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Summary: Governing equations for turbulent flows are reviewed. 

Spalart Allmaras turbulence model has been selected for 

aerodynamic calculations. Computation is performed on the 

adaptive computational grid. Pressure based method for 

computational convergence was selected. Computations were 
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results obtained by wind tunnel testing. Experimental setup and 

experimental model are described. Results are presented by 
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Abstract 
 

This paper discusses an approach used for computational fluid 

dynamics simulation. The results of the approach are compared with 

experimental wind tunnel data for the same simulated model. The 

simulated model is a front canard control missile with wrap around 

tail fin stabilizer. The 0.4 Mach subsonic flow regime is used in the 

simulation. In addition, various flow simulations are performed for 

different angles of attack and pitch control deflection. The 

turbulence model used in the simulation is the Spalart Allmaras which 

proofed to be optimum for the simulated flow conditions. The results 

are compared with experimental wind tunnel results to validate the 

approach used in the simulations. The approach is highly dependent on 

optimizing a custom mesh for each simulation based on the pressure 

gradient mesh adaptation in FLUENT. 
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1. Introduction 

 

Accurate determination of aerodynamic coefficients for flying vehicles 

is very important. They are crucial during the design phase when 

flight simulations are made. In addition, they are crucial during the 

testing phase when flight tests are performed. Obtaining stability and 

control aspects of flying vehicles is a major challenge for 

aerodynamicists (1). Moreover, identification of missile aerodynamic 

coefficients is a popular field of research (2), (3), (4), and (5). 

Various methods exist to determine the coefficients theoretically and 

experimentally. The experimental methods of aerodynamic modelling can 

be summarized into two main groups: wind tunnel tests (6) and flight 

tests (7) and (8). In addition, the theoretical methods could be 

divided into two main groups as well: semi-empirical methods and 

computational fluid dynamics methods. 

Computational fluid dynamics has become a major focus due to its 

unique potential in identifying the aerodynamic coefficients and 

visualizing fluid flow (9). Great efforts are being put in the 

research of how to simulate the flow that matches the flow of the 

flight test in order to obtain accurate values for the aerodynamic 

coefficients. The research is mainly focused on the setup of the 

problem. This includes generating the optimized 3D CAD model, 

selecting appropriate physics of the flow, optimization of the 

computational procedure, as well as the estimation of computational 

power required to perform such computationally intensive simulations. 

The employed computational technique used can be separated into three 

major steps. First is the optimization of the CAD model. Second is the 

preparation of a suitable physics setup. Third is running repeated 

simulations utilizing pressure gradient mesh adaptation until reaching 

the convergence of the results. 
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The flow about axi-symmetric canard controlled missile with wrap 

around tail fin is simulated using ANSYS FLUENT.  Moreover, the wrap 

around fins configurations is a major field of research (10). The 

simulations are performed for several angles of attack as well as 

several control deflections. All simulation results are then compared 

with experimental data obtained from the wind tunnel experiments. 

High angle of attack simulations has always been a challenge for 

missiles aerodynamicists (11). However, good agreement between the CFD 

simulations and the experimental data for missiles with high angle of 

attack are found in (12). Flow of different missile configurations was 

also simulated by CFD methods and agreements are achieved in (13), 

(14), and (15). 

In addition, canard controlled missiles is a major field of research 

in (16) and (17). However, it is very rare to find simulations for 

canard controlled missiles with the deflection of control surfaces 

coupled with high angle of attack. 

The flow for Mach number 0.4 and for the angle of attack varying from 

-10 to 10 degrees is calculated in order to analyze the missile‘s 

static stability. In addition, canard pitch control deflections are 

simulated up to 15 degrees to capture the non-linearity, 

controllability, and maneuver capabilities of the missile. Exact 

conditions are replicated in the wind tunnel with full scale model to 

assess the accuracy and the quality of the calculated solution. 
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2. Governing Equations 

2.1. Pressure based 
 

ANSYS FLUENT flow simulations are categorized into two main solver 

types: pressure based and density based. Pressure based solver is used 

for all the simulations performed in this research. In pressure based 

solver, the pressure equation is continuously solved to obtain the 

velocity field until the solution converges. Both density based and 

pressure based utilize the same principle equations defined by Navier-

Stokes (18). 

The continuity equation is defined as: 

 

𝜕𝜌

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝒖) = 𝟎      (1) 

 

The momentum equation for x-component is defined as: 

 

𝜕(𝜌𝑢)

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑢𝒖) = −

𝜕𝑝

𝜕x
+ 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑢)    (2) 

 

The momentum equation for y-component is defined as: 

 

𝜕(𝜌𝑣)

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑣𝒖) = −

𝜕𝑝

𝜕y
+ 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑣)   (3) 
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The momentum equation for z-component is defined as: 

 

𝜕(𝜌𝑤)

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑤𝒖) = −

𝜕𝑝

𝜕z
+ 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑤)   (4) 

 

The energy equation used is: 

 

𝜕(𝜌𝑖)

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑖𝒖) = −𝑝 𝑑𝑖𝑣 𝒖 + 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑 𝑇) + Φ   (5) 

 

Where 𝑝 and 𝜌 are defined as: 

 

𝑝 = 𝜌𝑅𝑇 and 𝑖 = 𝐶𝑣𝑇      (6) 

 

All the impact in the internal energy equation due to the viscous 

stresses are represented in the dissipation function Φ 

 

Φ = μ {
2 [(

𝜕𝑢

𝜕x
)

2
+ (

𝜕𝑣

𝜕y
)

2
+ (

𝜕𝑤

𝜕z
)

2
]

+ (
𝜕𝑢

𝜕y
+

𝜕𝑣

𝜕x
)

2
+ (

𝜕𝑢

𝜕z
+

𝜕𝑤

𝜕x
)

2
+ (

𝜕𝑣

𝜕z
+

𝜕𝑤

𝜕y
)

2} + 𝜆(𝑑𝑖𝑣 𝒖)2  (7) 
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Table 1 presents the variables used in the previous equations 

Table 1 Navier-Stokes equations variables 

Parameter Description 

ρ Air density 

𝒖 𝑢𝑖 + 𝑣𝑗 + 𝑤�⃗⃗� – Velocity vector 

𝜇 Viscosity coefficient 

𝑖 Internal enthalpy 

p Pressure 

T Temperature 

𝑘 Heat conduction coefficient 

𝑐𝑣 Specific heat in constant volume 

Φ Dissipation function 

𝜆 Second viscosity coefficient 

 

2.2. Turbulence model – Spalart-Allmaras 
 

The Spalart-Allmaras model (19) is a one-equation model that solves 

the kinematic eddy turbulent viscosity through the following transport 

equation 

 

𝐷�̃�

𝑫𝒕
= 𝒄𝒃𝟏[𝟏 − 𝒇𝒕𝟐] �̃� �̃� +

𝟏

σ
[∇. ((𝞾 + �̃�)∇�̃�) + 𝒄𝒃𝟐(∇�̃�)𝟐] 

− [𝒄𝝎𝟏𝒇𝝎 −
𝒄𝒃𝟏

𝜿𝟐 𝒇𝒕𝟐] [
�̃�

𝒅
]

𝟐
+ 𝒇𝒕𝟏𝛥𝑼𝟐     (8) 

 

Where �̃� is the working variable and should follow the transport 

equation.  𝞾 represents the molecular viscosity. The eddy turbulent 

viscosity is defined as 𝞾𝒕 

 

𝞾𝒕 = �̃�𝑓𝑣1,  𝑓𝑣1 =
𝜒3

𝜒3+𝑐𝑣1
3 ,  𝜒 ≡

�̃�

𝞾
           (9) 
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 �̃� is defined to be the vorticity magnitude and 𝑑 is the closest wall 

distance. 

 

�̃� ≡  𝑺 +
�̃�

𝜿𝟐𝑑2 𝑓𝞾𝟐,  𝑓𝞾𝟐 = 1 −
𝜒

1+𝜒𝑓𝞾𝟏
     (10) 

 

It is important to point out that the wall boundary condition is �̃� = 0 

in Spalart-Allmaras turbulence model. The boundary condition in free 

stream ideally is  �̃� = 0. However, �̃� = 0 provides problems in some 

solvers. Therfore, values below  
𝞾

𝟏𝟎
 are considered to be acceptable. 

𝒇𝒕𝟏 and 𝒇𝒕𝟐 trip functions are defined as the following: 

𝒇𝒕𝟏 = 𝑐𝑡1𝑔𝑡 exp (−𝑐𝑡2 (
𝑤𝑡

2

𝛥𝑈2) [𝑑2 + 𝑔𝑡
2𝑑𝑡

2] )    (11) 

𝒇𝒕𝟐 = 𝑐𝑡3 exp(−𝑐𝑡4𝑥2)      (12) 

Where 𝑑𝑡 is defined as the distance between the trip to the field 

point. The wall vorticity located at the trip is defined as  𝑤𝑡. The 

velocity difference between the trip and the field point is defined 

as  𝛥𝑈. 

𝑔𝑡 is defined as the following: 

𝑔𝑡 ≡ min (0.1,
𝛥𝑈

𝑤𝑡𝛥𝑥
) 

Where 𝛥𝑥 is defined as the spacing between the grids along the wall 

located at the trip. 

 

Table 2 represents all the standard values of coefficients used in the 

Spalart Allmaras model. 
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Table 2  Spalart Allmaras coefficients 

Model Constant Value 

𝑐𝑏1 0.1355 

𝜎 2/3 

𝑐𝑏2 0.622 

𝜿 0.41 

𝒄𝒘𝟏 
𝑐𝑏1

𝜿𝟐
+

1 + 𝒄𝒃𝟐

σ
 

𝒄𝒘𝟐 0.3 

𝒄𝒘𝟑 2 

𝒄𝒗𝟏 7.1 

𝒄𝒕𝟏 1 

𝒄𝒕𝟐 2 

𝒄𝒕𝟑 1.1 

𝒄𝒕𝟒 2 

 

2.3. Grid Adaptation 
 

There are several ways of grid adaptation using different strategies 

and different equations. Grid Adaptation is commonly used in CFD 

simulations for missiles (20). In this paper, two dimensional Euler 

equations is used in the conservation law form for grid adaptation 

(21) 

 

𝜕𝑈

𝜕𝑡
= −

𝜕𝐹

𝜕𝑥
−

𝜕𝐺

𝜕𝑦
       (13) 

Where 𝑈,  𝐹 and 𝐺 are defined as the following 
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ℎ𝑜 =
𝐸+𝑝

𝜌
=

𝛾

𝛾−1

𝑝

𝜌
+

1

2
(𝑢2 + 𝑣2)     (14) 

 

Table 3 presents the variables used in the previous equations 

Table 3 Grid adaptation equations' parameters 

Parameter Description 

ρ Density 

𝑢 x-direction velocity 

v y-direction velocity 

𝐸 Total internal energy 

p Pressure 

ho Total enthalpy 

γ Ratio of specific heats 

 

Choosing proper refinement parameter is crucial to assure optimized 

grid adaptation. Depending on the required results, different 

parameters are selected such as density, pressure, velocity and 

entropy. For example, choosing change of entropy, density, and 

pressure is preferred when studying shocks. In addition, the method of 

measuring the change of variable must be selected. First order 

difference and second order difference equations are the typical 

methods. 

Figure 1 to Figure 8 represent the effect of refinement parameter 

choice which is examined for RAE 2822 airfoil for 3 degrees angle of 

attack along with Mach number 0.75. 
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Figure 1 and Figure 2 show the effect of grid refinement using density 

difference for both first and second order differences. 

 

Figure 1 First order difference of density 

 

Figure 2 Second order difference of density 
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Figure 3 and Figure 4 show the effect of grid refinement using 

pressure difference for both first and second order differences. 

