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Abstract

A new type of design domain for a sounding rocket is suggested in this study, which is more intuitive, simplified,
and conducive to a single-stage sounding rocket development process. Among the various operation parameters,
this study identifies several effective variables, which are also among the most practical in a sounding rocket design
process. Of the many design variables considered for peak altitude optimisation, arguably the three most effective
in shaping the whole system and conferring the most practicality in the design process of a sounding rocket were
determined. A simulation-based study was conducted to establish: the effect of the selected parameters on flight
performance, and the optimum design conditions of a single-stage sounding rocket in terms of its peak altitude.
The simulation result was compared with randomly chosen experimentally tested flight data and validated. With
the clear performance curves varying depending on the variables, the combination of the considered design inputs
was effective. The new type of design domain and design procedure proposed is expected to constitute a useful refer-
ence and deliver practical benefits to the development process for a target-altitude-optimised single-stage sounding

rocket.

Nomenclature

C, drag coefficient

C, side drag coefficient

C, lift coefficient

D drag force [N]

D, side drag force [N]

F net force [N]

F, aerodynamics force [N]

F, gravitational force [N]

F, thrust force [N]

g gravitational acceleration [m/s?]
2o gravitational acceleration at sea level [m/s?]
H angular momentum [kg-m?/s]
I, specific impulse [s]

k specific heat ratio

L lift force [N]

m flight vehicle mass [kg]

my rocket initial mass [kg]

m, rocket propellant mass [kg]
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net torque [N-m]

mass ratio

angular velocity for roll axis [rad/s]

chamber pressure [Pa]

ambient pressure [Pa]

angular velocity for pitch axis [rad/s]

angular velocity for yaw axis [rad/s]

gas constant [J/(kg-K)]

cross sectional area in axial direction [m?]
cross sectional area in transverse direction [m?]
magnitude of thrust [N]

chamber temperature [K]

effective exhaust velocity [m/s]

velocity vector with respect to the inertial frame [m/s]
total velocity of the body fixed frame [m/s]
relative angular velocity vector between the body fixed frame and the inertial frame [rad/s]
static margin [m]

angle of attack [degree]

angle of side slip [degree]

propellant fraction

Euler angle for pitch axis [rad]

air density [kg/m’]

Euler angle for roll axis [rad]

Euler angle for yaw axis [rad]
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1.0 Introduction

Sounding rockets have been used since the middle of the 20™ century, and their mission profile for
scientific and technological tests has been diverse, in particular during sub-orbital flights. There is now
greater demand for sounding rockets, especially at an altitude range of 50 to 100 km, which is too high
for scientific balloons due to the low air density at such an altitude, and too low for satellites due to
their large drag and limited operational capacity at a low orbit. Today, experimental missions involving
sounding rockets are undertaken not only to gain knowledge of space system integration and flight testing
itself, but also in regard to the mandatory atmosphere inspections requested by the UN, scientific tests in
micro gravity near the apogee, single/multi-stage-to-orbit missions, supersonic combustion tests, as well
as aerodynamic tests [1-5]. As reaching a certain altitude is crucial to a sounding rocket’s operations,
which provides test environments with micro gravity, low air density, and sufficient descending velocity
with an adequate flight time, the final altitude is one of the most critical parameters of such a rocket’s
performance and is among the principal design objectives. Not only from this perspective, but also
concerning operational efficiency, in light of a new aspect of cost-sensitive space technology emerging
recently represented by such as low-cost and reusable launch vehicles [6—12], there is a greater need
today for the maximisation of final altitudes and the minimisation of propellant masses of vertically
launched flight vehicles.

Arguably the first reported effort to maximise the peak altitude of an ascending rocket took place
in 1919 in an analytical approach by R. Goddard [13], at a time when optimisation was linked to addi-
tional constraints such as limited flight time, drag-law modelling, dynamic pressure limitations, and
thrust constraints [14—17]. Further studies then followed demonstrating potential optimisation condi-
tions for an optimum peak altitude. The issue of altitude optimisation was first approached from an
analytical point of view based on mathematical solutions, before simulation-based studies [18] followed
demonstrating more optimised flight conditions. Both approaches have informed guidelines on the flight
conditions of vehicles and have been beneficial, regardless of whether it is physically possible to meet
the theoretical requirements or not. In fact, the outcomes from these studies are examples of theoretical
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optimisation, and there was a lack of sufficient interest in ascertaining how to practically achieve the
optimised conditions from a flight vehicle design point of view in order to reach a target altitude.

Thus, certain design variables or flight performance parameters considered in the previous research
were more useful for theoretical performance estimations and/or the optimisation process than in the
design process of a rocket. For example, the thrust curve programming, with the magnitude of thrust
variation during operation under the constraint of flight time [14], which attracted lots of interest in
previous studies [13—17] attempting to maximise the final altitude of vertically ascending rockets, do
not represent the most practically effective parameters and baselines for a sounding rocket design and its
system configuration procedure. In fact, little research on the maximisation of the final altitude focused
on this. However, selecting appropriate design variables and applying them to an altitude optimisation
process is essential to make those optimised conditions physically feasible and effective in regard to the
design process.

