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ON THE ACCURACY OF NUMERICAL PREDICTION IN 
TRANSONIC-SUPERSONIC FLOW ARROUND MISSILES  
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Corneliu BERBENTE4, Costică SAVA5 

Scopul lucrării este de a valida un model numeric prin comparaţie cu datele 
experimentale existente pentru o configuraţie alungită cu ampenaj canard. Pentru 
acesta sunt considerate 4 configuraţii de bază pentru care sunt analizate comparativ 
rezultatele experimentale şi teoretice. Modelarea numerică s-a facut utilizând 
programul FLUENT (v6.1.12). Pentru comparaţie s-au folosit rezultatele 
experimentale obtinute în tunelul aerodinamic. In final se vor prezenta o serie de 
concluzii privind acurateţea metodei dezvoltate. 

 
The aim of the paper is to validate a numerical model using a comparison 

with available experimental data for a slender body configuration with canard fins. 
Four basic configurations are considered, for which the theoretical results are 
analyzed in comparison with experimental ones. The numerical model was developed 
using the commercial code FLUENT (v6.1.12). For comparison experimental results 
obtained in aerodynamic wind tunnel were used. Finally, some conclusions related 
to the accuracy of this method are presented. 
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1. Introduction 

Over the past decade, static Computational Fluid Dynamics (CFD) 
simulations over increasingly complex vehicles have become commonplace. 
Many aerodynamic prediction codes are used to provide values for aerodynamic 
coefficients. But how well these coefficients reflect reality is a problem of 
accuracy. Nowadays, this problem is presented in many papers, being part of code 
validations [1], error estimations [2], mesh refinement [3], [4] and others. 

Obtaining the aerodynamic coefficients for missiles is a problem that 
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involves high responsibilities from researchers in fluid flow domain. To obtain 
these aerodynamic data, many models could be built and tested in a wind tunnel, 
with different positions related to the flow. Such tests are expensive and require 
also an expensive model execution. Computational Fluid Dynamics (CFD) is an 
alternative to wind tunnel testing, but the necessary requirement of using such a 
numerical model is that the results that yield must be a realistic simulation of a 
fluid in motion. That is why it is necessary to compare numerical results with 
experimental ones. 

Canard control is also quite commonly used, especially on short-range 
missiles. The primary advantage of canard control is better manoeuvrability at low 
angles of attack, but canards tend to become ineffective at high angles of attack 
due to flow separation that causes the surfaces to stall. Since canards are ahead of 
the center of gravity, they cause a destabilizing effect and require large fixed tails 
to keep the missile stable.  

For the case of a slender body configuration with fins and canards, studies 
about the influence of canard deflection on aerodynamic characteristics for missile 
are necessary. This is due to air deflection in presence of canards, a phenomenon 
that can produce commands inversion, especially for the case of asymmetrical 
deflection of canards for roll control. 

The aim of this study is to make a comparison between experimental and 
numerical data of aerodynamic coefficients for a guided missile and to evaluate 
the accuracy of numerical prediction in transonic-supersonic flow around missiles 
with canard fins. 

Similar studies involving canard-controlled missiles were performed by 
James DeSpirito et al. [5], [6], [7] at Army Research Laboratory between 2000 and 2004, 
with good agreement between numerical and experimental data. 

2. Mathematical model 

The three-dimensional Reynolds-Averaged Navier-Stokes equations are: 
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where the Reynolds stresses can be express in terms of mean velocity gradients 
using the Boussinesq approach: 
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and: 

ε
ρμ μ

2kCt =        (4) 

For turbulence modelling, a modified form of the k-ε two-equation 
turbulence model proposed by Shih et al. [8], called Realizable k-ε model was 
used. It differs from the standard k-ε model because it contains a new formulation 
for the turbulent viscosity and a new transport equation for the dissipation rate. 