 

Figure 3 First order difference of pressure 

 

Figure 4 Second order difference of pressure 
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Figure 5 and Figure 6 show the effect of grid refinement using 

velocity difference for both first and second order differences. 

 

Figure 5 First order difference of velocity 

 

Figure 6 Second order difference of velocity 
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Figure 7 and Figure 8 show the effect of grid refinement using entropy 

difference for both first and second order differences. 

 

 

Figure 7 First order difference of entropy 

 

Figure 8 Second order difference of entropy 
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3. Axis Symmetric Body Application 

3.1. Simulation conditions 

 

In order to obtain sufficient data for the flight simulation 

aerodynamic model, several simulations were performed. They cover all 

the different cases of angle of attack as well as pitch control 

surfaces deflections. It is important to highlight that all the chosen 

conditions are identical to the conditions used in the wind tunnel 

testing to ensure accurate comparison. 

Table 4 Simulated cases 

 Angle of Attack Pitch Deflection 

Range -10 to 10 degrees 0, 10, 15 degrees 

Step Interval 2 degrees N/A 

 

3.1.1. Sign Convention for Control Surfaces 

 

The model has two control surfaces to control motion in the pitch 

plane. The control surfaces are deflected according to each simulated 

case specified in Table 4 using the sign convention in Figure 9. The 

other two control surfaces are not deflected in any simulation since 

they are used for yaw plane motion control. 
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Figure 9 Rear view of the positive pitch control deflection 

 

It is important to mention that Figure 9 shows the rear view of the 

model. Furthermore, the trailing edge of the control surface is 

represented by the lowered deflected panels. 

3.2. CAD Model preparation 
 

The CAD model used for the simulation is generated by CATIA using part 

design. The model is designed to be identical to the model tested in 

the wind tunnel. Figure 10 shows the full CAD model including all the 

aerodynamics surfaces. 

It is important to point out that this model is a simplified model 

generated for simulation and not for production or any other type of 

model evaluation. As seen in Figure 10, the model does not include any 

screws or small details. Hence, the model seems like one homogeneous 

body. This is crucial to ensure smooth solution convergence as well as 

help gain accurate results as it will be explained later in this 

paper. 
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Figure 10 CAD model of the simulated missile 

 

3.2.1. Configuration Description 
 

The selected missile aerodynamic configuration is the canard 

controlled missile along with wrap around tail fin stabilizer. The 

control section consists of 4 canards for pitch, yaw, and roll 

control. Two canards are used to control motion in pitch plane while 

the other two are used to control motion in yaw plane as well as roll 

plane.  

The tail fin section consists of 4 wrap around fins to ensure missile 

stability. The tail fins are selected to be wrap around due to the 

launcher requirements. They are also separated from the missile body 

with mechanical bearings to allow the tail fins to rotate freely 

around the body. One of the major challenges of the front canard 

controlled missile is the unwanted roll caused by the non-uniform flow 

disturbance from the front canards. Hence, the tail fins are freely 

rotating around the body without causing the missile body to roll. 
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3.2.2. Model Technical Drawing 
 

The technical drawing of the simulated missile is shown in Figure 11. 

The drawing shows all the important dimensions of the missile such as 

full spans and chords of the canard control surfaces. All the 

dimensions are normalized by the caliber of the missile. 

 

 

Figure 11 Missile technical drawing 

3.2.3. Model Simplification 
 

There are many details in the produced model that has no impact on the 

aerodynamic coefficients such as screw holes. In order to have 

efficient mesh size without sacrificing solution accuracy, it is 

significant to remove all those tiny details for the simulation. 

Therefore, the model is designed as a perfect tube without any holes. 

The highest impact missile part on the aerodynamic coefficients are 

the aerodynamic control surfaces. The control surfaces proofed to have 

significant impact on the mesh size. That is because they include 

smooth and round manufactured edges as shown in Figure 12.  
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Figure 12 Control surface airfoil cross section 

 

The idealized model of the control surface in Figure 12 is created to 

remove the details with small impact. The new optimized control 

surface airfoil section is six-line segments as shown in Figure 13. 

The removed details is proofed to have tiny impact as confirmed later 

in this paper. 

The new optimized control surface airfoil section shown in Figure 13 

has the potential to significantly reduce the mesh size. If the 

original control surface shown in Figure 12 were to be meshed, it 

would be important to significantly reduce the cells sizes near both 

leading and trailing edges. Moreover, those cell sizes will be 

identical along the full span of the 4 canards. Therefore, there will 

be an extreme increase in the overall mesh size. 

 

 

Figure 13 Optimized control surface airfoil section 
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3.3. Simulation setup 
 

Proper flow simulation requires proper flow model with proper air flow 

characteristics. The boundary surfaces locations as well as the 

computational grid specifications should be properly selected in order 

to assure accurate flow simulation. 

 

3.3.1. Domain definition 
 

The flow domain must be carefully specified in order to represent the 

real flow behavior. The inlet and outlet of the flow models are 

specified so that the simulated flow represents the real flow 

characteristics. The locations of the boundary condition surfaces are 

chosen carefully to ensure adequate flow volume. 

The inlet, outlet, and sides are chosen to be significantly far from 

the simulated model. Increasing the volume of flow domain leads to the 

increase in mesh size. However, the meshing technique used 

significantly reduces the increase caused by high volume flow domain. 

The flow domain volume is 1.4744 e +13 mm3. 

It is important to point out that the domain is defined for all the 

simulations with different cases. Usually simulations with high 

disturbances such as high angle of attack require different domain 

definitions. However, the domain defined shall cover all the simulated 

cases up to the extreme case of 10 degrees angle of attack along with 

15 degrees control deflection. 
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3.3.1.1. Boundary conditions 
 

The boundary conditions are selected to properly represent the flow 

characteristics, flow speed, as well as flow direction. The flow 

domain is selected to have cylindrical sides with inlet and outlet as 

shown in Figure 14 

 
 

Figure 14 Flow domain with boundary conditions 

(Note: Flow domain area is scaled down to show simulated model 

clearly) 

All angles of attack are simulated by specifying the flow direction on 

all outer boundary surfaces. Components of the flow are defined 

according to the sine and cosine of angle of attack. 

 

Sides 

Simulated Model 
Outlet 

Inlet 
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The inlet, sides, as well as outlet were set as pressure far-field 

with the following boundary conditions 

Table 5 Boundary conditions parameters values 

Parameter value 

M 0.4 

p 90748 Pa 

T 288.76 K 

𝞾 10 

 

3.3.2. Baseline mesh 
 

The baseline mesh is created to have the minimum possible number of 

cells without sacrificing the shape of the simulated model. It is 

important to highlight that this mesh is initial and not used to get 

the final results. That is because the mesh will be more optimized 

later in this paper for more accurate data. 

The baseline mesh has 1162516 element cells with 211043 nodes. All the 

tables presented in the following figures in this section are 

screenshots from the automated ANSYS tables. The table in Figure 15 

shows the general specifications of the mesh including mesh sizing and 

volume. 
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Figure 15 Baseline mesh sizing and volume table report 

 

The baseline mesh is selected to be coarse mesh and the advanced size 

function is used on curvature. The inflation option used is smooth 

transition with transition ratio of 0.272. The maximum layers of 

inflation is set to be 5 with growth rate of 1.2. Figure 16 shows the 

general mesh controls used. 
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Figure 16 General baseline mesh controls 

 

The major parts of the simulated model are sized carefully to optimize 

the mesh size without sacrificing data accuracy. However, the results 

accuracy are not the major concern when defining the baseline mesh. 

That is because the mesh is optimized later on for more accurate 

results. 
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The body cells face sizes are defined to be 10 mm. The lower face size 

is the better estimation of aerodynamic coefficients especially for 

skin friction drag. Refining the cells on the body has significant 

impact on the mesh size since the simulated model body is relatively 

long. Since the drag estimation is not the major interest of the 

simulations and increasing the mesh size is to be avoided, the body 

face mesh cells sizes are selected to be 10 mm. 

The simulated model nose face size is selected to be 4 mm. 4 mm is 

sufficient to represent the curvature of the nose identical to the 

real model. Usually nose meshing has major impact on aerodynamic drag 

estimation. 

The tail fin face size is set to be 3 mm. The tail fin of the 

simulated model has significant impact on the aerodynamic coefficients 

especially on the lateral aerodynamic coefficients. Hence, the small 

face sizes are selected for tail fin. 

The canard control surfaces have the most impact on the lateral 

aerodynamic coefficients especially the control aerodynamic 

derivatives. However, there is no need for manual sizing of the mesh 

due to their simplified shape. The automatic program controlled 

meshing is sufficient to accurately represent their shape. 

The body, nose, and tailfin mesh element sizes are specified in the 

table shown in Figure 17. 
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Figure 17 Advanced baseline mesh controls 

 

The number of faces selected to be sized in the baseline mesh along 

with their named selections are shown in Figure 18. The number of 

faces are defined according to the CAD model imported from CATIA as 

well as the boundary conditions surfaces selected. 

 

 

Figure 18 Baseline mesh named selections 

 

The baseline mesh side view is shown in Figure 19. It is important to 

highlight that this view is cropped to show a zoomed version of the 
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simulated model. As seen in Figure 19, the cells towards the inlet, 

outlet, and sides are relatively higher in sizes. The baseline mesh 

does not consider flow disturbances such as angle of attack and 

control surface deflection. Hence, the baseline mesh is used for all 

angles of attack and control surface deflections. However, an 

optimization to the mesh is implemented on each case separately as 

explained later in this paper. 

 

 

Figure 19 Baseline mesh side view 

 

3.3.3. Air flow characteristics 

 

The simulated fluid is selected to be air with ideal gas 

characteristics. The Sutherland’s law is used for viscosity 

calculations. The Three Coefficient Method of Sutherland’s law is used 

with the parameters presented in Table 6 
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Table 6 Sutherland's law parameters 

Parameter value 

Reference viscosity 1.716e-05 [Kg/m-s] 

Reference temperature 273.11 [K] 

Effective temperature 110.56 [K] 

 

 

3.3.4. Steady state flow 
 

The simulated flow is selected to be steady state flow for most of the 

simulations. However, there are some simulations where transient flow 

is considered such as cases with high angles of attack coupled with 

high control surface deflections. 

 

3.3.5. Turbulence model 

 

 

The Spalart Allmaras turbulence model is used for all the simulations. 

The model is used with standard coefficients shown in Table 7 

Table 7 Spalart Allmaras model coefficients used in simulation 

Model 

Constant 
value 

Cb1 0.135 

Cb2 0.622 

Cv1 7.1 

Cw2 0.3 

Cw3 2.0 

 

 

3.4. Mesh adaptation 
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Several methods can be used in FLUENT for mesh adaptation. The FLUENT 

mesh adaptation can be used based on several inputs such as the 

geometry and gradient values. They are used to adapt/optimize the mesh 

according to the selected technique by either refining or coarsening 

the mesh. 

Mesh adaptation is usually used for solution optimization. Usually it 

captures all the details needed for mesh adaptation depending on the 

technique used. Mesh adaptation has the potential to significantly 

vary the size of the mesh. Hence, it should be used carefully. 

 

3.4.1. Pressure gradient method 
 

The gradient method is used in all simulations based on pressure 

gradient values in order to optimize the mesh. This method utilizes 

the pressure Euclidean norm along with a characteristics length scale 

according to the following equation (22). 

fA
r

cell  2
i1 )(e

                                            
(15) 

 

After running the simulation for a rough convergence of solution, the 

mesh is adapted by defining a pressure gradient threshold. Figure 20 

and Figure 21 show the process mesh adaptation. 
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Figure 20 Baseline mesh before adaptation 

 

 

 
 

Figure 21 Baseline mesh with cells of required refinement 

 

Figure 21 shows the baseline mesh with the areas [marked in red] that 

need refinement according to the specified threshold of pressure 

gradient. The flow changes with each angle of attack and control 
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deflection. Therefore, the adapted mesh is unique for each simulation 

case. The threshold of pressure gradient is selected so that the mesh 

size does not exceed 4 million cells. 

