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The base-flow parameters of a single-engine launch vehicle configuration have been numerically investigated

using a finite-volume-based compressible Navier–Stokes code. The axisymmetric flow simulations have been done on

a structured grid for different trajectory conditions of the flight path when the engine jet is on. The freestream flow

regime covers high-transonic to supersonic Mach number conditions for constant nozzle exit conditions. The

interaction of the jet from the nozzle and external freestream is taken into account in the computation. The Baldwin–

Lomax turbulence model is used to capture the Reynolds stresses to account for the turbulent viscosity. The

distribution of pressure and heat flux in the base region, nozzle external surface, and the external surface of the base

cylinder are computed. The computed pressure and heat flux values are compared with available flight

measurements.

Nomenclature

D = cylinder diameter, m
d = nozzle exit diameter, m
H = altitude, km
M = Mach number
t = time, s
P = pressure, Pa
s = curvilinear distance, m
T = temperature, K

I. Introduction

O NE of the important aspects of any rocket design is that the
materials used for the rocket structure should withstand the

severe thermostructural loads acting on these bodies during its flight.
An accurate estimate of the surface pressures and heat fluxes acting
on these bodies is therefore essential for proper selection of materials
and for giving optimal thermal protection system. A critical region
where extreme care should be taken for the above factors is the base
region of a launch vehicle, where excessive heating is a major
problem to be handled, as several sensitive electronic components are
housed in this region. As the launch vehicle ascends through the
atmosphere into space from its sea-level launch position, the rocket
exhaust plumes expand to a point where a plume reverse flow is
encountered. The reverse jet impinges on base surface areas,
components, and base shields, causing heating, contamination, and/
or possible combustion in the launch vehicle base regions.

The base flow in launch vehicles is an extremely complex
phenomenon, and it is difficult to predict the base pressures and heat
flux. Generally, it is not possible to simulate all the flight parameters
like the high motor chamber pressures and the high-altitude
environment in an experimental setup. Again, the scaling law from
the experiments to flight conditions is not readily available. The
empirical approach uses a combination of data correlations and
semitheoretical models like the Korst model [1]. It works well for
simple configurations. However, thesemethods are not reliablewhen

complex geometry and flow physics are involved. A potential
alternative to the above conventional methods is computational fluid
dynamics (CFD), which has none of the above restrictions and is
becoming more feasible, due to maturing algorithms and advancing
computer technology.

Turbulence modeling represents one of the major limitations in
practical work, especially in highly compressible flows and
separating flows. In fact, there is no single turbulence model that is
applicable to all problems. Today, the models commonly used range
from simple algebraic models like Baldwin–Lomax to two-equation
models like k-" models and to the Spalart–Allmaras model. Various
studies on base flows using different turbulence models have been
reported in literature. These include studies using algebraic models
of Baldwin–Lomax [2–5], one-equation Baldwin–Barth model [6],
and two-equation models like k-" [7]. A comparison between
algebraic and two-equation k-" models for base flow has been done
by Peace [8] for afterbody/nozzle geometries. Not all turbulence
models are able to predict heat flux accurately. For example, using
some of the k-"models, it is difficult to get the gradients at the wall,
which is essential for predicting heat flux. Turbulence models can
also add uncertainties to the predictions. Serpico et al. [9] have
studied the base flow of the Italian lightsat launcher Vega using both
the algebraic and two-equation models and reported that satisfactory
agreement exists between both the models.

It is seen that most of the papers reported in literature are
concerned with the prediction of base pressure only. None of the
references quoted above address the prediction of the base-heating
problem. In the present paper an attempt has been made to compute
the base-flow heating of a launch vehicle configuration for different
freestream trajectory conditions when the engine is thrusting.

II. Numerical Analysis

Figure 1 shows the full configuration of a typical launch vehicle
with the heat shield and the cylinder. The base regionwith the engine
nozzle is also shown in the figure. However, for the present
simulation, the heat-shield portion with the front spherical-cone
region is not considered. Since the base region is located far away
from the heat shield of the vehicle, the effect of the detached shock
and the resulting changes in the flowfield are not likely to affect the
flow in the base region, where a uniform approaching freestream can
be assumed. The geometry considered for simulation, also shown in
figure, consists of the base cylinder and the nozzle geometry only,
which are the regions of interest in the present study.

