients in Eq. (1)
can be determined and some of them are plotted against the
Mach number in Fig. 5. Here, C,, denotes the total drag at
a zero angle of attack and zero fin cant angles, and §, and
0, are the cant angles at the first and second stages, respec-
tively. In this figure, the moment coefficients before and
after the stage separation event are calculated with respect
to the centers of mass of the full rocket model and the second
stage before burn, respectively. According to these data, for
the full rocket model before the burning of the first-stage
propellant, the location of the center of pressure is about
0.42 m behind the center of mass; and this distance slightly
increases to 0.44 m when the propellant completely burns
out at a Mach number of about 1.8. For the second stage,
right after the stage separation event, the center of pressure
is located 0.58 m behind the center of mass. When the sec-
ond-stage motor stops working, the rocket reaches the high-
est speed at a Mach number of about 3.0, and the distance

=©-Present method

=»=Experiment

0 1 2 3 4 5
Angle of attack (°)

Angle of attack (°)

Fig.4 Aerodynamic coefficients from the present method and from
an experiment at Mach numbers of 2.5 (a) and 4.0 (b)
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Fig.5 Aerodynamic coefficients of the sounding rocket model against the Mach number

m -

Fig.6 Illustration of a rocket and its propellant grain

between the center of pressure and center of mass enlarges
to 0.74 m. Based on these data, it obvious that the rocket is
statically stable.

2.3 Rocket Dynamics Model
2.3.1 The Development of the Dynamics Model

Compared to previous rocket dynamics simulation studies
[26-31], the present dynamics model can include the effects
of the variations of the rocket’s inertial properties based on
the use of Thomson’s equations for a variable-mass system
[32]. Figure 6 shows an illustration of a rocket with total
mass of m, and the mass of its propellant grain is m,,. It is
assumed that the grain burns in a manner that the location
of its center of mass does not change. Therefore, according
to Eke [33], the current rocket motor may burn in one of the
following scenarios: the uniform burn, the radial burn and
the centripetal burn. Let the center of mass of the grain O

be the reference point to study the dynamics of the rocket
model. According to Thomson [32], the force equation is

F? = mi®? — i (r

arb
lae bOL) - m<2wb X (rléz - rbOL) - 27? + ub>’
®)

where superscript b refers to the body-fixed coordinate
system, F denotes the external force, m is the mass of the
rocket, r is the position vector, u is the velocity of ejected
mass relative to the rocket, @ is the angular velocity of the
rocket, and O, ¢ and e respectively represent the reference
point, the center of mass of the rocket and the location where
mass is ejected.

The velocity of the center of mass r
as

b

can be expressed
c

b __ b b b Oc
= +o’xr + - (6)
Then
drt
- b b Oc b b b Oc
P =¥ +e"xr) +20 X —=+o X (0" xr) ) + o
@)
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During the burning process of the motor, the center of
mass of the grain always coincides with O, then r’éc can be
defined as

b
mor c
=, ®
m

where m, and ¢, denote the mass and the center of mass of
the system before the burn.
Substituting Eq. (8) into Eq. (7), we derive

Wb b Moy b b drbOc
rc=r0+za) ><r0€0+20) X7
2..b
m, da-r)
+—0wbx<a)bxr’g >+ iy
m o dr? )
Then

wb b - b b
mit, = mi, + my@’ X rZCo + 2me
2
&’ro,
m .
dr? (10)

dr’éC , by
><7+m0(0 X(w X OCO>+

Replacing mi*)) by (my — Am)#?, where Am is the mass

loss during the burn, we then derive

b b - b b b b
mr, = mo[ro + o XrZCO + o X (a) erL_U>]

drb d*r®
+2ma? x —2¢ + m—2 — Ami.
" a " Map T Mo (11)

. b - b b b b b
It is easy to find that 7, + @” X Toe, T @ X (a) erCU>

is an expression of i‘f . Therefore,
0

dr? d*rt

b b b Co Co b
mi; = mof; +2me’ X +m 7 nie Ami)). (12)