In this work, therefore, considerable effort was made to determine those variables that are most
effective and practical in a sounding rocket design and the optimisation process. This study will also
attempt to distinguish itself from previous research which focused on theoretical optimisation and whose
assumptions were relevant to mathematical models but lacking sufficient contemplation of the practical
considerations. Flight performance data was acquired in flight simulations via a shooting method, which
was conducted using an in-house code flight simulator. The simulation results were analysed to under-
stand the effects of the selected parameters on flight performance, and a new type of design domain with
an optimised design reference was provided. The reachable altitude performance estimated through the
simulation work was also compared with other experimental based studies for validation, and previ-
ous findings, such as the optimum initial acceleration for the maximisation of peak altitude, were also
verified demonstrating its consistency. Finally, utilising the design domain provided, a simplified and
intuitive design procedure (three-variable design method) has been proposed for a single-stage sounding
rocket from a practical design point of view to reach the optimised target altitude.

2.0 Maximisation of a final altitude of an ascending rocket: the Goddard problem

The problem of maximising a final altitude of a vertically launched rocket can be traced back to 1919
when Robert H. Goddard [13] attempted to find the optimum thrust curve for a given amount of
propellant. The eponymous Goddard problem was approached using different mathematical methods,
including the calculus of variations at an earlier time and a few assumptions on the equations of motion,
circumventing difficulties in solving the governing equation analytically, before more constraints were
considered later, followed by numerical analysis and optimal control theory studies. The problem has
been addressed extensively with reference to additional constraints such as constrained time of flight
[14], a drag-law and its effects [15], a dynamic pressure limitation [16], bounded thrust [19], and both
dynamic pressure and thrust constraints [17].

Goddard [13] proposed the problem of maximising the altitude of a rocket in a vertical flight with
a given amount of propellant, which was akin to minimising the required propellant mass to transfer a
rocket to an assigned maximal height, finding an optimised thrust composed of a piecewise continuous
thrust function of time. He identified the problem as an unsolved problem of the calculus of variations
and suggested no further formulation or solution. A few years later, Hamel [20] proved the existence of a
solution by means of the calculations of variations, with an assumption of a linear rocket mass variation.
More assumptions were considered in the following studies on the Goddard problem.

Malina et al. [21] considered a rocket launched vertically in a vacuum and in a resisting medium
condition. In order to show maximum height as a function of three variables they mainly explored:
effective exhaust velocity, mass ratio, and initial acceleration. They discovered that without considera-
tion of an aerodynamics drag force, it is best to use the propellant in the shortest possible time reaching
maximum velocity immediately, based on a numerically estimated reachable altitude that increased with
increasing initial acceleration. However, with an aerodynamics drag, high initial velocity had a negative
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impact on peak altitude maximisation due to the high aerodynamics drag that tends to occur at a low
altitude, where the air is relatively denser than that of a higher altitude. Thus, in such cases, a pro-
longed powered-flight was beneficial to get over the hump of the drag curve, allowing a rocket to reach
a higher altitude. In other words, there was a certain initial acceleration that is optimal for a maximum
altitude, which was later found again by Ivey et al. [22], with a range of one to three times gravitational
acceleration.

Tsien et al. [23] provided an extensive numerical analysis of flight trajectories to show optimum thrust
programming by considering a velocity dependent linear drag and a quadratic drag. With a varying drag
model, it was found that it is more advantageous to have a lower velocity at low altitudes in order to
increase the altitude at the end of the propellant burning cycle. For the optimum thrust programming,
after the initial impulse, the amount of thrust should increase with altitude in general. In addition, as
the linear drag does not increase with velocity as quickly as the quadratic drag, the linear drag favours a
shorter burn time and high velocity with large initial acceleration to obtain a higher reachable altitude,
while the drag from the quadratic model favours lower velocity and longer burn time.

Bryson Jr et al. [24] devised a method to handle a non-increasing rocket mass constraint and some
numerical calculations, resulting in optimum trajectories that took into account an aerodynamic drag.
During its three flight stages, composed of an initial instantaneous boost, a sustain phase, and a coasting
phase, the optimised initial flight path angle was 69 degrees ground-to-ground for the maximum range,
the value of which would have been 45 degrees in the absence of drag. The study examined the difference
between trajectories with an aerodynamic drag and without.

