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Abstract: The use of passive, active, or hybrid flow control techniques is often investigated to reduce
the acoustic signature, wave drag, and aerodynamic heating associated with the supersonic flow
regime. This research explores passive and hybrid flow control techniques to achieve an optimal
reduction in wave drag and aerodynamic heating on a blunt body using an aerodisk. While passive
techniques use one or two aerospikes, hybrid techniques employ opposing jets and aerospikes.
Numerical analysis is performed using Reynolds-Averaged Navier–Stokes (RANS) equations to
analyze the bodies’ flow field. The statistical technique, Design of Experiments (DOE), is combined
with Response Surface Method (RSM) to find the optimal configuration for four cases by generating
design space. Two cases were considered for the optimization: single aerospike with and without
opposing jet and double aerospike with and without opposing jet. Variables used for the design of
the aerodisks were spike length and diameter, while the response variables were wave drag and
normalized heat flux. The current study has established an optimum relationship between spike
length and aerospike diameter located in front of the main blunt body for both single and double
aerospikes. The study’s results suggest that a double aerodisk configuration is more beneficial for
reducing drag and heat flux at supersonic speed than a single aerodisk. By incorporating an opposing
jet at a pressure ratio of 0.8 from the frontal aerodisk to the spiked blunt body, it can reduce drag and
heat flux by 86% and 95%, respectively. Finally, numerical verification is performed for statistically
optimized designs.

Keywords: optimization; blunt bodies; aerodisk; opposing jets; heat and drag reduction

1. Introduction

With the growing need for fast-moving intercontinental transportation systems and
space tourism, the global research community has renewed its interest in developing safe,
reliable, and economical supersonic flight systems. Despite this, the primary challenges
faced in developing these vehicles are wave drag, and aerodynamic heating [1]. It may
be possible to make supersonic and hypersonic space exploration missions viable by
modifying flow behavior and geometrically optimizing blunt bodies [2,3]. Implementing
active, passive, and hybrid flow control techniques are actively pursued to reduce air
resistance, and heat generation on blunt bodies [4,5]. Active flow control techniques
involve introducing energy or power to the flow. This involves energy deposition upstream
of the body and using an opposing jet. The opposing jet has gained popularity among
the active flow control techniques owing to its re-usability and profitability. This effective
method comprises the ejection of a jet from the stagnation point of a blunt body in the
upstream direction. The free-stream fluid then transforms this jet to flow in the rearward
direction forming a shear layer over the body surface, thus protecting it from the external
high-pressure and high-temperature environment.

The experiments by Hayashi et al. [6,7] and associated numerical studies disclosed the
flow field around the blunt-shaped profile at several pressure ratios (PR). Many researchers
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used this study as a verification criterion for the numerical approach. Venukumar et al. [8]
also proved the productiveness of opposing jets through experimentation. Rong [9] pro-
posed a new assessment framework incorporating the jet pressure ratio and its area to
analyze the impact of opposing jets. Numerical methods have also studied the impact of
jet temperature [10,11], medium [12,13], and nozzle geometric parameters [2,14] in reduc-
ing the wave drag and heat flux. Similarly, Gerdroodbary et al. [13] suggested a method
that converts one opposing jet into a series of forward-facing micro-jets of the same area
resulting in a heat-load reduction of 40%.

Moreover, Shen and Liu [15] proposed a small, lightweight gas device for opposing
jet thermal protection in fast-moving flows, which utilizes the fuel gas generated with
solid fuel as cooling gas. Another numerical study on shock reduction through a counter-
flow plasma jet also showed pragmatic impacts on drag reduction in the supersonic flow
regime [16]. Finally, as a more efficient method in heat reduction than the steady jet,
the opposing pulsed-jet has also attracted some attention [17,18].

The flow physics of opposing jets is of significant interest to researchers. The core
feature of opposing jets, when installed on blunt bodies, is the formation of long and short
penetration modes. The long penetration mode is oscillatory and deemed inappropriate
due to unsteady behavior. However, the short penetration mode contributes to a significant
reduction in drag and wall-heat flux. Bibi et al. [2] proposed shape changes in the ejection of
opposing jet nozzle to control short and long penetration modes. Similarly, Li et al. [14,19]
examined the effects of jet nozzle configuration and free-stream flow conditions on drag
and heat reduction through a counter-flowing system [20].

Passive flow control methods involve techniques that do not introduce any energy or
power to the flow. Flow is usually manipulated by using different geometric shapes as per
application requirements. Various methods are used to separate flow for drag and heat
reduction, including grooves, ribs, spikes, and their combinations [21,22]. Among these
passive techniques, the mechanical spike has gained the most importance. As part of
the seminal study by Alexander [23], he suggested the use of aerospike to reduce wave
drag at high-speed flows. Several studies were subsequently proposed to explore the flow
physics of fast-moving flows over a blunt profile with an elongated nose tip. Findings
from the literature show that the spike modifies the forebody flow field in two ways [24].
First, it breaks the single strong shock wave into a series of weak oblique shock waves.
Second, it causes flow separation and creates a shear layer that re-attaches downstream
of the forebody region [24]. A comprehensive review of spike technology conducted by
Ahmed [25] suggests that the aerospike can reduce drag as it protrudes from the nose tip of
the blunt body.