The computations have been performed using an axisymmetric
Navier–Stokes code with the objective of simulating the flow in the
base region of a launch vehicle. Special emphasis is given to compute
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the heat fluxes and pressures in the base, cylinder and nozzle regions
for differentflight conditionswhen the engine is thrusting. Thefinite-
volume-based cell-centered CFD code solves the compressible
Reynolds-averaged thin-layer Navier–Stokes equations. It uses the
upwinding scheme of Van Leer flux vector splitting for the inviscid
convective part and central differencing for the viscous diffusive part
and an implicit time integration procedure with an approximately
factored bidiagonal scheme. A MUSCL-type approach is employed
for the evaluation of thefluxes at the cell interfaces and amaximumof
third order accuracy can be achieved in the spatial direction. The Van
Albada limiter is used to avoid spurious oscillations of the solution.
The implicit time integration involves using of the approximated
factorization and splitting of the fluxes. By using these methods
block tridiagonal equations are obtained, which can again be
simplified to get block-bidiagonal equations. These block-diagonal
equations are inverted using a technique similar to the MacCormack
method [10]. The resulting implicit stage consists of a backward and
forward sweep in every coordinate direction. The code has already
been used for simulating many problems involving complex flow
phenomena [11,12].

To capture the turbulent nature of theflow, the algebraic turbulence
model of Baldwin–Lomax [13] is used to compute the Reynolds
stresses. In the present approach, the two-layer model consisting of
the inner law and outer law is used in thewall region. In the jet region,
which is similar to the wake flow, the outer law is used. This model
computes the turbulent viscosity towhich the fluid viscosity is added
to get the effective viscosity for computation. The basic assumption
in this model is that the turbulent viscosity coefficient depends only
on the instantaneous local flow variables. In spite of the simplicity,
this zero-equationmodel often gives good results, comparedwith the
more complex models like the two-equation k-"models, as reported
by the study of Serpico et al. [9]. This turbulence model requires a
reference line within the computational domain for the wake flow
computation. The centerline has been chosen as the reference line for
this purpose, in line with the studies reported earlier using the
algebraic turbulence model.

In reality, the external stream and the jet stream are two different
fluids and have to be treated as a two-species problem, which will
make the simulations more complex and time-consuming. In this
paper, as a first step, a simple methodology is adopted to treat the
problem as a single-species problem by the following assumption:
the thermodynamic and transport properties such as specific heat,
Prandtl number, etc., are assumed to be functions of temperature and
are obtained by interpolating these properties between the external
freestream and the jet exhaust temperature values [14].

Simulations are done on the flight geometry with same flight
nozzle exit conditions and for similar flight trajectory conditions.
Since the angle of attack is zero in flight, computations have been
done for an axisymmetric case. Numerical investigation of the
flowfield has been carried out for five trajectory conditions. The
freestream conditions considered at different times and altitudes are
given in Table 1. The nozzle exit conditions are summarized in
Table 2.

Figure 2 shows the computational geometry with the boundary
conditions used for the present simulations. The far-field lateral
boundary is taken as 10 times the nozzle exit diameter from the wall

in the radial direction, where a uniform freestream condition exists.
In the axial direction, the downstream boundary is kept at 15 nozzle
exit diameters away from the nozzle exit. The upstream boundary is
taken at about five nozzle exit diameters ahead of the starting point of
the base region. Supersonic exit conditions are imposed on the
downstream boundary. Freestream conditions are prescribed at the
upstream boundary. At the far boundary in the lateral direction, the
freestream conditions are assumed to remain unchanged. A
symmetry boundary condition is taken along the centerline of
symmetry. At the nozzle exit the inlet profiles of jet values are
prescribed. Along the different solid walls, the no-slip condition is
imposed. The surface temperature is assumed to be 300 K, as it is the
local atmospheric temperature. Conduction to the solid wall and
resultant increase in the surface temperature are not considered.
Thus, the assumption of 300 K surface temperaturewill give the cold
wall heat flux and can be used for the thermal design of the base
region. It is also expected that conduction to the wall will not heat up
the base surface and cylinder region to alter the heat flux values to a
considerable amount within this interval of flight time.