The transport equations for k and ε for Realizable k-ε model are: 
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For this model, μC  is no longer a constant. Instead, it is computed from: 
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where A0 and As are constants. 
The term Gk represents the production of turbulence energy and it is 

defined as: 
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The term YM represents the “dilatation dissipation” term for high Mach 
number flows. This term is modelled according to Sarkar [9], as: 

RT
kYM γ

ρε2=      (10) 

The Realizable k-ε Equation (1÷6) cannot be applied to wall-bounded 
flows directly. For the wall-bounded flows, we must specify the boundary 
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conditions appropriate to a solid boundary for velocity, turbulence kinetic energy 
k and dissipation rate ε. The wall function is used to avoid the unphysical 
behaviour of the k and ε equations inside the viscous sub layer region and to 
match the outer flow to the wall. The no-slip condition: u,v,w=0 is used on the 
wall. 

This model was validated for many flow types including strong streamline 
curvature, vortices, and rotation. For all these cases, the Realizable k-ε model 
showed substantial improvements over the standard k-ε model.  

3. Numerical solution 

All computations were performed for steady-state case using the 
commercial CFD code FLUENT (v6.1.12).  

The geometry and unstructured meshes were generated using the 
preprocessor GAMBIT. The number of tetrahedral cells for the resulted meshes is 
presented in Table 1. Because of the necessity to analyze the influence of 
differential canard deflection, it was impossible to find a symmetry plan for the 
domain flow. That is why the analyses are performed in three-dimensional space. 
In generation of meshes, the boundary layer mesh spacing was used near the 
missile body and fin surfaces. 

The domain was large enough, it’s extension on Ox axis was between -5L 
before missile and 10L after it, where L is the total length of the missile. On Oy 
and Oz axis the distance from missile to the outer boundary was about 6L. 

The imposed boundary conditions were: 
- For missile’s solid surfaces, wall boundary condition was used; 
- A far-field pressure boundary condition at the downstream, 

upstream, and outer boundary with imposed values for free stream 
direction, speed and pressure was used; 

- The ideal gas hypothesis for air and Sutherland law for viscosity 
was used. 

4. The influence of canard geometry 

In this study the aerodynamic coefficients for a guided missile will be 
evaluate considering different canard deflections. The configuration has four 
canard fins, which can be deflected in a range of -150 ÷ 150, to realize the 
guidance of missile, and six fins. The missile configuration is presented in Fig. 1. 

The analyses were performed at Mach number 1.11 for a range of 
incidences -40÷ +110 for four cases with different configurations presented in 
Table 2. 

The experimental results used for comparison have been obtained only for 
cases B, C and D in the wind tunnel [10] for a range of attack angle of -40 ÷ 150. 
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The normal force (Cz,), axial force (Cx,), and pitching moment (Cm,) 
coefficients are presented in a missile’s axis system.  

The results obtained in previous conditions have been graphically 
represented for a comparison with experimental results. In this way, in Fig. 2, 3, 4 
and 5 the force coefficients and the moments coefficients respectively are 
represented for every case.  

For case A (Fig. 2) the accuracy of numerical results is good and predict in 
good conditions the increase of lift coefficient with the incidence angle. In the 
same manner, the numerical results for the moment coefficient Cm predict in a 
reasonable way the influence of incidence. For drag coefficient the accuracy is 
rather poor, but the conclusion is that numerical results for drag force coefficients 
are higher than the experimental data. The same results referring to the drag 
coefficient are obtained for all three cases A, B and C. 

For cases B and C (Fig.3 and Fig.4) the accuracy is a little poorer than for 
case A both for lift and moment coefficients, but the slope of the diagrams is kept. 

In the absence of experimental data, for case D represented in Fig.5, only 
numerical results are available and they predict lift, drag and moment coefficients 
for the case of configuration without canard fins. We appreciate that results for 
this case have the same accuracy like in previous cases. 

