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This paper presents an aerodynamic assessment on the "Smokey Sam Prototype (TRL-
6) Start (X)". Initially, the rocket prototype was designed using OpenRocket open 
source software, where all of the user's design requirements and objectives are 
considered. The TRL-6 Smokey Sam Star (X) is expected to fly within 400 m with the 
operating Mach 0.2, as comparable to US GTR-18A. This research evaluates the 
aerodynamics performance of the design Smokey Sam prototype rocket using a 
computational fluid dynamics (CFD) approach. For instance, the CFD study assessed 
the flight performance and stability once launched, such as lift coefficient, drag 
coefficient and pitching moment. This research employs K-omega (k-ω) model to 
express the turbulent properties of the flow. The actual pressure distribution was 
compared with the conventional rocket material's exact pressure distribution to 
inspect the best rocket material to sustain the best strength to weight ratio at high-
speed trajectory operation. Several observations were made into the modelling 
process, such as surrounding velocity and pressure. It is found that the flight is in stable 
mode since the obtained pitching moments are almost zero at all assessed speeds.  

 

Keywords: 
Smokey-SAM; aerodynamic; CFD; flight 
performance; rocket trajectory  

 
1. Introduction 
 

One of the most popular in the current development in rocket design is a sounding rocket where 
sounding rocket has been broadly employed in the space program to send large and substantial 
payloads to such high elevation from the earth. impinging jet to the flat [1]. In another related offset 
program [2], preliminary investigations on a pivoting detonation rocket engine for flight 
demonstration using a sounding rocket have attracted attention since it could be extended for future 
upper stage due to its outstanding theoretical efficiency and short combustor length. A research 
conducted by Okninski et al., [3] managed to design a sounding rocket that carried a CanSat payload 
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model that desired to be containable in soda containers of 350 ml volume with a launch magnitude 
of up to 500 g. It is highly to be remarked that the rocket was propelled by reusable composite solid 
rocket motors that will execute it for small scientific operations to be carried to altitudes of skyward 
to 10 km. 

A hybrid sounding rocket has been expanded to integrate safety during handling. It launches 
operations at an economical expense in a much-advanced approach, including controllable thrust 
including locked off and restart aptitude, further improvements in the sounding rocket application 
[4]. Several tests have been conducted to obtain an optimal design of sounding rocket for the carried 
payloads, such as; within the weak equivalence principle (WEP) [5] during the free-fall part of the 
flight of a sounding rocket payload, thermal and mechanical configuration of the Matter-wave 
Interferometry in Microgravity (MAIUS) atom interferometer sounding rocket payload on nominal 
VSB-30 sounding rocket [6]. In more advanced utilisation, the robust design of the MAIUS atom 
interferometer has been developed by arranging micro-integrated distributed feedback (DFB) diode 
laser modules, including free-space optical bench technology [7]. An interesting insight through the 
stress investigation of a thick-walled cylinder for a rocket motor case under internal pressure has 
been carried out [8]. The study was conducted to establish a highly durable casing that can withstand 
high pressure and temperature. 

The k-omega turbulence model was first postulated by Kolmogorov in 1942 and later 
independently by Saffman in 1970 [9]. The model solves two turbulence transport equations for the 
turbulent kinetic energy k and the specific dissipation rate ω; it has been employed to several cases 
such as, impinging jet to the flat [10], sonic boom generated by a slender body [11], side force 
formulation and its alleviation over a slender body [12]. The model has a basic formulation for fully 
turbulent flows that satisfy the law of the wall without knowledge of the distance to the wall or 
complicated near-wall damping terms. On the other hand, an investigation of flow asymmetry around 
a slender body at high angles of attack was conducted to evaluate the requirement to use a non-
dissipative unbiased discretization scheme by implementing the Large Eddy simulation (LES) [13].  

