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The design and results of a numerical analysis of the flight of the two-stage modular
geophysical rocket Zengzhang-1 are presented. The flight dynamics analysis of the
rocket (length 1795 mm, diameter 131 mm, mass 8797 g) for a given thrust profile of the
L2200G rocket engine yielded estimated maximum parameters. flight altitude 3078 m,
velocity 493 m/s (Mach 1.46), and acceleration 377 m/s®. The rockets layout and use of
fins ensure a positive static margin and its controllability during both the powered ascent
and ballistic flight phases. Simulation of the rocket’s angular motion demonstrated that
the flight occurs vertically, with minimal aerodynamic drag throughout the entire flight
phase up to separation.
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flight dynamics.

Introduction

Geophysical rockets are crucial for acrospace research, offering an affordable way
to access suborbital flight for atmospheric studies, microgravity experiments, and tech-
nology validation [1]. They are cost-effective, easy to operate, and deploy rapidly,
making them ideal for education and science. Small-scale rockets, particularly in aca-
demia, allow students to engage in the full design-to-recovery cycle and provide a plat-
form for testing flight technologies [2]. Programs like NASA’s Student Launch and
ESA’s REXUS/BEXUS highlight their value in practical learning. Additive manufac-
turing, especially 3D printing, has revolutionized rocket production. Unlike traditional
methods using expensive aluminum or composite laminates, 3D printing enables rapid,
low-cost prototyping of complex geometries, perfect for educational and research rock-
ets [3].

This study introduces a novel, low-cost geophysical rocket designed to reach 3 km
altitude with a scientific payload. Its key innovations include being entirely 3D-printed
from PETG, a modular two-section design for payload and propulsion, a dual-bay par-
achute recovery system, and achieving supersonic flight despite material constraints.
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This work aims to guide future low-cost geophysical rocket projects and advance addi-
tive manufacturing in aerospace education and research.
Rocket Design

a) Modular Configuration

The rocket employs a two-section modular architecture. The forward module
houses the payload and parachute bay, while the aft module contains the propulsion
system. These are connected by a 60 mm coupler, which ensures both structural rigidi-
ty and ease of assembly. This design philosophy offers several advantages: flexibility
in mission payload integration, improved safety during recovery by separating payload
from propulsion, and enhanced manufacturability since modules can be independently
3D-printed. The vehicle measures 1795 mm in total length with a 131 mm diameter
and has a gross mass of 8749 g. The payload bay is 300 mm long and 125 mm in diam-
eter, capable of accommodating sensors or small experimental devices. Mass distribu-
tion between the payload and propulsion sections was carefully considered to balance
the center of gravity (CG) and center of pressure (CP) for stable flight.

Figure I - ZZ-1 rocket model

b) Propulsion System

The L2200G solid rocket motor was selected as the propulsion system. Key speci-
fications are total impulse of ~5104 Ns, average thrust of 2200 N, peak thrust of 2519
N, and a burn duration of ~2.3 s. With a gross mass of 4.78 kg and propellant mass of
2.52 kg, the motor provides a thrust-to-weight ratio exceeding 25, enabling rapid accel-
eration to supersonic speeds. The thrust profile is characterized by an initial sharp peak
followed by sustained high thrust until burnout. This minimizes the influence of at-
mospheric turbulence near the ground. However, the extremely high acceleration of up
to 38G imposes significant structural and payload survivability requirements. Addi-
tionally, thermal protection measures must be implemented to prevent PETG defor-
mation near the motor casing [4].
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Figure 2 - Thrust data graph for L2200G solid rocket motor
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¢) Aerodynamic Design and Stability

Aerodynamic configuration plays a critical role in ensuring both stability and effi-
cient flight performance. The rocket employs a Haack series nose cone, which is spe-
cifically designed to minimize drag. The Haack series family of nose cones is well-
known for its ability to reduce wave drag in supersonic and transonic flight regimes.
The shape parameter of the nose cone governs its drag-reducing properties, with a pa-
rameter of 0 producing a Von Karman nose cone (LD-Haack), ideal for minimizing
drag for fixed length and diameter. In this design, we use a shape parameter of 0.333,
which results in an LV-Haack nose cone, optimized to minimize drag for a fixed length
and volume [5]. This design choice ensures that the rocket maintains a smooth and ef-
ficient flight trajectory at high speeds, particularly when crossing the transonic and
supersonic regimes [6].

d) Material and Manufacturing

The rocket body is fabricated using PETG (Polyethylene Terephthalate Glycol-
modified), with an assumed density of 1.25 g/cm?, like PLA. PETG was selected due to
its superior thermal and mechanical properties compared to PLA while maintaining
compatibility with standard FDM 3D printing. Its higher glass transition temperature
(~80 °C) and improved impact resistance make PETG more suitable for small rockets
subjected to high acceleration and motor exhaust heating [7, 8]

e) Recovery System

A dual-bay recovery system was adopted. Both the payload bay and propulsion
section deploy independent 2500 mm parachute made of ripstop nylon (67 g/m?) with
twelve shroud lines of 1200 mm length each. This configuration improves reliability by
ensuring partial deceleration even if one parachute fails. Furthermore, separating the
payload from the motor section enhances safety and reduces the risk of impact damage.