The simulation case shown in Figure 21 is for 10 degrees angle of 

attack. It is important to highlight that the cells requiring 

adaptation follow the pressure gradient [marked in yellow]. 

Figure 22 shows the adapted mesh after applying pressure gradient 

method. It is important to point out that the changes in cells are not 

clearly visible. However, the mesh increased in size from 1.1 million 

to 4 million cells. 

 

 

Figure 22 Adapted mesh 

 

4. Results Presentation 
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The simulation is executed again after the mesh is optimized to obtain 

more optimized final results. The results are presented for all the 

simulation cases by forces, moments, and contours.  

 

4.1. Coefficients 

4.1.1. Pitch moment coefficients 
 

The pitch moment coefficients are crucial due to their significant 

impact on static stability, controllability, as well as maneuver 

capability of the missile. Hence, several simulations are performed 

for different pitch control deflections up to 15 degrees. This allows 

for the comprehensive study of the full range of deflection 

capability. Moreover, it allows for the identification of the maximum 

control deflection angle without losing maneuver capability. It is 

important to point out that the moments are measured about a reference 

point located at 42% of the model length away from the model’s nose 

tip. 

Figure 23 shows the pitch moment coefficients vs. angles of attack for 

all control deflections. The pitch moment curve increases in value as 

the pitch control deflection increases. It is important to note that 

there is no significant increase of pitch moment curve between 10 

degrees to 15 degrees especially towards high angle of attack. This 

proves that the missile’s pitch moment control surfaces start to loose 

effectiveness near 15 degrees. 
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Figure 23 CFD pitch moment coefficients 

 

4.1.2. Normal force coefficients 
 

The lift force coefficient is important for the overall missile 

performance evaluation. The lift force coefficient helps in evaluating 

several performance parameters such as missile lift/drag ratio, stall 

speed, as well as maneuver capability.  

 

The normal force coefficients for all control deflections vs. angles 

of attack are shown in Figure 24. It is important to note that the 

normal force coefficient curve of 10 and 15 degrees are almost 

identical. This proves that the missile starts to lose lift force when 

it approaches 15 degrees pitch control deflection. 
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Figure 24 CFD normal force coefficients 

 

By comparing Figure 23 and Figure 24, it is clear that the missile 

control surfaces effectiveness is improving as the control deflection 

increases. However, it is important to point out that there is no 

significant control effectiveness increase between 10 and 15 degrees 

control deflection. Therefore, it is concluded that the control 

deflection should not exceed 15 degrees to ensure the best control 

performance. This conclusion is supported by the simulation contours 

in the following sections. 

4.1.3. Axial force coefficients 
 

Figure 25 shows the axial force coefficients vs. angles of attack for 

all the control deflections determined by CFD simulations. The axial 

force curve increases in value as the pitch control deflection 

increases. It is important to note that there is a slight increase in 

the axial force coefficient for 10 and 15 degrees control deflection 
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towards high angle of attack. This increase is approximately 15% and 

16% of the minimum axial force coefficient for 10 and 15 degrees 

control deflection respectively [increase between CA at angle of 

attack -10 degrees and 10 degrees]. 

 

Figure 25 CFD axial force coefficients 

 

 

 

4.1.4. Roll Moment coefficients 
 

Figure 26 shows the roll moment coefficients vs. angles of attack for 

all the control deflections obtained by CFD simulations. The roll 

moment coefficient curves are almost identical and small in magnitude. 

It is important to point out that the control deflections simulation 

are for pitch plane control which means that there should be no roll 

moment. However, this roll is caused by the shape of tail fin [wrap 
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around fin]. Therefore, the plot in Figure 26 represent the wrap 

around fin effect on the roll plane. 

 

Figure 26 CFD roll moment coefficients 

 

 

4.2. Contours 
 

FLUENT is capable of presenting various types of contours such as Mach 

number, pressure, velocity, and temperature. However, The Mach number 

contours and pressure contours are chosen to be presented due to their 

major interest. In addition, velocity contours are provided in 

Appendix A 

4.2.1. Mach number contours 
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The Mach number contours are crucial to evaluate the flow behavior of 

the simulation. They provide effective flow visualization which 

facilitates identifying significant performance parameters such as 

flow separation. 

Various Mach number contours are generated due to several cases of 

control deflection and angles of attack. Angles of attack from 10 to -

10 degrees are presented for each control deflection case. It is 

important to highlight that the increment size between each simulation 

case is 2 degrees angle of attack.  

4.2.1.1. No deflection 
 

The Mach number contours with 0 degree control surface deflection are 

presented in Figure 27 - Figure 37 for different angles of attack. 

Figure 27 shows the simulation case with 0 degree angle of attack and 

0 degree pitch control surface deflection. The contours shown in 

Figure 27 are expected since there are no significant flow 

disturbances caused by the control deflection or angle of attack. 

There is no extraordinary flow behavior noticed in the contours shown 

in Figure 27. The regular flow characteristics at the base of the 

missile caused by the pressure drop is seen in Figure 27. This causes 

base drag on the missile. 

Contours in Figure 27 show the Mach number drop towards the nose. This 

causes the pressure to rise at that point which leads to an increase 

in the drag nose component. 
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Figure 27 Mach number contours for 0 o control deflection and angle of attack α = 0 o 

 

Figure 28 shows the simulation case with 2 degrees angle of attack and 

0 degree pitch control surface deflection. The contours in Figure 28 

show that the flow is starting to be disturbed especially behind the 

trailing edge of the pitch control surfaces. 

The contours shown in Figure 28 indicate a drop in the Mach number 

towards the lower area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by 2 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts upwards 

which is expected for positive angle of attack flow. 
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Figure 28 Mach number contours for 0 o control deflection and angle of attack α = 2 o 

 

Figure 29 shows the simulation case with -2 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours in Figure 

29 show that the flow is starting to be disturbed especially behind 

the trailing edge of the pitch control surfaces. 

The contours shown in Figure 29 indicate a drop in the Mach number 

towards the higher area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by -2 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts downwards 

which is expected for negative angle of attack flow. 
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Figure 29 Mach number contours for 0 o control deflection and angle of attack α = -2 o 

 

Figure 30 shows the simulation case with 4 degrees angle of attack and 

0 degree pitch control surface deflection. The contours in Figure 30 

show that the flow is starting to be disturbed especially behind the 

trailing edge of the pitch control surfaces. 

The contours shown in Figure 30 indicate a drop in the Mach number 

towards the lower area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by 4 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts upwards 

which is expected for positive angle of attack flow. 
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Figure 30 Mach number contours for 0 o control deflection and angle of attack α = 4 o 

 

Figure 31 shows the simulation case with -4 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours in Figure 

31 show that the flow is starting to be disturbed especially behind 

the trailing edge of the pitch control surfaces. 

The contours shown in Figure 31 indicate a drop in the Mach number 

towards the higher area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by -4 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts downwards 

which is expected for negative angle of attack flow. 
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Figure 31 Mach number contours for 0 o control deflection and angle of attack α = -4 o 

 

Figure 32 shows the simulation case with 6 degrees angle of attack and 

0 degree pitch control surface deflection. The contours in Figure 32 

show that the flow is starting to be disturbed especially behind the 

trailing edge of the pitch control surfaces. 

The contours shown in Figure 32 indicate a drop in the Mach number 

towards the lower area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by 6 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts upwards 

which is expected for positive angle of attack flow. 
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Figure 32 Mach number contours for 0 o control deflection and angle of attack α = 6 o 

 

Figure 33 shows the simulation case with -6 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours in Figure 

33 show that the flow is starting to be disturbed especially behind 

the trailing edge of the pitch control surfaces. 

The contours shown in Figure 33 indicate a drop in the Mach number 

towards the higher area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by -6 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts downwards 

which is expected for negative angle of attack flow. 
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Figure 33 Mach number contours for 0 o control deflection and angle of attack α = -6 o 

 

Figure 34 shows the simulation case with 8 degrees angle of attack and 

0 degree pitch control surface deflection. The contours in Figure 34 

show that the flow is starting to be disturbed especially behind the 

trailing edge of the pitch control surfaces. 

The contours shown in Figure 34 indicate a drop in the Mach number 

towards the lower area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by 8 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts upwards 

which is expected for positive angle of attack flow. 
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Figure 34 Mach number contours for 0 o control deflection and angle of attack α = 8 o 

 

Figure 35 shows the simulation case with -8 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours in Figure 

35 show that the flow is starting to be disturbed especially behind 

the trailing edge of the pitch control surfaces. 

The contours shown in Figure 35 indicate a drop in the Mach number 

towards the higher area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by -8 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts downwards 

which is expected for negative angle of attack flow. 
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Figure 35 Mach number contours for 0 o control deflection and angle of attack α = -8 o 

 

Figure 36 shows the simulation case with 10 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours in Figure 

36 clearly show greater disturbances behind the control surfaces 

comparing to the previous contours. This flow behavior is expected due 

to the angled flow caused by the 10 degrees angle of attack. 

A greater decrease in Mach number contours is shown in Figure 36. This 

causes rise in pressure.  Therefore, it increases drag. It also causes 

an increase of the missile’s overall aerodynamic forces, such as the 

normal force. This is expected due to the increase of the angle of 

attack. 

A greater decrease in Mach number contours is also seen in the leading 

edge of the tail fin as shown in Figure 36. Similarly, this 

contributes to the overall increase of the missile’s aerodynamic 

forces. 
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Figure 36 Mach number contours for 0 o control deflection and angle of attack α = 10 o 

 

Figure 37 shows the simulation case with -10 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours in Figure 

37 show that the flow is starting to be disturbed especially behind 

the trailing edge of the pitch control surfaces. 

The contours shown in Figure 37 indicate a drop in the Mach number 

towards the higher area of the front nose, control surfaces leading 

edge, and tail fin leading edge of the missile. This is caused by the 

angled flow represented by -10 degrees angle of attack. Hence, the 

pressure increases accordingly which results in extra drag on the 

missile. In addition, the Mach number drop results in an increased 

total normal force on the missile. This normal force acts downwards 

which is expected for negative angle of attack flow. 
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Figure 37 Mach number contours for 0 o control deflection and angle of attack α = -10 o 

 

4.2.1.2. 10 degrees deflection 
 

The Mach number contours with 10 degrees pitch control deflection are 

presented in Figure 38 - Figure 48 for different angles of attack. 

Figure 38 shows the simulation case with 0 degree angle of attack and 

10 degrees pitch control surface deflection. It is important to note 

that even with 0 degree angle of attack, there is a greater flow 

disturbance behind the control surfaces when comparing to the previous 

contours in Figure 27. This flow disturbance is due to the deflected 

control surface in the front. 

The Mach number contours shown in Figure 38 do not show any 

extraordinary behavior around the nose as well as the tail fin. This 

is because of the zero angle of attack flow. 
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Figure 38 Mach number contours for 10 o control deflection and angle of attack α = 0 o 

 

Figure 39 shows the simulation case with 2 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 28. This is caused by the control surface 

deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of the 2 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 12 degrees angle of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 28 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 2 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 39 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by the 2 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upward which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 39. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24.  The results imply that the missile’s normal force goes 

to zero approximately near -2 degrees angle of attack. Thus, the 

missile’s normal force is directed upwards for 2 degrees angle of 

attack. It is important to point out that -2 degrees angle of attack 

gives zero missile’s normal force for both 10 and 15 degrees 

deflection. 

