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Abstract - Lower ballistic coefficient offers an optimal re-entry, wherein the vehicle decelerates higher up in the
atmosphere thereby decreasing the imposed aerothermal loads. The current numerical study investigates the effects of
an add-on duct to the re-entry vehicle. The add-on duct shall circumvent the vehicle from the shoulder to the base. The
add-on duct is expected to improve the aerocapture ability of the re-entry vehicle. The drag and ballistic coefficient of
the ducted re-entry vehicle will be evaluated and compared with those of the baseline model. Apart from this, the
effect of the distance of the duct from the body will also be investigated. In addition to this the variation of drag and
ballistic coefficient due to the change in speed regime will also be investigated. All the investigations will be performed
using the CFD solver Fluent. The results reveal that the position-1 has the highest drag when the duct-position is at
position-1. When the body is tested at Mach 3, the drag coefficient increased for all the positions. The position-2
showcased the highest drag coefficient for the model. The model tested at Mach 5 revealed that the position-2 of the
duct has the highest drag coefficient.

keywords - Ducted re-entry, CFD, Supersonic.

____________________________________________________________________________________________________

I. INTRODUCTION
Atmospheric re-entry is a significant aspect in a manned mission. The interplanetary manned mission will require a re-entry

into the earths surface. An efficient re-entry requires an accurate accountability of the re-entry method and the trajectory. Care
must be taken to determine the g-loads acting on the vehicle, the temperatures the surfaces of the body face, most significantly
the loads and temperatures shall be with stand able by the crew.

Generally the re-entry in the earths surface occurs at extreme velocities, velocities that corresponds to the Mach
numbers in supersonic and hypersonic regimes. The supersonic and hypersonic flight conditions are related with large amount
of difficulties, such as aerodynamic problems.

Fig 1. 1: DLR Expert Earth Re-entry vehicle

The re-entry vehicles serves as a tool for space exploration for all the human space missions. The re-entry vehicle
must possess emergency abort capabilities, must sustain the crew in the space for a longer period of time, and provide a safe
and comfortable re-entry from the deep space into the earths atmosphere. These versatile characteristics are widely regarded as
the basis for justifying the betterness of the re-entry vehicle.

In order to incorporate the basic mentioned attributes in a re-entry vehicle, there is several R & D performed years before
the mission is accomplished. The research and development involves the experimental and computational test conducted across
various systems of the reentry vehicle. The below figure illustrates the experimental tests being carried out on the scaled
models of the various space vehicles. The tests shall reveal the flow-configuration obtained for the design considered. In
addition, the test shall also allow the investigators to quantify the flow-field parameters, such as the temperature, pressure and
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fluxes acting on the body of the space vehicle. The quantification will aid to understand the identify suitable material that can
withstand such strong temperatures.

Fig 1. 2: Experimental test on the space vehicles
Apart from the experimental test being performed on the space vehicles of different shapes, there is an excellent

computational tool that will allow us to investigate virtually the flow parameters of the various space vehicles. Computational
Fluid dynamics[1] has played a significant role in the evaluation of the flow parameters, and research on efficient systems. The
below figure (next page) shows the CFD visualization of the flow past a bluff body. The results of CFD can aid in assessing
various and numerous aspects of flow. The advent of CFD has allowed various researchers across the world to perform
numerical experiments and solver various engineering cases.

Fig 1. 3: CFD Analysis of a blunt body
For the past years, the aerodynamics of space vehicles (re-entry vehicles) has been an interest for the researchers.

Especially the effects on the drag-coefficient dur to a physical modification in any vehicle has piqued the curiosity of several
aerodynamicists. The reentry vehicles have always been a subject of vital interest by the researchers due to immense number of
practical implications.

Axi-symmetric Shape: This is a simplest shape being employed or considered by various vehicles. [2] Most commonly the
forebody of this type of vehicles is a spherical shaped blunt body. The bluntness is required to allocate the payload in the
vehicle, and create enough drag during the landings. The below figure illustrates an axisymmetric body. It is a combination of
forebody and aftbody. The forebody nose can have any diameter, depending on the requirement. And the aft body follows.
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Fig 1. 4 Axi-symmetric body – Picture Courtesy NASA
The variation of forebody and aftbody depends on the application of the space vehicle, the number of crew, the

payload, etc. The below figure shows an axi-symmetric body with lengthier aft body, in comparison with the forebody/nose.

