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Abstract  

This paper deals with the Computational Fluid 

Dynamics results of design analyses carried out 

for an expendable launcher.  

The primary aim of this research effort is the 

flowfield simulation of the vehicle during ascent 

with and without rocket plume in order to 

address this effect in the preliminary (i.e., phase-

A level) aerodynamic database of the launcher.  

In this framework, full three-dimensional 

computational fluid dynamics analyses have 

been extensively performed in the range between 

Mach 0.5 and 5. The rocket plume is accounted 

in the CFD simulation by means of proper 

boundary condition at launcher/booster base.  

1  Introduction  

High reliable performance launcher demands for 

accurate aerodynamic analysis to address 

pressure and skin friction loads the vehicle has to 

withstand during ascent [1, 2].  

In this framework, present paper deals with 

the Computational Fluid Dynamics (CFD) 

results of design analyses carried out for a typical 

expendable launcher configuration made of a 

central hammerhead fuse with two strap-on 

boosters.  

In particular, the primary aim of this 

research effort is the flowfield simulation of the 

vehicle during ascent with and without rocket 

plume in order to address this effect in the 

preliminary (i.e., phase-A level) aerodynamic 

database of the launcher [3].  

Full three-dimensional CFD analyses have 

been extensively performed in the range between 

Mach 0.5 and 5.  

The rocket plume is accounted in the CFD 

simulation by means of proper boundary 

condition at launcher/booster base [3, 5]. 

Finally, note that numerical flowfield analysis 

are performed with Fluent code and perfect gas 

flow model with 7 degrees of freedom (dof)  to 

account for air’s molecules vibration at 

hypersonic speeds.  

2  Launcher Vehicle  

The launcher vehicle is shown in Fig. 1. As 

shown, it features a hummer head cylinder, as 

main body, with two strap-on boosters. The 

aeroshape under investigation also features a 

central core stage with a remarkable boat-tail 

configuration, which ends in correspondence of 

booster stage [6-10]. Non-dimensional aeroshape 

sizes are also reported in figure, being L the 

launcher height.  

The fairing diameter is 16% launcher height, 

while that of booster is equal to 0.076 L. The 

booster length is forty percent of whole 

launcher’s height.     

 

Fig. 1. The Launcher configuration. 

3  Numerical Analysis 

Steady-state flowfield analyses are extensively 

performed ranging Mach number (M∞) from 0.5 

to 5 and angle of attack (AoA) from 0 to 7 deg, 

according to the CFD test matrix in Tab.1.  
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In particular, six Mach numbers, namely 0.5, 0.9, 

1.1, 1.6, 2.5, and 5 are investigated at three AoAs, 

namely 0, 5, and 7 deg [11].  
 

 
E: Eulerian CFD Motor-Off  

NS: Navier-Stokes CFD Motor-Off  

E-MO: Eulerian CFD Motor-On  

NS: Navier-Stokes CFD Motor-On  

Tab. 1. The CFD test matrix. 

 

As one can see, fluid dynamics 

investigations are carried out by means of both 

Euler (E) and Navier-Stokes (NS) computations. 

 An overview of the mesh domain for both 

subsonic and sup-hypersonic speed flow is 

shown in Fig. 2 [12].  

 

 
 

(a) Subsonic grid 

 
(b) Super-Hypersonic grid 

Fig. 2. Overview of the hybrid mesh domain for both 

subsonic and sup-hypersonic speed. 

Perfect gas flow model is considered for the 

air and rocket exhaust plume; while seven dof are 

activated in the computations to account for air’s 

molecules vibration at hypersonic speeds. 

In particular, all CFD simulations are 

performed with Fluent code on several 

unstructured hybrid meshes and for both motor-

off and motor-on (MO) conditions (so far, only 

for M=0.9 and M=5, see Tab.1).  

Nozzle exit conditions considered in the 

computations depend on the investigated ascent 

flight point and are close to about Te=2300 K, 

Pe=47 KPa, and Me=3 in the hypersonic phase. 

The SST k-ω turbulence flow model and  

cold wall boundary condition (i.e., Tw=300 K)  

are considered in the NS computations.  

Finally, note that in the present research 

effort, launcher aerodynamics for both motor-

off and motor-on conditions is presented and 

discussed. 

 

 

 3.1 Flowfield Results 

The flow regime investigated for the launcher 

aerodynamic appraisal encompasses subsonic, 

transonic-supersonic and hypersonic regimes 

[13-15]. As an example of CFD results, Fig. 3 

shows the surface contours of pressure and the 

iso-Mach surface (M=3) that takes place in the 

flowfield past the launcher flying at Mach 5 and 

0 deg AoA. 

As shown, the shape of the rocket plume is 

also clearly recognizable together with flow 

streamtraces at those flight conditions.  

