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Abstract—Rocket fins play an important role in determining theirstability during flight. The key characteristics
that determine the static stability of a rocket are the relative positions of its centre of gravity and centre of
pressure.Determining the centre of gravity is rather simple. However, determining the centre of pressure is more
challenging as it depends on the pressure distribution over the surface of the entire rocket body. The present study
analyses the static stability of a low-altitude rocket with various fin designs.The parameter used to measure the
aerodynamic stability of the rocket is the static margin, Me.Mathematical predictionsusing Barrowman equations
and computational fluid dynamics(CFD) were employed to obtain data for the centre of pressure and centre of
gravity. The data from both approaches was then compared and analysed. The Barrowman equations were shown
to provide support for the computational fluid dynamicsdata, indicating that the static margin is determined by the
centre of pressure. However, there are differences in terms of the observed trend.

Index Terms—centre of gravity, centre of pressure, CFD analysis, rocket fin, stability, static stability, static
margin.

Introduction
A low-altitude rocket has received considerable attention due to its various applications. The applications of

low-altitude rockets are like those of sounding rockets[1][2][3][4][5]: experimental study, weather study, and
modification (cloud seeding)[6]. The rocket may be subject to instability, which depends on the location of the
centre of pressure and centre of gravity of the rocket. Stability is the tendency of a system to return to or recover
from its original condition after facing perturbation, as well as the ability of the rocket to keep flying in the right
direction without wobbling or tumbling. The parameter used to measure the aerodynamic stability of the rocket is
the static margin, Me, defined in equation(1).Fig. 1 shows an illustration of the aerodynamic stability of rocket
flight.

Cp — C
Me=u, (1)
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Fig. 1 Rocket stability.

whereCpand Cgare, respectively,the centres of pressure and gravity measured from the tip of the nose cone, and d
is the diameter of the rocket body. From this equation, the static margin of the rocket depends on its centre of
gravity and its centre of pressure. The centre of pressure is a single point at which all the aerodynamic forces are
concentrated, while the centre of gravity is the average location of the weight of the rocket. There are a few factors
that contribute to static margin, such as fins (wrap-around fin (WAF), fixed fin, and folded fin), canards, and
active control fins.

For the rocket to be stable, there must be a distance of at least a diameter of the body between the centre of
pressure and the centre of gravity[7]. If the centre of pressure and the centre of gravity are too close to each other,
the rocket may be dynamically underdamped [8]. Likewise, if the distance between the centre of pressure and the
centre of gravity is too great, the rocket becomes unstable, which may cause it to fall. For the rocket to make a
stable flight, the centre of pressure must be behind the centre of gravity[9].

It is crucial for any flying object to identify the centre of pressure. The position of the centre of pressure in relation
to the centre of gravity must be known to assess a rocket's static margin. The rocket might be classified as the
lowest altitude rocket group out of the three sounding rocket classes, capable of reaching below 100 km altitude,
based on its launching capabilities and altitude records. Therefore, it is more suitable to study low-altitude rockets
than high-altitude rockets that can reach above 100 km in altitude.

The shape of the fins, fin semispan, and fin thickness are found to be the most important factors in determining the
rocket’s static margin [10]. Triangular, trapezoidal, swept, and clipped delta fins were investigated in their study,
along with four others regularly used fin designs. Furthermore, a fin's profile can help reduce drag while still
allowing for useful lift forces. In terms of fin profiles, a tapered air foil that is symmetrical about its chord centre is
the most efficient. Another discovery was that wrap-around fins exhibit less drag at greater angles of attack.
Wrap-around fins can alsoenhance the longitudinal static margin and aerodynamic properties.