Substituting Eq. (12) into Eq. (5), we can obtain

drb da*rt
b Oc Oc
F’ = mf, + 2ma’ x el Ami — (), —15,)

drb
- r'n(Zcob x(rh, —1%.) - 2—656 +ub).
(13)

It is assumed that the thrust force F is independent of
the flight condition and always equal to mu. Here, it is noted
that 7i7 is negative during the burning process; thus, F;has an
opposite direction to the relative ejection velocity u. Thus,

dr? d*rt
b b b b Oc Oc .. (b
F +FT+Amr0—2ma) X o —-m i +m(roe—rgc)
drt
: b b b oc\_ .
+m<2(o x(rh, —r2.)-2 7 > = mof, .
(14)
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From Eq. (8), it follows that mr’éc = mor?)co, which is a
constant. Therefore, the first and second derivatives of mr’(’)c

are zero, which means

arb
mrg_ + m—2¢ = 0,
¢ dt
ar & (15
b . Oc Oc __
mroc + 2m7 +H17 =0

Substituting Eq. (15) into Eq. (14), the force equation
could be simplified as follows:

F + Fy + Amiity + fnrly, + 2m@” X rly, = mf? . (16)

In Eq. (16), the first two terms in the left-hand side are
the external and thrust forces while the remaining three
terms are from the mass variation effect. Without these
three terms, Eq. (16) becomes the force equation of a con-
stant-mass system. Compared to Eq. (5), all of the terms in
Eq. (16) are expressed about points O or ¢,, which are fixed
to the rocket body.

Similarly, the moment equation is derived on the basis of
Thomson’s work [32]. The original equation is

Mt = —mr xr

pda® b b
p N | ” + x(I )

drb
Oi
+2 E mr 01 (0) X7>

dZ b
+ 2 m;r 0; dt2 Z m,rol X u

a7

where B is a closed boundary surface within which we define
the variable-mass system, and S is the surface where parti-
cles cross over B. I” denotes the moment of inertia of the
rocket about point O in the body-fixed coordinate system.
For simplicity, we assume that inside the motor, all particles
are distributed symmetrically and move uniformly at a con-

l
stant speed Therefore, the terms 2 2 m; rb X <a> x < ) and

Zml Ol

the moment Mb generated by the thrust force about point O
expressed in the body-fixed coordinate system. Hence,
Eq. (17) can be reformed as

lOl

b
Mo = —mr ><r

AT ds’ + 0" x (o) —M;.  (13)

Replacing m by m, — Am and I” by Ig — AI”, and taking
Eq. (8) into account, we can obtain the following moment
equation:
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[YPRRYLI0N LA (AT@")
0o T dt

" de®
= —myi, xr'Z)CO +I— + 0" x (Io").

O dt (19)

Here, I} and AI” are the initial moment of inertia and its
loss due to the burn, respectively.

The last two terms in the left-hand side of Eq. (19) are
related to the variations of the rocket’s inertial properties. Simi-
lar to the force equation [Eq. (16)], using Eq. (19), the moment
equation is expressed in a preferable form about points O and
¢y, which are fixed to the rocket body. Compared to their
original forms [Egs. (5) and (17)], the new force and moment
equations [Egs. (16) and (19)] can be handled more easily. In
these equations, the six-degrees-of-freedom comprise three
translational displacements and three Euler angles to deter-
mine the position and the attitude of the rocket, respectively.
The expression of a vector in the body-fixed coordinate system
can be converted to that in the ground-fixed coordinate system
through a direction cosine matrix and vice versa. In this study,
the solutions from Egs. (16) and (19) are obtained in the MSC
Adams environment using the GSTIFF integrator with the pre-
diction and correction phases [34]. MSC Adams solver was not
created to deal with variable-mass problems. To overcome this
challenge, a novel idea is applied to customize the program by
putting all of the terms related to the variations of the mass
and the moment of inertia in Egs. (16) and (19) to the solver
in the forms of external forces and moments. Additionally, the
solver also includes the contributions of the aerodynamic loads
and thrust. The aerodynamic force and moment are calculated
based on the model presented in Sect. 2.2. It should be noted
that the change in the gravitational force due to mass loss is
also considered separately in the simulation program.

