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Abstract

The flowfield over a sharp-tipped double cone axisymmetric configuration is carried out by
solving time dependent axisymmetric laminar compressible Navier-Stokes equations for
freestream Mach number range of 2.0 - 6.0. The fluid dynamics equations are discretized in
spatial coordinates using integral formulation in conjunction with finite volume method which
reduces the governing equations to semi-discretized ordinary differential equations. Temporal
integration is performed employing multistage Runge-Kutta time-stepping scheme. A local
time step is used to achieve steady-state solution. The numerical computation is carried out
on a mono-block with structured grids. The flowfield features over the sharp-tipped double
cone configuration such as conical shock wave, separation region, separation and reattach-
ment shock wave and bow shock wave in the cone region, expansion fan, and recirculation
flow in the base region are well captured at Mach number 3 and 6 which are identical to the
Edney VI type shock interaction. The velocity vector, Mach contours plots and variations of
surface pressure coefficient along the sharp-tipped double cone configuration are analyzed at
various Mach numbers. The fore-body aerodynamic drag is calculated employing computed
pressure distribution. The paper presents the influence of the freestream Mach number on the

flows with shock interactions over the sharp-tipped double cone geometry.
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Introduction

The hypersonic flow past sharp-tipped double-cone
geometry is an interesting case for numerical simulations,
because it produces many complex flow field phenomena
such as shock wave interactions, triple points, recircula-
tion zones at high speed flow. Interactions of shock waves
with laminar boundary layer are in practical applications
and have been investigated experimentally and numeri-
cally. Laminar shock interaction on the double-cone con-
figuration consists of two-different cone half-angles with
an upstream 25 deg section followed by a downstream 55
deg section has been the subject of intense research interest
for over two decades. The sharp-tipped double cone axi-
symmetric configuration is also one of the reentry modules
and having an attached oblique shock wave as compared
to the detached shock wave of the truncated spherical-cone
reentry capsule [1]. Experimental and numerical studies
of the laminar separation in hypersonic flow have been

carried out by many investigators [2 - 4] to understand the
physics of flows over double-cone geometry. The recent
experimental investigations [5] on the double-cone model
reveal that the size of the separation bubble is significantly
affected by an applied magnetic field.

Prabhu et al. [6] and Gaitonde and Shang [7] have
computed heat transfer and skin friction coefficient in
laminar flow conditions. The flowfield features of shock
waves interaction include location of separation, surface
pressure variation, and shock structure. It has been also
observed that these flow field are controlled by the vortic-
ity in the incoming boundary layer and the strength and
the orientation of the shock wave.

Figure 1 shows a schematic of a sharp-tipped double-
cone flowfield at high speed. The flowfield emanates the
separation shock wave induced by the flow deflection due
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to the flow separation on the ramp section of the cone, and
the inner reattachment shock, induced by the final reflec-
tion of the flow at the ramp do not cross each other,
because they belong to the same family. They meet in the
triple point and form a single stronger shock, the outer
reattachment shock. A slip line and an expansion fan
originate at the triple point. The complex flowfield over
the double cone needs numerical simulations in order to
know the effects of variations of freestream Mach num-
ber.

The main focus of the present paper is to numerically
analyze shock wave-boundary layer interaction over a
sharp-tipped double cone for freestream Mach number
range of 2, 3 and 6. The numerical simulation is to solve
axisymmetric laminar compressible time-dependent
Navier-Stokes equations employing a multi-stage Runge-
Kutta time stepping scheme. The numerical scheme is
second-order accurate in space and time. A local time step
is employed to obtain a steady-state numerical solution.
The computation is carried out on a mono-block with
structured grid arrangement. The effects of freestream
Mach number over the axisymmetric a sharp-tipped dou-
ble cone configuration are numerically analyzed employ-
ing velocity vector, contour plots and variation of pressure
coefficient along the surface of the double cone model.
Fore-body aerodynamic drag coefficient is obtained using
the computed pressure profile at various Mach number.

Governing Equations

The axisymmetric time-dependent laminar compress-
ible Navier-Stokes equations were written in the integral
form, and the system of equations was augmented by the
perfect gas law for the numerical simulation. The coeffi-
cient of molecular viscosity was calculated using Suther-
land’s law. The flow is assumed to be laminar, which is
consistent to the experimental and numerical of earlier
investigators [2 - 4].