To calculate the wall quantities like pressure, and especially heat
flux, it is necessary to use a structured grid, where the grids are
aligned to the solid walls of the body. For the present simulations, the
computational grids are generated by simple algebraic methods.
Figure 3 shows the computational grid employed for the present
simulations and an exploded view of the grid near the base region. It
can be seen that grids are highly clustered near the solid walls, to
capture the boundary layer. The distance to the center of the first cell
point from the solid wall is about 12 �m, which ensures that enough
grid points are within the boundary layer. Along the axial direction
there are 340 points in the computational grid. Of these, 100 points
are in the external cylinder region, 120 points are in the base region,
and 120 points are in the downstream region. Along the radial
direction there 320 points. Of these, 100 points are from the
centerline to the nozzle exit, 120 points are in the base region, and
100 points are outside the base region. The y� values are about 2.5 for
caseM � 1:042 and about 1.0 for the high-supersonic cases.

The computations are started with the freestream conditions as the
initial conditions everywhere except at the nozzle exit, where the
nozzle exit conditions are imposed. Initially, a Courant–Friedrichs–
Lewy (CFL) number of 0.05with a first-order spatial discretization is
used. Later, the CFL number is increased gradually to a maximum of
1.0. Finally, a second-order spatial discretization that is needed to
predict wall quantities accurately is introduced.

A grid independence study ismade by altering the grids in the base
region to show that the number of grids in the base region taken is
sufficient. Figure 4 shows the heat flux in the base region with three
different grids used for the case corresponding to the freestream
Mach number of 2.23. It can be seen that there are some differences

Fig. 1 Launch vehicle: full configuration and configuration considered
for computations.

Table 1 Freestream conditions

Time t, s Altitude
H, km

Pressure
P, Pa

Mach number
M

Temperature
T, K

40 6.72 44797.6 1.042 263.0
50 10.245 27777.5 1.28 238.4
60 14.34 14943 1.74 205.6
70 19.3 6361 2.23 203.2
80 25.4 2415.6 2.78 222.3

Table 2 Nozzle exit conditions

Properties Values

Mach number 3.14
Pressure 90170 Pa
Temperature 1841.4 K
Specific heat ratio 1.1717
Prandtl number 0.6
Molecular weight 28.96
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between the result of 80 � 80 grid and 120 � 120 grid. But between
the 120 � 120 grid and 150 � 150 grid the heat flux values are very
close, showing the sufficiency of the number of grids taken. All other
computations are done with the grid of 120 � 120 in the base region.

The convergence of the computed result for a particular simulation
is shown in Fig. 5. The convergence is assumed to be reached when
differences are within about 2% of the highest value between the
iterations shown in the figure. The heat flux values in the base region
for a typical trajectory point mentioned above are shown.
Comparison made at three different iterations differing by 20,000
is shown. It can be seen that differences between the different cases
are very small, ensuring the convergence of the solution. Similar
convergence is also ensured for other freestream conditions.

III. Results and Discussion

As mentioned earlier, computations are done for five different
trajectory conditions given in Table 1 and the results are presented. In
Fig. 6, the temperature palette in the flowfield for two different
trajectory conditions, corresponding to M� 1:042 and 2.78 are
shown. The temperature shown in the palette is the nondimensional
temperature with respect to nozzle exit temperature. It can be seen
that for the second case (M� 2:78, corresponding to a higher
altitude and smaller external pressure) the jet plume spreads radially
outward more than for the first case (M� 1:042, corresponding to a
lower altitude and higher external pressure). In Fig. 7, the close-up

view of theMach number palette near the base region is shown.Here,
the variation is also similar to the temperature palette and is on
expected lines.

In Fig. 8 the velocity vector plots corresponding to the above two
cases are shown near the base region. The reverse flow towards the
base region is very clearly seen in both cases. It can also be seen that
for the second case (at higher altitude with lower external pressure)

Fig. 2 Geometry with boundary conditions.

Fig. 3 Computational grid.
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Fig. 4 Grid independence study.
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the reverse flow is stronger than for the first case (at lower altitude
with higher external pressure).

In Fig. 9, the pressure in pascals is shown for all the different cases
studied along the nondimensional curvilinear length s=d of the body.
The position s=d� 0 corresponds to the start of the base region, as
shown in Fig. 2. The negative values of s=d shown are on the cylinder
and the positive values are on the base region and on the nozzle
external surface. From the figure it can be seen that the pressure is

almost constant throughout the body surface for a particular
freestream condition. It is also seen that the surface pressure ismainly
decided by the freestream pressure as the surface pressures are closer
to the freestream values. The surface pressure decreases with
increase in Mach number and altitude, as expected, since the
freestream pressure is less at the higher altitudes. The computed
pressure values are compared with the measured flight pressure data.
The flight data available are at a point near the center of the base
region and on the cylinder ahead of the base starting point, as shown
in the figure. The flight data were taken from the measurements done
during the launch of a remote sensing application satellite in the year
2008. The pressure measurements were made using high-sensitivity
pressure transducers with a quoted uncertainty of �2000 Pa. It can
be seen that the comparison is very good for supersonic Mach
numbers, whereas in the transonic Mach numbers, the comparison is
satisfactory.

