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Base Flow Predictions for a Lightsat Launcher
at Supersonic Speeds
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A numerical investigation of the base � ow� eld past a lightsat launcher under development in Italy is presented.
The analysis regards different points along the � ight path in the supersonic regime under axisymmetric conditions
and has been focused on the base region of the missile with the aim to investigate the in� uence of different motor
nozzle exit conditions (motor-on and motor-off) and different motor � uid properties (air/combustion products) on
the base drag. This activity has been performed using both a Centro Italiano Ricerche Aerospaziali code and the
RAMPANT commercial code. A general satisfactory agreement between the two codes is observed in the global
aerodynamic coef� cients; however, predicted local base pressures show some differences, probably due to the
different turbulence models and different numerical methods employed. The numerical results indicate that, in
the supersonic � ight regime, the base region is only slightly affected by different � uids and motor conditions at the
nozzle exit.

Nomenclature
CD = drag coef� cient
C f = skin friction coef� cient
MW = molecular weight
p = pressure, Pa
S = curvilinear coordinate,m
T = absolute temperature, K
v = velocity, m/s
x; y = coordinates, m
° = ratio of speci� c heats
½ = density, kg/m3

Subscripts

b = base
ne = nozzle exit
1 = freestream

Introduction

T HE aerodynamicdrag representsone of the most important pa-
rameters in the design of missile con� gurations.The base drag

is usually one of the largest contributions to the total aerodynamic
drag and is often very dif� cult to predict due to the complex � ow
phenomena occurring in the base region of the vehicle. The impor-
tance of base drag justi� es the large efforts devoted to a correct
prediction of the base � ow� eld.

Numerical methods for the aerodynamic prediction of missiles
and launchers have grown from empirical methods and linearized
and full potentialmethods, to Euler and boundary-layermethods, to
fullNavier–Stokes capabilitieswith turbulencemodeling.1¡3 Today,
the choiceof the methodwill dependon theaccuracyrequiredandon
the cost and effort constraints;simpler methods are often employed
during the preliminary design phase, whereas more advanced com-
putational � uid dynamics (CFD) tools are required in later phases of
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design, when unconventional con� gurations or complex � ow� elds
are encountered and when the details of local � ow� eld properties
are needed. Aerodynamic computations are used for � ight perfor-
mance estimates, aerodynamic coef� cient predictions, and surface
heat transferand heat load calculations.Numerical techniquesbased
on the fullNavier–Stokes equationswith turbulencemodelingrepre-
sent the state of the art for this kind of application.Turbulencemod-
els commonly used for industrial applicationsrange from algebraic
models, e.g., Baldwin–Lomax,4;5 to two-equationmodels, e.g., ·–²
(Ref. 6). Turbulence modeling represents one of the major limita-
tions in practicalworkand is still a major researchsubject,especially
in highly compressible � ows and separating � ows.7 Navier–Stokes
methods, however, are computationally very intensive; therefore,
their application to the � eld of launcheraerodynamics is still some-
what limited and requires the use of powerful computers to keep the
run time to an acceptable level.

The work presented in this paper concerns a CFD analysis of
the Italian lightsat launcher VEGA. VEGA is a family of launchers
that is being developed to offer an optimized, low-cost solution of
access to low Earth orbit for small satellites.8 The VEGA family
is currently composed of two launchers: the VEGA K0, devoted to
lightweight (100–300-kg) small satellites, and the VEGA K for the
medium-weight (up to 1000-kg) small satellites.

The aerodynamic analysis presented regards the VEGA K0
launcher.The K0 full con� guration,shown in Fig. 1, has four stages.
However, the launchergeometry considered,also shown in Fig. 1, is
composed of three stages; the supersonic regime encountered after
� rst-stage separation is the region of interest. In particular, activity
has been focused on the numerical investigation of the base � ow
of the K0 launcher. The computations have been performed using
advancedCFD codes, with the objective to investigatethe in� uence
that differentnozzle � ow propertiesand nozzle exit conditionshave
on the base drag for different supersonic Mach numbers.