Dynamic Analysis of the Rocket

a) Rocket Coordinate System Definition

In rocket dynamics modeling, the following coordinate systems are mainly used,
as shown in Figure 5 and Figure 6.

(1) Geodetic coordinate system Sp, (OpXpYpZp):

The celestial northeast coordinate system is used. The origin Op is taken as the
projection of the rocket launch point on the ground. The Op Xp axis points to the north
of the launch point. The OpY)p axis is vertical to the ground and is positive upward. The
OpZp axis points to the east of the launch point. Without considering the rotation of the
earth, this coordinate system is regarded as an inertial coordinate system.

(2) Carried geodetic coordinate system Sy (03 XqYaZ4):

The origin O, is taken as the center of mass of the rocket. The coordinate axes
04X4, 04Y4, and O4Z; are parallel to OpXp, OpYp, and OpZp of the geodetic coordi-
nate system Sp.

(3) Rocket body coordinate system S; (0. X;Y;Z,):

The origin O, is taken as the center of mass of the rocket, the O.X; axis points to
the nose cone along the longitudinal axis of the rocket body, the 0,Y; axis is located in
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the rocket symmetry plane and is perpendicular to the 0,X; axis, the 0,Z; axis is per-
pendicular to the rocket symmetry plane and conforms to the right-hand rule with the
0:X; axis and the 0,Y; axis.

(1) Airflow coordinate system S, (0,X,Y,Zg):

The origin Oy is taken as the center of mass of the rocket, the 0,X, axis is along
the rocket's airspeed G vector U, the 0,Y, axis is located in the rocket symmetry plane
and is perpendicular to the 04X, axis, and the 0,Z, axis conforms to the right-hand
rule with the 0, X, axis and the 0,Y, axis.

Figure 4 - The conversion relationship between the Sz and S,

The relationship between the carried geodetic coordinate system S, and the rocket
body coordinate system S; is determined by three angles: pitch angle 9, yaw angle 1,
and roll angle y. First, rotate the carried geodetic coordinate system S; around the
0,Y, axis by angle s, transforming the coordinate system to 0;X'Y;Z'. Then, rotate it
around the O4X'axis by angle 9, transforming the coordinate system to O4X,Y'Z'. Fi-
nally, rotate it around the O;X; axis by angle y, transforming the coordinate system to
0:X.Y;Z,. This completes the transformation from the carried geodetic coordinate sys-
tem S; to the rocket coordinate system S;. The corresponding coordinate

transformation matrix B is:
Bg = B.(y)B,(9)B,(¥)) =

cosdcosy sind —cosdsiny
—cosysindcosy + sinysiny  cosycosy cosysindsiny + sinycosy €9
sinysindcosy + cosysiny  —sinycosd —sinysindsiny + cosycosy

) e

Y,

Figure 5 - The conversion relationship between the Sq and S,
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The relationship between the airflow coordinate system S, and the rocket body
coordinate system S, is determined by the total angle of attack a and the longitudinal
roll angle y,. First, the airflow coordinate system S, is rotated by an angle @ around the
04Z4 axis to become the coordinate system O,X:Y'Z,. Then, the coordinate system is
rotated by an angle y, around the 0, X; axis to become the coordinate system O, XY, Z;.
This completes the transformation from the airflow coordinate system S to the rocket

body coordinate system S;. The corresponding coordinate transformation matrix Bé is:

cosa sina 0
. o ,
B} = Bx()’q) B,(a) = |—sinacosy, cosacosy, siny,
sinasiny,  —cosasiny, cosy, 2)

b) Rocket Trajectory Equation

In flight, the rocket is affected not only by the engine thrust P acting on the center
of mass and the gravity mg, but also by the aerodynamic force R. In the airflow coor-
dinate system, the aerodynamic force R can be decomposed into the aerodynamic drag
Q along the axial direction and the aerodynamic lift Y along the normal direction, that
is :

R=[-QYO0] (3)
0= %cxpVZSM )
Y = %CypszM (5)

Because the center of pressure of a rocket is generally not coincident with the cen-
ter of mass, let the distance from the center of mass to the rocket nose cone be x4, and
the distance from the center of pressure to the rocket arrow cone be x5, so the distance
between the center of mass and the center of pressure is L,