The hybrid flow control technique is an amalgamation of active and passive devices
that can significantly reduce aerodynamic drag and heat flux. There are several combina-
tions of active and passive devices available in the literature, such as the combined impact
of counter-flowing jets and forward-facing cavities. The forward-facing cavity located at
the tip of the blunt body is accepted for wave drag, and aero-heating reduction [26,27].
Huang et al. [28,29] conducted parametric research concerning the influence of cavity loca-
tion, length-to-depth ratio, and aft angle of the cavity. Based on the conventional cylindrical
configuration, a novel cavity of parabolic geometry was suggested by Sun et al. [30], which
showed greater efficiency in reducing heat and pressure. Moreover, the amalgamated jet
and cavity concept was suggested to be better for drag and aero-heating reduction [26–31].
Similarly, Gerdroodbary et al. [12] analyzed the combined effect of an aerospike and an
opposing jet at a Mach number of 5.75 by ejecting cooling gas from the top of the blunt body.
The analysis outcomes showed the tremendous advantages of a combined thermal protec-
tion system for thermal relaxation and drag reduction of blunt bodies. Eghlima et al. [32,33]
presented numerical simulations of drag variation and heat flow around a spherical head
cylinder when an amalgamated thermal protection system was installed, and with air as
the jet gas. At a Mach number of 3.98 and using liquid nitrogen, Huang et al. [28] modeled
a combined aerospike and opposing jet system in a hypersonic flow. Jiang et al. [34] per-
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formed a wind tunnel experiment on a hemispherical blunt-shaped body to analyze the
impacts of a combined aerospike and transverse jet thermal protection system on thermal
protection and drag reduction for a blunt body in high-speed flows.

This allows the aerospike to effectively push the strong bow shock away from the
blunt-body wall, generating a weak conical shock wave from the spike tip, and reducing
the high pressure and temperature of the flow field after the shock wave pattern. As a
result, the additional spike separates the upstream flow field of the blunt body, where the
separation flow then attaches to the vehicle’s surface, creating a re-circulation zone adjacent
to the vehicle’s head. Despite the well-established idea that elongated aerospikes can reduce
extreme pressure drag on blunt bodies, they also increase the heat transfer rate. Since the
mechanical spike endures high temperatures during flight, it must be replaced frequently or
cooled continuously. The aerospike can be made effective by using a hemispherical blunt tip
shield known as an “aerodisk”, further enhancing the efficiency of the elongated aerospike.
The size, shape, and length of the aerodisk and the spike have raised concerns about
the flow field around bluntly shaped profiles, as depicted in Figure 1. A comprehensive
summary of the experimental research shows that the aerospike length-to-diameter ratio
(L/D) presents a significant geometric parameter of the thermal protection system.

Figure 1. Types of aerospike (pointed and hemispherical) along with schematic flow patterns.

In the present study, a Design of Experiment (DOE) based optimization process was
used to improve the passive and hybrid flow control techniques by introducing a greater
understanding of the flow field around a blunt body. The goal was to alter the flow field
for aerodynamic drag and heat reduction using hybrid techniques. For this purpose, we
investigated wave drag and heat reduction employing numerical and statistical approaches.
This paper begins with a brief review of different flow control techniques (Section 1),
followed by a description of the research problem through the development of a numerical
model used for validation cases and setup for aerodisk design space (Section 2). Section 3
presents the optimized design results using a single and double aerodisk. These results
include flow physics of optimized geometries. Finally, the main results of this work are
summarized in Section 4.

2. Problem Formulation

Computational Fluid Dynamics (CFD) is used as one of the tools for the numerical
analysis of complex flow fields. The modeling and simulation setup was created using
Reynolds-Averaged Navier–Stokes (RANS) solver and best-fit turbulence model. These
represent the appropriate models for use in CFD simulations.

An axis-symmetrical blunt body was generated with and without an opposing jet at
the nose of the blunt body to validate the flow field. Furthermore, the passive and hybrid
designs for single and multiple aerodisks on the spiked blunt body were geometrically
constructed. The two central equations involved in the analysis are continuity and momen-
tum equations. Furthermore, as the flow is analyzed at high Mach numbers, the energy
equation was also incorporated. The continuity equation is expressed in Equation (1) where
ρ is density and u, v, and w are velocity components in x-, y-, and z-directions, respectively.
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The first term is the rate of change in density, while the second term describes the net flow
of mass out of the elements across its boundaries and is denoted as the convective term.