According to the pitch moment coefficients results presented in Figure 

23, this missile’s trim angle of attack for 10 degrees deflection is 

approximately 4 degrees. Hence, the pitch moment acting on the missile 

is positive which corresponds to anti-clockwise moment direction 
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(pitch up direction). It is important to point out that the trim angle 

of attack is approximately identical for both 10 and 15 degrees 

deflection. 

 

 

Figure 39 Mach number contours for 10 o control deflection and angle of attack α = 2 o 

 

Figure 40 shows the simulation case with -2 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 29 which is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of the -2 degrees angle of attack and the 

10 degrees control deflection. Thus, the control surfaces are facing a 

total of 8 degrees angles of attack with respect to the chord line. 
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That is why the disturbance is greater than the case in Figure 29 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -2 degrees angle of attack. 

Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 40 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by the -2 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 40 

However, the total normal force acting on the missile is zero which 

can be noticed in the overall flow disturbance along the full missile. 

This supports the normal force coefficients results presented in 

Figure 24. Thus, the missile’s normal force is almost zero for flying 

condition of -2 degrees angle of attack and 10 degrees control 

deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 
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the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 

 

 

Figure 40 Mach number contours for 10 o control deflection and angle of attack α = -2 o 

 

Figure 41 shows the simulation case with 4 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 30. This is caused by the control surface 

deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 4 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 14 degrees angles of attack with respect to the chord line. 
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That is why the disturbance is greater than the case in Figure 30 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 4 degrees angle of attack. 

Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 41 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 4 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 41. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24. Thus, the missile’s normal force is directed upwards for 

flying condition of 4 degrees angle of attack and 10 degrees control 

deflection. 

According to the pitch moment coefficients results presented in Figure 

23, this missile’s trim angle of attack for 10 degrees deflection is 

approximately 4 degrees. Hence, the static pressure contours presented 
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in Figure 41 represents trim condition for 10 degrees control 

deflection. This means that the moments in front and behind the pitch 

moment axis cancel each other. 

 

 

Figure 41 Mach number contours for 10 o control deflection and angle of attack α = 4 o 

 

Figure 42 shows the simulation case with -4 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 31. This is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -4 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 6 degrees angles of attack with respect to the chord line. 
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That is why the disturbance is greater than the case in Figure 31 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -4 degrees angle of attack. 

Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 42 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -4 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force component on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the direction of the normal force component acting on the 

control surfaces is not clear in Figure 42. This is due to the 

interaction between positive control deflection with negative angle of 

attack. 

Therefore, the total normal force acting on the missile is not clear 

in the contours shown in Figure 42. However, the normal force 

coefficients results presented in Figure 24 can be used to define the 

missile’s normal force direction. Since the angle of attack is -4 

degrees, the missile’s normal force is directed downwards when the 

control surface deflection is 10 degrees. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 
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the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 

 

 

Figure 42 Mach number contours for 10 o control deflection and angle of attack α = -4 o 

 

Figure 43 shows the simulation case with 6 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 32. This is caused by the control surface 

deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 6 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 16 degrees angles of attack with respect to the chord line. 
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That is why the disturbance is greater than the case in Figure 32 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 6 degrees angle of attack. 

Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 43 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 6 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 43. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24. Thus, the missile’s normal force is directed upwards for 

flying conditions of 6 degrees angle of attack and 10 degrees control 

deflection. 

It is important to note that the simulated angle of attack here is 

greater than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is negative. This means that 
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the pitch moment direction is clockwise [pitch down direction] 

according to the selected axis system. 

 

 

Figure 43 Mach number contours for 10 o control deflection and angle of attack α = 6 o 

 

Figure 44 shows the simulation case with -6 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 33 which is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -6 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 4 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 33 

where the control deflection is 0 degree. 
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It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -6 degrees angle of attack. 

Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 44 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -6 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed downwards which is clearly seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 44. 

Therefore, the total normal force acting on the missile is directed 

downwards. This supports the normal force coefficients results 

presented in Figure 24. Thus, the missile’s normal force is directed 

upwards for flying conditions of -6 degrees angle of attack and 10 

degrees control deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 44 Mach number contours for 10 o control deflection and angle of attack α = -6 o 

 

Figure 45 shows the simulation case with 8 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 34.  This is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 8 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 18 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 34 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 8 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 45 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 8 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 45. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24. Thus, the missile’s normal force is directed upwards for 

flying conditions of 8 degrees angle of attack and 10 degrees control 

deflection. In addition, the flow behind the control surfaces starts 

to separate which is clearly seen in Figure 45.  

It is important to note that the simulated angle of attack here is 

greater than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is negative. This means that 

the pitch moment direction is clockwise [pitch down direction] 

according to the selected axis system. 
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Figure 45 Mach number contours for 10 o control deflection and angle of attack α = 8 o 

 

Figure 46 shows the simulation case with -8 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 35. This is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -8 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 2 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 35 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -8 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 46 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -8 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed downwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 46. 

Therefore, the total normal force acting on the missile is directed 

downwards. This supports the normal force coefficients results 

presented in Figure 24. Thus, the missile’s normal force is directed 

downwards for flying conditions of -8 degrees angle of attack and 10 

degrees control deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 46 Mach number contours for 10 o control deflection and angle of attack α = -8 o 

 

Figure 47 shows the simulation case with 10 degrees angle of attack 

and 10 degrees pitch control surface deflection. It is important to 

mention that the flow is starting to separate as highlighted by the 

black circle in Figure 47. 

This flow behavior is expected due to the combined high angled flow 

generated by the deflected control surface and high angle of attack. 

10 degrees angle of attack as well as 10 degrees control deflection 

results in 20 degrees flow angle with respect to the control surface 

chord line. 

The Mach number contours towards the nose of the missile is identical 

to any simulation with angle of attack 10 degrees. However, the Mach 

number contours towards the tail fin are affected by the disturbed 

flow as seen in Figure 47. 
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Figure 47 Mach number contours for 10 o control deflection and angle of attack α = 10 o 

 

Figure 48 shows the simulation case with -10 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 37. This is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -10 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 0 degree angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 37 

where the control deflection is 0 degree. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -10 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 48 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -10 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in theincreased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed downwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 48. 

Therefore, the total normal force acting on the missile is directed 

downwards. This supports the normal force coefficients results 

presented in Figure 24. Thus, the missile’s normal force is directed 

downwards for flying conditions of -10 degrees angle of attack and 10 

degrees control deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 48 Mach number contours for 10 o control deflection and angle of attack α = -10 

 

4.2.1.3. 15 degrees deflection 
 

The Mach number contours with 15 degrees pitch control deflection are 

presented in Figure 49 - Figure 59 for different angles of attack. 

Figure 49 shows the simulation case with 0 degree angle of attack and 

15 degrees of pitch control surface deflection. The contours show 

great disturbance even though the angle of attack is 0 degree. This 

disturbance is due to the highly deflected pitch control surface. 

The Mach number contours towards the nose shown in Figure 49 do not 

indicate any extraordinary behavior for angle of attack 0 degree. 

However, it is important to mention that the disturbance occurring 

near the leading edge of the tail fin is mainly caused by the high 

deflection of the front canard control surface. 
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Figure 49 Mach number contours for 15 o control deflection and angle of attack α = 0 o 

 

Figure 50 shows the simulation case with 2 degrees angle of attack and 

15 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 39. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 2 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 17 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 39 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 2 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 50 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 2 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 50. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24 which imply that the missile’s normal force goes to zero 

approximately near -2 degrees angle of attack. Thus, the missile’s 

normal force is directed upwards for 2 degrees angle of attack. 

According to the pitch moment coefficients results presented in Figure 

23, the missile’s trim angle of attack for 15 degrees deflection is 

approximately 4 degrees. Hence, the pitch moment acting on the missile 

is positive which corresponds to anti-clockwise moment direction 

[pitch up direction]. It is important to point out that the trim angle 

of attack is approximately identical for both 10 and 15 degrees 

deflection. 
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Figure 50 Mach number contours for 15 o control deflection and angle of attack α = 2 o 

 

Figure 51 shows the simulation case with -2 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 40. This is caused by the control surface 

deflection as well. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -2 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 13 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 40 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -2 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 51 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -2 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 51. 

However, the total normal force acting on the missile is zero which 

can be noticed in the overall flow disturbance along the full missile. 

This supports the normal force coefficients results presented in 

Figure 24. Thus, the missile’s normal force is almost zero for flying 

condition of -2 degrees angle of attack and 15 degrees control 

deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 51 Mach number contours for 15 o control deflection and angle of attack α = -2 o 

 

Figure 52 shows the simulation case with 4 degrees angle of attack and 

15 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 41. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 4 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 19 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 41 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 4 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 52 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 4 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 52. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24. Thus, the missile’s normal force is directed upwards for 

flying condition of 4 degrees angle of attack and 15 degrees control 

deflection. 

According to the pitch moment coefficients results presented in Figure 

23, the missile’s trim angle of attack for 15 degrees deflection is 

approximately 4 degrees. Hence, the static pressure contours presented 

in Figure 52 represents trim condition for 15 degrees control 

deflection. This means that the moments in front and behind the pitch 

moment axis cancel each other. 
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Figure 52 Mach number contours for 15 o control deflection and angle of attack α = 4 o 

 

Figure 53 shows the simulation case with -4 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 42. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -4 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 11 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 42 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -4 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 53 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -4 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the direction of the normal force component acting on the 

control surfaces is not clear in Figure 53. This is due to the 

interaction between positive control deflection with negative angle of 

attack. 

Therefore, the total normal force acting on the missile is not clear 

in the contours shown in Figure 53. However, the normal force 

coefficients results presented in Figure 24 can be used to define the 

missile’s normal force direction. Since angle of attack is -4 degrees, 

the missile’s normal force is directed downwards when control surface 

deflection is 10 degrees. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 53 Mach number contours for 15 o control deflection and angle of attack α = -4 o 

 

Figure 54 shows the case with 6 degrees angle of attack and 15 degrees 

pitch control surface deflection. The contours show clear flow 

disturbance following the angled flow. The flow disturbance behind the 

control surfaces in these contours is greater than the contours in the 

Figure 43. This is caused by the control surface deflection of 10 

degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 6 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 21 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 43 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 6 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 54 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 6 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 54. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24. Thus, the missile’s normal force is directed upwards for 

flying conditions of 6 degrees angle of attack and 15 degrees control 

deflection. 

It is important to note that the simulated angle of attack here is 

greater than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is negative. This means that 

the pitch moment direction is clockwise [pitch down direction] 

according to the selected axis system. 
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Figure 54 Mach number contours for 15 o control deflection and angle of attack α = 6 o 

 

Figure 55 shows the simulation case with -6 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 44. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -6 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 9 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 44 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -6 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 55 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -6 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed downwards which is seen in the flow disturbance direction 

behind the control surfaces. This is also caused by the Mach number 

drop seen in Figure 55. 

Therefore, the total normal force acting on the missile is directed 

downwards. This supports the normal force coefficients results 

presented in Figure 24. Thus, the missile’s normal force is directed 

upwards for flying conditions of -6 degrees angle of attack and 15 

degrees control deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 55 Mach number contours for 15 o control deflection and angle of attack α = -6 o 

 

Figure 56 shows the simulation case with 8 degrees angle of attack and 

15 degrees pitch control surface deflection. The contours show clear 

flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 45. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 8 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 23 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 45 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with 8 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 56 indicate a drop in the Mach number 

towards the lower area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by 8 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act upwards which is expected 

for positive angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed upwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 56. 

Therefore, the total normal force acting on the missile is directed 

upwards. This supports the normal force coefficients results presented 

in Figure 24. Thus, the missile’s normal force is directed upwards for 

flying conditions of 8 degrees angle of attack and 15 degrees control 

deflection. In addition, the flow behind the control surfaces starts 

to separate which is clearly seen in Figure 56.  