Numerical Analysis
Numerical Codes

The computational investigation has been performed using two
computer codes, brie� y described in the following:

H2NS is a research code developed at Centro Italiano Ricerche
Aerospaziali (CIRA) that solves the full Navier–Stokes equations
on structured grids for both internal and external � ows, for two-
dimensional or axisymmetric geometries, with chemical and vi-
brational nonequilibrium. A � nite volume technique is adopted,
with a � ux difference splitting Riemann solver formulation9;10 with

247



248 SERPICO ET AL.

Fig. 1 VEGA K0 launcher con� gurations. Full con� guration: L =
19.560 m, d = 1.024 m, and D = 1.908 m; and three-stage con� gura-
tion: L = 14.944 m, d = 1.674 m, and D = 1.908 m.

a second-order essentially nonoscillatory (ENO) reconstruction of
� uxes at cell interfaces.A detaileddescriptionof this solver is given
in Refs. 11–13, in which the code has been extensively tested and
validated by computing different � ow� elds, such as hyperboloid
� are, blunt-body, and control surface geometries. Different ther-
mochemical nonequilibrium and transport models are available in
the code. In the hypothesis of perfect gas, the laminar viscosity is
calculated by means of the Sutherland law. Turbulence effects are
accounted for by modeling the eddy viscosity through an algebraic
turbulence model.14

RAMPANT is a commercial code that solves the full three-
dimensional Navier–Stokes equations in complex geometries.15 It
uses unstructured meshes with triangular elements in two dimen-
sions and tetrahedral elements in three dimensions. The code im-
plements a standard ·–² turbulence model and a Renormalization
Group (RNG) two-equationmodel. This code has been largely used
to predictdifferent� ow� elds, includingaerospace,turbomachinery,
automobile,and heat exchangerproblems.Release3.1 has been em-
ployed, under licence, in this study.

Method of Solution
Numerical investigations of the � ow� eld have been carried out

for three points along the � ight path, corresponding to freestream
Mach numbers of 1.2, 3, and 6, respectively.As already indicated,
the numerical study has been focused on the base region of the
launcher. Both the base � ow without an exhaust jet (motor-off) and
the afterbody� ow� eld when the nozzle plume is present (motor-on)
have been computed using both H2NS and RAMPANT codes. Fur-
thermore, an investigation of the changes in the base � ow patterns
with different � ow properties of the nozzle exhaust plume has been
conducted with the H2NS code only. All computations have been
performed using a Silicon Graphics Power Challenge parallel ma-
chine. The � ow� eld has been assumed axisymmetric and turbulent.
A somewhat different solution strategy has been followed for each
of the two codes.

H2NS Strategy
A � ow� eld segmentation procedure has been adopted with the

H2NS code. This approach has been also followed by Sahu.16 Even
though the code can compute the full � ow� eld, including the base
region, for supersonic � ows a solution can be obtained more ef� -
ciently by splitting the computation into a forebody domain and an

Fig. 2 VEGA K0 con� gurations used for the numerical simulations.

Fig. 3 Close-up of the grid used for the H2NS base � ow computations.

afterbody domain. The former concerns the entire launcher up to
the sharp corner at the base and is referred to as the no-base con-
� guration; this con� guration consists of a spherical nose tangent
to a cone followed by a cylindrical body. The latter (afterbody do-
main) includesthe base regionof the launcherwith the motor nozzle
and starts at a station located 2.0 launcher diameters upstream of
the base corner; this is referred to as the base con�guration. These
con� gurations are schematicallyshown in Fig. 2. The no-base solu-
tion provides the upstream boundary condition for the computation
of the � ow� eld of the base con� guration. This technique is com-
putationally more ef� cient than calculating the full � ow� eld in a
single sweep and allows a better re� nement of the grid in the base
region; furthermore, motor-off and motor-on solutions can be ob-
tained without repeating the no-base computations.