2.3.2 Validation of the Dynamics Model

To validate the present dynamics model, we study a case of
a simple rocket that has an initial mass of 70 kg. The rocket
propellant grain weighs 20 kg and the burn time is 2.0 s. The
grain is assumed small and its center of mass is located near
the motor nozzle as shown in Fig. 7. The thrust is assumed
constant and equal 20,000 N. The rocket is launched verti-
cally, and a small lateral force of 10 N is applied to the
model to curve the trajectory. Here, for the sake of simplic-
ity, the aerodynamic loads are not considered.

Fig. 7 A simple rocket model with grain

Firstly, the solution for the dynamics problem is obtained
by the simulation program described in Sect. 2.3.1. Then,
this solution is compared with that of an MSC Adams pro-
gram using an emulated rocket motor. For the rocket emula-
tion program, the grain is discretized into particles that leave
the nozzle one after another. Right after a particle leaves the
nozzle, its connection to the rocket is deactivated, and the
total mass of the system is reduced. Applying this technique,
these particles are used to emulate the product of combus-
tion that happens in the rocket motor (Fig. 8). In the present
study, 10 particles are employed for the emulation purpose.

The solution from Eqgs. (16) and (19) for the first two
seconds shows a very good agreement with that by the emu-
lation program (Fig. 9). The most noticeable differences are
found in the translational and angular acceleration plots,
which are explained by the discretization technique used in
the emulation program. However, the overall trends of the
two types of solutions are very close, which can confirm the
validity of the present rocket dynamics model.

3 Results and Discussion
3.1 The Effect of Canted Fins on the Spin Rate

As mentioned earlier, to cancel out the unfavorable effects of
asymmetric conditions, such as thrust misalignment on the
flight trajectory of the rocket, the fins are deliberately canted
to generate the spin motion of the rocket. In this subsection,
we investigate the relationship between the fin cant angles
and the rocket spin rate. It is assumed that the fins at the first
and second stages of the rocket may be canted up to 0.5°.

A

Particles emulating the product
of combustion

Fig. 8 Rocket and particles in the rocket emulation program
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Fig.9 Solution from Egs. (16) and (19) (theory) and that by the emulation program
Figure 10 shows the 40-s time histories of the rocket speed 1500 100

and the variations of the spin rate for several combinations
of the first- and second-stage cant angles 6, and 6,. Based on
our observations, after 40 s the spin rate monotonously
decreases for all cases. It is noted that thrust misalignment is
not included here, and the cant angles do not have any sig-
nificant effect on the rocket speed. In general, the spin rate
follows the trend of the speed. It is found that the spin rate
grows rapidly when the rocket is accelerated during the motor
burn. The separation of the first stage is followed by a rapid
increase in the spin rate. This increase could be explained by
a sudden reduction in the spin-damping coefficient m,  after

the separation, which is exhibited in Fig. 5.
As shown in Fig. 5, m, may have a negative value when
2

the Mach number above 1.0 for the all-stage configuration,
which signifies a roll reversal effect [35]. This effect can be
observed before the separation of the first stage in Fig. 10
when 6, =0. A negative value of the spin rate is induced by
the deflections of the second stage’s fins according to the roll
reversal effect.

Tables 2 and 3 present the maximum spin rates with respect
to various combinations of §; and §, during the burns of the
first- and second-stage motors, respectively. It is seen that for
most cases, the maximum spin rate during the burn of the
second-stage motor is larger, which is attributed to the higher
speed of the rocket and the lower absolute value of the spin-
damping coefficient m,  at this phase. The spin rate of the

rocket can be calculated ny the following equation:

@ Springer
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cond-stage motor burnout

Rocket speed (m/s)
Spin rates (rad/s)
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Fig. 10 Rocket speed and spin rates against time
bet _ o 5 20
_n/l)cm;k wxﬁ = mx5 . ( )