L =[x, —x,00] (6)

Therefore, the aerodynamic force will generate a torque M, to make the rocket ro-
tate around the center of mass

M, =L x (BLR) (7)

1) Centroid kinematics equation

In the carried geodetic coordinate system S, the rocket is affected by gravity,
aerodynamic force and engine thrust, and the differential equation of center of mass

motion is:
d VUxa 0 —Q P
ma[vydl=[—mg +BIBE| Y [+BE|0 ®)
Vza 0 0 0

2) Rotational kinematics equation
In the rocket body coordinate system S;, the kinematics equation of the rocket ro-
tating around the center of mass is:
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dw
L,— at +(1 y)a)zwy= qxt

dw
q 1 d_ + (I Z)(J)x(l)z = Mq,yt (9)
U —— dt 2+ (I, — L) wywy, = My 4
The rocket is a rotating body, so I, = I, = I, therefore
( dw,
L W = Mq,xt
do 10
11y d— + (I — L) wyw, = Mgy (10)
I,—— d Z + u- x)wywx = Mgzt

1) System centroid kinematics equation
In the geodetic coordinate system Sp, the rocket's dynamic equations can be ex-

pressed as :
Uc xt wind,.q
dt yD vyD = vyd = B% |Ucye| + wind,,q (11)
Uc,zt wind 4

Among them, U, is the a1rspeed value of the rocket's center of mass, U ¢, Ucyt
U 7+ are the components of u. in the rocket body coordinate system S;. The relation-
ship between rocket ground speed v, airspeed U, and wind speed W is:

U=V-w (12)

2) System rotation around the centroid kinematics equation

Based on the transformation relationship between the carried geodetic coordinate
system S; and the rocket body coordinate system S;, the rotational angular velocity of
the rocket relative to the carried geodetic coordinate system Sy is the sum of vectors ),
9, and Y, therefore:

Wy Y 0] 0 1 sind 0 1(7
[wyl =|0|+ B,(y)|0|+ B.(y)B,(¥9) zpl = [0 cosvcosy sinyl Y
Wy 0 91 0 0 —cosVsiny cosyl|g| (13

Through matrix transformation, we can obtain:

. [1 —cosytand sinytand

. cosy siny
Y[=10 - Wy

. cosv cosV || (14)
0 [0 siny cosy z

By combining the above equations (8)-(14), the six-degree-of-freedom trajectory
equation for rockets can be obtained [7,8].

Flight Performance Analysis
a) Flight Phases.
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Vertical Motion vs. Time of ZZ-1 Rocket
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Figure 6 Vertical Motion parameters vs. Time of ZZ-1 rocket over a time interval (0,
600 s) of the entire flight (a) and during the rocket flight stage (0, 100 s) — region I (b)
The flight trajectory is divided into four phases:
1. Powered ascent (0 — 2.3s): Rapid acceleration under motor thrust, peaking at
377 m/s% Structural loads are highest in this phase.
2. Ballistic coast (2.3 — 20.7s): After burnout, the rocket coasts upward. Crossing
the transonic regime, drag peaks, but acrodynamic shaping mitigates shock formation.
3. Apogee and separation (20.7s): At 3078m altitude, velocity decreases to near
zero. The recovery system is deployed, separating the payload and motor sections.
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4. Descent and landing (20.7s—touchdown): Both sections descend under para-
chutes, ensuring a safe landing with minimal impact energy.

b) Dynamic Analysis of Stability Margin During Flight
Although performance targets are met, the static margin of only 0.42 calibers indicates
marginal stability. In turbulent or windy conditions, the rocket could experience signif-
icant pitch or yaw excursions. Improving aerodynamic stability through design adjust-
ments will be essential for consistent real-world performance.

Stability vs. Time of ZZ-1 Rocket
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Figure 7 Stability vs. Time of ZZ-1 rocket over a time interval (0, 600 s) of the en-
tire flight (a) and during the rocket flight stage (0, 90 s) — region 1 (b)
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After the engine ignition, the stability margin (blue line) of the rocket rapidly in-
creases from near zero, reaching a peak of approximately 1.4 radial lengths at about 2.5
seconds. This trend is typical: as the velocity increases, especially in the transonic re-
gion, the center of pressure (CP, red line) moves backward, increasing the distance
from the center of gravity (CG, green line), resulting in an increase in stability margin.
Subsequently, the margin slightly decreases and stabilizes at approximately 0.8 radial
lengths until the engine shuts down. Throughout the entire powered flight phase, the
stability margin remains positive, ensuring the controllability and attitude rigidity of
the rocket under maximum dynamic pressure conditions [9,10].