It is important to note that the simulated angle of attack here is 

greater than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is negative. This means that 

the pitch moment direction is clockwise [pitch down direction] 

according to the selected axis system. 
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Figure 56 Mach number contours for 15 o control deflection and angle of attack α = 8 o 

 

Figure 57 shows the simulation case with -8 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 46. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -8 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 7 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 46 

where the control deflection is 10 degrees. 

It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -8 degrees angle of attack. 
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Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 57 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -8 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed downwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 57. 

Therefore, the total normal force acting on the missile is directed 

downwards. This supports the normal force coefficients results 

presented in Figure 24. Thus, the missile’s normal force is directed 

downwards for flying conditions of -8 degrees angle of attack and 15 

degrees control deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 57 Mach number contours for 15 o control deflection and angle of attack α = -8 o 

 

Figure 58 shows the simulation case with 10 degrees angle of attack 

and 15 degrees pitch control surface deflection. The flow separation 

is clearly seen behind the control surfaces shown in Figure 58. This 

indicates that the missile loses the control surface effectiveness. 

The total of 25 degrees angled flow with respect to the control 

surface chord line faces the control surface. It is important to point 

out that this case includes the highest simulated angle of attack 

along with the highest pitch control surface deflection. 

The Mach number contours towards the nose of the missile is identical 

to any simulation with angle of attack 10 degrees. However, the Mach 

number contours towards the tail fin are affected by the disturbed 

flow as seen in Figure 58. 

It can be concluded that the missile control surfaces effectiveness is 

compromised when approaching 15 degrees control deflection with high 
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angle of attack. Therefore, this limit has to be considered when 

designing the autopilot for missile control. 

 

 

Figure 58 Mach number contours for 15 o control deflection and angle of attack α = 10 o 

 

Figure 59 shows the simulation case with -10 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear flow disturbance following the angled flow. The flow disturbance 

behind the control surfaces in these contours is greater than the 

contours in the Figure 48. This is caused by the control surface 

deflection of 10 degrees. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -10 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 5 degrees angles of attack with respect to the chord line. 

That is why the disturbance is greater than the case in Figure 48 

where the control deflection is 10 degrees. 
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It is important to point out that the Mach number contours near the 

nose is identical to any simulation with -10 degrees angle of attack. 

Therefore, the control deflection has no major effect on the nose Mach 

number contours distribution. 

The contours shown in Figure 59 indicate a drop in the Mach number 

towards the higher area of the front nose and tail fin leading edge of 

the missile. This is caused by the angled flow represented by -10 

degrees angle of attack. Hence, the pressure increases accordingly 

which results in extra drag on the missile. In addition, the Mach 

number drop results in the increased normal force components on the 

missile. These normal force components act downwards which is expected 

for negative angle of attack flow. 

In addition, the normal force component acting on the control surfaces 

is directed downwards which can be seen in the flow disturbance 

direction behind the control surfaces. This is also caused by the Mach 

number drop seen in Figure 59. 

Therefore, the total normal force acting on the missile is directed 

downwards. This supports the normal force coefficients results 

presented in Figure 24. Thus, the missile’s normal force is directed 

downwards for flying conditions of -10 degrees angle of attack and 15 

degrees control deflection. 

It is important to note that the simulated angle of attack here is 

lower than the trim angle of attack obtained from Figure 23. Hence, 

the pitch moment acting on the missile is positive. This means that 

the pitch moment direction is anti-clockwise [pitch up direction] 

according to the selected axis system. 
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Figure 59 Mach number contours for 15 o control deflection and angle of attack α = -10 
o 

4.2.2. Pressure contours 
 

Contours of static pressure are crucial to analyze flow simulation due 

to their high impact on the missile forces. They provide effective 

pressure distribution around the missile which helps to evaluate the 

missile aerodynamic performance. 

Contours of static pressure can also be helpful when analyzing the 

missile’s structure. They can provide inputs of the pressure 

distribution along all the missile parts. There are many methods of 

identifying load distribution along the missile parts. However, 

through pressure contours generated by FLUENT, exact pressure 

distribution throughout the whole model is generated. This should give 

an accurate results. 

Various Mach number contours are generated due to several cases of 

control deflection and angles of attack. Angles of attack of 10 to -10 

degrees are presented for each control deflection case. It is 

important to highlight that the increment size between each simulation 

case is 2 degrees angle of attack.  
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4.2.2.1. No deflection 
 

Contours of static pressure with 0 degree control surface deflection 

are presented in Figure 60 - Figure 80 for different angles of attack. 

Figure 60 shows the simulation case with 0 degree angle of attack and 

0 degree pitch control surface deflection. The contours of pressure 

show regular pressure distribution for undisturbed flow with 0 degrees 

angle of attack. 

Contours in Figure 60 show the increased pressure towards the tip of 

the missile which causes the nose component of the overall drag. The 

slight drop in pressure behind the trailing edges of the control 

surfaces can be seen in Figure 60 which also causes extra drag. The 

base drag effect can also be seen in Figure 60 through the pressure 

drop towards the missile’s base.  

 

 

Figure 60 Static pressure contours for 0 o control deflection and angle of attack α = 

0 o 
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Figure 61 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 61 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = 0 o 

 

Figure 62 shows the simulation case with 2 degrees angle of attack and 

0 degree pitch control surface deflection. The contours of pressure in 

Figure 62 show increased pressure towards the lower part of the 

missile’s nose due to the angled flow of 2 degrees. 

The static pressure contours shown in Figure 62 show the pressure 

increase towards the lower area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force increases due to the angled flow of 2 

degrees. The base drag effects can also be seen in Figure 62 through 

the drop of static pressure contours in that area. 
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Figure 62 Static pressure contours for 0 o control deflection and angle of attack α = 

2 o 

 

Figure 63 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 63 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = 2 o 



 

92 | P a g e  

 

 

Figure 64 shows the simulation case with -2 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours of 

pressure in Figure 64 show increased pressure towards the upper part 

of the missile’s nose due to the angled flow of -2 degrees. 

The static pressure contours shown in Figure 64 show the pressure 

increase towards the upper area of the canards control surfaces and 

the tail fin. Hence, the force decreases accordingly which results in 

extra drag on the missile. In addition, the normal force decreases due 

to the angled flow of -2 degrees. The base drag effects can also be 

seen in Figure 64 through the drop of static pressure contours in that 

area. 

 

 

Figure 64 Static pressure contours for 0 o control deflection and angle of attack α = 

-2 o 

 

Figure 65 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 
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pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

Figure 65 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = -2 o 

 

Figure 66 shows the simulation case with 4 degrees angle of attack and 

0 degree pitch control surface deflection. The contours of pressure in 

Figure 66 show increased pressure towards the lower part of the 

missile’s nose due to the angled flow of 4 degrees. 

The static pressure contours shown in Figure 66 show the pressure 

increase towards the lower area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force increases due to the angled flow of 4 

degrees. The base drag effects can also be seen in Figure 66 through 

the drop of static pressure contours in that area. 
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Figure 66 Static pressure contours for 0 o control deflection and angle of attack α = 

4 o 

 

Figure 67 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 67 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = 4 o 
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Figure 68 shows the simulation case with -4 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours of 

pressure in Figure 68 show increased pressure towards the upper part 

of the missile’s nose due to the angled flow of -4 degrees. 

The static pressure contours shown in Figure 68 show the pressure 

increase towards the upper area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force decreases due to the angled flow of -4 

degrees. The base drag effects can also be seen in Figure 68 through 

the drop of static pressure contours in that area. 

 

 

Figure 68 Static pressure contours for 0 o control deflection and angle of attack α = 

-4 o 

 

Figure 69 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 
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Figure 69 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = -4 o 

 

Figure 70 shows the simulation case with 6 degrees angle of attack and 

0 degree pitch control surface deflection. The contours of pressure in 

Figure 70 show increased pressure towards the lower part of the 

missile’s nose due to the angled flow of 6 degrees. 

The static pressure contours shown in Figure 70 show the pressure 

increase towards the lower area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force increases upwards due to the angled flow of 

6 degrees. The base drag effects can also be seen in Figure 70 through 

the drop of static pressure contours in that area. 

 

 



 

97 | P a g e  

 

Figure 70 Static pressure contours for 0 o control deflection and angle of attack α = 

6 o 

 

Figure 71 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 71 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = 6 o 
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Figure 72 shows the simulation case with -6 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours of 

pressure in Figure 72 show increased pressure towards the upper part 

of the missile’s nose due to the angled flow of -6 degrees. 

The static pressure contours shown in Figure 72 show the pressure 

increase towards the upper area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force decreases due to the angled flow of -6 

degrees. The base drag effects can also be seen in Figure 72 through 

the drop of static pressure contours in that area. 

 

 

Figure 72 Static pressure contours for 0 o control deflection and angle of attack α = 

-6 o 

 

Figure 73 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 
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Figure 73 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = -6 o 

 

Figure 74 shows the simulation case with 8 degrees angle of attack and 

0 degree pitch control surface deflection. The contours of pressure in 

Figure 74 show increased pressure towards the lower part of the 

missile’s nose due to the angled flow of 8 degrees. 

The static pressure contours shown in Figure 74 show the pressure 

increase towards the lower area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force increases upwards due to the angled flow of 

8 degrees. The base drag effects can also be seen in Figure 74 through 

the drop of static pressure contours in that area. 
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Figure 74 Static pressure contours for 0 o control deflection and angle of attack α = 

8 o 

 

Figure 75 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 75 Static pressure distribution along missile for 0 o control deflection and 
angle of attack α = 8 o 
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Figure 76 shows the simulation case with -8 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours of 

pressure in Figure 76 show increased pressure towards the upper part 

of the missile’s nose due to the angled flow of -8 degrees. 

The static pressure contours shown in Figure 76 show the pressure 

increase towards the upper area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force decreases due to the angled flow of -8 

degrees. The base drag effects can also be seen in Figure 76 through 

the drop of static pressure contours in that area. 

 

 

Figure 76 Static pressure contours for 0 o control deflection and angle of attack α = 

-8 o 

 

Figure 77 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 
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Figure 77 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = -8 o 

 

Figure 78 shows the simulation case with 10 degrees angle of attack 

and 0 degree of pitch control surface deflection. The contours of 

pressure show greater pressure increase towards the lower area of the 

nose which indicates higher aerodynamic forces than the case in Figure 

66. 

The static pressure contours shown in Figure 78 show greater pressure 

increase towards the leading edges of the canard control surfaces as 

well as the tail. This is also caused by the angled flow of 10 

degrees. 

All these pressure increases towards nose, canards, as well as tail 

fin contribute to the overall drag of the missile, lift force, as well 

as pitch moment. 



 

103 | P a g e  

 

Figure 78 Static pressure contours for 0 o control deflection and angle of attack α = 

10 o 

 

Figure 79 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 79 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = 10 o 
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Figure 80 shows the simulation case with -10 degrees angle of attack 

and 0 degree pitch control surface deflection. The contours of 

pressure in Figure 80 show increased pressure towards the upper part 

of the missile’s nose due to the angled flow of -10 degrees. 

The static pressure contours shown in Figure 80 show the pressure 

increase towards the upper area of the canards control surfaces and 

the tail fin. Hence, the force increases accordingly along the 

missile’s axis which results in extra drag on the missile. In 

addition, the normal force decreases due to the angled flow of -10 

degrees. The base drag effects can also be seen in Figure 80 through 

the drop of static pressure contours in that area. 

 

 

Figure 80 Static pressure contours for 0 o control deflection and angle of attack α = 

-10 o 
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Figure 81 shows the static pressure distribution along the whole 

missile’s parts. The static pressure shows sudden increase in static 

pressure towards the nose, the canard control surfaces, and the tail 

fin. This is expected due to the direct exposure to the air flow. 