Previous study was conducted on the effect of fin form, fin thickness, fin number, and fin semispan on rocket
static margin [11]. There was also research into how the fin design affects low-altitude rocket behaviour and static
margin [12]. Recent research [13] investigated on the static stability of a model rocket. To determine the static
stability of a model rocket, the study examined the capabilities of a simplified method, an analytical calculation, a
graphical method, and several practical approaches, as well as the error of their application. They discovered that
when creating model rockets, the simplest and most trustworthy way to figure out a rocket's static stabilityis by
determining the center of pressure from the model drawing (from a flat figure). It is recommended to use it to
launch demonstration rockets with a 15% or greater acceptable misalignment error. For building rocket sports
models with demanding flight requirements, such as those for international competitions, analytical methods are
useful. Previously, the study of the flight performance of notched delta-wing rockets on various types of nose
cones was carried out [7]. The results reported that conical nose cones provide the most static margin when
compared to parabolic, power, and hack series nose cones. However, it was discovered that the flying
performances of parabolic and power-nosed model rockets performed better than conical-nose rockets. This
occurred due to the conical nose cone's flat and sharp edges.
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A study was conducted to determine the aerodynamic force and moment coefficients for the developed rocket[14].
According to this study, the total drag of the rocket is primarily attributed to the body, with the drag caused by the
wrap-around fins accounting for only about 18.45 percent. A researcher investigated the aerodynamic properties
(particularly the side force and rolling characteristics) to examine the effects created by different parameters of
wrap-around fins and discover the associated mechanism [15]. The authors discovered that the drag generated by
the wrap-around fins accounted for just about 7.42 percent of the total drag of the rocket. Both publications
discovered similar findings: wrapped-around fin configurations can considerably increase the longitudinal static
margin and the longitudinal aerodynamic characteristics of the entire rocket. It was additionally discovered that
the extra side forces and rolling moments are mostly caused by unequal pressure distributions on both sides of the
fins (windward or leeward). Besides, a study was conducted to investigate the effects of fin and nose cone shapes
on rocket static margin and drag[12]. The authors found that the clipped triangular fin rocket gives the highest
static margin among other types of fin design, and the best design in terms of the lowest drag force is the elliptical
fin and ogive nose cone. This finding is further corroborated by more recent research[16], where the author uses
traditional clipped delta fins for their model rocket. However, they also reported that the shape of the nose cone
also affects the static margin. For example, when a conical nose cone is used, an elliptical fin produces the highest
static margin. They also reported that the elliptical fin produced the lowest drag due tohaving the lowest frontal
area of the fins among other designs.

Furthermore, another study was conducted on the influence of thrust deflection and centre of gravity deviation on
the rocket's static motion margin [17]. The deviation of the falling points is shown to be almost linearly and
sinusoidally depending on how the disturbance components interact with one another, increasing or decreasing the
influence of the remaining parameters on the rocket's static motion margin. Control and static margin of a rocket
plane was studied[18]. They discovered that the simultaneous deflection of all moving tails and the elevens is the
most effective design of control surface deflection at subsonic speeds. The efficiency of the control surface's
deflection increased as the Mach number grew. In addition, previous research was conducted to achieve an apogee
of 2000 metres or higher with a total length of less than 1 metre and a weight of less than 750 grammes by
developing a model rocket [19]. The finding is that a model rocket with an apogee of 2053 m can be launched
legally, making it easier for rocket enthusiasts and students to learn about rocketry and flight patterns. The
OpenRocket programme [20], [21], was utilised to calculate the rocket's centre of pressure and centre of gravity.

Previous studies on the flight and aeroelastic static margins of a small, lightweight rocket for transporting small
payloads to high altitudes were also done [22]. The authors discovered that the study implies that the low aspect
ratio fins under consideration can be made very thin. The vehicle's high-detail model yields a greater value of fin
thickness than a simple discrete model. However, flight static margin may not be the limiting issue in their design.
The optimisation of flight static margin and performance conditions for water rockets was performed using a
statistical optimisation method [23]. The flying conditions for determining flight distance were discovered to be as
follows: an initial air pressure of about 5 to 7 atm, a water volume ratio of about 30% to 40% of the bottle capacity
(1.0 to 1.5 L), an aircraft weight of 100 to 130 g, and a launch angle of about 45 to 55. Furthermore, the
requirements for stabilising the rocket's motion were studied before [24]. The author discovered that gravity
affects the static margin regions for the beginning phase of burning, but not those for the final phase of burning.