The computational grid used for the no-base computations is of
the C type and has about14,000 grid points; the grid adopted for the
base con� guration has six blocks containing approximately 17,000
nodes, about 2000 of which are clustered at the base and nozzle
walls. Figure 3 shows a close-up view of the base grid. To de-
termine grid dependency on the � ow solution in the base region,
computationswere made, increasing the number of points clustered
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Table 1 Grid dependency analysis (Mach = 6)

CDpressure

Base grid Wall base Wall nozzle

Coarse (2000 pt.) 1.731E¡2 ¡4.346E¡3
Fine (4000 pt.) 1.724E¡2 ¡4.369E¡3

Fig. 4 RAMPANT grid: close-up of the base region.

at the base walls (block 3) up to around4000. The solutions indicate
that grid independencyalready is achieved with the initial grid; the
very small change in base drag coef� cient is reported in Table 1.
The CPU time varied signi� cantly dependingon the run conditions,
ranging from 20 to 45 h.

The turbulence model employed in the H2NS code is the alge-
braic model of Baldwin and Lomax. This turbulence model has
been applied by many researchers for the solution of this type of
� ow.4;17;18 To correctly employ the Baldwin–Lomax algebraic tur-
bulence model, a reference wall within the computational domain
is needed. For the near-wake region of the base con� guration, fol-
lowing the work of Sahu,19;20 the motor centerlinehas been chosen
as the reference line.

RAMPANT Strategy
A somewhat differentapproachwas adoptedwith the RAMPANT

code.Becauseof the unstructuredmethodemployed in RAMPANT,
domain segmentation was not easily applicable; therefore, the full
� ow� eld, including the base region, was computed in a single run.
The geometry considered for these runs is shown in Fig. 2. The
computationalgrid used for all runs has approximately 35,000 grid
points, with about 4000 nodes placed within the base region of the
� ow. The numberof grid pointslocatedin this region is considerably
higher than the number of nodes in the same region with the H2NS
structured grid; this is due to the lower grid control of the unstruc-
tured mesh. A close-up view of the RAMPANT unstructured grid
in the base region is shown in Fig. 4. Preliminary runs have shown
that grid independency on the � ow solution in the base region is
attained with this grid. The CPU time required for the RAMPANT
computations is about 25 h.

The turbulence model selected for all RAMPANT computations
was a standard ·–² two-equation model, which is the second most
signi� cant difference between the two solution strategies adopted.

Initial and Boundary Conditions
The in� ow conditions used in the present numerical study have

been supplied by Fiat Avio Comprensorio BPD and are reported
in Ref. 21. The freestream boundary conditions are summarized in
Table 2.

Table 2 Inlet boundary conditions

Test case Mach number ½1 , kg/m3 p1 , Pa Reynolds number, 1/m

I 1.2 0.3181 19,782 7.9194EC06
II 3.0 0.0633 3,973 3.9276EC06
III 6.0 0.0012 94.0 0.1393EC06

Table 3 Inlet conditions at nozzle exit section

Test case pne, Pa vne , m/s Tne, K ° MW

I 16,330 2,807 1,316 1.1998 27.660
II 17,170 2,808 1,318 1.1997 27.672
III 11,440 2,799 1,300 1.2009 27.577

Fig. 5 Comparison of temperature pro� les at x = 4.0 and 10.2 m;
Mach = 1.2.

For the motor-on cases, the in� ow boundary conditionsare given
in Table 3, in which pressure, velocity, temperature, ratio of spe-
ci� c heats, and molecular weight are speci� ed. These conditions
correspond to an exit Mach number of about 4.1 and pressure ratios
pne=p1 of 0.825, 4.332, and 121.70 for tests I, II, and III, respec-
tively. These conditions refer to the motor combustion gases. For
the simulations with air, the same mass � ow rate, pressure, and
temperature at nozzle exit have been assumed.

The solution of the no-base � ow� eld provides the in� ow bound-
ary condition to be assigned on the left-hand side of block 1 for
the H2NS runs. For the RAMPANT computations,a freestream tur-
bulence intensity of 1% was chosen; for the motor-on cases, the
turbulenceintensity at the nozzle exit was � xed at the level of 20%,
which is a typical value encountered in similar motor nozzles. A
symmetry boundary condition is used at the centerline(axis). At the
out� ow boundary, the � ow variables are simply extrapolated from
the known inner values. A no-slip boundary condition is imposed
on the launcher walls, including the boundary representingthe noz-
zle exit area in the motor-off cases, and the wall temperature is set
equal to 273 K. In all computations the outer boundary was set at
a distance of three launcher lengths. For the base computations the
downstreamboundary was set at a distance of two launcher lengths
from the nozzle exit.