Fig 1. 5 Axi-symmetric body -Computational model

II. LITERATURE SURVEY
Various researchers have investigated the aerodynamics of re-entry bodies. Mungiguerra and Fedele [3] investigated the

MINI-IRENE capsule. It is a Flight Demonstrator, which is a novel concept capsule. The demonstrated possessed a variable
geometry, the purpose of the variable geometry is to enhance the range of available platforms for retrieving the payloads and
data from LEO. The significant characteristics of this vehicle was the “umbrella-like" deployable front structure. The purpose
of this structure was to reduce the capsule ballistic coefficient, which lead to acceptable wall heat fluxes, mechanical loads,
stability and final descent velocity.

Zhou et al. [4] investigated the various aerodynamic configurations of the capsuled for the reentry manned vehicle. The
authors stated that the capsule with high L/D ratio have statically stable trim points, and this is undesirable, because when the
vehicle flies past the trim point during re-entry the consequence may be disastrous. The authors proposed an effective design
methodology for enhancing mono-stability features of re-entry capsules without compromising the lift-to-drag ratio. The results
were demonstrated based on CFD analysis to understand the flow characteristics.

Raj et al. [5] used numerical simulations to propose add-on to the existing re-entry vehicle. A circumventing duct was
proposed in their work. Different designs were simulated to evaluate the drag-coefficient and ballistic coefficient of the vehicle
with the duct. The results revealed that the drag from all the models was increased with the presence of duct circumventing the
re-entry model.

Sharma et al. [6] performed numerical simulation to investigate a novel concept i.e., a flow-through duct in blunt cylinder
replicating a re-entry vehicle. The effects of aerodynamic heating and drag were evaluated by using steady state simulations on
the axi-symmetric body. The study revealed that the smaller ratio of duct dia have shown significant reduction of peak surface
fluxes.

Savino et al. [7] focused on the design of deployable, thermal protection system. Two sphere cone configurations were
investigated from an aerodynamics point of view. An evaluation of thermal and aerodynamics loads was performed to assess
the longitudinal stability of the capsule.

Chang et al. [8] investigated the aerodynamic characteristics of the re-entry vehicle using CFD. The authors focused on the
hypersonic flow regime over a set off capsule configurations. The results demonstrated a good agreement between
experimental and numerical. Surface heat flux and aerodynamic force predictions of the capsule configurations are discussed in
detail.

Mehta [2] used numerical simulation to analyse the flow past apollo and orex re-entry vehicle. The author demonstrated the
flow-field characteristics of the such as bow shock, sonic line, expansion fan, and recirculating zone in the numerical
computations. The effects of the module geometrical parameters, such as radius of the spherical cap radius, shoulder radius,
cone angle and back shell inclination angle on the flow field, which will provide a useful input for the optimization of the
reentry module.

Whitmore[9] et al. compared four different configurations to analyse the aerodynamics of the bionic and capsule
configuration. The volumetric efficiency, peak deceleration during reentry, peak dynamic pressure during reentry, available
downrange during reentry, available cross range during reentry, handling qualities and controllability, stagnation point heating

file:///E:/Planet%20Publication/IJEDR/Volume%203/Vol%203%20Issue%202/Published_Paper_V3_I2/www.ijedr.org


Publication Since 2012 | ISSN: 2321-9939 | ©IJEDR 2021 Year 2021, Volume 9, Issue 2

IJEDR2102039 International Journal of Engineering Development and Research (www.ijedr.org) 239

rates and temperatures, and technology readiness level were considered as the parameters for evaluating the performance
characteristics.

Bhaktian [10] explored the augmentation of decelerative forces experience during re-entry. The amount of drag was
evaluated using the jet manipulation system.

Although numerous works focused on the re-entry vehicle, few works discussed the drag characteristics and ballistics of the
bluff body. In this work a quantification with a systematic analysis of the flow over a bluff body is performed to evaluate the
drag and ballistic co-efficient of the blunt body with circumventing duct. The blunt body considered for this study will be an
axi-symmetric body.

III. METHODOLOGY
Ballistic coefficient determines the amount of deceleration a body possess. The below figure illustrates the two commonly

used re-entry vehicle. The body on the left is a streamlined body, the stream line bodies have high ballistic coefficient. On the
other side, the body is a blunt vehicle with low-ballistic coefficient. Generally, the body with low-ballistic coefficient has
higher decelerative forces. Therefore, during re-entry low-ballistic coefficient is preferred. The difference between both the
bodies is with respect to the aft body, on the left side the aftbody is increasing its diameter, on the right side, the diameter of the
aft body is reducing.