In Fig. 10 the heat flux distribution on the body surface is shown.
Figure 10a shows the results for transonic Mach numbers and
Fig. 10b shows the results for the supersonic freestream conditions.
At lower altitude, where theMach number is also low, the heat flux is
negative on the cylinder region showing the heat flow from the
surface to the fluid, where the total temperature of the fluid near the
wall is less than the wall temperature. As the total temperature is
lowest for M � 1:28, the heat flux is also lowest for this Mach
number, as can be seen in the figure on the cylinder. At the base
starting point there is a sudden increase in heat flux that is due to the
sharp corner and the resulting sudden expansion of the flow in that
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Fig. 5 Convergence of the solution.

Fig. 6 Temperature palette.

Fig. 7 Mach number palette.
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region. In the base region, the heat flux is maximum near the center.
Near the middle of the base region, the reverse flow with higher
velocity from the nozzle side directly impinges on the base portion.
This could be the reason for the heat flux being highest at the center
point of the base region. At the base-nozzle corner, the heat flux is
nearly zero. This is due to the gases remaining virtually static at this
corner. It can also be seen that at lower altitude, the heat flux is very
lowon the base region, indicating that the reverseflow is veryweak at
these lower altitudes. With increase in altitude, the reverse flow
becomes strong and heat flux is also higher.

Also shown in the figures are the measured flight heat flux data
obtained at almost the same points as the pressure. The heat flux
measurements weremade using a thin-foil-type Gardon gaugewith a
quoted uncertainty of�0:3 W=cm2. The flight measurement values
include both convective and radiative components. Initially, there is
no convective component on the base region as there is no reverse
flow and the measured values are radiative component only. The
radiative component has been subtracted from the total to get the
convective component.

It can be seen that the computed values are close to the measured
values and the comparison is satisfactory considering the
uncertainties in both the flight-measured values and computed
values. At times 40 and 50 s, where the freestream conditions are in
the transonic regime, differences between the measured data and
computational results are found to be large, compared with the other

trajectory conditions with supersonic freestream conditions, where a
better match is observed. This discrepancy at the lower Mach
numbers may be partly due to the unsteady nature of the flow in the
base region resulting from the freestream transonic flow. The
numerical solutions give the steady-state values at each Mach

Fig. 8 Velocity vector plots near the base region.

Fig. 9 Surface pressure distribution.

Fig. 10 Heat flux distribution.
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number with fully established flows in the base region. Themeasured
values are of transient in nature, where the vehicle accelerates before
the flow attains steady state. As a result, the reverse flow does not get
fully established in the base region in the flight at initial Mach
numbers. This can be another reason for the discrepancies at these
lower Mach numbers. Considering the complexity of the problem
and the uncertainties in the computation and measurements, the
comparison can be considered to be satisfactory. Further studies with
better turbulence models are needed to understand more about the
discrepancies. A better model than the presently used simple linear
interpolation method to compute the thermodynamic and transport
properties of the mixture gas in the computational domain can also
give better results.

IV. Conclusions

Afinite-volume-based axisymmetric compressibleNavier–Stokes
code is used to simulate the turbulent base flow of a typical single-
nozzle launch vehicle configuration with a centered propulsive jet.
Simulations have been done for different trajectory conditions of the
vehicle covering the high-transonic to supersonic conditions. Special
emphasis is given to the heat flux computation, for which very few
simulations are reported in literature. The pressure and heat flux
distribution along the base region, nozzle external surface, and
cylinder surfaces are given. It is found that the pressure distributions
on the base region and on the nozzle external surface and cylinder are
nearly constant and are mainly dictated by the external freestream
pressure. The heat flux on the base region is found to have the
maximum value at the center of the base region. The heat flux values
on the base region and on the nozzle external surface are found to
increase when the reverse flow is strong. The computed pressure and
heat flux values are compared with available flight-measured data.
Considering the complexities of the flow and the uncertainties in the
measurement and in the simulations, the comparisons are found to be
fairly good.
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