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂x
+

∂(ρw)

∂x
= 0. (1)

The three equations are the momentum equation in x-, y-, and z-directions, respec-
tively; where “P” is the pressure, “Re” is Reynolds number, and τ is the stress.
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1
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Since the flow is compressible, the energy equation is also utilized and is given
as follows:

∂(ET)

∂t
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∂(uET)

∂x
+

∂(vET)

∂y
+
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1
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)
+

∂

∂y
(
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)
+

∂

∂z
(
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)
].

(5)

2.1. Computational Setup

A fully structured 2D axis-symmetrical computational grid was generated in ANSYS®

Mesher. Due to the symmetry of the problem, only one-half of the geometry was modeled.
The grid was highly clustered near the body surface and jet orifice (for the hybrid flow
method) to accurately resolve complex flow features in these regions, as shown in Figure 2.
A grid independence study was also performed for the no jet case, as shown in Figure 3.
A total of three grids; coarse (40,000), medium (100,000), and refined (150,000) were used.
The refined grid results matched very closely with the experimental surface pressure plots.
Therefore, the refined grid was selected for further analysis.

(a) (b) (c)

Figure 2. (a) Axis-symmetrical computational grid. (b) Simple blunt body. (c) Blunt body with
opposing jet.
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Figure 3. Grid independence study results.

Ansys® Fluent was used as the numerical solver for performing simulations. Axis-
symmetrical steady-state Reynolds-Averaged Navier–Stokes (RANS) equations were solved
using a density-based implicit solver. This solver is found to work efficiently for supersonic
and hypersonic flows. Since aero-thermal chemical considerations were neglected, the air
was therefore modeled as an ideal gas in current operating conditions. Air viscosity
was defined by Sutherland’s viscosity law. A turbulence model was introduced to capture
complex flow features such as shock waves, separation, and re-circulation regions. The K−ω
SST turbulence model densely captures the flow field in the inner region of the boundary
layer. The flow contours and re-circulation region located in front of the blunt body were
more concentrated in the K−ω SST model than the Spalart Allmaras model and can be
viewed in Figure 4. Moreover, the results of the K−ω turbulence model mapped best with
the experimental data [6]. Therefore, the K−ω turbulence model was used in this study.

(a) (b)

Figure 4. (a) Spalart Allmaras model. (b) K−ω SST model comparison of flow field contours.

The baseline configuration with available experimental data was adopted from
Hayashi et al. [6]. The flow conditions in Table 1 are similar to those used in the experimental
work of Hayashi et al. [6]. The jet flow boundary was set to pressure inlet. The numerical
domain was modeled as far-field, with the outlet modeled as a pressure outlet. The selection
of these boundary conditions allowed us to successfully compute the overall mass-flow rate
of the system and to assess its conservation. A no-slip isothermal condition was applied to
the wall. Details of the boundary conditions used are given in Table 1.
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Table 1. Boundary conditions used for free-stream and opposing jet.

Free-Stream conditions

Gas Air

Mach Number 3.98
Stagnation pressure (MPa) 1.37

Temperature (K) 397

Opposing Jet

Gas Air

Mach Number 1
Stagnation pressure (MPa) 0.4, 0.6, 0.8

Temperature (K) 300

Wall Temperature (K) 295

2.2. Validation of Test Case

Validation results were compared against the numerical and experimental work of
Hayashi et al. [6,7]. The total surface pressure and wall-heat flux distribution, Stanton
number, are compared in the cases with and without jet. The analysis showed the formation
of a very thin bow shock visible just ahead of the blunt body in Figure 5 for the no jet case.
The density contour showed that the computed shock stand-off distance is in good agree-
ment with experimental imagery obtained from the work of Hayashi et al. [6]. Similarly,
the pressure distribution comparison demonstrates close agreement with experimental
data [7].

(a) (b)

Figure 5. (a) Comparison of numerical and experimental shock stand-off distance (b) Pressure
distribution for the no jet case.

The jet emitted from the nose of the blunt body is specified in terms of total pressure
ratio (PR). It describes the ratio of jet stagnation pressure Poj to free-stream stagnation
pressure Po∞. In the present work, the jet ejection diameter is kept constant at 4 mm.
Numerical simulations of PR = 0.8 are conducted and duly validated with experimental
surface pressure data. Figure 6 shows both numerically validated surface pressure plots
and shock stand-off locations with experimental data [6].
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(a) (b)

Figure 6. (a) Shock wave stand-off location. (b) Pressure distribution with opposing jet.