All computations have been started from a uniform initializa-
tion of the � ow variables at their freestream values. The motor-
on cases, on the other hand, have been started from the relevant
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motor-off case by changing the boundary conditions at the nozzle
exit patch.

Discussion of Results
To ensure that the base � ow is computedunder similar conditions

with the two codes, a preliminary analysisof the � ow� eld upstream
of the base region, obtained with the H2NS no-base computations
and with the RAMPANT full computations, has been conducted.
Then a detailed analysis of the base � ow� eld was performed, with
particular attention to the in� uence on the base drag produced by a
differentgasat thenozzleexit and by differentmotorconditions.The
code-to-codecomparisonhasconsideredboth localquantitypro� les
and globalaerodynamiccoef� cientson the cylindricalsectionof the
launcher and in the base region under both motor-on and motor-off
conditions.

Fig. 6 Comparison of pressure pro� les at x = 4.0 and 10.2 m; Mach =
1.2.

Fig. 7 Comparison of x-velocity pro� les at x = 4.0 and 10.2 m; Mach =
1.2.

No-Base Con� guration
The comparisons of the temperature, pressure, and axial veloc-

ity pro� les at two different stations along the cylindrical part of the
launcher,obtainedwith the H2NS and RAMPANT codes, are shown
in Figs. 5–7 for the Mach D 1:2 test case and in Figs. 8–10 for the
MachD 6:0 test case.The two axialstationsare takenat 4 and10.2m
from the launcher nose, respectively; the station at x D 10:2 m rep-
resents the in� ow boundaryof the base con� gurationcomputational
domain, whereas station x D 4 m is approximatelyat the beginning
of the cylindrical section of the launcher. The Mach D 6 case has a
lower Reynolds number with respect to the Mach D 1:2 case,which
justi� es the larger boundary layer; the shock wave, being closer to
the body at higher Mach numbers, is clearly captured in Figs. 8–10.
The comparison shows a satisfactory agreement of results for the
Mach D 1:2 case, whereas some differences are observed in the

Fig. 8 Comparison of temperature pro� les at x = 4.0 and 10.2 m;
Mach = 6.0.

Fig. 9 Comparison of pressure pro� les at x = 4.0 and 10.2 m; Mach =
6.0.
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Mach D 6:0 run. In particular, the temperature and pressure peaks
computed with the RAMPANT code are larger with respect to the
values given by the H2NS code. These differencesmay be partially
due to the different turbulence models used in the two codes.

The comparison of the drag coef� cients (the pressure contribu-
tion, the viscous contribution, and their sum) for the no-base con-
� guration (sphere, cone, and cylinder) is reported in Tables 4–6,
where the percent differences between the drag coef� cients com-
puted with the two different codes are reported in the last row
f1% D 100[.RAMPANT ¡ H2NS/=H2NS]g.

As shown Tables 4–6, satisfactory agreement exists between the
two codes. The largest differences arise on the viscous drag coef� -
cient, which, however, gives only a small contribution to the total
drag; the highest percent difference occurs in CDviscous at the Mach

Fig. 10 Comparison of x-velocity pro� les at x = 4.0 and 10.2 m;
Mach = 6.0.

Fig. 11 Base wall pressure for RAMPANT and H2NS computations.

number of 6, in agreement with the discrepancies observed in the
given pro� les. Again, this is attributed to the different turbulence
models.

Base Con� guration
The results obtainedon the no-base con� gurationhave been used

as input data for the different H2NS base � ow calculations.
To assess the in� uence of the turbulence model and/or compu-

tational method on the solution, a comparison between the results
obtained with the RAMPANT and H2NS codes has been carried
out. The pressure distributions on the launcher base are shown in
Fig. 11 for Mach D 1:2 under motor-off conditions, the Mach D 3
with motor-on, and Mach D 6:0 with motor-off. The comparison
between the base drag coef� cient for the RAMPANT and H2NS re-
sults is shown in Table 7, where the percent difference between the
two results is reported in the last row f1% D 100[.RAMPANT ¡
H2NS/=H2NS]g.