The left-hand side of the above equation is the aerodynamic
spin-damping moment while the right-hand side expresses the
aerodynamic moment arising from the cant angles of the fins.
From Egq. (20), it follows that

—2Vm, 6
Or =" 7 21

m f
Xt ref

It is obvious that at a higher speed V and a lower abso-
lute value of the spin-damping coefficient m, ,, the spin

X, %2
Dx

rate w, is larger. Figure 11 shows the maximum spin rates
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Table 2 Maximum spin rates before the separation of the first-stage
motor

8,(°)/8,(°) 0 0.1 0.2 0.3 0.4 0.5

0 000 525 1051 1577 21.02 2627
0.1 0.67 483 1009 1535 206  25.86
0.2 133 441 967 1493  20.18 2544
0.3 200 399 925 1451 1976  25.02
0.4 266  3.75 8.83  14.09 1934  24.60
0.5 333 4.08 841 1367 1892  24.17

Table 3 Maximum spin rates after the separation of the first-stage
motor

5,°)/8,(°) 0 0.1 02 03 0.4 0.5

0 000 000 000 000 000  0.00
0.1 1294 1294 1294 1294 1294  12.94
02 2588 2587 2587 2588 2588 2588
0.3 3883 3881 3882 3883 3883 3883
0.4 5177 5175 5174 5175 5175 5176
0.5 6469 647 6467 6467 6468  64.68

based on the data given in Tables 2 and 3. It is observed
that while the maximum spin rate during the burn of the
second-stage motor @, almost depends only on the cant
angle of the second-stage fins J,, the maximum spin rate
during the burn of the first-stage motor w,; can be deter-
mined mainly based on the value of the first-stage fin angle
0,. However, 6, also has a slight influence on the value of
w;. This influence comes from the roll reversal effect as
mentioned earlier, which means with an increase of J,, the
maximum spin rate during the burn of the first-stage motor
w,; decreases. It should be noted that a too large value of
the maximum spin rate should be prevented to avoid any
excessive centrifugal acceleration that may cause severe
damages to the rocket structures and the on-board
equipment.

Fig. 11 Maximum spin rates

before (a) and after (b) the sepa- a 05
ration of the first-stage motor at ’
various values of §, and &, o
0.3
o
5,(°)

0.2
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3.2 Thrust Misalignment Generation and Flight
Dispersion Reduction

3.2.1 Random Thrust Misalignment Generation

As mentioned earlier in this paper, there are many sources of
thrust misalignment, which may cause unpredictable nega-
tive effects on sounding rocket trajectories. Figure 12 shows
angles ¢ and 6 that are used to define the thrust misalign-
ment. For vertical launch, when 0 equals 0, the thrust vec-
tor lies on the x;0z; plane (Fig. 1). It is assumed that for
the first- and second-stage rocket motors, ¢ has the same
Gaussian distribution with the mean value of 0 and a stand-
ard deviation of 0.1°. These values are selected based on
a study of Knauber [4], who stated that most fixed-nozzle
solid rocket motors have a thrust misalignment of less than
0.25°. The angle 0 takes a uniform distribution within O to
180°. In this work, 100 sets of the misalignment angles,
which encompass the angles ¢ and @ of the first- and second-
stage rocket motors, are generated randomly and presented
in Fig. 13. Figure 14 shows the thrust misalignment histo-
grams at the first and second stages, which are represented
by the absolute value of ¢. The histograms of the generated
data are close to the theoretical ones, which are built based
on the Gaussian distribution of ¢.

3.2.2 Flight Dispersion of the Non-Spinning Rocket

100 random data sets of thrust misalignment shown in
Fig. 13 are applied to the present sounding rocket model to
study the dispersion of its flight. In this study, the effect of
thrust misalignment on rocket flight is investigated through
the dispersion of the payload-release point. The rocket is
assumed to be launched from the origin of the ground-fixed
coordinate system x;y;Z¢ at an angle of 85° towards the x;
direction, and the payload is released 100 s after launch.
The dispersion is characterized by the area an ellipse that
is expected to cover 95% of the probable cases. This ellipse

@, (rad/s) b @, (rad/s)

W

0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

,(°)
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Body axis

Thrust vector

Fig. 12 Angles used to define the thrust misalignment

Fig. 13 Thrust misalignment angles of the first- (a) and second-stage
(b) motors

is called a 95% confidence ellipse, whose properties can be
found in the literature [36].