Garfinkel [25] tried to broaden the number of soluble cases rather than focusing on a select few
specific ones allowing previous solutions to meet the monotone rocket mass requirement, which had
caused the problem at that time. The study solved the thrust optimising problem of a vertically ascending
rocket, assuming an isothermal atmosphere and admissibility of an infinite thruster, in two specific cases:
1) Mach number and fuel supply are sufficiently large, and 2) the drag is a convex function of velocity.
The first scenario embraced very general physical drag functions and was valid for Earth, while the
second was extended to all atmospheric conditions including extra-terrestrial with limited applicability
to drag functions, which was reasonably common at that time, in order to make the Goddard problem
solvable.

Munick [19] considered a bounded thrust, identifying an optimised thrust programming that consisted
of a piecewise continuous thrust as a function of time to maximise its peak altitude. It was concluded
that when using the thrust sufficiently high in a finite level, the optimal control contains three subarc
functions at most. The results of Munick’s research extended the findings of previous studies to a larger
range of drag functions, including a drag range near the speed of sound.

Seywald’s study [16,26] was concerned with the effect of two additional conditions as constraints:
a dynamics pressure limit and a specified final time. The effect of those restrictions on an opti-
mal thrust switching structure was investigated and a thrust structure was identified for a maximum
attainable altitude using nine different types of thrust arcs. The constrained time of flight was also
one of the conditions considered for the Goddard problem and the maximisation of altitude and for
a given flight time in Panagiotis’s study [14] where maximising the final altitude of a vertically
launched rockets has been analysed in regard to quadratic draw law and bounded thrust. Seywald’s
work was then further explored by Graichen and Petit [17] concerning dynamics pressure and thrust
constraints using a different methodology. By using a saturation function, it systematically incorpo-
rated the constraints into the equation and resulted in an unconstrained optimal control problem that
required no knowledge of the thrust switching structure, implying its broader applicability to various
constraints.

All of these efforts, which have continued until the last decade, have largely focused on the shape
of the aerodynamic drag function, considering it one of the major concerns in terms of making the
equation of motion more accommodating when approaching the Goddard problem. There has also been
an interest in additional constraints for optimisation, including dynamic pressure limitation, atmospheric
density, a limited time of flight, thrust constraints, and optimum thrust programming, implying several
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assumptions were beneficial in regard to the mathematical models and methods adopted in the previous
theoretical studies. The results from the theoretical work on optimum conditions represent a useful
guide for rocket operational conditions in that they detail the influence of several design and operational
parameters on rocket flight performance. However, although the preliminary analysis is informative,
to some extent, in designing a rocket, it does not necessarily guarantee that the operational conditions
suggested are physically feasible, as the analysis was approached mathematically with less emphasis on
the practicability of the system configuration from a rocket design point of view. Therefore, in relation
to optimal flight, further research on design parameters is required with a greater emphasis on their
practical properties which are conducive to peak altitude maximisation. This is the main concern and
objective of this work, which will propose a new design approach along such lines, detailed in the
following sections.

3.0 New design approach to altitude maximisation

With regards to an operational design conducive to altitude maximisation, numerous analytical esti-
mation studies and simulation-based approaches have considered the governing equation of motion,
producing a range of results. There were several assumptions as to how the analytic equations could be
solved, but with limited practicality in real rocket design applications. Simulation-based studies also sug-
gested certain optimisation conditions, but these are arguably too specific to be applied to other rocket
designs, and even if a broader range of design variables were considered, they could not be applied
pragmatically to an effective rocket design process. Thus, whether the selected design parameters are
appropriate determines whether or not the optimisation results are practically applicable to a sound-
ing rocket design process. Despite the numerous variables previously reported, there is also room for
more intuitive data on design inputs and their effect on optimised flight performance. More studies are
required on this perspective to obtain clearer outputs versus rocket system design inputs (i.e. reachable
altitudes optimised with respect to the main rocket design variables).

The principal design parameters of a sounding rocket should be properly determined and considered
in optimisation work, not only to provide intuitive and broad rocket design domains which optimise peak
altitude, but also to make the optimisation data meaningful in terms of practicability. Thus, considerable
effort was made in this work to find both useful, effective and viable design parameters which provided
an optimised design domain reference in the design of a sounding rocket, particularly a single staged
type.

In reality, as most engines are developed with a certain amount of targeted thrust, while some are
available off-the-shelf with certain performance specifications, the magnitude of thrust is one of the most
practical design parameters, and it must be considered in the sounding rocket design process. Engine
selection or development is generally followed by a system design process that includes a system con-
figuration in relation to pipelines, tanks, valves, casing, payload and electrical systems for avionics, data
collection and communication. In terms of practicality, therefore, a burn time is determined by choos-
ing a type of tank and volume which depends on total propellant mass and the maximum combustion
duration. Then the mass ratio of the propellant and the rest of the rocket system (dry mass) can be esti-
mated. Thus, primary major design parameters for rocket systems should include a magnitude of thrust,
propellant type, burn time and propellant fraction (i.e. mass ratio).