The Stanton number (St) is a dimensionless number that measures the ratio of heat
transferred into a fluid to the thermal capacity of the fluid and is expressed as:

St =
qw

ρ∞cp∞U∞(Taw − Tw)
(6)

where qw is the surface heat flux, cp∞ is the specific heat at constant pressure, and Taw is
the adiabatic wall temperature and computed as:

Taw = T∞

(
1 +

γ− 1
2

Ma2
∞Pr

1
3
w

)
(7)

where Prw denotes the wall Prandtl number. For the validation case, M∞ = 3.98, T∞ = 95.25 K,
Tw = 295 K, Cp∞ = 1006.43, γ = 1.4, and U∞ = 778.375 m/s were used. The computed
results are compared with those of Hayashi [6] for the with and without jet cases, as shown
in Figure 7. It can be seen that the Stanton number distributions obtained via numerical
methods struggle to cover the experimental results completely. The experimental thermal
measurement represents a challenging task from the authors’ point of view. This is mainly
due to the rapid thermal response of the blunt body in high-speed flights, whereas starting
the wind tunnel and establishing a flow field before the aero-heating measurement occurs is
a lengthy process.

(a) (b)

Figure 7. Stanton number distributions (To = 397 K) (a) at PR = 0, (b) PR = 0.8.

2.3. Selection of Design Variables and Their Ranges

Design of Experiments (DOE) is a systematic approach to understand the effect of
process and product input parameters on response variables such as product performance,
efficiency, processability or optimization of physical properties. It is a mathematical tool
used to optimize system performance and interpret the impact of each input parameter on
the output responses. In order to predict the product properties and performance within
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the range selected for the experimental design, DOE employs statistical methodology to
understand how a particular input variable affects product performance, and the possible
interactions between input variables. In addition, DOE generates the required information
using the minimum number of experiments necessary, and applies mathematical analysis to
predict the response within experimental limits and under specific experimental conditions.
DOE creates a clear division between significant and insignificant input factors. Further, it
can be used to determine which factors and interactions are critical and have a major impact
on the output response, and which variables and interactions contribute insignificantly
to the output. In addition, DOE is computationally extensive and economically cheap in
providing a usable understanding of product properties and efficiency. The best use of DOE
is during new product development, existing product optimization, and solving technical
problems where more than one variable is present. It is also used to help understand the
response of multiple variables that can be altered or controlled during experimentation.
Another advantage of DOE is that systematic data are generated, summarized, and evalu-
ated to definitively determine whether a project should be continued or the project cannot
be resolved and should thus be discontinued. Regardless of whether the DOE results are
positive (the experiment shows the desired response) or negative (the experiment shows
an undesired response), it is still important to complete the project and document the
results so that the project will not be needlessly repeated. In short, the major steps of DOE
provide an understanding of the processes and their interactions over the experimental
space studied [35]. A critical step in the DOE process is the selection of input variables
and the maximum and minimum range for each input variable. The input factors and
ranges directly impact output responses. In the present research, two control variables were
selected for the optimization process. A schematic view of the single and double aerodisk
configurations with aerospike is shown in Figure 8.

(a) (b)

Figure 8. Schematic view for (a) Single-disk aerospike (b) Double-disk aerospike.

For passive and hybrid design optimization using a single aerodisk, the two significant
factors, spike length, and disk diameter are selected along with their maximum and
minimum limits as described in Table 2.

Table 2. Input variables for aerospike with a single aerodisk.

No. Control Variables Minimum Value Maximum Value

1 Spike Length—SL (mm) 25 200
2 Diameter of Disk—DoD (mm) 4 20

For an aerospike with a double aerodisk, the two input factors were kept the same as
that selected for the single aerodisk; however, the position of the intermediate aerodisk
(Disk 2) varied at 25%, 50% and 75% of the overall spike length, as shown in Figure 8.
Therefore, in this case, the three input factors and their maximum and minimum limits are
shown in Table 3.

Table 3. Input variables for aerospike with double aerodisk.

No. Control Variables Minimum Value Maximum Value

1 Spike Length—SL (mm) 25 200
2 Diameter of Disk1—R1 (mm) 2 10
3 Position of Disk 2—P2 (% of spike length—SL) 25 75
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The two significant output responses are the drag coefficient (Cd) and the Stanton
number (St). ||St||2 is considered the main output response, and is therefore utilized in
analyzing the results for a single aerodisk in the with and without the jet cases. Conceptually,
the second norm of values calculates the distance of vector coordinate from the origin of
vector space. The result is a positive distance value. The second norm of Stanton number
||St||2 is calculated by taking the square root of the sum of squared values of Stanton
numbers of each spatial location over the body surface within 2D vector space.

||St||2 =

√
(||St||1)2 + (||St||2)2 + (||St||3)2 + . . . (||St||n)2

n
. (8)

As the wall-heat flux distribution over the body surface area varies from point to point
in vector space; therefore, the second norm of Stanton number, ||St||2, is selected as the
output response as shown in Equation (8).

2.4. Single and Double Aerodisk Design Space

The central composite design is useful in response surface methodology for build-
ing a second-order (quadratic) model for the response variable, without requiring the
performance of a complete three-level factorial experiment. Occasionally, iterative linear
regression is used after the designed experiment is performed to obtain results. Coded
variables are often used when constructing this design. The advantage of using either the
Central Composite or Box Behnken designs to generate response surfaces is that fewer
experiments are required. Using either the Central Composite or Box Behnken design to fit
a cubic model requires further experimentation so that there is at least one experiment for
each term in the model. Since quadratic models fit 95% of all experimental designs, it is
reasonable to start with a quadratic model. Additional experiments can be added later if a
higher-order model is required to predict the responses [36].