Figure 15 presents the dispersion data for several cases of
thrust misalignment with their 95% confidence ellipses. The
expected release point of the payload is 12.2 km from the
launch point along the x; axis. The ellipse area correspond-
ing to thrust misalignment occurring at both stages is 167.8
km?, which is slightly larger than an area of 165.3 km? in
the case of the first-stage thrust misalignment. At the same
time, the area of the 95% confidence ellipse corresponding
to the second-stage thrust misalignment is only 1.2 km?.
Hence, it is relevant to state that thrust misalignment at the
second stage has a minimal effect on the dispersion of rocket
flight. The main source of the total dispersion is the first-
stage thrust misalignment, which accounts for 98.5% of the
area of the 95% confidence ellipse.

According to Boersma et al. [7] and 14 CFR Part 420
[37], the impact dispersion radius of unguided rockets is
from 20 to 40% of the apogee altitude, and based on the
simulation data in this paper, it is possible to state that the
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Fig. 14 The thrust misalignment histograms of the first- (a) and sec-
ond-stage (b) motors

dispersion due to thrust misalignment is considerable in a
comparison with that arising from other factors. Therefore,
once again, we can assert the importance of studying rocket
flight dispersion due to thrust misalignment in the prelimi-
nary design phase.

3.2.3 Flight Dispersion Reduction by Spinning the Rocket

In this part, we study how the spin motion of the rocket
can affect the flight dispersion data. The fins at the first and
second stages are canted deliberately in an effort to spin
the sounding rocket through axial aerodynamic moments.
Table 4 shows the normalized areas of the 95% confidence
ellipses for various combinations of the first- and second-
stage cant angles 6, and J,. Here, the data are normalized
with the area of the ellipse corresponding to the non-spin-
ning rocket. The mean payload-release altitude data are
presented in Table 5. Figure 16 illustrates the variations
of the normalized dispersion area with respect to the cant
angles. From this figure, we can observe that the disper-
sion almost depends only on the first-stage cant angle §,.
As shown in Fig. 15, the first-stage thrust misalignment,
which occurs at a low altitude, may cause a profound effect
on the trajectory of the rocket. Therefore, by canting the
first-stage fins, the flight dispersion may be reduced sig-
nificantly through the spin motion of the rocket right after
launch. As shown in Fig. 17, the dispersion decreases with
an increase of the maximum spin rate during the burn of
the first-stage motor ;. By increasing the spin rate, the
thrust misalignment averages out, and the dispersion is
minimized.

Regarding the payload-release altitude, with increases of
fin cant angles, this quantity tends to be lower due to the
larger drag coefficient. However, it should be noted that this
effect is extremely small.

As indicated above, canting the fins at the first stage is
effective in reducing the dispersion area while that of the
second-stage fins is proved to be inconsiderable. Moreover, a
large cant angle at the second stage causes a significant spin
rate during the burn of the second-stage motor. As shown
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Fig. 15 The dispersion of the payload-release point for several cases of thrust misalignment

Table 4 Normalized area of the 95% confidence ellipse for various

combinations of §; and &,

5,)/8,) 0 0.1 02 03 0.4 0.5

0 100 071 066 063 055 051
0.1 098 068 065 062 054 050
02 097 066 064 061 054 050
03 096 065 065 061 054 051
04 094 066 066 063 055 052
0.5 091 065 066 062 054 051

Table5 Mean payload-release altitude in km for various combina-
tions of 6, and &,