On another view, most of Wilcox's development of the model used boundary layer codes, but 
recently Menter has shown several applications to Navier-Stokes codes [14]. Menter found that the 
model exhibited a strong dependence on freestream values of ω and proposed a somewhat ad hoc 
fix. In this work, many of Menter's suggestions for the numerical implementation of the model have 
been used, but this consideration fix for freestream dependence. To be highlighted, in the event of 
studying the impact of turbulence modelling on external supersonic flow field simulations in rocket 
aerodynamics, the SST k–ω model has been picked as the most fitting one for this type of flow [15]. 
Menter's Shear Stress Transport (SST) turbulence model is a widely adopted and robust two-equation 
eddy-viscosity turbulence model employed in computational fluid dynamics (CFD). In such rocket 
studies, the CFD simulations have been examined either of intrinsic flow, such as the solid propellant 
rocket motor nozzle [16] or the extrinsic flow at the attached fins on the rocket body [17]. 

SST models exhibit less sensitivity to free stream conditions (flow outside the boundary layer) 
than many other turbulence models. The shear stress limiter helps the k-omega model avoid a build-
up of excessive turbulent kinetic energy near stagnation points. The SST models provide a platform 
for additional extensions such as SAS and laminar-turbulence transition. The quasi-3-D form of the k-
equation has been derived by writing the m- and 0 momentum equations in non-conservative form, 
multiplying each by its fluctuating. The usual turbulence modelling approximations are made. The 
production term is written in terms of the vorticity magnitude using Menter's suggestion [18]. Source 
terms that arise from the quasi-3-D equations are neglected. The co-equation is derived from the k-
equation by dimensional considerations. With that relevant discussions, this paper proposes 
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investigating the rocket's aerodynamics performance when speeding up since the aerodynamics 
investigation on the Smokey SAM prototype rocket has not been widely inquired. 
2. Methodology  
2.1 Rocket Design Processes 
 

The design of a rocket was developed using an open-source rocket software named OpenRocket. 
Many designs have been illustrated ere the decided design been adopted. From observation, there 
is no specific equation to develop a rocket in a fully equipped dimension. However, to circumscribe 
specific components such as nose cone and fins, some equations can be used to achieve the desired 
design, as shown in Figure 1. A model rocket consists of several elements such as the nose cone, 
launch lug, parachute system, body tube, engine hook and other structure. 
 

 
Fig. 1. Specific component of a typical sounding rocket 

 
The basic in designing a rocket is based on its stability during a flight. In this view, the centre of 

gravity and the location of the centre of pressure are crucial parameters for this purpose. Figure 2 
shows the conventional parameters required in designing a sounding rocket, rendered with 
Barrowman’s Equation [19] as presented in Eqs. (1) and (2) 
 

 
Fig. 2. Rocket design parameters based 
on Barrowman’s concept 
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where 𝐿𝑁 = length of nose, 𝑑 = diameter at base of nose, 𝑑𝐹 = diameter at front of transition, 𝑑𝑅= 
diameter at rear of transition, 𝐿𝑇 = length of transition, 𝑋𝑃 = distance from tip of nose to front of 
transition, 𝐶𝑅 = fin root chord, 𝐶𝑇 = fin tip chord, 𝑆 = fin semispan, 𝐿𝐹= length of fin mid-chord line, 
𝑅 = radius of body at aft end, 𝑋𝑅= distance between fin root leading edge and fin tip leading edge 
parallel to body, 𝑋𝐵 = distance from nose tip to fin root chord leading edge, and 𝑁 = number of fins. 

Hence, the scheme of the applied methodology in investigating the performance of the design 
Smokey SAM rocket is presented as in Figure 3. The design process starts with the design 
requirements and objectives of the flight mission and assesses the aerodynamics point of view in 
Ansys Fluent. For a more comprehensive view, the design's geometric parameters through 
OpenRocket modelling are demonstrated in Table 1. 
 