The design space is generated through the Central Composite Design (CCD) method
for both the passive (without jet) and hybrid (with jet) single aerodisk, as shown in Table 4.
The table shows critical information obtained from the CCD process. Std Order (Standard
order) displays the non-randomized order of the runs used to display the design in standard
order. Run Order presents the order in which the experiment is to be performed for potential
bias reduction in random order. Pt Type shows the type of point in the designed experiment
where 1, 0, −1, 2 represent a corner point, center point, axial point, and edge point,
respectively. Blocks represent the categorical variable that identifies groups of experimental
runs conducted under relatively homogeneous conditions. Using blocks in experimental
design and analysis minimizes bias and error variance due to uncontrolled factors.

Table 4. Response surface design for single-aerodisk-spiked blunt body.

Std Order Run Order Pt Type Blocks Spike Length Diameter of Disk

1 1 1 1 50.628 6.3431
2 2 1 1 174.372 6.3431
3 3 1 1 50.628 17.6569
4 4 1 1 174.372 17.6569
5 5 −1 1 25 12.00
6 6 −1 1 200 12.00
7 7 −1 1 112.5 4.00
8 8 −1 1 112.5 20.00
9 9 0 1 112.5 12.00
10 10 0 1 112.5 12.00
11 11 0 1 112.5 12.00
12 12 0 1 112.5 12.00
13 13 0 1 112.5 12.00
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Similarly, for the double-aerodisk study, twenty experiments were generated to analyze
three input factors against two output responses. Table 5 summarizes the designs generated
for double-aerodisk-spiked blunt body.

Table 5. Response surface design for double-aerodisk-spiked blunt body (passive).

Std Order Run Order Pt Type Blocks Spike Length Diameter of Disk 1 Position of Disk 2 (%SL)

1 1 1 1 60.472 7.243 35.135
2 2 1 1 164.527 7.243 35.135
3 3 1 1 60.472 16.756 35.135
4 4 1 1 164.527 16.756 35.135
5 5 1 1 60.472 7.243 64.865
6 6 1 1 164.527 7.243 64.865
7 7 1 1 60.472 16.756 64.865
8 8 1 1 164.527 16.756 64.865
9 9 −1 1 25.0 12.0 50.0

10 10 −1 1 200.0 12.0 50.0
11 11 −1 1 112.5 4.0 50.0
12 12 −1 1 112.5 20.0 50.0
13 13 −1 1 112.5 12.0 25.0
14 14 −1 1 112.5 12.0 75.0
15 15 0 1 112.5 12.0 50.0
16 16 0 1 112.5 12.0 50.0
17 17 0 1 112.5 12.0 50.0
18 18 0 1 112.5 12.0 50.0
19 19 0 1 112.5 12.0 50.0
20 20 0 1 112.5 12.0 50.0

3. Results and Discussion
3.1. Design Optimization Using Single Aerodisk

Numerical axis-symmetrical steady-state RANS-based simulations using ANSYS FLU-
ENT software were performed for varying lengths of elongated spike and aerodisk diame-
ters. The computational model grid formation and case setup for all 13 cases was based on
the strategy adopted for the validation case. A pressure ratio of 0.8 was kept constant for
the opposing jet. The design space results (Table 4) for the with and without jet cases are
recorded in Table 6.

Table 6. Numerical simulation results for coefficient of drag and heat flux for single aerodisk with
and without jet.

No. Spike Length (mm) Diameter of Disk (mm) Single Aerodisk without Jet Single Aerodisk without Jet

Cd ||St||2 Cd ||St||2

1 174.372 6.343 0.221182 0.0000158 0.352887 0.0000390
2 112.5 12.0 0.205585 0.0000185 0.341996 0.0000472
3 112.5 20.0 0.218781 0.0002160 0.437531 0.0000010
4 112.5 12.0 0.205585 0.0000185 0.341996 0.0000472
5 25.0 12.0 0.378786 0.0001007 0.385895 0.000221
6 112.5 4.0 0.330706 0.0000381 0.362484 0.000039
7 112.5 12.0 0.205585 0.0000185 0.341996 0.0000472
8 174.372 17.656 0.212818 0.0000109 0.391128 0.0000538
9 50.628 17.656 0.16522 0.0000187 0.346158 0.0001852

10 200.0 12.0 0.211266 0.0000120 0.348318 0.0000347
11 112.5 12.0 0.205585 0.0000185 0.341996 0.0000472
12 50.628 6.343 0.367335 0.0000775 0.333742 0.0002446
13 112.5 12.0 0.205585 0.0000185 0.341996 0.0000472
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To understand the generic trend of the drag coefficient and wall-heat flux contour plot
for the optimal design range for drag coefficient and average wall-heat flux without jet
is shown in Figure 9. The general trend suggests that the optimal drag values lie within
the optimal search space. The wall-heat flux plot suggests that an increase in spike length
and disk diameter, in general, reduces aerodynamic heating. This interpretation bears
limited implementation as the structural loads also require considerations that are beyond
the scope of this study. Similarly, the surface plot for the optimal design range of drag
coefficient and average wall-heat flux with opposing jet is shown in Figure 10.