Another study used moving mass control (MMC) to solve the problem of aerodynamic rudder control
insufficiency caused by the low density of the upper atmosphere, reduce the aerodynamic thermal load of a
high-speed missile, and address the issue of rudder surface ablation [25]. They discovered that when the spinning
rate of the fast-spinning missile rose, so did the system's static margin region. A previous researcher also spent
time on developing a finless model rocket [26]. The author discovered that a static margin could be obtained by
weighting the nose sufficiently to transfer the centre of gravity away from the centre of pressure. To ensure a static
margin, the proper weight-carrying engine needed to be used. Although the lack of fins appears to minimise drag
on the vehicle, drag is enhanced because the cone creates a more tubulent wake. Aerodynamic flight was quite
steady, having a nominal trajectory for a vertical flight with very minimal pitch. Several zero-drag characteristics
were calculated and compared to positive drag predictions and actual altitude values. Mass ratio, burnout velocity,
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burnout altitude, coast altitude, and total altitude were among those computed. Previous research studied a
spinning rigid body and a particle with internal motion under axial thrust [27]. The results of this research show
that the transition from asymptotically stable to unstable can occur at only two system frequencies. The above
article is a fascinating example of a study about rocket static margin and rocket geometry.

The Astra rocket launch [28], which failed to reach orbit, and the Long March-5B rocket [29], which crashed into
the Pacific Ocean, are two examples of unsuccessful rocket launches due to static margin concerns. The Astra
rocket had a difficulty with the second rocket near the site of the launch failure. The Astra rocket's fairing covers
are malfunctioning, spinning the payload, and causing it to burn up in the atmosphere. The Long March-5B rocket
also re-entered the atmosphere over the Pacific Ocean in a separate occurrence. In contrast to previous rockets, the
core stage of the Long March 5B rocket is sent into orbit in its whole and spends several days circling the Earth. It
finally experiences orbital instability and falls to Earth.

Generally, various stresses and disturbances were applied to the rocket during the flight. So, the static margin
aspect must be defined to recover and protect the rocket. The location of the centre of gravity and the centre of
pressure in a rocket determines its static margin. A restoring moment will not be produced by the rocket's drag
force if the centre of pressure is ahead of the centre of gravity[16]. In flight, the rocket trembles because of that.
The rocket will become unstable and will probably start to "weathercock" as it rises if the gap between the centre
of pressure and the centre of gravity is too great [14]. It is crucial to employ an appropriate procedure to determine
the location of the centre of gravity and the centre of pressure. Computational methods are more practical than
experimental procedures, especially for larger rocket motors, when identifying the locations of the centres of
pressure and gravity. Most amateur rocket builders assess the static margin of their rockets using the OpenRocket
software, which solves Barrowman equations[30] to estimate the location of the centre of pressure. This is
because experimental approaches to identifying the location of the centre of pressure are relatively
difficult. Alternatively, one can employ computational fluid dynamics methods that are more convenient[16]than
the experimental approach. However, the CFD approach requiresrelatively more computing power and technical
knowledge, which might not be accessible toamateur builders. Hence, validating the OpenRocket data is rather
crucial, knowing that the results are derived from simple mathematical equations, i.e., the Barrowman equations.
However, to the best of the authors’ knowledge, a study to validate the OpenRocket software is yet to be
conducted, particularly in terms of its capacity to forecast the location of the centre of pressure. Hence, the goal of
this study is to evaluate the accuracy of the OpenRocket software in predicting thestatic margin of a low-altitude
rocketwith various fin designs. Specifically, the research aimed at evaluating thecentre of pressureof a
low-altitude rocket flying at an average speed of 300 m/susing computational fluid dynamics and comparingthe
data with mathematical predictions from OpenRocket.

This study is hoped to furnish valuable information on the accuracy of the Barrowman equations in terms of
predicting the centre of pressureof the rocket.