The results show that as the Mach number increases the base
pressurebecomesprogressivelylower with respect to the freestream
pressure.However, the base drag coef� cient tends to decreasedue to
thehigher� owvelocity.Rathergoodagreementis observedbetween

Table 4 Drag coef� cient comparison: Mach = 1.2

Solver CDpressure CDviscous CDtotal

RAMPANT 0.3103 4.758E¡2 0.3579
H2NS 0.3050 4.524E¡2 0.3502
1% 1.74 5.17 2.20

Table 5 Drag coef� cient comparison: Mach = 3.0

Solver CDpressure CDviscous CDtotal

RAMPANT 0.1918 4.155E¡2 0.2333
H2NS 0.1893 3.930E¡2 0.2286
1% 1.32 5.72 2.06

Table 6 Drag coef� cient comparison: Mach = 6.0

Solver CDpressure CDviscous CDtotal

RAMPANT 0.1750 0.0594 0.2345
H2NS 0.1664 0.0669 0.2333
1% 5.16 ¡11.2 0.52
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Table 7 Comparison of base drag coef� cients

Mach D 1:2, Mach D 3:0, Mach D 6:0,
Solver motor-off motor-on motor-off

RAMPANT 0.1070 0.0431 0.0140
H2NS 0.1170 0.0415 0.0170
1% 8.55 3.85 ¡17:65

Table 8 Motor-on and motor-off base
drag coef� cients

Freestream Mach number
Nozzle exit 1.2 3.0 6.0

Motor-on 0.113 0.0415 0.0173
Motor-off 0.117 0.0469 0.0170
1% ¡3.42 ¡11.51 1.76

Fig. 12 Comparison of streamlines and pressure � elds for motor-on
and motor-off conditions.

the base pressure levels predicted with the two codes, except for the
Mach D 6 case, in which the RAMPANT values are about 20%
higher than those calculated with the H2NS code. The base drag
decreases with respect to the total no-base drag at higher Mach
numbers, ranging from about 33.4% at Mach D 1:2 to 20.5% at
Mach D 3 and to 7.4% at Mach D 6. Thus, the largest differences
occur when the base drag contribution is lowest.

This discrepancy in base pressure levels predicted with the two
codes is probably a consequence of the difference between the al-
gebraic turbulence model and the · –² model. Some effects on the
solutionmay be due also to the differentnumericalapproachesof the
two codes, especially the use of a structuredgrid in one case and of
an unstructuredgrid in the other case. Better predictioncapabilities
of the ·–² model have been documented for a cylindrical after-
body without base bleed and with base bleed at moderate exhaust
velocities.19;20 No experimental resultsare availablefor comparison
at this time for the geometry considered in this work. Therefore, no
de� nite conclusionson the accuracyof the base pressurepredictions
can be drawn.

The in� uence that different motor conditions at the nozzle exit
(motor-on/motor-off, air/combustion gases) have on the base � ow-
� eld patterns has been investigated by means of the H2NS code.
The different structure of the � ow for motor-on and motor-off at
Mach D 3 is shown in Fig. 12, where the pressure contours are
shown together with some streamlines. The large recirculation be-
hind the nozzle exit section obviously disappears when the plume
is present. However, this seems to have a small effect on the � ow
characteristics within the base region, which presents a main re-
circulation with a reattachment point located toward the end of

the nozzle wall and a small secondary recirculation at the base-
nozzle corner. The comparison of the aerodynamic base drag co-
ef� cients is reported in Table 8 for the different Mach numbers
f1% D 100[.motor-on ¡ motor-off/=motor-off]g.

The effect of the nozzle exhaust � uid properties has been as-
sessed simulating combustion products instead of air. A compari-
son of Mach contours at Mach D 6 is shown in Fig. 13. Signi� cant
differences are observed within the exhaust plume, but only slight
effects are felt upstream in the base region, where the recirculation
shape does not change appreciably. The base drag coef� cients for
air and combustion gases are reported in Table 9 for comparison
f1% D 100[.air ¡ combustion gases/=air]g.

