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a b s t r a c t

Heat addition due to exothermic reactions of ablated chromium in hypersonic flow on coated blunt
bodies is numerically investigated. The advection upstream splitting method is used as computational
scheme. Conjugate heat transfer is considered by simultaneous solution of flow and solid phase govern-
ing equations to compute the surface regression rate. The results show that using such coatings on blunt
noses in high speed flows will increase the shock standoff distance and decrease the aerodynamic drag
but not so much that previously reported. Using these simulations, the chromium proper thickness will
be estimated more precisely for specific flight mission.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Using blunt nose configurations to reduce the aerodynamic heat
loads on hypersonic vehicles causes significant enhancement in
wave drag which occupies about two thirds of the total drag. Sig-
nificant reductions of hypersonic wave drag should result in con-
siderably smaller propulsion system requirements, reduced fuel
consumption, and considerably larger payloads at smaller take-
off gross weight. There have been different methods suggested to
decrease such drag forces encountered by the high speed projec-
tiles. These techniques are using spikes, energy deposition and
counterflow supersonic jets which have been analyzed experimen-
tally or numerically in past decade. The spike ahead of the blunt
body acts like a flow separator and creates a recirculating region
ahead of the blunt cone, where the pressure will be lower than
the stagnation zone. Therefore the spike dramatically reduces the
wave drag by creating a low dynamic-pressure flow separation
[1–3]. The heat deposition is achieved by many different means,
such as hot gas, laser beams, ultraviolet light, or electric arc and
plasma beams, and creates a low-density core through which the
vehicle can travel, thereby significantly reducing the drag force
[3–5]. The supersonic jet emanating from the blunt body interacts
with the oncoming flow causing the bow shock wave to stand
away from the surface and takes the form of a new body that con-
sists of the original body with a spike with a boundary defined by
the interface between the jet and the mainstream. So the wave

drag reduction is derived from both the splitting of a single strong
shock into multiple shock waves and replacing the blunt body by a
slender equivalent body [6,7]. Although these techniques have
shown an appreciable reduction in the wave drag, their application
to practical systems is inhibited by the enhancement in system
complexity or other problems. As an example, although the spike
can reduce the drag significantly, it needs to endure the large heat
flux at the apex, and the pitching moment generated in flights with
angle of attack.

The most recent developed drag reduction technique is heat
addition through the ablated surface, which is analyzed experi-
mentally [8]. It is practically simple method where the heat is
added through the exothermic reaction of the ablated atoms from
the nose portion coated with thin film of appropriate material.
Based on current information, computational study for this novel
idea has not been performed before. In the present study, the
numerical simulation of such problems has been done to investi-
gate the heat release drag reduction phenomena using the ablative
surfaces on blunt cones in hypersonic flows.

2. Numerical simulation of governing equations and validation

The conservation equations of mass, momentum, energy and
chemical species to study the compressible reactive flow in an axi-
symmetric geometry are used. These equations in conservation
form are presented here [9].
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The stress terms are defined as:
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The transport coefficients for the species are obtained by applica-
tion of kinetic theory, and mixing rule is used for the mixture.
The data of specific heats and formation enthalpies for each species
are given by JANAF thermo-chemical tables.

Heat transfer into the solid phase is simulated using an unstea-
dy one dimensional energy equation coupled with gas phase equa-
tions; conjugate heat transfer problem is considered as shown in
Fig. 1. The regression rate is calculated from the energy balance
in gas-solid interface.
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Here, the cell centered finite volume method is used to discrete the
gas phase equations. The time integration is accomplished by an ex-
plicit time stepping scheme [10]. Viscous terms are calculated using
a central scheme and inviscid terms are treated using an AUSM+

method to express the numerical flux on each cell faces [11]. The
developed numerical program has been validated using variety of
benchmark problems and experimental data, and used satisfactorily
to study the different reactive flows [12–14]. Some related
examples are explained here. It should be noticed that the grid

independency studies have been done in all numerical simulations
presented.

2.1. Supersonic flow on sphere and cylinder

The numerical scheme has been tested for the calculation of the
shock standoff distances of a cylinder and a sphere in supersonic
flow. Shock standoff distance is a non-dimensional parameter

Nomenclature

cv constant volume specific heat
D mass diffusion coefficient
e total specific energy
h total enthalpy
Hs solid phase heat of vaporization
k thermal conductivity
mj mass fraction of species j
p local pressure
q heat flux
_r solid phase regression rate
T local temperature

u axial velocity
v radial velocity
Dho

f ;j enthalpy of formation of species j
g normal coordinate in solid phase
l dynamic viscosity
q gas phase local density
qs solid phase density
sij stress tensor
_xj mass rate of production of species j

Fig. 1. Schematic configuration of problem and computational domain.

Fig. 2. Shock standoff distances for sphere and cylinder in supersonic flow.
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