¢) Dynamic Analysis of Attitude During Flight

The rocket ignited and left the launch rail at approximately t = 1.5 s, entering the
powered ascent phase. During this phase, the vehicle's vertical orientation (green
curve) was stably maintained at 90°, indicating a near-perfect vertical trajectory and
effective attitude hold. Concurrently, the angle of attack (blue curve), after a minor
initial perturbation, rapidly converged to and remained near 0°. This provides strong
evidence of the rocket's excellent longitudinal aerodynamic stability. This stability
ensures that the vehicle flew with a minimal frontal cross-section through the region of
maximum dynamic pressure, thereby reducing aerodynamic drag and enhancing flight
efficiency [11,12].
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i Angle of attack and oritation vs. time of ZZ-1 Rocket
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Figure 8 Angle of attack and orientation vs. time of ZZ-1 rocket over a time interval (0,
600 s) of the entire flight (a) and during the rocket flight stage (0, 40 s) — region 1 (b)

In contrast, the lateral orientation (red curve) exhibited violent, high-frequency
oscillations during this phase, with the azimuth fluctuating rapidly between approxi-
mately 30° and 170°. This phenomenon indicates a significant roll anomaly while the
motor was burning.

Conclusion

This study successfully demonstrates the comprehensive design and simulated
flight performance of a geophysical rocket constructed entirely from PETG using addi-
tive manufacturing. The six-degree-of-freedom (6-DOF) flight simulation indicates the
vehicle is capable of reaching an apogee of 3078 m and a peak velocity of 493 m/s
(Mach 1.46), propelled by a maximum acceleration of 377 m/s? (38.4 G). These results
provide strong theoretical evidence that 3D-printed PETG structures can withstand the
significant aerodynamic and structural stresses inherent in transonic and supersonic
flight regimes. Furthermore, the dynamic analysis confirmed positive flight stability
throughout the critical powered ascent phase (0-2.3 s), with a static margin peaking at
approximately 1.4 calibers. The simulation showed the vehicle’s angle of attack con-
verging rapidly to near-zero, validating the aecrodynamic design’s ability to maintain a
stable, low-drag vertical trajectory. This modeling effort confirms the feasibility of the
proposed modular architecture and material choice for demanding flight profiles.
Building on this validated model, future work will prioritize the fabrication and empiri-
cal testing of a physical prototype. This vehicle will be integrated with an avionics
suite to capture real-world flight data, which is essential for refining the simulation
models presented herein. Additionally, research into advanced materials, such as car-
bon fiber reinforced plastics (CFRP), will be conducted to enhance structural and ther-
mal performance for missions involving higher-thrust motors. In conclusion, this re-
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search establishes a robust design framework for the rapid and low-cost development of
geophysical rockets, showcasing the significant potential of additive manufacturing to
advance aerospace research and education.
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Tao Kynvusus, lllrne @acuns, Cnupuoonos A. A. MIPOEKTUPOBAHUE U
AHAJIM3 JETHBIX XAPAKTEPUCTUK TEO®U3UYECKOW PAKETBHI
ZENGZHANG-1, CO3JAHHOM IO TEXHOJIOI'UHU 3-D IEYATHU

IIpedcmasnenvl KOHCMPYKYUS U PE3YIbMAMbl YUCTIEHHO20 AHATU3A OBUICEHUS. 08YX-
CMyneH4amou MoOYIbHOU 2eousuyeckoll pakemol Zengzhang- 1. Ananuz ounamuxu nonema
paxemvl Onunnou 1795 mm, ouamempom 131 ymm, maccoii 8797 2 0ns 3a0anio2o npoguis
cunvl mseu paxemuoeo osueamens L2200G no3eonun oyeHums MakCUMAaibHble 8blCONTY HO-
nema 3078 m, ckopocmb osudicenus 493 m/c (1,46 Maxa) u ycxoperue 377 m/c?. Komnonoska
pakemul U NPUMEHeHUe CMAdUIU3AIMOPo8 0becneyudaen NoIoHCUMENbHBIU 3aNac YCmoudi-
60CMU U ee YNPABAeMOCb HA AKMUGHOM U baniucmuyeckom yyacmxax nonema. Modenu-
posanue y2rno8020 OBUNCEHUS paKembl NOKA3A0, YMO NOJlem NPOUCXOOUN 8EPMUKATIBHO C
MUHUMATILHBIM JI0008bIM CONPOMUGTLEHUE HA 8CeM YUACHIKe NOemd GHI0Mb 00 PA30eLeHUs.

KaioueBble ciioBa: reopusmyueckas pakera, TEXHOIOTHH aJINTHBHOTO MTPOM3BO/I-
CTBA, 3arac yCTOMIMBOCTH, TUHAMHKA MOJIETa PAKETHI.



