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Abstract--In this paper, numerical simulations are used to
evaluate pressure and velocity variations at different points
on the capsule’s surface at three different Reynolds numbers.
The results indicate that the surface roughness of the capsule
can lead to increased friction in the boundary layer and
pressure drop in the rear region of the capsule, which affects
the drag coefficient and contributes to the formation of
vortex regions. The final values of the drag coefficient for
Reynolds numbers of 102, 103, and 10° are 1.69, 1.687, and
1.63, respectively, which indicates that the drag coefficient
decreases with an increase in the Reynolds number. The
roughness influences the distribution of pressure and velocity
contours, causing instability and non-uniformity in the flow.
The maximum pressure in the presence of roughness
decreases by 1.35 Pa compared to the smooth condition. This
study can help improve their performance under various
operational conditions.

Kerwords: Terms--Re-entry capsule, Surface roughness,
Vortex, Drag coefficient, Pressure coefficient.

1- Introduction

The term capsule is generally used to describe various
types of spacecraft, including crewed spacecraft, planetary
probes, and flight maneuvers [1]. Over a period of more
than 60 years, experimental and computational studies on
the aerothermodynamics of reentry capsules have been
conducted [2]. Research on safe reentry initially began
analytically and was later supplemented with experimental
tests for verification. The return of the capsule from orbit
to Earth consists of three essential phases: entry, descent,
and landing [1]. Due to the lack of control surfaces in most
reentry capsules, determining and controlling aerodynamic
forces and moments throughout the return trajectory at all
speeds is of particular importance [3]. Dutta et al. [6]
compared pre-flight atmospheric models with in-space
measurements, which indicated under-predictions in the
upper atmosphere. Priyadarshi and Mittal [7] optimized

system-level design objectives, cross-range, and total mass
within a  multi-objective  and  multi-disciplinary
framework. Their effort was to improve the accuracy of the
participating strands while maintaining the execution
speed of the strand modules. The configuration features
were analyzed on the Pareto front and compared with the
optimization results that used a less accurate aerodynamic
model.

The literature review shows that the effect of roughness
on the hydrodynamics of flow around a return capsule has
not been examined so far. On the other hand, placing two
stepped surfaces in the rear section of the capsule and
examining their effect on the changes in pressure
coefficient and drag coefficient is another innovation of
the present work. Accordingly, in the present study, the
effect of roughness on the aerodynamics of capsule motion
and its drag coefficient has been examined using ANSY'S
Fluent software. Next, the geometry, governing equations,
numerical grid used, and simulated boundary conditions
are examined, followed by the presentation of the
simulation results.

2- Problem Description

The geometry selected in the present study is a reentry
capsule, the dimensions and geometric specifications of
which are shown in Fig. 1. The basis for selecting the
geometry in this study is inspired by the study of Edquist
et al. [6]. The basic reentry capsule consists of three
analytical surfaces, which are a spherical section, a
toroidal section, and an incomplete conical section, along
with a step at the rear of the reentry capsule.
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Fig. 1. Schematic of the entry capsule and boundary
conditions.

3- Governing Equations
Assuming a turbulent and unsteady flow, the averaged

continuity and Navier-Stokes equations for an
incompressible fluid are expressed as follows.
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where #;, p, v, and p represent the mean velocity, mean
pressure, kinematic viscosity, and fluid density,
respectively. Additionally, u; and w; are the fluctuating
velocity components. To model the term uju;, the k-g
turbulence model is used.

4- Grid Study And Validation

To ensure the accuracy of fluid properties near the wall, a
boundary layer mesh with a maximum of y* = 12 is
considered. The distance from the first node to the surface
of the body is 0.0001 meters with a growth rate of 1.2. It
should be noted that the number of computational elements
in the selected network is 823946. Fig 2 illustrates a
schematic of the grid used for the present simulations.

Fig. 2. Schematic of the grid employed for the present
simulations.

To ensure the accuracy of the present numerical
solution, the results obtained from the flow around a two-
dimensional cylinder with a circular cross-section, as
presented by Singh and Mittal [7], are compared with the
results obtained from the present work. They used a

turbulent model of large eddy simulation and reported the
pressure and drag coefficients at various angles. Table |
shows the changes in the pressure coefficient with respect
to the angle. This angle at the front stagnation point is
equal to zero and gradually increases until it reaches an
angle of 190 degrees at the rear of the cylinder. The values
mentioned in this table indicate a good agreement between
the results obtained from the two turbulence models
mentioned, namely, the large eddy simulation turbulence
model and the k-¢ turbulence model.

Tabel. I Comparison of pressure coefficient values
obtained from the current work and the results reported by
Singh and Mittal [7].

Angle
(degree) 0 20 40 60 80
Present 1 0.59 05 | eat | 2400
work
Singh and
Mittal[7] | 1 | 058 052 | -1.738 | -2.43

5- Results

The surface roughness of the capsule can significantly
affect its aerodynamic performance. Surface roughness
can affect boundary layer formation, turbulence
generation, and pressure distribution. In general, a rough
surface increases flow attachment and separation in
specific areas, which leads to an increase in drag force. In
this study, a roughness of 0.5 mm is applied to the surface
of the capsule, and the results of the changes in the drag
coefficient are shown in Fig. 3. The maximum pressure in
the presence of roughness decreases by 1.35 Pa compared
to the smooth condition. The maximum velocity also
changes to 98.8 m/s, which, compared to previous values,
results in a decrease in velocity.

6- Conclusion

This paper analyzes the impact of surface roughness on the
drag coefficient, pressure coefficient, and the dynamic
behavior of the flow around reentry capsules. The results
of the numerical simulations indicate that surface
roughness significantly affects the drag force and
boundary layer characteristics. For three Reynolds
numbers, the results indicate a decrease in the drag
coefficient with an increase in the Reynolds number.
Additionally, under rough conditions, the drag force is on
average 15 percent higher than under smooth conditions.
At the nose of the capsule's front curve, the highest
pressure exists, which increases to 3.97x107 Pa for Re =
102, The stable value of the drag coefficient for Re = 102,
103, and 10° is 1.69, 1.687, and 1.63, respectively,
indicating that the drag coefficient decreases with an
increase in the Reynolds number.
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Fig. 3. The effect of surface roughness on the changes in
drag coefficient around the recirculating capsule at Re =
103,
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