(a) (b)

Figure 9. (a) Contour plot for drag coefficient (b) Wall-heat flux for single aerodisk without jet.

(a) (b)

Figure 10. (a) Surface plot of drag coefficient (b) Average heat flux for single aerodisk with oppos-
ing jet.

Drag and heat flux responses are assigned equal significance to find optimal configu-
rations. The predicted optimum design is sorted out for minimum drag and surface heat
flux through a response optimizer based on numerical simulations for each experimental
design. The composite desirability factor for cases with and without jets using a single
aerodisk is 0.81389 and 0.90408, respectively. This lies within a highly acceptable range,
as shown in Figure 11. For the optimal design without an opposing jet, the disk’s optimum
spike length and diameter are found to be 122.22 mm and 9.33 mm, respectively. Similarly,
for the optimum design with an opposing jet, the disk’s spike length and diameter are
93.94 mm and 19.19 mm, respectively. This suggests that the opposing jet helps reduce the
spike length and increase the aerodisk diameter.
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(a) (b)

Figure 11. Optimized design for single-aerodisk-spiked blunt body (a) without opposing jet (b) with
opposing jet.

The optimal designs for a single aerodisk sorted through the Response Surface Method
(RSM) require numerical verification to confirm the authenticity of the statistically gen-
erated optimal configuration. The verification process suggests that the drag coefficient
and total-surface heat flux are closely related to statistical values. It also provides strong
evidence for the effectiveness of DOE and RSM techniques in the geometric optimization
of such cases. The numerically validated results and statistical data are shown in Table 7.

Table 7. Numerical and statistical verification of the single-aerodisk predicted optimized design.

Design Parameters Statistical and Numerical Comparison of Output Responses

Optimal Configuration Spike Length (mm) Diameter of Aerodisk (mm)
Drag Coefficient (Cd) Average Stanton No. (||St||2)

DOE Numerical
Verification DOE Numerical

Verification

Without opposing jet 122.989 9.333 0.3375 0.3214 0.000041 0.000059
With opposing jet 93.939 19.192 0.1826 0.1619 0.0001 0.000128

3.2. Design Optimization Using Double Aerodisk

This section extends the double-aerodisk design optimization as shown in Figure 8b.
The diameter of the intermediate aerodisk is a constant parameter for every design and is
2 mm greater than the rearmost aerodisk. The objective of adding the second aerodisk on
the spiked blunt body is to assess how the intermediate aerodisk can alter the flow field;
around the blunt body at different positions on spike length and what the optimal design is
using a double aerodisk on the spiked blunt body. Numerical simulations were performed
to analyze the varying lengths of the spike, the diameter of the first aerodisk, and the
position of the second aerodisk against drag coefficient and total surface heat flux for
20 different designs. Axis-symmetrical steady-state RANS-based simulations using ANSYS
Fluent were performed, where the grid and case setup for all these configurations were
based on the strategy adopted for validation process as explained in Section 2. The result
of the numerical simulations are presented in Table 8. A pressure ratio of 0.8 was kept
constant for the opposing jet. The design space results (Table 5) for the cases with and
without jet are recorded in Table 8.
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Table 8. Numerical simulation results for coefficient of drag and heat flux for double aerodisk with
and without jet.

No. SL (mm) DoD1 (mm) PD2% Double Aerodisk without Jet Double Aerodisk without Jet

Cd ||St||2 Cd ||St||2

1 60.472 7.243 0.351 0.362197 0.001767 0.209849 0.000594
2 164.528 7.243 0.351 0.318396 0.001434 0.178413 0.000454
3 60.472 16.756 0.351 0.324183 0.00166 0.145424 0.000258
4 164.528 16.756 0.351 0.332741 0.010024 0.168803 0.000424
5 60.472 7.243 0.648 0.295779 0.001764 0.189471 0.000638
6 164.528 7.243 0.648 0.32141 0.00148 0.173568 0.000504
7 60.472 16.756 0.648 0.308145 0.001797 0.145303 0.000391
8 164.528 16.756 0.648 0.362546 0.001498 0.122587 0.0000336
9 25.0 12.0 0.5 0.396177 0.00196 0.242672 0.000434