8,()/5,() 0 0.1 0.2 0.3 0.4 0.5

0 4743 4727 4725 4725 4729 4727
0.1 4748 4728 4727 4726 4728 4725
0.2 4751 4728 4726 4725 4728 4724
0.3 4749 4723 4724 4724 4725 4721
0.4 4745 4722 4722 4723 4723 4718
0.5 4743 4718 4719 4720 4721 4714

in Table 2, when the second-stage cant angle is 0.5°, the
maximum spin rate of the rocket is around 64 rad/s, which
is regarded as extremely large and may cause severe damage
to the on-board equipment. In general, the second-stage cant
angle &, should be held low to avoid the above mentioned

Normalized area

0.5 1
0.4 0.9
0.3 0.8
o
5,(°) . .
0.1 0.6
0

0 0.1 0.2 0(.33 0.4 0.5
(%)

Fig. 16 The normalized dispersion area at various values of 8, and 9,

adverse effects on rocket flight while the fins at the first stage
could be canted at a value as large as 0.5°. It is noteworthy
that a larger value of the first-stage fin angle 6, may have a
greater effect on the reduction of the dispersion area; how-
ever, the maximum spin rate will increase, too. To compro-
mise between these two factors, a value of 0.5° is selected,
and the corresponding maximum spin rate is around 26 rad/s
according to Table 1.

Figure 18 shows the dispersion data of spinning and
non-spinning rockets. For the spinning rocket, the first- and
second-stage cant angles §; and 9, are 0.5° and 0.1°, respec-
tively. The area of the 95% confidence ellipse is about halved
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Fig. 17 The relationship between the normalized dispersion area and
the maximum spin rate during the burn of the first-stage motor

from 167.8 km? to 84.6 km? when the spinning technique
is applied.

For better understanding of the flight dispersion reduction,
the detailed trajectory data of a specific case are analyzed. In
this case, the thrust misalignment angles (angle ¢ in Fig. 12)
of the first- and second-stage motors are given randomly and
equal 0.2° and 0.3°, respectively. Similarly, angle @ takes ran-
dom values of — 70° and — 50° respectively for the first and
second stages. For the case of the spinning rocket, the fins at
the both stages are assumed to be canted at 0.5°. Figure 19
shows the altitude, the downrange and the lateral deflection
in the cases of the non-spinning and spinning rockets together
with the ideal trajectory without thrust misalignment. It is

seen that when the rocket spins, the trajectory becomes closer
to the expected one. The lateral deflection is reduced from
7.7 km to 5.1 km. In terms of speed, the spin motion does
not cause any noticeable effect as shown in Fig. 20. However,
there is a significant change in the orientation of the veloc-
ity vector. Figure 21 presents the deflection of the velocity
vector from the longitudinal vertical plane (plane x;0z).
According to the data in this figure, the spin motion decreases
the final deflection angle of the velocity vector from 27° to
21.5°. It is also shown that most of the deflection comes
from the misalignment of the first-stage thrust vector, which
agrees with the statistical analysis result shown in Fig. 15.
The similar trend is seen in Fig. 22 for the deflection angle
of the rocket body axis from the longitudinal vertical plane.
The large thrust of the first-stage motor can cause significant
deflections as shown in Figs. 21 and 22 when its vector and
the body axis are misaligned. Moreover, due to the lower
speed during this phase (Fig. 20), the rocket becomes easier
to be deflected from its expected trajectory. From Fig. 22 we
can see that while the rocket is spinning, its own body axis
also fluctuates strongly during the burn of the motors.
Figures 23 and 24 provide the variations of the body pitch
angle and the angle of attacks in different cases. We can rec-
ognize that the spinning rocket has a similar pitch angle vari-
ation to that of an ideal case without thrust misalignment. As
for the angle of attack, the variation in the non-spinning case
is characterized by the frequencies of the vibrations in the
pitch and yaw directions while for the spinning case, in addi-
tion to these vibrations, the angle of attack also varies together
with the spinning motion of the rocket about its own axis.