The pressuredistributionson the base wall and on the nozzlewall
are shown in Figs. 14–16 for the Mach numbers of 1.2, 3, and 6,
respectively. The pressure is plotted vs the curvilinear coordinate
S, with the origin at the base upper corner and running as shown in
Fig. 2. The resultsformotor-offandmotor-onwith air or combustion

Fig. 13 Comparison of Mach number � elds for motor-on with differ-
ent � uid properties at the nozzle exit.

Fig. 14 Comparison of pressure distributions on the base and noz-
zle walls for motor-off and motor-on conditions; Mach = 1.2 and p =
19,782 Pa.
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Fig. 15 Comparison of pressure distributions on the base and nozzle
walls for motor-off and motor-on conditions;Mach = 3 and p = 3973 Pa.

Fig. 16 Comparison of pressure distributions on the base and nozzle
walls for motor-off and motor-on conditions; Mach = 6 and p = 94 Pa.

gases are reported. Small differencesare observed among the three
curves for all Mach numbers, which con� rms that the conditions at
the nozzle exit do not signi� cantly affect the base � ow structureand
ultimately the base drag.

Finally, the distributionsof the skin-frictioncoef� cients along the
nozzle outer wall for motor-off and motor-on (using air) are shown
in Figs. 17–19 for the three Mach numbers under consideration.
Again, thecurvilinearabscissaS hasbeenused for convenience.The
positionsof the main reattachmentpoint and of the separationpoint
between primary and secondary recirculations are clearly shown
by the points at which C f D 0. The skin-friction coef� cient starts
with a positive value, being the axial velocity component of the
same sign with respect to the reference velocity (in the positive

Fig. 17 Comparisonof the skin-friction coef� cient distributionson the
nozzle wall for motor-off and motor-on conditions; Mach = 1.2.

Fig. 18 Comparisonof the skin-friction coef� cient distributionson the
nozzle wall for motor-off and motor-on conditions; Mach = 3.0.

axial direction); then with increasing S it becomes negative in the
central part and positive again after crossing the main reattachment
point. It is interestingto note that, as the Mach number increases,the
location of the main reattachment point tends to move closer to the
base under motor-off operation, probably because of the stronger
expansion at the base top corner. On the contrary, when the motor
is on, the exhaust plume has a suction effect on this reattachment
point, which is shifted toward the nozzle exit tip.

The results obtained in this work show that, for a base geom-
etry including an exhaust nozzle, for supersonic freestream Mach
numbers, the base drag is only slightly affected by the nozzle exit
conditionswhen themain reattachmentpoint is locatedon thenozzle
outer wall.
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Table 9 Base drag coef� cients for different
� uid properties

Freestream Mach number
Gas at nozzle exit 1.2 3.0 6.0

Air 0.113 0.0415 0.0173
Combustion gases 0.109 0.0395 0.0170
1% 3.54 4.82 1.73

Fig. 19 Comparisonof the skin-friction coef� cient distributionson the
nozzle wall for motor-off and motor-on conditions; Mach = 6.0.

Conclusions
The base � ow region of the VEGA K0 lightsat launcher has been

investigated for three different freestream Mach numbers. Two dif-
ferent codes have been used in the present work: the CIRA code
H2NS, based on a � nite volume numerical method on multiblock
structuredgrids, in which the algebraicBaldwin–Lomax turbulence
model is employed, and the RAMPANT code, which solves the
Reynolds-averagedNavier–Stokes equations on unstructured grids
with the two-equation,·–² turbulencemodel. Grid independencyis
attained with both computer codes. A comparison of the results ob-
tained with the two codes at different Mach numbers and both with
and without an exhaust plume has been carried out. Even though the
overall � ow� elds do not present remarkable differences, the values
of base pressure predicted with RAMPANT are somewhat higher
than those obtained with the H2NS code. This can most likely be
attributed to the different turbulence models employed.

The in� uence that different � uid properties (air/combustion
gases) and nozzle exit conditions (motor-off/motor-on) have on the
base drag has been analyzed. The results show that the � uid char-
acteristics and the presence of the exhaust plume do not modify
signi� cantly the � ow� eld patterns in the base region for the geom-
etry considered in this study.
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