Methodology
In the present study, a computational approach was employed to determine the centre of pressure of a rocket with

various fin semispans and thicknesses. The fin has a clipped deltaplanform, and the sweep length is fixed while
varying the semispan (i.e., the root and tip chords are kept constants for all cases). The rocket has a body diameter
of 16 cm. The fin semispan is varied by 0.3125, 0.625, 0.9375, 1.2, 1.5625, and 1.875, while the thickness is
varied by 0.0125, 0.015625, 0.01875, and 0.021875. All variables are expressed in a non-dimensional form with a
characteristic length scale equal to thediameter of therocket body, unless otherwise mentioned. First, the centre of
pressure is approximated using Barrowman equations, which are presented in detail in the following section. The
equations were solved using theopen-source software OpenRocket. Next, the centre of pressure is predicted by
solving the Navier-Stokes and continuity equationsby means of computational fluid dynamics simulations. A
3Drepresentation of the rockets was modelled using computer-aided design (CAD) software, which was then
meshed and analysed in an OpenFOAMcomputational fluid dynamicspackage. The following section detailsthe
mathematical predictionsfor estimating the centre of pressure of the rocket.
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A. Estimation of centre pressure using Barrowman equations

Barrowman equations (equations (2)-(9)) were used to estimate the location of the centre ofpressure for a given
rocket geometry. The computation is typically broken down into fourregions: the nose, conical shoulder, conical
boattail, and fins. Equation (2) was used to calculate the centre of pressure of the rocket, i.e.,

((CW)nXn + (Cy)esXes + (C) e Xep + (Cn) i Xr
Cy @

X =

However, the rocket in the present study does not contain a conical shoulder or conical boattail. Therefore,
equation(2) reduces to the following:

((CN)n)?n + (CN)fb)?f

X= Cy 3)

Subscripts in symbols represent specific rocket regions they relate to. For instance, (Cy), represents the force on
the nose of the rocket. Symbols without subscripts refer to the entire rocket. This study uses subscripts such asf, b,
and n to denotefins, fins in the presence of the body, and nose, respectively. The geometrical definition of a typical
rocket is depicted in Fig.2.

A NOSE TIP A
REFERENCE LINE
L, *n
J’ v (Crdn
— d -
X
Xy
Cxn
Y O] =(Cn)sp

Fig.2 Geometrical definitions of a typical rocket.
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In general, the normal force coefficient on the nose, (Cy),, is identical for all shapes and always has a value equal
to two[31]. On the other hand, the centre of pressure location on the nose varies with each different nose shape. In
this study, an ogive nose was used. For an ogive nose cone, the distance from the tip of the nose to the centre of
pressure isXy= 0.466L,,where L, is the nose cone length[31].

Fig. 3 shows a generalised fin shape. The force on the fins of a rocket with n fins was calculated using equation

(4).

4n()?
1+ /1 + ()2 )

where the number of identically shaped fins, n, was 4.S, £, a and b refer to the fin semispan, the length of the fin
mid-chord line, the fin root chord, Cg, and the fin tip chord, Cr, respectively.In addition, the air flow over the fins
is somewhat influencedby the air flow over the body section to which the fins are attached. To account for this, the
fin forces for four fins are multiplied by an interference factor in equation (5).

(Cv)y =

be =1+ P (5)

where R is the radius of the body between the fins, as shown in Fig. 3. The total force on the tail in the presence of
the body was calculated using equation (6), i.e.

(Cv)p = Kpp (Cy)y- (6)

The fin centre of pressure is in the same place on any two fins of the same size and shape. Since all the fins on a
particular stage of a rocket are the same size and shape, the centre of pressure location of the tail does not depend
on the number of fins, as shown in equation (7).

XF = Xf + AXf, (7)
B m(a+2b) 1 (ab)
f 3 (a+b) +g[( +b)_(a+b)]’

where X; is the distance from the nose tip to the front edge of the fin root, as shown in Fig.2.
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Fig. 3Geometrical definitions of a typical rocket fin.

The total force on the entire rocket is the sum of all the forces on the separate regions, which was calculated using
equation (8).

(8)
Cy = (Cy)n + (Ch)es + (Cn)ep + (Ch)gp-

However, as mentioned earlier,the conical shoulder and boattail are neglected in this study; hence, (Cy)es +
(Cn)cepis set to 0.Therefore, the final total force on the entire rocket is shown in equation (9).

9)
Cv = (Cy)n+ (Cn)pp-

Equation(2) can be easily solved usingExcel spreadsheets. However, open-source software such as OpenRocket
offers greater functionalityand the capacity to fine-tune rocket designs based on real-time performance
feedback.The software is also used to evaluate other rocket performances, such as drag and flight performance.
Using this software, individual regions can do their own custom overrides for materials, weights, dimensions, and
other factors. The properties of the materials that were acquired before can then be incorporated into the model.
Static margin-focused design is also made easy by the software. The positions of the centre of pressure and gravity
are adjusted each time a component is added to reflect the new information. This analysis ensures the development
of a rocket with stable flight.