X¢ (km)

oy o Dispersion data of the non-spinning rocket

== Confidence ellipse of the non-spinning rocket

AN = Confidence ellipse of the spinning rocket
O Dispersion data of the spinning rocket

il
—_
IS

Fig. 18 The payload-release location dispersion of spinning and non-spinning rockets
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Fig.21 Velocity vector deflection of the spinning and non-spinning
rockets

3.2.4 Effect of Fin Size on the Dispersion

Here, we study the size effect of the first-stage fins, which
have a great impact on the dispersion area. In addition to the
model with the original fins, two others with the modified
fin size are investigated (Fig. 25). The dimensions of the
small and large fins are decreased and increased by 25%,
respectively. The simulation process runs for the three rocket

40
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Fig.22 The deflection angle of the rocket body axis in the spinning
and non-spinning cases
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Fig. 23 The pitch angle of the rocket in different cases

models with the cant angle of the first-stage fins of 0°, 0.1°,
0.2°,0.3°, 0.4° and 0.5° while the second-stage fins are not
canted. Figure 26a shows that the fin size has a great effect
on the dispersion area. When the fins are canted at 0.5°,
the maximum spin rate of the rocket before the separation
of the first stage @, in all cases are similar and at around
25 rad/s; however, the dispersion area of the rocket with
the small fins is increased by 2.6 times from 86.1 km? to
226.4 km® whereas using the large fins reduces this area to
46.7 km?. The big differences in the dispersion area between
the cases are related to the pitch-damping coefficient. Larger
fins provide larger damping in the pitch motion; therefore,
the rocket becomes more stable when it is affected by thrust
misalignment. It should be noted that the fin size does not
have a considerable influence on the spin rate. As indicated
by Eq. (21), the spin rate is a function of the ratio between
the derivative coefficient of the roll moment with respect
to the fin cant angle m gz and the spin-damping coefficient
mxwx*. When the size of the fins increases, these both coef-
ficients become larger; however; their ratio is not affected
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Fig. 25 Three rocket models with different fin size

significantly. Despite of the noticeable fin size effect on the
dispersion area, the effectiveness of the spin motion in the
reduction of this area tends to be unaffected as shown by
Fig. 26b. In this figure, the area is normalized with its maxi-
mum value when the fins are not canted. It is seen that for
all rocket models, the dispersion area decreases by approxi-
mately 50% when the maximum spin rate is around 25 rad/s.

In general, using larger fins seems to be more favorable
in terms of stabilizing the rocket flight path due to thrust
misalignment. However, a sounding rocket with large fins
may be susceptible to the weathervane effect, which causes
a considerable deflection of the flight path due to horizontal
wind [20].
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Fig.26 Three rocket models with different fin size

4 Conclusions

This paper presents the effectiveness of spin motion in reduc-
ing the flight dispersion of a two-stage solid-propellant sound-
ing rocket model due to thrust misalignment. The aecrodynamic
coefficients of the rocket are determined by the combination of
semi-empirical equations and a potential-based panel method
that works for both subsonic and supersonic flows. The dynam-
ics model is developed to solve the 6-DOF equations of motion
while taking the variations of the inertial parameters into con-
sideration. Through Monte Carlo simulation techniques, it is
found that thrust misalignment at the first stage has a consid-
erable effect on the dispersion of sounding rocket flight while
the effect due to the second-stage thrust misalignment is small.
Moreover, the results show that by canting the fins at the first
stage, the rocket starts spinning right after launch, then flight
is stabilized and the dispersion can be reduced significantly.
However, canting the fins at the second stage may not be nec-
essary as it does not have any substantial effect in terms of
dispersion reduction while an unfavorable extremely high spin
rate may occur at a large angle. According to the analysis, if
the fins at the first stage are canted at 0.5°, the area of the 95%
confidence ellipse of the payload-release location is expected
to be halved. The paper also exhibits an important effect of the
fin size on the dispersion area. Even though the effectiveness of
the spin motion tends to be independent of the fin size, using
larger fins shows a positive effect on the dispersion reduction.
However, the rocket with the larger fins may be more suscep-
tible to the weathervane effect due to horizontal wind, which
is not discussed in this paper.
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