 
Fig. 3. Modelling scheme of the presented Smokey-SAM rocket 
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Table 1 
Geometric parameters of the design through OpenRocket modelling 

Parameter Components 

Nose 
cone 

Body 
tube 

Fins Launch Lug 
1 

Launch Lug 
2 

Shape  Ellipsoid n/a Trapezoidal n/a n/a 
Length (cm) 10.00 28.00 n/a 3.00 3.00 
Base diameter (cm) 5.00 n/a n/a n/a n/a 
Thickness (cm) 0.20 0.30 0.20 0.10 0.10 
Shoulder diameter (cm) 4.60 n/a n/a n/a n/a 
Shoulder length (cm) 3.00 n/a n/a n/a n/a 
Outer diameter (cm) n/a 5.00 n/a 1.00 1.00 
Inner diameter (cm) n/a 4.40 n/a 0.80 0.80 
Cross section n/a n/a Square n/a n/a 
Number of fins n/a n/a 5.00 n/a n/a 
Root chord (cm) n/a n/a 7.00 n/a n/a 
Tip chord (cm) n/a n/a 3.00 n/a n/a 
Height (cm) n/a n/a 7.00 n/a n/a 
Sweep length (cm) n/a n/a 4.04 n/a n/a 
Sweep angle (°) n/a n/a 30.00 n/a n/a 
Radial position (°) n/a n/a n/a 40.00 40.00 
Position relative to top of parent component 
(cm) 

n/a n/a n/a 10.50 10.50 

 
The designed rocket was then remodelled using SolidWorks in order to use it for the CFD 

simulation. All views from Solidwork 3D modelling are presented as in Figures 4 and 5. The designed 
Smokey SAM is not required to carry any payload yet, but essentially to produce thick cloudy smoke. 
 

 
Fig. 4. Developed Smokey SAM model for CFD analysis 
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Fig. 5. Computer-aided drawing of presented Smokey SAM 

 
Several rocket motor were tested in order to figure out the best thrust producer to meet the 

design requirement objective. As the target is to achieve Mach less than 0.2. List of tested rocket 
motor that are available in the OpenRocket database as in Table 2. The database could be 
implemented in describing a scheme and design to promptly evaluate a model rocket engine's thrust 
curve, adopting a computer data logger and force examination. 
 

Table 2 
Tested rocket motor for the designed Smokey SAM 
Parameter Single-use motor 

AeroTech E15 AeroTech D21 Apogee C10 Quest C6 Estes E16 

Manufacturer AeroTech AeroTech Apogee Quest Estes 
Designation E15W-4 D21-7 C10-4 C6-5 E16-4 
Total Impulse (Ns) 40 20.00 10.00 9.00 34.00 
Diameter (cm) 2.40 1.80 1.80 1.80 2.90 
Length (cm) 7.00 7.00 5.00 7.00 11.40 

 
2.2 Computational Fluid Dynamics of Present Smokey SAM Rocket 
 

Drag also is a function of angle of attack, Mach number and Reynolds number. Generally, the 
magnitude of lift much higher compares to the magnitude of the drag. Thus it can be generated as 
lift-to-drag ratio L/D. It is a natural phenomenon where 𝐶𝐿 and 𝐶𝐷 depend on the wing orientation in 
the flow, such as the angle of attack. 

The geometry of rocket was imported from SolidWork into Ansys Fluent. While for the control 
volume sizing, the size is selected according to the distance from the total rocket length and needed 
to be very far from the wing that act as a far field around the wing. Figure shows overall sizing for 
control volume and the geometry will have imported in Ansys. The geometry was then clarified as 
one solid body by using Ansys Design Modeler “Boolean” feature as shown in Figure 6. 
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Fig. 6. Enclosure on presented Smokey SAM model 

 
The geometry was then moved to the next process which is meshing. The applied meshing for the 

present computational model is solved by using tetrahedron elements, demonstrated in Figure 7. 
The applied feature is much more straightforward and could resolve complex geometry for the 
current rocket model. The inflation layer used in meshing is set to first layer thickness. The value of 
wall distance is calculated from y+ calculator by inserting the freestream velocity. The values of y+ 
and Re for both fin and body configuration are as shown in Table 3. With all the configurations has 
done, the total nodes are 288318 while the total of elements are 953437. 