B. 3D modelling

A 3D representation of the rockets was modelled using CAD software.
Fig.4 shows a typical 3D model of the rocket investigated in the present study. The type of fins used is a clipped

delta fin, the rocket body diameter is 1, the sweep length is 0.3125, the tip chordis 1.125, the root chordis 1.4375,
and the number of fins is 4. The fin semispanvaries between 0.3125 and 1.875,while the fin thickness varies
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between 0.0125and 0.021875. All length dimensions are non-dimensionalised by the rocket body diameter, which
is 16 cm.

s

Fig.4 3D representation of a rocket analysed in the present study.
C.Computational Fluid Dynamics analysis

Utilising the computational fluid dynamicssoftware, the pressure distribution around the rocket body (including
the nosecone and fins) was integrated to find the rocket’s centre of pressure, i.e.,

_ Jxplx)dx (10)

Cra = [p()dx’

where Cpy is the rocket’s longitudinal centre of pressure, X is the longitudinal location, and p(x) is the local
pressure. A typical pressure distribution on the rocket surface is depicted in
Fig.5.

Fig.5 Typical pressure distribution on the rocket fin surface at zero angle of attack. The dark and light
regions represent low and high surface pressure, respectively.

A high-resolution meshing configuration was constructed, particularly in the area near the physical surfaces, to
capture any expected strong velocity gradient. The computational domain is modelled as a disc plate, as shown in
Fig. 6,with a diameter and thickness of, respectively,318 and 18.75, both non-dimensionalised using the rocket

body diameter. The domain size is considered sufficiently large to eliminateboundary effects[32]. The inlet plane
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was set to a streamwise velocityof 300 m/s. The surrounding temperature and pressure areset to be 305 K (32 °C)
and 100 kPa, respectively. The simulations were conducted for a sufficient time to allow for fully developed flows
and the centre of pressures were calculated while excluding the transient part of the simulation data.

Fig. 6Computational domain with magnified mesh in the vicinity of the rocket

Kurganov’s scheme was employed as the flux scheme, which is a second-order high-resolution central difference
scheme. For time advancement, the Euler implicit method was applied. The gradient terms were discretised by the
Gauss linear scheme.

I. RESULTS AND ANALYSIS

Fig. 7 shows a plot of thecentre of pressure and centre of gravity against the fin semispan from the mathematical
predictions using Barrowman equations.The centre of gravity varies almost linearly with the fin semispan,
regardless of the fin thickness.This observation is expected since the volume (and thus the weight, assuming
homogeneous material) of the fin with trapezoidal planform increases linearly with fin semispan, i.e.

(11)

1
V= E(a + b)St.

2513



Tuijin Jishu/Journal of Propulsion Technology
ISSN:1001-4055
Vol. 44 No.4 (2023)

Fig. 7The centre of pressure and centre of gravity are plotted against the fin semispan. A solid line
represents the centre of pressure data for different fin thicknesses, which collapses into a single line.
Non-solid lines represent centre of gravity data, where the direction of the arrow represents the increase in
fin thickness.

It can also be seen from
Fig. 7that the distance of the centre of pressure from the nose cone increases linearly up to a fin semispan of

approximately 0.6 (60% of the body diameter). Further increasing the fin semispan beyond this value resulted in a
more subtle change of the centre of pressure, and it appears to asymptote towards a constant value. This
observation is attributed to the fact that the centre of pressure and the centre of gravity shifted downward towards
the tail of the rocket simultaneously as the fin semispanincreased.

Furthermore, it is interesting to note that the curve of the centre of pressure data for different fin thickness
collapses into almost a single line, indicating the fin thickness has little effect on the centre of pressure. This
finding agreeswith a previous study, where it was found that the thickness of the clipped delta fin effects only
0.5% of the rocket’s stability compared to another fin’s parameters, such as root chord, tip chord, and semispan
10].
I[:ig? 8shows a plot of static marginagainst fin semispan at various fin thicknesses.It is to be noted that the static
margin is the distance between the centre of pressure and the centre of gravity, as indicated in equation (1). The
trend of the static margin with various fin semispan almost coincides with that of the corresponding centre of
pressure. It is therefore deduced that the variation of the rocket’s static margin withfin semispan is governed by the
centre of pressure.