Some might argue that more concern should be accorded to chamber pressure, specific impulse, and
propellant flow rate, the importance of which might appear to have been neglected in this study. However,
these variables are related to each other and they were considered as dependent variables in this work.
For example, following the thrust equation as shown in Equation (1), once the amount of thrust has been
determined, the required propellant consumption rate can be calculated considering specific impulse
performance.

T = g (1)
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T is the magnitude of thrust, 71, propellant mass flow rate, I, specific impulse and g, gravitational
acceleration at sea level. Specific impulse (/;,) performance is, as shown in Equation (2), a function of
propellant type (specific heat, gas constant and combustion temperature) and working pressure ratio.

Ve 1 2k P\
Isp =— ~ — _RTL I = (2)
8o 8oy k—1 P.

v, is the effective exhaust velocity, g, gravitational acceleration at sea level, k specific heat ratio, R gas
constant, 7. chamber temperature, P, chamber pressure and P, ambient pressure. As there is a common
range of design values for chamber pressure (P,) to be achieved in a rocket chamber, once propellant type
(and thus its specific heat ratio, gas constant, and theoretical combustion temperature, from a chemical
equilibrium analysis) is decided, accordingly specific impulse is expected to be in a certain range, and it
can be assumed to be determined by propellant type. This is also a reasonable assumption because the
chamber pressure effect on specific impulse is not linear. Once the operation chamber pressure reaches
a certain amount, its further effect on specific impulse becomes marginal, as seen in Equation (2) for
I, with respect to the P,. Typically, chamber pressure of 20 — 30 bar or more [5,27-30] is considered
depending on the mission, but it is typically in the range of several tens of bars for the general cham-
ber design pressure of sounding rockets. Therefore, it is arguably reasonable to assume that specific
impulse performance is determined by propellant type. Also, given the potentially limited range of those
parameters, they were not the major independent variables considered in this study.

Another aspect making this effective design variables selection more meaningful is that there is a
trend in engineering toward sounding rocket sizing, depending on the amount of thrust. For example,
as can be seen in the specifications of sounding rockets from previous studies in Table 1, and thrusts
and body diameters from single-stage sounding rockets in Fig. 1, despite the differences between the
propellant types used, there is a link between sounding rocket body diameter size and the amount of
thrust targeted. With regards to this physical aspect of engineering, a flight simulation can be simplified,
at least with respect to a drag force, which is proportional to the cross section area of a rocket body.
On the basis of this empirical data, the drag force was determined, according to the magnitude of thrust
produced by a sounding rocket.

As aresult, among the numerous design variables that can be examined as input variables, this study
identified three main design parameters which can be applied to a sounding rocket design process with
a focus on reachable altitude maximisation: Magnitude of thrust, burn time, and propellant fraction
(i.e. mass ratio). The usefulness and/or effectiveness of the selected input variables were expected to be
verified in this study, resulting in a new type of design domain with broad and intuitive flight performance
characteristics which would represent a design reference for a sounding rocket to reach a target altitude.

4.0 Flight trajectory simulation

In order to investigate the influence of the selected design variables on flight performance and suggest
appropriate design domains, a flight trajectory was simulated. A six-degree-of-freedom flight trajectory
in-house code was developed and a shooting method was employed. The shooting method is a method
used in numerical analysis to find a solution trying different initial conditions until a satisfactory result
is obtained. The method was evaluated as suitable for this simulation, as during the solving process it
would plot a simulation result for each initial condition, providing a design domain with an optimised
design reference.

For the trajectory calculation, the equation of rotational motion, kinematic relation and Newton’s
second law of motion were considered as the main governing equations. Additionally, the quaternion
equation was utilised to circumvent a singular point while solving Euler angles. As Newton’s equation of
motion applies to an inertial frame, two frames were used; body fixed frame and Earth fixed frame. The
body fixed frame was a frame fixed to a rocket, more specifically on the point of the body where the centre
of gravity was located, which moves and rotates together with the rocket body during a translational and
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Table 1. Sounding rocket specifications from previous studies

Research Thrust Diameter Length

No group/Model (ref) Propellant [N] [cm] [m]
1  DLR HEROS 3 [31] N, O/Paraffin 10, 000 22.3 7.5
2 Purdue Univ. GEN-I-R [32] Solid(M1900 BB) 1,914 15.2 4.7
3 Purdue Univ. GEN-I-F [32] H,O,/LDPE 3,115 15.2 4.8
4 Purdue Univ. GEN-II-F [33] H,O,/LDPE 3,560 19.1 4.8
5 Warsaw Institute of Aviation ILR-33 [34] H,0,/PE 4,000 23 5.0
6  Warsaw Institute of Aviation Amelia 1 [35] Solid - 73 1.6
7  Warsaw Institute of Aviation Amelia 2 [35] Solid 700 9.4 2.2
8  Warsaw Institute of Aviation H1 [36] Solid — 10 2.1
9 Rocket lab Atea 1 [34] N,O/Polymer 6,700 15 6.0
10 Hokkaido Univ CAMUI 400kgf [37] LO,/PE 4,000 24 -