 

 
Fig. 3. Plume shape at M∞=5 and α=0 deg. 

 

Contours of static temperature distribution 

over the surface and the symmetry plane of the 

 Mach 

AoA, deg 0.5 0.9 1.1 1.6 2.5 5 

0 E E, E-MO E E E E, E-MO 

5 E E, E-MO E E E, NS NS, NS-MO 

7 E E E E E E, E-MO 
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launch vehicle when it is flying at M∞=5 and α=0 

deg are provided in Fig. 4.  

As one sees, flow streamlines in the rocket 

plume are also provided, thus better appreciating 

the rocket plume behind the launcher. 
 

 
 

Fig. 4. Temperature flowfield contours at M∞=5 and α=0 

deg, with rocker plume streamtraces. 

 

Further, the comparison between Mach 

number fields about the launcher at M∞=5 and 

α=0 deg with and without rocket plume is 

provided in Fig. 5. As a result, this figure points 

out that plume effects on launcher aerodynamics 

could be  expected. 
 

 
Fig. 5. Mach number contours field at M∞=5 and α=0 deg 

with pressure distribution on the launcher surface. 

Comparison between Motor-off (left) and Motor-on 

conditions.  

 

Above flowfield results are summarized in 

the aerodynamic performance and results 

comparison between motor-off and motor-on 

conditions provided in the next paragraph 3.2. 

3.2 Aerodynamic Results  

Aerodynamic data for launchers are provided in 

both the body reference frame (BRF), illustrated 

in Fig. 6, and wind reference frame (WRF).  
 

 

 
Fig. 6. The body reference frame according to                   

the ISO 1151 

 

In this figure, aerodynamic body force and 

moment coefficients, i.e., CA, CN, Cm, provided 

in the paper are also provided, with sign 

convention according to the ISO norm. 1151.  

Lift and drag coefficients (i.e., force and 

moment coefficients in WRF) CL and CD are also 

presented. 

Note that, the reference quantities (see Fig. 

1) are:  

             Lref=0.16L (1) 

            
4

L
S

2

ref

ref

π
=   (2) 

The aerodynamic pitching moment, Cm, is 

provided at the launcher nose. Usually, a 

conventional location, namely moment reference 

centre (MRC), see Fig. 6 is chosen. 

Anyway, recall that the relationship for the 

pitching moment coefficient evaluation, passing 

from MRC to CoG, reads: 

 ������� � ����	
� � ��
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∆�

����
    (3) 

where 

MRC 
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∆� � ���� � �	
�
 (4) 

  and 

∆� � ���� � �	
�
 (5) 

 

  are evaluated in the Layout Reference Frame 

(LRF), as shown in Fig. 7. 

 
Fig. 7. The Layout reference frame (LRF). 

 

As far as aerodynamic coefficients are 

concerned, launcher drag force, lift force and 

pitching moment coefficients are summarized 

from Fig. 8 to Fig. 17. 

Note that, aerodynamic coefficients are 

important at system level for the assessment of 

launcher general loading determinations, 

performances and, as well as, guidance, 

navigation and attitude control. For instance, 

performances studies use the axial force 

coefficient CA since this aerodynamic force 

opposes to the vehicle movement. Indeed, the 

axial force coefficient versus Mach at 0 deg AoA 

is shown in Fig. 8. 
 

 

Fig. 8. Axial coefficient versus M∞ at α=0 deg. 

 

The effect of flow compressibility is 

remarkable, as expected. Indeed, the strong 

increase to which undergoes the axial 

aerodynamic force, when M∞ becomes transonic, 

is due to the wave drag contribution, as expected.  

Nevertheless, this contribution tends to be 

less strong as Mach number goes towards 

hypersonic speed conditions considering that the 

shock becomes weak due to the streamlined 

vehicle aeroshape (i.e., high inclined shock to 

assure a narrow shock layer).  

Launcher drag, lift and pitching moment 

coefficients at M∞=0.5 and for α ranging from -

10 to 10 deg are shown form Fig. 9 to Fig. 11. 

  
 

 

Fig. 9. Drag coefficient versus alpha at M∞=0.5. 

 

 

 

Fig. 10. Lift coefficient versus alpha at M∞=0.5. 

 

 

As shown, lift, drag and pitching moment 

coefficients feature a non-linear behaviour versus 

alpha, with CD that exhibits the classical 

parabolic evolution at all flight conditions under 

investigation.  
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Fig. 11. Pitching moment coefficient versus alpha at 

M∞=0.5. Pole at launcher nose. 

 

The same aerodynamic characteristics are 

also reported for both M∞=1.1 and 5.0 form Fig. 

12 to Fig. 17.    

 

 

Fig. 12. Drag coefficient versus alpha at M∞=1.1. 
 