10 200.0 12.0 0.5 0.312221 0.001274 0.176032 0.000461
11 112.5 4.0 0.5 0.296487 0.001643 0.19236 0.000611
12 112.5 20.0 0.5 0.351279 0.001525 0.151601 0.000378
13 112.5 12.0 0.25 0.312979 0.001528 0.185565 0.000372
14 112.5 12.0 0.75 0.26052 0.001582 0.160225 0.000523
15 112.5 12.0 0.5 0.281569 0.001645 0.156958 0.000463
16 112.5 12.0 0.5 0.281569 0.001645 0.156958 0.000463
17 112.5 12.0 0.5 0.281569 0.001645 0.156958 0.000463
18 112.5 12.0 0.5 0.281569 0.001645 0.156958 0.000463
19 112.5 12.0 0.5 0.281569 0.001645 0.156958 0.000463
20 112.5 12.0 0.5 0.281569 0.001645 0.156958 0.000463

A contour plot for the optimal design range of drag coefficient and average wall-heat
flux without jet is shown in Figure 12. It gives a general idea about the minimized area
for the output response variable. The general trends suggest that the optimal drag values
lie within the optimal search space. The wall-heat flux plot suggests a saddle behavior.
Similarly, the surface plot for the optimized design range of drag coefficient and average
wall-heat flux with opposing jet is shown in Figure 13.

(a) (b)

Figure 12. (a) Contour plot for drag coefficient (b) Wall-heat flux for double aerodisk without jet.

The optimum design is sorted out for minimum drag and average surface heat flux
through a response optimizer based on the constructed design space for a double aerodisk
on the spiked blunt body. Drag and heat flux responses are assigned equal significance to
find optimal configurations. The composite desirability factors for cases with and without
jets using double aerodisk are 0.85842 and 0.9323, respectively. These rest within a highly
acceptable range, as shown in Figure 14. For optimal design without opposing jet, optimum
spike length, the diameter of the first disk, and position of the second disk are found to be
104.5455 mm, 8.6869 mm, and 75%, respectively. Similarly, for optimum design with an
opposing jet, spike length, the diameter of the first disk, and position of the second disk are
found to be 136.3636 mm, 17.0909 mm, and 75%, respectively.
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The optimal designs for single and double aerodisk generated through RSM require
numerical verification. The verification process suggests that the drag coefficient and
total-surface heat flux are closely related to statistical values. The numerically validated
results and statistical data are shown in Table 9 and schematically shown in Figure 15.

(a) (b)

Figure 13. (a) Surface plot of drag coefficient (b) Average heat flux for double aerodisk with oppos-
ing jet.

(a) (b)

Figure 14. Optimized design for double-aerodisk-spiked blunt body (a) without opposing jet (b) with
opposing jet.

Figure 15. Schematic of optimized blunt bodies.
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Table 9. Numerical verification of double-aerodisk-predicted optimized design.

Design Parameters Statistical and Numerical
Comparison of Output Responses

Spike Length Diameter of Position of Drag Coefficient Heat Flux (||St||2)
Optimal Configuration Aerodisk 1 Aerodisk 2 Statistical Numerical Statistical Numerical

(mm) (mm) (mm) Results Results Results Results

Without opposing jet 104.545 8.687 78.409 0.2613 0.2630 0.00004 0.0000443
With opposing jet 136.3636 17.0909 102.2727 0.1307 0.1059 0.000010 0.0000095

3.3. Flow Physics of Optimized Geometries

The altering flow field in front of the blunt body for wave drag and heat reduction
highly depends upon the pressure distribution and peak pressure. In Figure 16, it can be
observed that the peak pressure is reduced for all cases relative to a simple blunt body.
The use of opposing jets alone presents the least efficient technique. In contrast, double
aerodisk with jet not only alleviates the peak pressure formed on the nose of the blunt body
but significantly reduces the pressure distribution over the rest of the surface.

Figure 16. Comparison of peak reattachment pressure.

Adding aerodisks at optimum spike lengths deflects high-enthalpy flow apart from
the blunt profile and contributes to drag and heat-flux reduction. For passive designs, in the
case of a single aerodisk over the optimum spike length only one re-circulation region is
formed in front of the main blunt body as shown in Figure 17. A total of two different
re-circulation regions are created in the case of passive design for double aerodisk. Vortices
are formed ahead of the main blunt body, and an intermediate aerodisk that creates extra
suction force in the forward direction is observed. Due to the formation of extra space in
front of the rear aerodisk suction, force is generated in the re-circulation region, so the rear
aerodisk further contributes to pushing the bow shock wave away from the blunt body as
shown in Figure 17b. With the addition of the re-circulation region over aerospike length,
the fluid flow within re-circulation regions becomes relatively cooler. Despite this, a small
vortex is formed behind each disk, but the sizes of these vortices are extremely small,
and the overall effect of the aerodisks’ spike configuration is reduced drag and heat flux.
The flow field in-between aerodisks bears akin to a flow field over the cavity. When the rear
aerodisk is positioned at 25% of the total spike length, a single dominating vortex is seen
between the frontal aerodisk and the main blunt body. As the rearward aerodisk moves
in a forward direction, the area of the vertical flow increases and remains better lined-up
longitudinally. The size of the vortex in front of the rearward aerodisk also increases along
with its movement in the forward direction. This results in a greater suction force in the
forward direction, leading to drag reduction in the blunt profile. The suction phenomenon
is expanded for larger diameter disks, as the region of vertical flow ahead of the rearward
aerodisk is strengthened with increasing disk diameter. When the rearward disk is moved
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to 75% of the total spike length, the single vortex in front of the main body fissures into
two smaller vortices. The optimized passive design for multiple aerodisks on the spiked
blunt body without the inclusion of an opposing jet can reduce the total drag up to 67% on
a simple blunt body and the total-surface heat flux by 78%. In passive designs, the results
of multiple disks are slightly better than those using a single aerodisk on a spiked blunt
body. It gives more space to the re-circulation region located in front of the blunt body.