 

 
Fig. 7. Meshing element on presented Smokey SAM model 

 
Table 3 
Present model element meshing parameters 

Fin: Length = 0.07 m, Area = 0.003403 m² 

Kinematic viscosity, μ Density, ρ (kg/m³) Velocity, V (m/s) y+, (m) Re 

1.508𝑥10−5 1.178 54.60 5.059𝑥10−6 2.986𝑥105 
40.00 6.754𝑥10−6 2.188𝑥105 
25.00 1.045𝑥10−6 1.367𝑥105 

Body: Length = 0.37 m, Area = 0.005346 m² 

Kinematic viscosity, μ Density, ρ (kg/m³) Velocity, V (m/s) y+, (m) Re 

1.508𝑥10−5 1.178 54.60 5.698𝑥10−6 1.578𝑥106 
40.00 7.607𝑥10−6 1.156𝑥106 
25.00 1.17710−6 7.227𝑥105 

 
The shear stress transport K-omega model is the only variation of the standard k omega model 

available in Ansys-Fluent. K-omega model is the modification of the standard k-epsilon model. This 
model measures the turbulent viscosity to reckon for the transport of the principal turbulent shear 
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stress. It also consolidates a cross-diffusion term in the ω equalisation and a blending function to 
concede precise computation of the near-wall and far-field areas.  

The blending function triggers the conventional K-Omega model in near-wall regions and 
generates the K-Epsilon-like model in fields off the surface. The SST model's particular distinctions 
are more well-defined for a broader diversity of flows than the standard model. Comparable to the 
standard K-Omega model, the transport equations for k and ω are somewhat transformed and are 
provided by 
 
𝜕

𝜕𝑡
(𝜌𝑘) +
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] + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔       (4) 

 
where 𝜌 is the air density, 𝐺𝑘 depicts the formation of turbulent kinetic energy the arises due to 
mean velocity inclinations, 𝐺𝜔 is generation of 𝜔, and 𝑌𝑘 and 𝑌𝜔 express the dissipation of 𝑘and 𝜔 
due to turbulence (unsteady flow), 𝑆𝑘 and 𝑆𝜔 are the user defined function, while 𝐷𝜔 is the cross-

diffusion expression. 𝐺𝑘̃ is the turbulent kinetic energy term that is used to estimate a slightly 
different compared to other model as defined in Eq. (5) 
 

𝐺𝑘̃ = min(𝐺𝑘 , 10𝜌𝛽 ∗ 𝑘𝜔)            (5) 
 
where 𝛽 is the thermal expansion coefficient of air.  
 
3. Results  
3.1 Methodology Validation 
 

This research follows the methodology in terms of aerodynamic evaluation as demonstrated in 
the study of Dahalan et al., [17]. Figure 8 presents the result of the drag coefficient of the present 
approach with the reference. Based on this plot, the CFD approach proposed is almost similar with 
less error compared to the CFD results by Dahalan et al., [17] for the same model. Hence, the scheme 
is validated throughout the computational and experimental procedure. 
 

 
Fig. 8. Procedure validation of present approach with [17] 
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3.2 Velocity Flow Distribution 
 

As for the rocket fin analysis, overall, the maximum velocity increased by approximately 6% by 
considering the airflow behaviour. As for 54.6m/s demonstrated in Figure 9 (a), the maximum velocity 
reached is 57.6m/s. While for 40m/s in Figure 9 (b), the flow can go up until 42.61 m/s and as for 25 
m/s. Observation is made that the maximum reached is up until 26.04m/s, as shown in Figure 9 (c). 
It can be noticed that the velocity at the leading edge and the trailing edge of the fin are almost 
equivalent, and this also verify the no-slip condition theory where the fluid velocity at all fluid-solid 
boundaries is equal to that of the solid boundary. 