Referring to influence of canard deflection angle, a major influence on 
increase of the canard deflection angle is the increase of axial force coefficient 
Cx. The lift coefficient Cz is not influenced when the deflection is asymmetric, 
but, when the canards are deflected symmetrically in current flow (Case C, Fig.8) 
an increase of Cz can be observed. The influence of asymmetric deflection angle 
of canards (case A and B) is quite small comparative to the case of symmetric 
deflection angle (case C) related to moment coefficient Cm. All these comparative 
graphs are represented in Fig. 6, 7 and 8. 

Table 1 

Cells number for meshes 

Case Number of cells 

A 625401 
B 743569
C 541532 
D 640174 

Table 2 
Configurations 

Case Deflection of horizontal canard  

A +/-2.50 
B +/-50 
C +100 
D No canard fins 
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Fig. 1 Missile’s configuration 
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Fig. 2 Forces and moments coefficients for case A 
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Fig. 3 Forces and moments coefficients for case B 
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Fig. 4 Forces and moments coefficients for case C 
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Fig. 5 Forces and moments coefficients for case D 

1,25

1,3

1,35

1,4

1,45

1,5

1,55

1,6

1,65

1,7

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

incidence [degree]

C
x

+/- 2.5 degree
+/-5 degree
+10 degree

 
-3,00

-2,00

-1,00

0,00

1,00

2,00

3,00

4,00

5,00

6,00

7,00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

incidence [degree]

C
z

+/- 2.5 degree
+/-5 degree
+10 degree

 
Fig. 6 Influence of canard deflection angle on Cx       Fig. 7 Influence of canard deflection  

                                                        angle on Cz 
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Fig. 8 Influence of canard deflection angle on Cm 

 

Fig. 9 Missile model during wind tunnel tests  

5. Conclusions 

Using the FLUENT postprocessor, the viscous and pressure forces were 
integrated along the missile body and fin surfaces to calculate the aerodynamic 
coefficients. The pitching moment is expressed about the nose of the missile. The 
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reference area is the cross-sectional area of the missile body, and the reference 
length is the diameter of the missile. The calculated coefficients are compared to 
wind tunnel measurements performed at National Institute for Aerospace 
Research "Elie Carafoli" Bucharest [10]. 

A major influence of increasing canard deflection angle is the increase of 
axial force coefficient. The lift coefficient is not influenced when the deflection is 
asymmetric, but when the canards are deflected symmetrically in current flow 
(case C), an increasing of Cz can be observed. The influence of asymmetric 
deflection angle of canards (case A and B) is quite small comparative to the case 
of symmetric deflection angle (case C) related to moment coefficient Cm. All 
these comparative lots are represented in Fig. 6, 7 and 8. 

Secondly, a technical conclusion resulted from this study was that the 
deflection on the tails is negligible if we use small asymmetrical canard deflection 
and small attack angle. In this case, we can control the roll of the missile using 
only canard asymmetrical deflection, without other auxiliary systems.    

The results were validated by comparing the computed aerodynamic 
coefficients for the missile against wind tunnel measurement data. The best 
agreement between numerical and experimental results is obtained for case A.  

We can see from Figures 1-3 a good accuracy for the lift coefficient. We 
can not say the same thing about the drag coefficient, because in this case the 
accuracy is rather poor, but the conclusion is that numerical force coefficients are 
higher than the experimental ones. Anyway, they predicted the same increase with 
incidence angle as the showed experimental data. 

The maximum difference between the calculated and measured normal 
force coefficient was 7%, while the maximum difference between the calculated 
and measured axial force coefficient was 14%. 

 To increase the accuracy of numerical results, a finer mesh is 
recommended, but this imposes an increase of computer memory and of 
computing time. In a similar study performed at Army Research Laboratory, 
computers with 48 and even 64 processors [6] have been used. 

The final conclusion of this work is that viscous CFD analysis offers an 
accurate method for calculating the flow field and aerodynamic coefficients for 
missiles. 
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