 

 

Figure 81 Static pressure distribution along missile for 0 o control deflection and 

angle of attack α = -10 o 

 

 

4.2.2.2. 10 degrees deflection 
 

The Contours of static pressure with 10 degrees control surface 

deflection are presented in Figure 82 - Figure 102 for different 

angles of attack. 

Figure 82 shows the simulation case with 0 degree angle of attack and 

10 degrees pitch control surface deflection. The static pressure 

contours presented in Figure 82 show ordinary pressure distribution 
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for 0 degree angle of attack. However, it is important to note that 

the increased pressure towards the leading edge of the control 

surfaces is caused by the deflected control surface. 

 

 

Figure 82 Static pressure contours for 10 o control deflection and angle of attack α = 

0 o 

 

Figure 83 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 61 

which is due to the greater control deflection. 
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Figure 83 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = 0 o 

 

Figure 84 shows the simulation case with 2 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

pressure increases around some parts of the missile. The pressure 

increase around the control surfaces in these contours is greater than 

the contours in the Figure 62. This is caused by the control surface 

deflection of 0 degree. In addition, the pressure increases towards 

the lower area of the control surface’s leading edge which is expected 

due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 2 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 12 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

62 where the control deflection is 0 degree. 

 

 



 

108 | P a g e  

Furthermore, the contours shown in Figure 84 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

2 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 84 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 84 Static pressure contours for 10 o control deflection and angle of attack α = 

2 o 
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Figure 85 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 63 

which is due to the greater control deflection. 

 

 

Figure 85 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = 2 o 

 

Figure 86 shows the simulation case with -2 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 64. This is caused by the 

control surface deflection of 0 degree. In addition, the pressure 
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increases towards the lower area of the control surface’s leading edge 

which is expected due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -2 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 8 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

64 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 86 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-2 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increase on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 86 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is almost zero according 

to the normal force coefficients results presented in Figure 24. In 

addition, the pitch moment acting on the missile is positive which 

corresponds to anti-clockwise moment direction [pitch up direction]. 

That is according to the pitch moment coefficient results presented in 

Figure 23. 
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Figure 86 Static pressure contours for 10 o control deflection and angle of attack α = 

-2 o 

 

Figure 87 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 65 

which is due to the greater control deflection. 

 

 

Figure 87 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = -2 o 
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Figure 88 shows the simulation case with 4 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

pressure increases around some parts of the missile. The pressure 

increase around the control surfaces in these contours is greater than 

the contours in the Figure 66. This is caused by the control surface 

deflection of 0 degree. In addition, the pressure increases towards 

the lower area of the control surface’s leading edge which is expected 

due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 4 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 14 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

66 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 88 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

4 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 88 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is zero since 

trim angle of attack is almost 4 degrees. That is according to the 

pitch moment coefficient results presented in Figure 23. 
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Figure 88 Static pressure contours for 10 o control deflection and angle of attack α = 

4 o 

 

Figure 89 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 67 

which is due to the greater control deflection. 
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Figure 89 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = 4 o 

Figure 90 shows the simulation case with -4 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 68. This is caused by the 

control surface deflection of 0 degree. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -4 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 6 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

68 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 90 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-4 degrees angle of attack. Hence, the drag increases accordingly. In 
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addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 90 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 90 Static pressure contours for 10 o control deflection and angle of attack α = 

-4 o 

 

Figure 91 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 69 

which is due to the greater control deflection. 
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Figure 91 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = -4 o 

 

Figure 92 shows the simulation case with 6 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

pressure increases around some parts of the missile. The pressure 

increase around the control surfaces in these contours is greater than 

the contours in the Figure 70. This is caused by the control surface 

deflection of 0 degree. In addition, the pressure increases towards 

the lower area of the control surface’s leading edge which is expected 

due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of angle of attack of 6 degrees plus the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 16 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

70 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 92 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 
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6 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 92 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is negative 

which corresponds to clockwise moment direction [pitch down 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

 

Figure 92 Static pressure contours for 10 o control deflection and angle of attack α = 

6 o 

 

Figure 93 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 
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surfaces are exposed to greater pressure when comparing to Figure 71 

which is due to the greater control deflection. 

 

 

Figure 93 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = 6 o 

Figure 94 shows the simulation case with -6 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 72. This is caused by the 

control surface deflection of 0 degree. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -6 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 4 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

72 where the control deflection is 0 degree. 
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Furthermore, the contours shown in Figure 94 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-6 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 94 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 94 Static pressure contours for 10 o control deflection and angle of attack α = 

-6 o 
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Figure 95 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 73 

which is due to the greater control deflection. 

 

 

Figure 95 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = -6 o 

Figure 96 shows the simulation case with 8 degrees angle of attack and 

10 degrees pitch control surface deflection. The contours show clear 

pressure increases around some parts of the missile. The pressure 

increase around the control surfaces in these contours is greater than 

the contours in the Figure 74. This is caused by the control surface 

deflection of 0 degree. In addition, the pressure increases towards 

the lower area of the control surface’s leading edge which is expected 

due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 8 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 18 degrees angles of attack with respect to the chord line. 
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That is why the pressure increase is greater than the case in Figure 

74 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 96 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

8 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 96 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is negative 

which corresponds to clockwise moment direction [pitch down 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 
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Figure 96 Static pressure contours for 10 o control deflection and angle of attack α = 

8 o 

 

Figure 97 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 75 

which is due to the greater control deflection. 

 

 

Figure 97 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = 8 o 
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Figure 98 shows the simulation case with -8 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 76. This is caused by the 

control surface deflection of 0 degree. In addition, the pressure 

increases towards the higher area of the control surface’s leading 

edge. This is expected due to the interaction between the 10 degrees 

deflection with the -8 angle of attack. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -8 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 2 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

76 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 98 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-8 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 98 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 
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Figure 98 Static pressure contours for 10 o control deflection and angle of attack α =  

 

Figure 99 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 77 

which is due to the greater control deflection. 
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Figure 99 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = -8 o 

 

Figure 100 shows the simulation case with 10 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 78. This is caused by the 

control surface deflection of 0 degree. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 10 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 10 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 20 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

78 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 100 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

10 degrees angle of attack. Hence, the drag increases accordingly. In 
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addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 100 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is negative 

which corresponds to clockwise moment direction [pitch down 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 100 Static pressure contours for 10 o control deflection and angle of attack α 

= 10 o 

 

Figure 101 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 79 

which is due to the greater control deflection. 
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Figure 101 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = 10 o 

Figure 102 shows the simulation case with -10 degrees angle of attack 

and 10 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 80. This is caused by the 

control surface deflection of 0 degree. In addition, the pressure 

increases towards the upper area of the control surface’s leading 

edge. This means that the control surfaces deflection cannot counter -

10 degrees angle of attack. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -10 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 0 degree angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

80 where the control deflection is 0 degree. 

Furthermore, the contours shown in Figure 102 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 
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-10 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 102 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 102 Static pressure contours for 10 o control deflection and angle of attack α 

= -10 o 

 

Figure 103 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 81 

which is due to the greater control deflection. 
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Figure 103 Static pressure distribution along missile for 10 o control deflection and 

angle of attack α = -10 o 

4.2.2.3. 15 degrees deflection 
 

The contours of static pressure with 15 degrees control surface 

deflection are presented in Figure 104 - Figure 124 for different 

angles of attack. 

Figure 104 shows the simulation case with 0 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours of 

pressure show smooth pressure distribution due to the simulated zero 

angle of attack flow. However, the pressure increase in the lower area 

in front of the control surface is clear in Figure 104 which is due to 

the deflected control surface. 
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Figure 104 Static pressure contours for 15 o control deflection and angle of attack α 

= 0 o 

 

Figure 105 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 83 

which is due to the greater control deflection. 

 

Figure 105 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = 0 o 
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Figure 106 shows the simulation case with 2 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 84.This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 2 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 17 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

84 where the control deflection is 10 degrees. 

 

 

Furthermore, the contours shown in Figure 106 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

2 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 106 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 
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direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 106 Static pressure contours for 15 o control deflection and angle of attack α 

= 2 o 

 

Figure 107 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 85 

which is due to the greater control deflection. 
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Figure 107 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = 2 o 

 

Figure 108 shows the simulation case with -2 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 86. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -2 degrees angle of attack and the 10 

degrees control deflection. Thus, the control surfaces are facing a 

total of 8 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

86 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 108 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 
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-2 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 108 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is almost zero according 

to the normal force coefficients results presented in Figure 24. In 

addition, the pitch moment acting on the missile is positive which 

corresponds to anti-clockwise moment direction [pitch up direction]. 

That is according to the pitch moment coefficient results presented in 

Figure 23. 

 

 

Figure 108 Static pressure contours for 15 o control deflection and angle of attack α 

= -2 o 

Figure 109 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 87 

which is due to the greater control deflection. 
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Figure 109 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = -2 o 

 

Figure 110 shows the simulation case with 4 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 88. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 4 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 19 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

88 where the control deflection is 10 degrees. 
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Furthermore, the contours shown in Figure 110 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

4 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 110 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is zero since 

trim angle of attack is almost 4 degrees. That is according to the 

pitch moment coefficient results presented in Figure 23. 

 

 

Figure 110 Static pressure contours for 15 o control deflection and angle of attack α 

= 4 o 

 

Figure 111 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 
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surfaces are exposed to greater pressure when comparing to Figure 89 

which is due to the greater control deflection. 

 

 

Figure 111 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = 4 o 

 

Figure 112 shows the simulation case with -4 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 90. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -4 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 11 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

90 where the control deflection is 10 degrees. 
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Furthermore, the contours shown in Figure 112 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-4 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 112 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 112 Static pressure contours for 15 o control deflection and angle of attack α 

= -4 o 
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Figure 113 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces is exposed to greater pressure when comparing to Figure 91 

which is due are the greater control deflection. 

 

 

Figure 113 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = -4 o 

 

Figure 114 shows the simulation case with 6 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 92. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 6 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 21 degrees angles of attack with respect to the chord line. 
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That is why the pressure increase is greater than the case in Figure 

92 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 114 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

6 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 114 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is negative 

which corresponds to clockwise moment direction [pitch down 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 114 Static pressure contours for 15 o control deflection and angle of attack α 

= 6 o 
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Figure 115 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 93 

which is due to the greater control deflection. 

 

 

Figure 115 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = 6 o 

 

Figure 116 shows the simulation case with -6 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 94. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -6 degrees angle of attack and the 15 
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degrees control deflection. Thus, the control surfaces are facing a 

total of 9 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

94 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 116 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-6 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 116 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 
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Figure 116 Static pressure contours for 15 o control deflection and angle of attack α 

= -6 o 

 

Figure 117 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 95 

which is due to the greater control deflection. 
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Figure 117 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = -6 o 

 

Figure 118 shows the simulation case with 8 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 96. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 8 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 23 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

96 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 118 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 
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8 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 118 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is negative 

which corresponds to clockwise moment direction [pitch down 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 118 Static pressure contours for 15 o control deflection and angle of attack α 

= 8 o 

 

Figure 119 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 97 

which is due to the greater control deflection. 
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Figure 119 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = 8 o 

 

Figure 120 shows the simulation case with -8 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 98.This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -8 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 

total of 7 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

98 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 120 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 
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edge of the missile. This is caused by the angled flow represented by 

-8 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 120 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 120 Static pressure contours for 15 o control deflection and angle of attack α 

= -8 o 

 

Figure 121 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 
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surfaces are exposed to greater pressure when comparing to Figure 99 

which is due to the greater control deflection. 