11 NAMMO Nucleus [38] H,0,/HTPB 30, 000 35.6 9.0
12 KAIST 250N [27] H,0,/HDPE 250 11 1.1
13 KAIST 1,000 N [39] H,0,/HDPE 1,000 15.3 2.4
14  KAIST 2,500N [-] H,O,/HDPE 2,500 20.4 34
15 UCLA HyPE 1B2 [40] N,O/Paraftin-HTPB 3,885 20.3 39
16 TU Delft Stratos III [41] N,O/Sorbitol-Paraffin-Al 15, 000 28 8.2
17 TU Delft Stratos IV [42] N,O/Sorbitol-Paraffin-Al 26, 000 28 8.3
18 TU Delft Stratos 11+ [42] N,O/Sorbitol-Paraffin-Al 8, 000 20 7.0
19 TU Delft Aether [42] Solid 5,200 21 34
20 CNET Belier I [43] Solid 20, 000 31 4.0
21 CNET Belier II [43] Solid 21,500 31 5.9
22 CNET Belier I1I [43] Solid 20, 000 31 3.8
23 U KwaZulu-Natal Phoenix-1B MK II [44] N, O/paraffin/AL 7,250 17 49
24 U KwaZulu-Natal - [45] - 2,500 20 4.0
25 U Waterloo Unexploded Ordnance [46] N,O/HTPB/Al 3,358 15.2 4.5
26 Lockheed Martin - [47] N,O/HTPB 6,227 - -

27  Aerojet Aerobee [48] Solid 18, 000 38.0 7.8
28 U Michigan Laika [49] N,O/Ethanol 3,780 16.3 33

rotational motion, and thus it was not an inertial frame. For the Earth fixed frame, North-East-Down
(NED) frame was used, which was located at the surface of the Earth and assumed as an inertial frame
without consideration of revolution and rotation of the Earth.

For a translational motion, as shown in Equation (3), Newton’s second law of motion was applied
av
s
angular velocity between the body fixed and the Earth fixed frame, w, where m is a rocket mass and ¢ is

time.
ST - (V)=n|(5)+7 <7 ®

Thrust, aerodynamic force and gravitational force were taken into consideration for the net force,

to the inertial frame and then expressed with a velocity of the body fixed frame, ( ) , and relative

—

Y F . Aerodynamic force at the body fixed frame for each axis was, as shown in Equation (4), a function
of angle of attack o, side slip p, air density p, total velocity V,, drag coefficient C, and C,,, lift coefficient
C,, and cross section area S and S,.

N F,. —Dcosa + Lsina
F,=|F,| = D, “
F,. —Dsina — Lcosa
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Figure 1. Thrusts and body diameters mainly of single-stage sounding rockets reported in previous
studies (from Table 1).

where
1
D= Ep(V, cos ﬂ)zSCd @)
1
L= 3 p(V, cos B)*SC, (6)
1 .
D, = E'O(V[ sin ﬂ)zSyCdy (7N

For gravitational force, Euler angles, ¥, 6, and ¢, were required to identify the rocket attitude and
determine the gravitational force distribution to each axis, mg,, mg,, and mg..

N gx 0 —mg sin 0
F,=mg=m|g | =¢'07"| 0 |=]| mgcos8sing (8)
g. mg mg cos 6 cos ¢

Thrust was assumed to be produced in the axial direction only without consideration of thrust vector
control as described in Equation (9).

F, thrust

—

F,=|F,| = 0 9
F,. 0

Then Equation (3) for Newton’s second law gave information on the body fixed accelerations
(it, v, w), with the input of aerodynamic force, thrust, gravitational force, mass, velocities (u, v, w) and
angular velocities for each axis (p, g, r). Likewise, the rotation motion was calculated by solving the
equation of Newton’s second law of rotation, as shown in Equation (10) with inputs of rocket moment
of inertias, torques, and angular velocities, for outputs of angular accelerations.

dH (dH

— —

ZM:—: )+ W xH (10)
dt dt
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Torque on each axis (Z, M, N) was assumed to be applied on a rocket, the cause of which was exclu-
sively the aerodynamic forces acting on the centre of pressure, and they were functions of the static
margin x,, (a distance between the centre of pressure and the centre of gravity), lift L, drag D and D,,
and angle of attack «.

L 0

M=|M| = | —x, Lcosa +Dsina) (11)
N —Xg, D,

The attitude of a rocket can be determined by using the Euler angles, solving the kinematic relation
below.

10 1 singtanf cosgtanf p

6 =0 cos @ —sing q (12)

7 0 singsecH cos¢sech r

There is, however, a singular point for fan @ when 6 is 90", which is a common occurrence in a rocket
flight simulation. Thus, a quaternion equation was used instead to circumvent the singularity. The four
quaternion variables were acquired by solving additional quaternion equations, detailed equations of
which can be found in [50], and they were converted to Euler angles, ¥, 0, and ¢, using the Euler
angle-quaternion conversion equation.