 
Fig. 9. Velocity contour at fin for (a) V = 54.6 m/s, (b) V = 40m/s, and (c) V = 25m/s 

 
For the Smokey SAM slender body analysis, the trend of velocity increment is just the 

corresponding as fin examination; the maximum velocity is found to rise around 6% considering the 
open-air flow behaviour. The maximum velocity reached as for V = 54.6 m/s is about 57.6 m/s in 
Figure 10 (a), and 42.8 m/s for V = 40 m/s in Figure 10 (b). It has also been identified that a slight 
increment of velocity for V = 25m/s, as the maximum velocity reach is 26.57 m/s in Figure 10 (c). 
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Fig. 10. Velocity contour of whole rocket body for (a) V = 54.6 m/s, (b) V = 40m/s, and (c) V 
= 25m/s 

 
3.3 Pressure Distribution 
 

For pressure analysis on the body, the maximum pressure reached for the body at V = 54.6m/s is 
1.48 kPa n Figure 11 (a). While at V = 40 m/s, the pressure can reach up until 792Pa shown in Figure 
11 (b) and 313 Pa at V = 25m/s in Figure 11 (c). The overall pressure distribution of the rocket body 
is still in an optimum condition except for the nose cone area, where it can be seen that it sustained 
high pressure because the nose cone is the first part that reaches the highest velocity than the rest 
of the components. 

For pressure analysis on the rocket body, the maximum pressure reached V = 54.6 m/s is 1480 Pa 
in Figure 12 (a). While at V = 40m/s, the pressure can reach up until 792 Pa in Figure 12 (b) and 313 
Pa at V = 25m/s in Figure 12 (c). The overall pressure distribution of the rocket body is still in an 
optimum condition except for the nose cone area, where it can be seen that it sustained high 
pressure because the nose cone is the first part that reaches the highest velocity than the rest of the 
components. The results of lift, drag and moment coefficients are summarised in Tables 4 and 5 for 
the fin and body components, respectively. 
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Table 4 
Aerodynamics evaluation of present Smokey SAM fin component 

Velocity, V 
m/s 

Lift, 
N 

Lift Coefficient, 
𝐶𝐿 

Drag, 
N 

Drag Coefficient, 
𝐶𝐷 

Moment, 
N.m 

Moment Coefficient, 
𝐶𝑚 

54.60 0.049 0.00822 0.274 0.0232 0.023 0.056 

40.00 0.026 0.00810 0.153 0.0227 0.013 0.057 

25.00 0.010 0.00788 0.062 0.0223 0.005 0.057 

 
Table 5 
Aerodynamics evaluation of present Smokey SAM body component 

Velocity, V 
m/s 

Lift, 
N 

Lift Coefficient, 
𝐶𝐿 

Drag, 
N 

Drag Coefficient, 
𝐶𝐷 

Moment, 
N.m 

Moment Coefficient, 
𝐶𝑚 

54.60 0.166 0.00177 2.092 0.0497 0.026 0.00074 

40.00 0.089 0.00176 1.146 0.0478 0.014 0.00075 

25.00 0.032 0.00164 0.457 0.0459 0.005 0.00062 

 

 
Fig. 11. Pressure distribution at body for (a) V = 54.6 m/s, (b) V = 40m/s, and (c) V = 25m/s 
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Fig. 12. Pressure distribution at body for (a) V = 54.6 m/s, (b) V = 40m/s, and (c) V = 25m/s 

 
3.4 Relevant Environmental Test(TRL-6) 
 

Meanwhile, the moment coefficient is almost constant for all the speeds used. This undertaking 
validates the theory that at the aerodynamic centre, the moment is constant; thus, no rotation will 
happen. As can be observed too, the lift coefficient is minimal and significant to zero; thus, this 
ensures the fin will not generate any lift that can cause any rotation to the rocket and assure it 
preference to have a steady flight upwards. 