Numerical Schemes

Spatial Discretization

The governing fluid dynamics equations are written in
the integral formulation in conjunction with finite volume
method in order to facilitate the spatial discretization. The
flowfield code employs a finite volume discretization
technique on a structured non-overlapping quadrilateral
mesh. The spatial and temporal terms are decoupled using
the method of lines. The flux vector is divided into the
inviscid and viscous components [8]. The discretized so-
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lution to the governing equations results in a set of vol-
ume-averaged state variables of mass, momentum, and
energy. A cell centre scheme is used to store the flow
variables. The numerical procedure reduces to central
differencing on a smooth varying grid in the computa-
tional domain. The entire spatial discretization scheme is
second order accurate. The cell-centered spatial discreti-
zation scheme is non-dissipative; therefore, artificial dis-
sipation terms are added as a blend of a Laplacian and
biharmonic operator in a manner analogous to the second
and fourth differences. The artificial terms [9] are added
explicitly to prevent numerical oscillations near shock
waves to damp high frequency unstable modes.

Temporal Discretization

Temporal integration is carried out using three-stage
Runge-Kutta time-stepping scheme of Jameson et al. [8].
The artificial dissipation terms are evaluated only at the
first stage. The scheme is stable for a Courant number less
than or equal 2. Local time steps are used to accelerate
convergence to a steady-state numerical solution by set-
ting the time step at each point to the maximum value
allowed by the local Courant-Friedrichs-Lewy condition.
The present numerical algorithm is validated with many
test cases [10, 11].

Initial and Boundary Conditions

The freestream conditions for each trajectory point are
enumerated in Table-1 which is used as the initial condi-
tions. M, p and T represent Mach number, pressure and
temperature, respectively. The subscript oo represents
freestream value in the table. All the flow variables are
extrapolated at the outer boundary and no-slip condition
is used as wall boundary condition. An isothermal wall
condition has been considered for the surface of the sharp-
tipped double cone model. A symmetry condition is ap-
plied on the centre line ahead as well as downstream of the
sharp-tipped double cone.

Table-1 : Trajectory Points and Initial Conditions

Mo P, Pa Te, K
2.0 2891 219
3.0 2073 224
6.0 1238 232
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Geometrical Detail of Sharp-Tipped Double Cone

The geometrical detail of the sharp-tipped double cone
configuration is displayed in Fig.2. The double-cone con-
figuration consists of two-different cone half-angles with
an upstream 25 deg section followed by a downstream 55
deg section. The model is truncated with a right circular
cylinder as seen in the figure. The diameter of the first and
second cones is 8.58 cm and 26.16 cm, respectively. The
total length of the double cone model is 19.87 cm.

Computational Grids

One of the controlling factors for the numerical simu-
lation is proper generation of the computational grid. In
order to initiate the numerical simulation of the flow along
the sharp-tipped double cone model, the physical space is
discretized into non-uniform quadrilateral mesh on a
mono-block. These body-oriented grids are generated us-
ing a finite element method [12] in conjunction with
homotopy scheme [13]. These stretched grids are gener-
ated in an orderly manner. Grid independence tests are
carried out, taking into consideration the effect of the
computational domain, the stretching factor to control the
grid intensity near the wall, and the number of grid points
in the axial and normal directions. The grid-stretching
factor in the radial direction is varied 1.5 to 5. The present
numerical analysis is carried out on 152 X 52 grid points.
The grid-stretching factor is selected as 5, and the outer
boundary of the computational domain is kept about 4 to
7 times the base diameter of the model. The computational
considered the boundary condition as mentioned by Lunev
[14]. The bow shock wave intersects its exit section of the
double cone model. The boundary condition cannot be
imposed on the exit section of the double-cone model, if
the normal Mach number is greater than unity. The finer
mesh near the wall helps to resolve the viscous effects. The
coarse mesh helps in reducing the computer time. The grid
size varies depending on Reynolds number based on the
maximum diameter of the double cone model. The mini-
mum mesh size in the normal direction of the sharp-tipped
double cone is 1.488 x 10™ m. Fig.3 shows an enlarged
view of the computational grid over the 25/55 deg sharp-
tipped double cone configuration. Numerical results are
validated with various cone angles and compared with the
analytical results and found in good agreement [15, 16].
The computational grid is found to give a relative differ-
ence of about 3% in the computation of the fore-body
aerodynamic drag coefficient. The convergence criterion
is bases on the difference in density value at any grid points
between two successive iterations, the absolute difference
between densities to be less than or equal to 107,
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Results and Discussion

The numerical procedure described in the previous
section is applied here to compute the flow field over the
25/55 deg sharp-tipped double cone model for Mach num-
ber 2, 3 and 6 and the Reynolds number based on the base
diameter of the model are 8.578 x 10°, 12.868 x 10° and
25.736 x 10° respectively.

Flow Characteristics

Figure 4 displays the pressure and density contour plot
over the sharp-tipped double cone module at M, = 3. The
pressure contour shows very high pressure in the cone-
cone junction due to the bow shock wave interaction
region. The shock wave reaches down into supersonic
portion of the boundary layer as can be observed in the
vector plots. The density plot gives flowfield features in
the wake region of the module.