These three main equations: translational motion, rotational motion, and quaternion equations, were
numerically solved via a specific process. The rotational motion was first calculated to determine the
angular acceleration of a rocket at the next time step after an initial condition, and then the quaternion
equation was solved resulting in the Euler angles and the rocket attitude, with which the gravitational
force distribution to each axis of the body fixed frame was identified. After determining the net force
acting on the rocket, a translational motion was calculated, acquiring accelerations of the rocket on each
axis. The three ordinary differential equations were numerically solved using the Runge Kutta 4" order
method at each time step for the entire flight time. The acquired variables at the body fixed frame were
then converted to variables at the Earth fixed frame using the quaternion variables. Finally, a rocket
flight trajectory was drawn by integrating accelerations and then velocities for each axis of the Earth
fixed frame.

The flight simulation was conducted on the basis of certain conditions and assumptions. As the NED
coordinate was used as an inertial frame, it meant it was relevant to a flight problem on flat Earth (neglect-
ing the rotation of Earth), an appropriate assumption for a sounding rocket which has a shorter flight
range than that of a launch vehicle. The variation of gravitational acceleration with altitude was also
neglected, which has less than a 3% error at a 100 km altitude and less than 6% at 200 km. The US stan-
dard atmospheric data was employed for air density at each altitude. The sounding rocket was assumed
to have a rigid body with a constant rate of propellant consumption and to be devoid of thruster vector
controlling or throttling. Although the varying drag coefficient can be numerically estimated and com-
pared with other sources, such as OpenRocket [51] or RasAero [52]; semi-empirical data such as Missile
Datcom [53]; or via a wind tunnel test, a constant value was used in this simulation, not only to achieve
simplicity, but also to establish a common reference and make it easier to draw comparisons with other
various rocket designs of different aerodynamic shapes. The constant drag coefficient for the simulation
was 0.35 and the lift coefficient was zero.

As described earlier, this work focused on three main design parameters for a trajectory simulation.
Propellant mass fraction, {, was one of the three parameters, which is defined as shown in Equation (13),
where m,, is propellant mass and m; is the total mass of the vehicle.

my,

= (13)

my

In this study, the term mass ratio (MR) was used to refer to the propellant fraction, the ratio of
propellant to the total mass of the sounding rocket. For example, 0.7 of MR in this study meant propellant
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Table 2. Flight simulation conditions for a single-stage rocket

Parameters Values

Thrust 5,000 - 30,000N
Mass ratio 0.1-0.7

Burn time 1-50s

Specific impulse 230s

Lift coeffcient 0

Drag coefficient 0.35

Launch angle 85 degree

Static margin 1.5

Body diameter 25 —40cm (for 5 — 30kN)

accounted for 70% of the total rocket mass, with 30% (dry mass) composed of the rocket systems, such
as structures, payloads and any subsystem except the propellant.

For the flight simulation, the mass ratio (propellant fraction) in the range of 0.1 — 0.7 was covered.
In view of the increasing use of hybrid rockets in sounding rocket flight testing, all simulated rockets
had specific impulse (Isp) of 230 s, which is the typical Isp performance of a hybrid rocket. The amount
of thrust simulated was in the range of 5,000 N to 35,000 N and it was a constant thrust profile for each
simulation case during the burn time considered. As the diameter of a rocket’s body generally increases
with thrust, as shown in Fig. 1, the different thrust performance inputs in each simulation was taken into
account with different rocket diameters. It was 25 cm for 5,000 N, 30 cm for 10,000 — 15,000 N, 35cm
for 20,000 — 25,000 N, and 40 cm for 30,000 N.

Burn time covered in the simulation was 50 s. The launch angle was 85 degrees and the static margin, a
distance between the centre of gravity and the centre of pressure, was determined as 1.5, which is known
as an appropriate value for rocket stability based on previous studies [27,54]. The flight simulation
conditions are listed in Table 2. With these input variables and ranges, a flight trajectory was simulated
for each different combination of these design parameters, and the peak altitudes were ascertained. For
example, Fig. 2 shows the peak altitudes collected with respect to burn time and propellant fraction,
MR, for a 15,000 N class single-stage sounding rocket.