Fig 3. 1: Blunt versus Streamlined Vehicle
In this research, we are investigating the ballistic coefficient and drag coefficient for the body which has a constant aft body

diameter, as shown in figure 3.2. The body has a diameter of 15mm. The length of aft body is 15mm.

Fig 3. 2 Dimensions of the Main body
The next model, which is targeted to improve the decelerative forces is the model with a duct circumventing the aft

body of the above model. The below figure (fig 3.3) shows the model with the duct.

Fig 3. 3: Dimensions of the Main body with Duct
The duct is along the length of the model. The lip radius of the duct is 0.125mm. The research involves the

investigation of the airflow characteristics i.e., the drag characteristics and ballistics coefficient of the model with duct placed at
various positions. The distance between the duct and the aft body is varied as follows:

15mm
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Table 3. 1: Positions of the Duct
Model Distance of Model with the body (mm)
1 0.25
2 0.35
3 0.45

Three different models are created by considering the different positions of the duct. The geometry is created in the
ANSYS Design modeler. Each position of the duct is investigated for three different Mach numbers 2, 3 and 5.

In order to validate the numerical scheme, an experimental study by white[11] is considered. The investigated
experimentally, the flow past a bluff body having 4 inches diameter. The experimental study involved the flow of Mach 2.23.
The below graph illustrated the comparison of local to freestream pressure ratio on the blunt body.

The experiment boundary conditions are tabulated below
Table 3. 2: Experimental Boundary Condition

Mach Angle of Attack Pressure altitude
2.23 0 32,000 Feet

The dimensions of the experimental model is illustrated in the below figure.

Fig 3.4: Experimental Vs. Numerical Pressure Distribution

The graph in figure 3.4 clearly illustrates that with the considered numerical scheme, the solver fluent has resulted in
identical pressure distribution. Therefore, this demonstrates a successful code verification to perform consequent CFD
simulation

Fig 3.5: Grid Independence Study

4 inches

1.5 inches
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The numerical solver Fluent is used to perform a flow analysis, for this the duct is considered that will be simulated
numerically, followed by modification of the geometry.

In this research work we considered 3 positions at 3 Mach numbers that is at Mach 02,at Mach 03 and at Mach 05

IV. RESULTS
The results evaluated the aerodynamic characteristics of the model with different duct positions. The figure 6.1 represents

the Cd obtained at different positions of the duct for the different Mach number.
The results reveal that the position-1 has the highest drag when the duct-position is at position-1. When the body is tested at

Mach 3, the drag coefficient increased for all the positions. The position-2 showcased the highest drag coefficient for the model.
The model tested at Mach 5 revealed that the position-2 of the duct has the highest drag coefficient.

Fig 4. 1: Coefficient of Drag Vs. Duct Positions
The drag characteristics were different for all the cases. In order to quantify the ballistic coefficient, the drag values along

with the reference area is used. The following formula is used to calculate the ballistic coefficient [12]:

M is the mass of the body which is assumed as 75 grams based on the size of the model [5], Cd is the drag coefficient and S
is the reference area.

Fig 4. 2: Ballistic Coefficient Vs. Duct Position
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The above figure illustrates the ballistic coefficient vs, the duct position. The lesser the ballistic coefficient the higher
the decelerative forces that can withstand the model. The model at Mach 2 revealed that the position-2 has the highest ballistic
coefficient. For the Mach-3, the position-1 and for Mach-5 the position-1.

V. CONCLUSION
Numerical experiments were performed on the blunt model to investigate and account the coefficient of drag acting on the

model at different Mach numbers. In addition to the drag coefficient, ballistic coefficient is also evaluated. The study targeted
the evaluation of the duct circumventing the aft body of the re-entry vehicle. The circumventing duct was varied with respect to
the distance from the aftbody and the circumventing duct.

Three positions were evaluated, at three different mach numbers i.e., 2 , 3 and 5. The contours illustrated the shock waves
and the various configurations of the flow filed. The drag coefficient revealed different outcome for each position and mach
number. The ballistic coefficient revealed that the for Mach-2, the position-1 showed lower values of ballistic coefficient this
indicates that this position has the highest decelerative forces. And for Mach-3, the position-3 revealed a lower ballistic
coefficient, and at Mach-5 the position-2 has the highest decelerative forces.
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