 

 

Fig. 13. Lift coefficient versus alpha at M∞=1.1. 
 

 

 

 

 

 

Fig. 14. Pitching moment coefficient versus alpha at 

M∞=1.1. Pole at launcher nose. 
 

 

 

 

 

Fig. 15. Drag coefficient versus alpha at M∞=5.0. 
 
 
 
 
 
 

 

Fig. 16. Lift coefficient versus alpha at M∞=5.0. 
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Fig. 17. Pitching moment coefficient versus alpha at 

M∞=5.0. Pole at launcher nose. 

 

Note that both CL and Cm at α=0 deg are null 

due to the symmetric launcher aeroshape. 

As far as rocket plume effects on 

aerodynamics are concerned, in Table 2 and 

Table 3 aerodynamic coefficients for both motor-

on and motor-off conditions are provided at 

M∞=0.9 and 5.0, respectively. In table 2 results 

refers to only two AoAs, namely 0 and 5 deg; 

while for M=5.0 all the angles of attack, i.e. 0, 5, 

and 7 deg are reported. 

  

 
 

 

Tab. 2. Aerodynamic coefficients for motor-on and 

motor-off conditions at M∞∞∞∞=0.9. 

   

 
 

 

Tab. 3. Aerodynamic coefficients for motor-on and 

motor-off conditions at M∞∞∞∞=5. 

As one can see, present phase-A 

aerodynamic analysis points out that there are no 

differences between launcher aerodynamic 

coefficients passing from motor-off to motor-on 

conditions at hypersonic flow conditions. 

On the contrary, at M=0.9 flight conditions 

significant differences can be appreciated, as 

summarized in the following Table 4. 

 

 

Tab. 4. Percentage differences between aerodynamic 

coefficients for motor-on and motor-off conditions at 

M∞∞∞∞=0.9. 

 Indeed, at motor-on conditions a reduction 

of about 24%, 10%, and 50% is fund for drag, lift 

and pitching moment coefficients, respectively.  

In particular, the rocket plume results in a 

pitch-up effect for the launcher.  

4 Conclusions 

In this research effort launcher aerodynamic 

design activities at phase-A level are described.  

The goal is to address the preliminary 

aerodynamic database of a next generation 

launch vehicle as input for performances 

evaluations as well as launcher control, sizing, 

and staging dynamics. To this end, steady state 

computational fluid dynamics, with both Euler 

and Navier-Stokes approximations, are carried 

out at six Mach numbers, namely 0.5, 0.9, 1.1, 

1.6, 2.5, and 5, and at three angle of attacks, i.e., 

α=0, 5, and 7 deg,. For this test matrix, launcher 

aerodynamic performance in terms of axial, 

normal, drag, lift and pitching moment 

coefficients is provided. Numerical results point 

out that the axial force coefficient does not 

significantly change passing from 0 to 7 deg 

angle of attack at each considered Mach number; 

while the effect of flow compressibility is 

remarkable.  

Regarding lift, drag and pitching moment 

coefficients, results highlight that, for each Mach 

number, it features a quite non-linear slope as the 

angle of attack increases up to 10 deg.  

AoA CA CN CM CD CL

0 0.25010 -0.00076 0.00924 0.25010 -0.00076

5 0.25077 0.10215 -0.12492 0.25872 0.07991

M=0.9 @ Motor-ON

AoA CA CN CM CD CL

0 0.32551 0.00497 -0.03133 0.32551 0.00497

5 0.33174 0.11816 -0.23929 0.34077 0.08879

M=0.9 @ Motor-OFF

AoA CA CN CM CD CL

0 0.63372 0.00016 0.00293 0.63372 0.00016

5 0.65251 0.31781 -0.81496 0.67773 0.25973

7 0.66378 0.43506 -1.10507 0.71186 0.35092

M=5.0 @ Motor-ON

AoA CA CN CM CD CL

0 0.63045 -0.00093 0.00414 0.63045 -0.00093

5 0.64758 0.29590 -0.71644 0.67091 0.23833

7 0.66204 0.43479 -1.10581 0.71009 0.35086

M=5.0 @ Motor-OFF

AoA ∆CA ∆CN ∆CM ∆CD ∆CL

0 23.2 115.2 129.5 23.2 115.2

5 24.4 13.5 47.8 24.1 10.0

Percentage reduction due to Rocket Plume effects
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Finally, the launcher aerodynamic 

coefficients investigated at Mach 5 point out that 

no difference are expected passing from motor-

off to motor-on conditions.  

On the contrary, at M=0.9 flight conditions 

significant differences can be appreciated. At 

motor-on conditions a reduction of about 24%, 

10%, and 50% is fund for drag, lift and pitching 

moment coefficients, respectively.  

In particular, the rocket plume results in a 

pitch-up effect for the launcher.  
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