Figure 5(a) - (c) depicts the closed view of velocity
vector field at M, = 2, 3 and 6. Despite its geometric
simplicity, the double cone generates complex flow field
with increasing Mach number. It can be seen from the
vector plots that all the significant flow field features are
captured by present numerical algorithm such as forma-
tion of conical shock, bow shock wave, rapid expansion
fan on the corner, flow recirculation region with converg-
ing free shear layer and formation of the vortex flow in the
aft region of the sharp-tipped double cone configuration.
A separation bubble is clearly observed on the vector plots.
For the sake of clarity in flow field, Fig.5(c) is shown with
skipping few grid points in the vicinity of the wall of the
sharp-tipped double cone. The basic flow phenomena of
laminar separated cone-cone junction flow are shown in
Fig.5(c). The complexity of the flow field increases with
the increasing freestream Mach number as observed in
Fig.5(a) - (c). The wake flow field exhibits free-shear
layer, recompression shock wave and re circulation re-
gion. The attached leading conical shock wave interacts
with a detached bow shock wave that impinges on the
second cone surface. This produces very high surface
pressures on the second cone. Because of the high pres-
sures at the impingement location, the flow separates near
the cone-cone junction and a recirculation zone develops,
which in turn alters the shock interaction. We define flow
separation length as the axial distance between the sepa-
ration and reattachment points obtained from the change
of velocity vector in the vector plots of Fig.5. The separa-
tion and reattachment points are indicated in Fig.5 by
symbols S and R, respectively. The length of the flow



40 JOURNAL OF AEROSPACE SCIENCES & TECHNOLOGIES

separation shows of the strength of the interaction. The
size of the separation zone is very sensitive the freestream
Mach number which changes conical shock wave angle,
the bow shock wave profile and thus the strength of the
shock interaction. Fig.5 also depicts the Mach contour
plots over the double cone body at various values of Mach
number. The bow shock wave moves close to the body
with the increasing of freestream Mach number. The cone-
cone junction creates a complex shock-interaction region
where a change in the size of the separated region changes
the angles of the intersecting shocks which in turn changes
the size of the separated region further. It is important to
mention here that the flow field is very sensitive to the
freestream Mach numbers. The interaction shown in
Fig.5(c) is the Edney type VI interaction [17, 18].

Surface Pressure

Figure 6 shows the pressure coefficient variation
[Cp =2 {(p/pm )— 1}/yM i} along the surface for M, =
2, 3 and 6, where 7 is the ratio of specific heats. The x/D
= 0 location is the stagnation point, where x is distance
measured from the stagnation point and D is the base
diameter of the model. The model of the double cone is
inserted in Fig.6 in order to visualize the flow charac-
teristics as observed in the velocity vector and contour
plots. The variations of pressure coefficient on the fore-
body show the influence of the freestream Mach numbers.
The pressure coefficient distributions depict a pronounced
increase at the separation and the reattachment shock. The
pressure plateau behind the reattachment point is function
of the freestream Mach number. The maximum pressure
coefficient is occurred in the vicinity of the reattachment
shock wave. The pressure gradually decreases after the
reattachment shock. The pressure coefficient suddenly
drops in the base region and remains constant over the base
of the model.

The fore-body aerodynamic drag coefficient is calcu-
lated by integrating the pressure distribution over the
sharp-tipped double cone axisymmetric configuration ex-
cluding the base of the model. For the calculation of the
drag coefficient the reference area is taken as the area of
the base of the module. The values of the aerodynamic
drag coefficients are 1.24, 1.36 and 1.39 for Mach number
2, 3 and 6, respectively.

Conclusions

Flowfield over the sharp-tipped double cone is com-
puted by solving compressible axisymmetric laminar
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Navier-Stokes equations for freestream Mach numbers
range of 2, 3 and 6. The numerical simulation is carried
out employing finite volume method. The time step is local
on the computational domain. A single block structured
computational grid is used in the numerical simulation.
The computed flowfield over the double cone model de-
picts all the essential flow characteristics such as forma-
tion of the conical and the bow shock waves, expansion
and compression fan, recirculation region. The surface
pressure coefficient variations along the double cone reen-
try configuration are computed for various different frees-
tream Mach numbers. The influence of freestream Mach
numbers over the fore body of the double cone is numeri-
cally investigated. The flow about a double cone is well
suited for this type of study because the shock interaction
and the size of the separation zone strongly depend on the
global features of the flow. The computational obtained
flow field images such as vector and contour plots exhibit
all the shock interactions details at high-speed flow over
the double cone configuration. The values of the fore-body
aerodynamic drag coefficients are calculated by integrat-
ing pressure profile over the model.
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Fig.3 Close-up View of Computational Grid Over a
Sharp-tipped Double Cone

Fig.4 Pressure and Density Contour Plots Over the Sharp-tipped Double Cone, M = 3.0
(a) Pressure Contour Plots (b) Density Contour Plots
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