A moment is a force that measures its tendency to cause a body to rotate about a specific point 
or axis. This matter is different from the tendency for a body to move or translate in the direction of 
the force. For a moment to be developed, the force must act upon the body in such a manner that 
the body would begin to twist. For instance, this situation mostly occurs every time a force is applied 
to pass through the centroid of the body. A moment is due to a force not having an equal and 
opposite force directly along its line of action. The aerodynamic moment occurs when there is 
rotation at a particular point where one last thing to consider is the centre of pressure. The centre of 
pressure, 𝑋𝑐𝑝

, is the average location of all the pressure acting upon a body moving through a fluid. 
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As a rocket moves through the atmosphere, the air velocity varies around the surface of the 
rocket. This variation of air velocity produces a variation in the local pressure at various places on the 
rocket. 

A real time flight test was conducted after the designed rocket has been fabricated using a 3D 
printer. The rocket motor was prepared in the lab and was used for the flight test validation. The test 
was conducted at a large area since the movement prediction of the rocket is going to be very fast 
and the projection is big. A launcher and an igniter were designed as well in order to conduct the 
flight test. The setup for the flight test is as in Figure 13. 
 

 
Fig. 13. Pressure distribution at body for (a) V = 54.6 m/s, 
(b) V = 40m/s, and (c) V = 25m/s 

 
Several observations can be made from the conducted flight test configuration setup 
 

i. The rod attached to the rocket is quite agile and does not stay static for the rocket to leave 
the rod. This situation will cause instability for the rocket when it leaves the rod. 

ii. The igniter cable setup was relatively short, and any failure such as a rocket explosion will 
damage the main igniter switch. 

iii. The igniter attached to the rocket motor was only a pure chrome wire configuration; thus, to 
start the burning of the motor took a bit longer than it should be. 

 
The best configuration is to coat it with a black powder solution to create a good flame for the 

rocket motor to start burning. As stated before, the rocket launcher was considerably agile while the 
rocket is leaving it. The rocket moved a little bit down when leaving the rocket launcher, but the 
rocket managed to have a stable flight condition despite the instability when leaving the rocket 
launcher. For instance, the rocket managed to stabilise itself when flying; thus, this situation attests 
to the CFD simulation where the aerodynamics forces acting on it are more trivial, thus ensuring the 
rocket had an excellent and stable flight path. The flight test validations are shown in Figure 14. 
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(a) 

 
(b) 

Fig. 14. Smokey SAM rocket (a) once leaving the launcher, (b) flight trajectory at angle 

 
In rocket analysis, the centre of pressure is essential for predicting the flight stability of a rocket. 

For positive stability in rockets, the centre of pressure must be further away from the nose than the 
centre of gravity. This action ensures that any increased forces resulting from an increased angle of 
attack result in an increased restoring moment to drive the rocket back to the trimmed position. A 
positive static margin suggests that the complete rocket makes a restoring moment for any angle of 
attack from the trim position in rocket analysis [20]. 
 
4. Conclusions 
 

This paper intends to study the rocket's flow behaviour once it is launched since the aerodynamics 
analysis on the Smokey SAM prototype rocket has not been comprehensively examined. The 
aerodynamics loads acting on the rocket body must ensure that a steady flight condition can be 
achieved. To sum up the CFD simulation work, the setup for the CFD simulation was a success since 
the results are converged. As for a low-speed trajectory, the pressure acting on the fin is less 
compared to a high-speed trajectory, and this is valid since, at low speed, the pressure is less 
considering the movement of air particles is much slower than at high speed. The fin and the body 
flow distribution showed the same trend where the simulation recorded that as the speed increases, 
the pressure also increases. It is shown that fins contributed to the aerodynamics load higher than 
the body, and this is reliable since the fin acts as the stabiliser for the rocket in mid-air. 
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