5.0 Results and discussion

A flight simulation was conducted considering six-degree-of-freedom motion with varying amounts
of thrust in the range of SkN — 30kN, burn time for 50 s, and propellant fraction 0.10 — 0.70 of the
total rocket mass. Through repeated flight trajectory estimations using the shooting method, reachable
altitude could be established from the simulated flight data gathered. Each figure in Fig. 3 describes the
variation of reachable altitude as a function of propellant fraction and burn time for a certain amount of
thrust. Figure 3 (a) describes reachable altitudes and required total rocket masses using 5,000 N thrust
with different propellant fractions and burn time combinations. The maximum altitudes are shown by
the full line contours with each value in the unit of meter, while the dashed line contours represent the
required total rocket mass with each value in kg. Clearly, with regards to a fixed burn time, a larger
propellant fraction increases reachable altitude. However, for a fixed propellant fraction condition, an
increased burn time does not necessarily mean a higher reachable altitude. At a certain value, burn time
maximised peak altitude, once the mass ratio of a rocket was determined. For example, for a 5kN class
rocket with a propellant fraction of about 0.25, a burn time of approximately 20 s was the optimal value
in terms of peak altitude, up to 10 km. For a rocket with an approximate propellant fraction of 0.37,
a 28 s burn time was needed to maximise altitude reaching 20 km. Likewise, an increased propellant
fraction required a longer burn time to follow the optimal design reference line in the figure, keeping
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Figure 2. Reachable altitudes of a 15,000 N class sounding rocket with respect to burn time and mass
ratio (MR, i.e. propellant fraction).

the maximised peak altitude condition at each fractional condition, interestingly with a similar required
total rocket mass.

The dashed lines represent the required total rocket mass, which tends to increase with increasing
burn time. This is the primary explanation for the existence of an optimal burn time for a fixed amount of
thrust and propellant fraction, and for a longer burn time that does not necessarily increase peak altitude.
Regardless of the mass ratio, 170 kg of total mass appears desirable for a S kN class rocket, when it has,
as stated earlier, a specific impulse of 230s. As shown in the other sub-figures in Fig. 3, with different
thrust conditions considered up to 35 kN for the simulation, at each magnitude of thrust it exhibited a
similar trend; (1) higher reachable altitude with larger propellant fraction, (2) existence of an optimal
burn time for the maximum peak altitude, and (3) a certain amount of the required total mass desirable
for each targeted thrust. As it was 170 kg total mass for 5 kN class, 320 kg for 10 kN, 440 kg for 15 kN,
590 kg for 20kN, 720 kg for 25 kN, and 880 kg for 30 kN.

Figure 4 summarises these values and shows the total initial rocket mass that was optimised in terms
of the maximum reachable altitude. The vertical axis on the right side is the thrust to initial mass ratio,
which is proportional to the initial acceleration of the rockets. The greater the targeted thrust is, the
greater the increase in optimised total mass is. The ratio of thrust to optimised initial mass remained
similar, regardless of the amount of targeted thrust (approximately 35 N/kg).

As Figs. 3 and 4 are underpinned by certain conditions and assumptions, such as the flight conditions
shown in Table 2, the specific values of the maximised reachable altitude with a burn time and a mass
ratio may vary depending on simulation conditions. However, the results clearly indicate that a longer
burning time is not necessarily desirable when maximising reachable altitude, as a greater propellant
load also increases the total weight of a rocket affecting its initial acceleration, when thrust is constant.
This result reinforces results from previous studies [21-23], which implied that there is a certain value
for an initial acceleration that maximises the peak altitude. Moreover, augmenting this finding [21],
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Figure 3. Single-stage sounding rocket design domains with optimal guidelines for maximum of reach-
able altitudes [meters] on full lines and required total masses [kg] on dashed lines, depending on the
three principal design variables: Thrust (5 — 30 kN), Burn time (0 — 50 s), and Mass ratio - propellant

fraction (0.1 —0.7).
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Figure 4. Initial mass and thrust to initial mass ratio (optimised with respect to reachable altitudes)
depending on the target thrust of single-stage sounding rockets with Isp of 230 s.

this work also demonstrates that a prolonged powered-flight does not always lead a rocket to coast to a
higher altitude. According to previous studies, a prolonged-poweredflight was beneficial only in getting
over the hump of the drag curve and reaching a higher altitude. In addition, Malina et al. [21] and Ivey
et al. [22] found that there was a certain initial acceleration that was most conducive to maximum altitude
when thrust was constant, with a range of one to three times that of gravitational acceleration for an
optimal initial acceleration, depending on the total weight of the rocket, acrodynamic drag, etc. The
thrust to optimised initial mass ratio of 35 N/kg, which was recorded in this study (approximately 2.6 g),
is also in line with them as it falls into the range of one to three times that of gravitational acceleration
found previously.

The simulation results also made it possible to compare the experimental flight testing results. As
a specific impulse of 230 s was considered in this study, it was possible to examine a hybrid sounding
rocket with a similar-specific impulse performance. For example, a single-stage hybrid sounding rocket
flight tested by DLR [31] has a 10kN class thrust, 20 sec of burn time, and 0.53 propellant fraction, and
it can be compared with Fig. 3 (b) from the simulation which had a 10 kN thrust. Based on this figure,
a rocket with this specification is expected to reach an altitude of between 30 and 40 km, but closer
to 30 km, which compares favourably with the reported experimental flight altitude of 32.3 km. These
findings also reveal that if faced with similar flight conditions, the rocket with a propellant fraction of
0.53 would lack an optimal burn time, thus compromising peak altitude maximisation. It was found that
a burn time of approximately 37 s is the optimal design reference, as shown in Fig. 3 (b).