4
3
2
|
W
=
—=0.0125
-1 e t=0.015625
2 - - =0.01875
- -t=0.02188
3
02 04 06 08 1 12 14 16 18 2

Fig. 8 Static margin plotted againstfin semispan with variousfin thicknesses.

It is also noted from
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Fig. 8that the variation of the static margin with the fin thickness is more prominent at a larger fin semispan. This
is due to the increase of the fin volume-fin semispan gradient with fin thickness, as shown in Fig. 9, resulting in a
more significant increase in fin mass and thus the shift of the centre of gravity. Mathematically, it can be shown
that the fin volume-fin semispan gradient is proportional to the fin thickness by integrating equation (11) with
respect to the fin semispan, i.e.,

dV_l( + by
as ~2\¢ '

(12)

In the present study, the fin has a constant fin root and tip chord length;thus, it is shown that,

v (13)
E a t.

250

200

—
i
[e=]

Fin volume
[l
[==]

i
<

Fig. 9Fin volume plotted against fin semispan at various fin thicknesses. The line legend is the same asthat
in

Fig. 8.

Fig. 10shows a plot of thecentre of pressure andcentre of gravity against thefin semispan from the mathematical
predictions and computational fluid dynamics simulations. TheCFDdata predicts a linear relationship between
thecentre of pressure and fin semispan, while mathematical predictionspredict alogarithmic relationship between
thecentre of pressure andfin semispan.

The difference in trend between mathematical andCFD predictions is likelydue to the assumptions made in the
mathematical predictions.The Barrowman equations are also valid for a rocket speed that is much less than the
speed of sound, i.e., below 180 m/s. In the present study, the rocket flight was simulated at a speed of 300 m/s. The
equation also assumed that the air flow over the rocket is smooth and does not change rapidly [31], while in actual
the boundary layer flow over the rocket might be turbulent, particularly when the rocket is flying at a high speed.
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Fig. 10The centre of pressure andcentre of gravity areplotted against thefin semispan.The triangle and
diamond markersrepresent, respectively,mathematical, and computational fluid dynamics predictions of
the centre of pressure (primary vertical axis). Theround marker represents the centre of gravity
(secondary vertical axis).

Fig. 11shows a plot of static marginagainst fin semispan from the mathematical predictions and CFD
simulations.It is to be noted that the static margin data for CFDis derived from equation(1) using the centre of
gravity calculated by OpenRocket software. Again, it is observed that the trend of the static margin with various
fin semispan predicted by CFD almost coincides with that of the corresponding centre of pressure. Hence, the
deduction that the centre of pressure governs the variation of the rocket’s static margin with fin semispan is
confirmed.

02 04 06 03 1 1.2 14 16 18 2

Fig. 11Static margin plotted against the fin semispan graph. The diamond and triangle markers represent
mathematical predictions and computational fluid dynamics, respectively.

Conclusion
Static margin data obtained from mathematical predictions and CFDwas compared. Numerous investigations

were conducted to examine various relationships, including the relationship between the static margin and fin
semispan, the centre of pressure andfin semispan, and other relevant relationships. It can be concluded that the
influence of the fin thickness on the centre of pressure is negligible across all evaluated fin semispans, whereas the
centre of gravity is determined by the fin's weight. Furthermore, it is noted that the CFD and mathematical
predictions of the centre of pressure differ, with the former predicting a linear relationship with fin semispan and
the latter predicting a logarithmic relationship. However, the CFD data confirmed the mathematical predictions
that the centre of pressure governs how the static margin of the rocket changes with fin semispan. Although thefin
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thickness has minimal impact on the centre of pressure, the static margin exhibits variation in relation to the
thickness of the fin as the fin semispan is increased. There were inconsistencies noted between the computational
fluid dynamics (CFD) data and the mathematical predictions obtained usingBarrowman equations. These
disparities warrant additional scrutiny and perhaps necessitate adjustments to the Barrowman equations.
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