 

 

Figure 121 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = -8 o 

 

Figure 122 shows the simulation case with 10 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 100. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the lower area of the control surface’s leading edge 

which is expected due to the 15 degrees deflection. However, the 

static pressure contours show a significant drop in pressure behind 

the trailing edge of the control surface which indicates the beginning 

of flow separation. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of 10 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 
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total of 25 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

100 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 122 indicate increased 

pressure towards the lower area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

10 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act upwards which is expected for positive 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 122 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed upwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is negative 

which corresponds to clockwise moment direction [pitch down 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 

 

 

Figure 122 Static pressure contours for 15 o control deflection and angle of attack α 

= 10 o 
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Figure 123 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 101 

which is due to the greater control deflection. 

 

 

Figure 123 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = 10 o 

 

Figure 124 shows the simulation case with -10 degrees angle of attack 

and 15 degrees pitch control surface deflection. The contours show 

clear pressure increases around some parts of the missile. The 

pressure increase around the control surfaces in these contours is 

greater than the contours in the Figure 102. This is caused by the 

control surface deflection of 10 degrees. In addition, the pressure 

increases towards the upper area of the control surface’s leading 

edge. This means that the control surfaces deflection cannot counter -

10 degrees angle of attack. 

It is important to point out that the flow facing the axis of the 

control surface is the sum of -10 degrees angle of attack and the 15 

degrees control deflection. Thus, the control surfaces are facing a 
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total of 5 degrees angles of attack with respect to the chord line. 

That is why the pressure increase is greater than the case in Figure 

102 where the control deflection is 10 degrees. 

Furthermore, the contours shown in Figure 124 indicate increased 

pressure towards the upper area of the front nose and tail fin leading 

edge of the missile. This is caused by the angled flow represented by 

-10 degrees angle of attack. Hence, the drag increases accordingly. In 

addition, the normal force components increases on the missile. These 

normal force components act downwards which is expected for negative 

angle of attack flow. However, the base drag effects can also be seen 

in Figure 124 through the drop of static pressure contours in that 

area. 

The total normal force acting on the missile is directed downwards 

According to the normal force coefficients results presented in Figure 

24. In addition, the pitch moment acting on the missile is positive 

which corresponds to anti-clockwise moment direction [pitch up 

direction]. That is according to the pitch moment coefficient results 

presented in Figure 23. 
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Figure 124 Static pressure contours for 15 o control deflection and angle of attack α 

= -10 o 

Figure 125 shows the static pressure distribution along the whole 

missile’s parts. It is important to point out that the canard control 

surfaces are exposed to greater pressure when comparing to Figure 103 

which is due to the greater control deflection. 
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Figure 125 Static pressure distribution along missile for 15 o control deflection and 

angle of attack α = -10 o 

 

5. Experiment Set up 

5.1. Wind tunnel facility 
 

The wind tunnel facility used for testing the model is located in the 

Military Technical Institute in Belgrade, Republic of Serbia. The wind 

tunnel facility is capable of testing missiles as well as aircraft. 

Moreover, the military technical institute provides four types of wind 

tunnels for different testing purposes. 

For the testing conditions required, T-35 subsonic wind tunnel is 

used. T-35 wind tunnel is a large closed-circuit wind tunnel. The 

external view of the T-35 wind tunnel is shown in Figure 126 (23) 
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Figure 126 External view of the wind tunnel facility 

 

5.2. Wind tunnel testing section 
 

T-35 wind tunnel is capable of providing flow speed from Mach 0.1 to 

0.5 with several angles of attack as well as sideslip angles. It also 

allows the model to rotate around the stinger to measure dynamic 

derivatives. 

The testing section sizing is 4.4 m x 3.2 m which can help testing 

full scale models without the need of scaling down the model. A view 

of the testing section is shown in Figure 127. 
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Figure 127 Test section view during experiment preparation 

 

5.3. Wind tunnel testing results 

5.3.1. Pitch moment coefficients 

 

Figure 128 shows the pitch moment coefficients vs. angle of attack for 

all control deflections. The pitch moment curve increases in value as 

the pitch control deflection increases. It is important to note that 

there is no significant increase of pitch moment curve between 10 

degrees to 15 degrees especially towards the high angle of attack. 

This proves that the missile’s pitch moment control surfaces start to 

loose effectiveness near 15 degrees as previously proofed in the CFD 

results. 

 



 

156 | P a g e  

 

Figure 128 Wind tunnel pitch moment coefficients 

  

5.3.2. Normal force coefficients 

 

The normal force coefficients for all control deflections vs. angle of 

attack are shown in Figure 129. It is important to point out that the 

missile starts to lose control surfaces effectiveness at 15 degrees 

deflection near higher angle of attack as shown in Figure 130. The 

plot in Figure 130 is a zoomed version of the plot shown in Figure 

129. 
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Figure 129 Wind tunnel normal force coefficients 

 

Figure 130 Wind tunnel normal force coefficients - zoomed 
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5.3.3. Axial force coefficients 

 

Figure 131 shows the axial force coefficients vs. angle of attack for 

all control deflections obtained from the wind tunnel testing. The 

axial force curve increases in value as the pitch control deflection 

increases. It is important to note that there is a slight increase in 

the axial force coefficient for 10 and 15 degrees control deflection 

towards the high angle of attack. This increase is approximately 26% 

and 20% of the minimum axial force coefficient for 10 and 15 degrees 

control deflection respectively [increase between CA at angle of 

attack -10 degrees and 10 degrees]. 

 

 

Figure 131 Wind tunnel axial force coefficients 
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5.3.4. Roll moment coefficients 
 

Figure 132 shows the roll moment coefficients vs. angle of attack for 

0 and 10 degrees control deflections obtained from the wind tunnel 

testing. The roll moment coefficient data for 15 degrees is not 

measured in wind tunnel testing. As seen in Figure 132, the roll 

moment coefficient curves are almost identical and small in magnitude. 

It is important to highlight that the control deflections simulation 

are for the pitch plane control. This means that there should be no 

roll moment. However, this roll is caused by the shape of tail fin 

[wrap around fin]. Therefore, the plot represents the wrap around fin 

effect on the roll plane. 

 

 

Figure 132 Wind tunnel roll moment coefficients 
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6. Semi Empirical Methods 
 

Semi-empirical methods are commonly used for aerodynamic modelling of 

flying projectiles (24). Several codes utilize the semi-empirical 

methods such as Missile DATCOM (25) and AeroPrediction Code (AP98) 

(26). AeroPrediction Code (AP98) has been improved throughout the 

years to be more comprehensive as well as more optimized (27). 

However, the code used for the semi-empirical methods calculations in 

this paper is Missile DATCOM. Its biggest advantage is the quick set-

up along with quick solution. Moreover, Missile DATCOM utilizes build-

up methods for the coefficients identification (28).  Even though 

Missile DACTOM has many limitations in terms of the results quality, 

it proved to be a good competitor to other calculation methods (29), 

(30), (31), and (32). 

Figure 133 (33) presents the lift force coefficient of a missile at 

Mach number of 1.5 and varying angles of attack from 4 to 18 degrees. 

It is important to highlight that Missile DATCOM results are in good 

agreement with the experimental data. However, slight deviation is 

occurs towards high angles of attack. 
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Figure 134 (33) presents the axial force coefficient for the same 

missile with the same conditions as previously mentioned. It is 

important to highlight that Missile DATCOM results are in good 

agreement with the experimental data. 

Figure 133 Lift coefficient for Missile DATCOM vs. other methods 
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Figure 135 (30) presents the pitch moment coefficient of a body-wing-

tail missile at Mach number of 1.42 and varying angles of attack from 

0 to 25 degrees. Two semi-empirical aerodynamic prediction codes used 

are AeroPrediction Code (AP98) and Missile DATCOM. It is important to 

highlight that both codes have discrepancies in the coefficient of 

pitch moment especially towards high angle of attack. Moreover, AP98 

results have better agreement with experimental data. 

 

Figure 134 Drag coefficient for Missile DATCOM vs. other methods 
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Figure 135 Pitch moment coefficient for Missile DATCOM vs. other methods 
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6.1. Missile DATCOM 

 

The Aerodynamic coefficients are obtained using Missile DATCOM for 

identical model with same flow conditions for further comparison. 

However, it is crucial to point out that the model used in Missile 

DATCOM does not have wrap around tail fin stabilizer. Instead, it has 

straight fins and that is due to Missile DATCOM’s model setup 

limitations. Figure 136 shows a view of the model used in Missile 

DATCOM. 

 

 

Figure 136 Missile DATCOM model 

 

6.1.1. Pitch Moment Coefficients 

 

Figure 137 shows the pitch moment coefficients vs. angles of attack 

for all control deflections simulated in Missile DATCOM. The pitch 

moment curve increases in value as the pitch control deflection 
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increases. It is important to note that there is no significant 

increase of pitch moment curve between 10 degrees to 15 degrees 

especially towards high angle of attack. This proves that the 

missile’s pitch moment control surfaces start to loose effectiveness 

near 15 degrees. 

 

 

Figure 137 Missile DATCOM pitch moment coefficients 

 

6.1.2. Normal Force Coefficients 

 

The normal force coefficients for all control deflections vs. angles 

of attack are shown in Figure 138. It is important to highlight that 

the normal force coefficient curve of 10 and 15 degrees are almost 
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identical. This also proves that the missile starts to lose lift force 

when approaching 15 degrees pitch control deflection. 

 

 

Figure 138 Missile DATCOM normal force coefficients 

 

6.1.3. Axial Force Coefficients 
 

Figure 139 shows the axial force coefficients vs. angles of attack for 

all control deflections simulated by Missile DATCOM. The axial force 

curve increases in value as the pitch control deflection increases. In 

addition, it is important to point out that there is a significant 

increase in the axial force coefficient for 10 and 15 degrees control 

deflection towards high angles of attack. This increase is nearly 

twice the values for lower angles of attack. 
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Figure 139 Missile DATCOM axial force coefficients 

 

7. Results Comparison 
 

The CFD results are compared with different methods of coefficients 

identification such as wind tunnel and Missile DATCOM semi-empirical 

methods. It is important to point out that the simulated model is 

identical in all methods to assure consistent comparison. However, the 

model used in Missile DATCOM is slightly different as mentioned 

previously. 
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All results are given in terms of the aerodynamic coefficient vs. 

different values of angles of attack for different cases. Each data 

set includes a certain case of canard pitch control deflection. 

The wind tunnel results are obtained and compared with the theoretical 

results. It is important to note that all simulated flying conditions 

are identical to the tested conditions. Therefore, the theoretical 

methods can be verified. 

This comparison section is divided according to the canard pitch 

control cases as seen in 7.1, 7.2 and 7.3 

 

7.1. No deflection 
 

Figure 140, Figure 141, Figure 142, and Figure 143 represent the 

results comparison between theoretical and experimental methods for 0 

degrees control surface deflection. All the aerodynamic coefficients 

are presented in terms of different angles of attack. 

Figure 140 shows the normal force coefficient comparison for 0 degrees 

control deflection. The theoretical results follow the same curve 

pattern as the experimental which seen in Figure 140. Figure 140 shows 

that normal force coefficients determined by the applied CFD approach 

are in better agreement with the wind tunnel results than the results 

from Missile DATCOM. It is also important to note that the applied CFD 

approach provided extremely accurate results towards high angles of 

attack. 
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Figure 140 Normal force coefficient comparison for 0 o control surface deflection 

 

Figure 141 shows the pitch moment coefficient comparison for 0 degrees 

control deflection. The theoretical results follow the same curve 

pattern as the experimental which is seen in Figure 141. Figure 141 

shows that the pitch moment coefficients determined by the applied CFD 

approach are in better agreement with the wind tunnel results than the 

results from Missile DATCOM. Moreover, it is important to note that 

the applied CFD approach provided extremely accurate results towards 

high angles of attack. 
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Figure 141 Pitch moment coefficient comparison for 0 o control surface deflection 

 

Figure 142 shows the axial force coefficient comparison for 0 degrees 

control deflection. The comparison shows decent agreement between 

theoretical and experimental results in terms of pattern. However, the 

CFD results are slightly off in magnitude when comparing to the wind 

tunnel data. Missile DATCOM shows better agreement with wind tunnel in 

terms of magnitude. It is important to point out that the applied 

simulation approach in CFD is not optimized for axial force 

calculation. 
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Figure 142 Axial force coefficient comparison for 0 o control surface deflection 

 

Figure 143 shows the roll moment coefficient comparison for 0 degrees 

control deflection. The comparison shows good agreement between CFD 

and experimental results in terms of pattern. However, the CFD results 

are slightly off in magnitude when comparing to the wind tunnel data. 