(a) (b)

Figure 17. Flow field around optimized passive designs using (a) Single aerodisk (b) Double aerodisk.

Optimizing the blunt body through passive flow control for single and multiple
aerodisk leads to design optimization through hybrid flow control, in which the opposing
jet is ejected at a constant pressure ratio of 0.8 from the nose of the aerodisk. In the
comparison of baseline simple blunt body, by ejecting the opposing jet at a pressure ratio
of 0.8 from the nose of the hemispherical blunt body without introducing aerodisk and
aerospike to the system, the drag and total-surface heat flux over the body surface are
reduced by approximately 46% and 45%, respectively. Only one re-circulation region is
formed in front of the main blunt body due to the inclusion of an opposing jet.

The optimized hybrid design using a single aerodisk on a spiked blunt body is shown
in Figure 18; giving an 80% reduction in the total drag and 95% in the total heat flux over
the blunt-body surface. The creation of a separation bubble ahead of the blunt body and
aerodisk due to the inclusion of an opposing jet pushes the high-enthalpy shock wave
away from the blunt body with high capacity as compared to a single aerodisk without a
jet. The phenomena drastically reduces the wave drag and heat flux compared to passive
methods. Double aerodisks installed over the spiked blunt body, along with the inclusion
of an opposing jet provide higher drag and heat reduction capability. However, they
perform slightly better than the hybrid method using a single aerodisk. They approxi-
mately reduce the total drag by 86% and heat flux by 97% over the surface of blunt bodies.
The double-aerodisk-spiked configuration provides more space for the re-circulation re-
gions. A separation bubble is present in front of the main blunt body, in front of the
intermediate aerodisk, and in front of the frontal aerodisk, as shown in Figure 18b.
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(a) (b)

Figure 18. Flow field around the optimized hybrid design using (a) Single aerodisk (b) double-
aerodisk.

After a detailed analysis of the passive and hybrid design optimization, it is clear that
the multiple-disk aerospike configuration excels over the single-aerodisk configuration in
terms of wave drag and heat reduction. Therefore, the notion details that the multiple-disk
aerospikes are effective in drag and heat reduction by creating more space for re-circulation
regions over the elongated-spiked location. Similarly, the use of an opposing jet further
enhances the drag- and heat-reduction efficiency. As discussed, the overall reduction is
plotted in Figure 19.

(a) (b)

Figure 19. Comparison of (a) total drag reduction (b) heat flux reduction for optimized designs.

4. Conclusions

The current numerical efforts were aimed at understanding the flow field around a
blunt body and ultimately introducing a DOE process via the Response Surface Method
(RSM). In addition, better application of passive and hybrid flow control techniques to
alter the flow field was sought for aerodynamic drag and heat reduction. After numerical
validation of the flow field with experimental cases, a response surface was created through
the DOE process in which single and multiple aerodisks were introduced on a spiked
blunt body, both with and without the inclusion of an opposing jet at a constant pressure
ratio of 0.8. Two-dimensional steady-state simulations were performed by altering the
frontal aerodisk diameter, length of the elongated aerospike, and the rear aerodisk over
the total length of the spike. From the analysis, it was found that multiple-aerodisk spike
configurations were advantageous for reducing wave drag and heating at supersonic speeds
compared to a single aerodisk configuration. Mainly through the inclusion of an opposing
jet at PR = 0.8 from the frontal aerodisk on the spiked blunt body, reductions in drag and
heat flux of approximately 86% and 95% were achieved, respectively. In summary, multiple-
aerodisk spikes are highly efficient for reducing wave drag and heat by creating extra space
for re-circulation zones in the elongated-spiked region. In addition, the use of an opposing
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jet further enhances drag- and heat-reduction efficiency. Moreover, numerical validation of
statistical results generated via the RSM approach clearly indicated the effectiveness of the
parametric optimization technique experimental design, demonstrating utility for future
optimization studies.
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