Another example of a flight-tested hybrid sounding rocket with a similar specific impulse perfor-
mance is Nucleus of Nammo [55]. This was a single-stage sounding rocket producing a 30kN class
thrust with a burn time of 39 s and propellant fraction of 0.59. This design condition can also be exam-
ined by comparing it with Fig. 3. The design domain suggested in Fig. 3 (f), with a 30 kN class thrust,
indicates that with specifications of 0.59 MR and a 39 s of burn time, it is expected to reach an alti-
tude higher than 100 km but lower than 110 km, suggestive of an optimal burn time of approximately
39s. This is in accordance with the reported experimentally reached altitude by the sounding rocket
of 107 km. It also recorded 39 s of firing during flight testing and it appears that the Nucleus had a
favourable burn time in terms of altitude maximisation.
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Figure 5. Sounding rocket design procedure suggested to reach a targeted altitude, utilising the new
rocket design domain provided (Three-variable Design Method).

These new types of design domains, as shown in Fig. 3, offer clarity on the expected reachable peak
altitude with respect to the design parameters considered. This result is particularly important with
regards to a rocket design, as the three design inputs are among the principal parameters that can most
shape the baseline of a sounding rocket design. On the basis of these observations, a new approach to
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sounding rocket design has been proposed in this work, as presented in Fig. 5. The three-variable design
method in this work recommends a sounding rocket design procedure, which starts from the initial
design considerations, including targeted altitude, propulsion type and propulsion performance, and
then determination of the three variables; magnitude of thrust, burn time and propellant fraction. This
should be followed by a physical system configuration that meets the baseline determined by the three
design variables. However, the design domains presented here do not necessarily imply that every design
point simulated is physically feasible in a rocket system. Accordingly, before completing the design
process, a specific system design and configuration and subsystems iteration is also required (depending
on technological manufacturing tolerance and/or engineering constraints), with a clear understanding
of their effects on flight performance in the system configuration phase.

Unlike previous optimisation studies on reachable altitude maximisation, which were arguably too
theoretical or mathematical, or too specific to certain conditions and lacking sufficient consideration
of design practicalities, this new design approach provides a broad and practical performance design
domain. Simultaneously, these findings are conducive to a targeted and optimal reachable altitude per-
formance and deliver an iterative system configuration and assembly with a clear understanding of their
influences on output flight performance.

The specific values optimised in the design domains in this work may vary depending on specific
input conditions, such as drag coefficient, lift coefficient, specific impulse performance, launch angle,
etc., but the major performance trends and the design methodology verified here remain valid in other
design and flight conditions too, and it is expected that they will be beneficial in understanding rocket
design procedure and reaching target altitude.

6.0 Conclusion

With the demonstrated effect of each design input on the final altitude, a new reachable-altitude-
optimised single-stage sounding rocket design procedure has been suggested utilising a new type of
rocket design domain. Among the numerous sounding rocket design inputs, three major parameters
were chosen and their effects on flight performance were examined. Flight simulation based parametric
study was conducted in order to (a) establish the influence of the parameters on flight performance, (b)
understand their effectiveness as design variables and (c) provide an optimised reference design point
for the maximisation of reachable altitude. The peak altitude was examined by varying thrust, burn time
and propellant fraction. In the simulation-based design parameter study, it was found that a greater pro-
pellant load on a sounding rocket (for a longer burn time) does not necessarily increase apogee altitude
when thrust is constant, and that there is an optimal burn time in regard to reachable altitude maximisa-
tion. Also, regardless of burn time and mass ratio, there was an optimal initial mass for each amount of
thrust targeted. With the three principal design variables—magnitude of thrust, burn time and propellant
fraction—the output flight performance changed dramatically and a broad design domain was success-
fully devised based on the variables chosen, validating the selection of the parameters identified. The
findings from the parameter study were randomly compared with experimentally flight-tested sounding
rocket data, and the subsequent observations were evaluated favourably. This was also congruent with
results of previous studies which had attempted to identify optimal initial acceleration. Unlike previous
optimisation studies, which focused on theoretical and mathematical considerations (on occasion based
on convenient assumptions), or optimisation in specific or narrow conditions without sufficient reference
to the physical aspects of sounding rocket development, the three-variable design method proposed in
this work is expected to confer greater practical benefits. It is also expected to be more compatible with
a physical system configuration process, making it feasible to attempt an iterative system design, con-
figuration and assembly, with a clear understanding of their effects on flight performance, even during
a development process concerning an aimed peak altitude to reach.
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