It is important to point out that Missile DATCOM results are not 

available for roll moment due to the limitation of Missile DATCOM. 
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Figure 143 Roll moment coefficient comparison for 0 o control surface deflection 

 

7.2. 10 degrees deflection 
 

Figure 144, Figure 145, Figure 146, and Figure 147 represent the 

results comparison between theoretical methods and experimental for 10 

degrees control surface deflection. All the aerodynamic coefficients 

are presented in terms of different angles of attack. 

Figure 144 shows the normal force coefficient comparison for 10 

degrees control deflection. The theoretical results follow the same 

curve pattern as the experimental which is seen in Figure 144. Figure 

144 shows that the normal force coefficients determined by the applied 

CFD approach are in better agreement with wind tunnel results than the 
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results from Missile DATCOM. It is also important to note that the 

applied CFD approach provided extremely accurate results towards high 

angles of attack. 

 

Figure 144 Normal force coefficient comparison for 10 o control surface deflection 

 

Figure 145 shows the pitch moment coefficient comparison for 10 

degrees control deflection. The theoretical results follow the same 

curve pattern as the experimental which is seen in Figure 145. Figure 

145 shows that the pitch moment coefficients determined by the applied 

CFD approach are in better agreement with wind tunnel results than the 

results from Missile DATCOM. Moreover, it is important to note that 

the applied CFD approach provided extremely accurate results towards 

high angles of attack where Missile DATCOM results highly deviated. 
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Figure 145 Pitch moment coefficient comparison for 10 o control surface deflection 

 

Figure 146 shows the axial force coefficient comparison for 10 degrees 

control deflection. The comparison shows decent agreement between 

theoretical and experimental results in terms of pattern. However, the 

CFD results are slightly off in magnitude when comparing to the wind 

tunnel data. Missile DATCOM shows better agreement with wind tunnel in 

terms of magnitude. Moreover, it is important to point out that 

Missile DATCOM results starts to exponentially deviate towards angles 

of attack 5 degrees and higher.  
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Figure 146 Axial Force coefficient comparison for 10 o control surface deflection 

 

Figure 147 shows the roll moment coefficient comparison for 10 degrees 

control deflection. The comparison shows good agreement between the 

CFD and experimental results in terms of pattern. However, the CFD 

results are slightly off in magnitude when comparing to the wind 

tunnel data. It is important to point out that Missile DATCOM results 

are not available for roll moment due to the limitation of Missile 

DATCOM as explained previously. 
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Figure 147 Roll moment coefficient comparison for 10 o control surface deflection 

 

7.3. 15 degrees deflection 
 

Figure 148, Figure 149, and Figure 150 represent the results 

comparison between the theoretical and experimental methods for 15 

degrees control surface deflection. All the aerodynamic coefficients 

are presented in terms of different angles of attack. 

Figure 148 shows the normal force coefficient comparison for 15 

degrees control deflection. The theoretical results follow the same 

curve pattern as the experimental which is seen in Figure 148. Figure 

148 shows that the normal force coefficients determined by the applied 

CFD approach are in better agreement with wind tunnel results than the 
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results from Missile DATCOM. It is also important to note that the 

applied CFD approach provided extremely accurate results towards high 

angles of attack. 

 

Figure 148 Normal force coefficient comparison for 15 o control surface deflection 

 

Figure 149 shows the pitch moment coefficient comparison for 15 

degrees control deflection. The theoretical results follow the same 

curve pattern as the experimental which is seen in Figure 149. Figure 

149 shows that the pitch moment coefficients determined by the applied 

CFD approach are in better agreement with wind tunnel results than the 

results from Missile DATCOM. Moreover, it is important to note that 

the applied CFD approach provided extremely accurate results towards 

high angles of attack where Missile DATCOM results deviated. 
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Figure 149 Pitch moment coefficient comparison for 15 o control surface deflection 

 

Figure 150 shows the axial force coefficient comparison for 15 degrees 

control deflection. The comparison shows decent agreement between 

theoretical and experimental results in terms of pattern. However, the 

CFD results are slightly off in magnitude when comparing to the wind 

tunnel data. 

Missile DATCOM shows better agreement with wind tunnel in terms of 

magnitude. Moreover, it is important to point out that Missile DATCOM 

axial force coefficient results start to exponentially deviate towards 

angles of attack 2 degrees and higher. According to the results 

presented in both Figure 150 and Figure 146, Missile DATCOM has 
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limitations on predicting axial force for high angles of attack. This 

limitation increases as pitch control deflection increases. 

 

 

Figure 150 Axial force coefficient comparison for 15 o control surface deflection 
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8. Conclusions 

 

This paper presented and discussed a successful numerical approach by 

finite volume method. The method is realized by improving the mesh 

utilizing the pressure gradient methods. As seen in the paper, the CFD 

simulation results showed a good agreement with the experimental 

results performed in the wind tunnel for Mach 0.4. 

Moreover, the CFD normal force and pitch moment coefficients showed 

better agreement with the wind tunnel data than Missile DATCOM 

results. However, there were slight discrepancies as angles of attack 

and pitch control deflections increase. These deviations are mainly 

caused by the high non-linear characteristics of the simulated flow. 

The maximum deviation occurred for pitching moment coefficient was at 

15 degrees control deflection. However, the error was less than 20%. 

Therefore, the employed CFD approach can be considered accurate for 

identification of normal force and pitch moment coefficients in 

subsonic flow regime for this configuration. In addition, it is 

important to highlight that the employed approach in CFD mainly 

utilized Spalart Allmaras turbulence model along with Three 

Coefficient Method of Sutherland’s law for viscosity calculation. 

Moreover, the pressure gradient mesh adaptation played a crucial role 

in accurate identification of the results. 

The CFD results showed that the missile control surfaces start to 

loose effectiveness at 15 degrees pitch control deflection. This is 

also supported by the wind tunnel results. The drop in control 

surfaces effectiveness is greater towards high angles of attack. This 

is also supported by the contours generated which showed flow 

separation in the same simulation cases. Hence, the results conclude 

that the simulated model starts to lose control surface effectiveness 

towards high control deflection along with high angles of attack. This 

should be considered when designing the model control autopilot. 
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The roll moment coefficients represent the wrap around fin effect with 

angle of attack variations. The roll moment coefficients predicted by 

CFD followed the wind tunnel results trend extremely closely. However, 

the curve of CFD is off by a magnitude. It is important to point out 

that the employed approach in CFD simulations is neither optimized for 

wrap around fin roll moment nor axial force coefficient. 

Missile DATCOM axial force coefficients results showed better 

agreement with wind tunnel data than CFD. However, this good agreement 

is only in lower angles of attack region. It is crucial to point out 

that Missile DATCOM axial force coefficients exponentially deviated in 

high angles of attack region. In addition, as the pitch control 

deflection increases, the axial force coefficient starts to deviate 

earlier [lower angles of attack]. Therefore, Missile DATCOM has a big 

disadvantage with the drag estimation for this missile configuration 

in high angles of attack as well as high control deflections. 

The employed CFD approach proved numerous advantages even over the 

wind tunnel testing. It provided much more insights in the flow field. 

It is much faster and more economical than the wind tunnel testing 

given the right computational resources. It can also reduce the cost 

of testing different configurations in the wind tunnel. However, the 

wind tunnel is always needed to validate the results since CFD has 

limitations on certain flow conditions such as flow separation, 

transient flow, and transonic flow. In addition, it also has 

limitations for certain simulated model geometries. 

The solution method explained in this paper covers the subsonic flow 

regime with pressure based solver type. Since the obtained CFD and 

experimental data correlate sufficiently in subsonic flow regime, the 

study will be further extended to transonic and supersonic velocities 

with different solver type. Moreover, different types of mesh 

adaptation will also be researched. In this research, the only 

turbulence model used is Spalart Allmaras. Therefore, different 

turbulence models will also be studied. In addition, Sutherland’s law 
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for viscosity calculation will be replaced with different types of 

viscosity calculation methods for further studies. 
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10. Appendix A 

10.1. Velocity contours 

10.1.1. No deflection 

 

Figure 151 Velocity contours for 0 o control deflection and angle of attack α = 0 o 

 

Figure 152 Velocity contours for 0 o control deflection and angle of attack α = 2 o 
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Figure 153 Velocity contours for 0 o control deflection and angle of attack α = -2 o 

 

Figure 154 Velocity contours for 0 o control deflection and angle of attack α = 4 o 
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Figure 155 Velocity contours for 0 o control deflection and angle of attack α = -4 o 

 

Figure 156 Velocity contours for 0 o control deflection and angle of attack α = 6 o 
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Figure 157 Velocity contours for 0 o control deflection and angle of attack α = -6 o 

 

Figure 158 Velocity contours for 0 o control deflection and angle of attack α = 8 o 
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Figure 159 Velocity contours for 0 o control deflection and angle of attack α = -8 o 

 

Figure 160 Velocity contours for 0 o control deflection and angle of attack α = 10 o 
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Figure 161 Velocity contours for 0 o control deflection and angle of attack α = -10 o 

 

10.1.2. 10 degrees deflection 
 

 

Figure 162 Velocity contours for 10 o control deflection and angle of attack α = 0 o 
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Figure 163 Velocity contours for 10 o control deflection and angle of attack α = 2 o 

 

Figure 164 Velocity contours for 10 o control deflection and angle of attack α = -2 o 
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Figure 165 Velocity contours for 10 o control deflection and angle of attack α = 4 o 

 

Figure 166 Velocity contours for 10 o control deflection and angle of attack α = -4 o 
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Figure 167 Velocity contours for 10 o control deflection and angle of attack α = 6 o 

 

Figure 168 Velocity contours for 10 o control deflection and angle of attack α = -6 o 
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Figure 169 Velocity contours for 10 o control deflection and angle of attack α = 8 o 

 

Figure 170 Velocity contours for 10 o control deflection and angle of attack α = -8 o 
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Figure 171 Velocity contours for 10 o control deflection and angle of attack α = 10 o 

 

Figure 172 Velocity contours for 10 o control deflection and angle of attack α = -10 o 
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10.1.3. 15 degrees deflection 
 

 

Figure 173 Velocity contours for 15 o control deflection and angle of attack α = 0 o 

 

Figure 174 Velocity contours for 15 o control deflection and angle of attack α = 2 o 
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Figure 175 Velocity contours for 15 o control deflection and angle of attack α = -2 o 

 

 

Figure 176 Velocity contours for 15 o control deflection and angle of attack α = 4 o 
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Figure 177 Velocity contours for 15 o control deflection and angle of attack α = -4 o 

 

 

Figure 178 Velocity contours for 15 o control deflection and angle of attack α = 6 o 
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Figure 179 Velocity contours for 15 o control deflection and angle of attack α = -6 o 

 

 

Figure 180 Velocity contours for 15 o control deflection and angle of attack α = 8 o 
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Figure 181 Velocity contours for 15 o control deflection and angle of attack α = -8 o 

 

 

Figure 182 Velocity contours for 15 o control deflection and angle of attack α = 10 o 
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Figure 183 Velocity contours for 15 o control deflection and angle of attack α = -10 o 
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