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This paper presents modification of the existing guided missile which was done 
by replacing the existing front part with the new five, while the rear part of the 
missile with rocket motor and missile thrust vector control system remains the 
same. The shape of all improved front parts is completely different from the origi-
nal one. Modification was performed based on required aerodynamic coefficients 
for the existing guided missile. The preliminary aerodynamic configurations of the 
improved missile front parts were designed based on theoretical and computa-
tional fluid dynamics simulations. All aerodynamic configurations were tested in 
the T-35 wind tunnel at the Military Technical Institute in order to determine the 
final geometry of the new front parts. The 3-D Reynolds averaged Navier-Stokes 
numerical simulations were carried out to predict the aerodynamic  loads of the 
missile based on the finite volume method. Experimental results of the axial force, 
normal force, and pitching moment coefficients are presented. The computational 
results of the aerodynamic  loads of a guided missile model are also given, and 
agreed well with. 
Key words: experimental aerodynamics, wind tunnel testing, missile model  

computational fluid dynamics, aerodynamic coefficients

Introduction

Modern missile configuration designs tend to reduce the area of control surfaces, such 
as fins and tails, in order to achieve better aerodynamic performance characteristics in flight. 
As a result of these design requirements, stability problems could appear at the speed in the low 
subsonic regime. For this case, the wing-store interference and low controllability may cause 
serious safety problems. Therefore, investigations of the flow field over missile configurations 
at the subsonic flow and understanding of the effect that control surfaces have on the stability 
characteristics and the development of flow asymmetries are crucial to efforts in improving the 
design of future-generation missiles. In all phases of a missile design it is necessary to know 
the aerodynamic coefficients as a function of the angle of attack for different Mach numbers 
and control deflections. In the preliminary design, an accurate prediction of the aerodynamic 
coefficients is necessary for the choice of aerodynamic configuration.
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The process of missile design requires the use of a variety of theoretical, experimen-
tal, and numerical methods [1, 2]. The experiment comprises the measurement of aerodynamic 
forces and moments on the model in the wind tunnel. The CFD simulations play an important 
role in eliminating preliminary models at the beginning of the design process and leaving ex-
pensive wind tunnel testing for detailed models that are close to the final design. 

This paper presents such a combined experimental and numerical approach to a modi-
fication of an existing guided missile (GM). The original configuration of the missile comprised 
a shaped-charge warhead that was to be replaced by a choice of five new, more effective, war-
heads, while the rear part of the missile with the rocket motor and missile thrust vector control 
system were to remain unchanged. As the aerodynamic shapes, masses, and the positions of the 
centers of gravity of the new warheads differed significantly from the shape of the original one, 
substitutions of the warhead would have resulted in the changes of the aerodynamic characteris-
tics of the missile. There was a requirement, however, to retain the existing semiautomatic com-
mand guidance and missile control system, which required that the aerodynamic characteristics 
of the modified missiles had to remain similar to the original one. This was to be achieved by 
placing additional aerodynamic surfaces on the front part of the missiles (i. e. on the new war-
heads). The new aerodynamic surfaces were to be sized and posi-tioned so as to return CNα and 
Cmα close to the original ones in order that the modified configurations have the same (or slight-
ly better) maneuverability as the original missile, with a minimum penalty of drag increase. 
Several variants of these additional surfaces were designed for each of the new warheads, and 
the designs analyzed in CFD simulations. Optimization and selection of the final geometries of 
the five new front parts of the missile on the basis of the lift-curve and pitching-moment-curve 
slopes and lift/drag ratio decrease were then performed in the wind tunnel testing. 

Experiment

The data for this investigation was obtained in the T-35 subsonic wind tunnel of Mili-
tary Technical Institute. The wind tunnel is of continual type, closed-circuit facility, and capable 
of operation at a Mach number range of 0.1 < M < 0.5 at atmospheric pressure [3-5]. The wind 
tunnel is equipped [6-8] with two removable solid wall test sections, first, a general purpose test 
section with an external six-component balance/model support and, second, a test section with 
a tail sting support system. Each test section has an octagonal cross-section, with a larger axis 
of 4.4 m and a smaller axis of 3.2 m. Cross-sectional area is 11.93 m2. The length of each test 
section is 5.5 m.

The Mach number regulation is achieved by changing the fan rotation rate and the 
angle of fan blades. The value of Reynolds number is up to 12∙106 per meter. The value of the 
total pressure in the test section is 1 bar. Theoretically, the duration of the test is unlimited. The 
facility is used for research projects as well as for educational experiments and demonstrations. 
The GM model shown in this paper is composed of the front part located in the front part and 
the rocket motor with the thrust vector control systems located in the rear part of the missile. 
Figure 1 presents the original GM model parts. The original model and the modified versions, 
named 2M, 2T, 2F, 2ТТ, and 2FF model, were designed and tested in the T-35 wind tunnel. 
Figure 2 shows the 2M model in the T-35.

Various models used in the investigation are shown in figs. 3-6. These figures depict the 
five models, each with a different front part, each of the five parts has sets of wings that were used.

Figures 3 and 4 show the 2T and 2F models mounted in the T-35 test section, respec-
tively. Figures 5 and 6 present the 2TT and the 2FF models, mounted in the T-35 test section. 
The models was made from steel and aluminium alloy. Its main part is the body (wing section) 
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Figure 1. Two parts of the original model:  
rocket body and front part

Figure 2. The 2M model

Figure 6. The 2FF model

(a)

(b)

(c)

Figure 5. The 2TT model,  
(a) without wings, (b) with eight 
wings, and (c) with four wings

Figure 3. The 2T model Figure 4. The 2F model 

made from steel. The model body was designed for the setting of the internal wind tunnel bal-
ance. The model was mounted on a sting. The origin of the wind axes system was in the model 
reference point [8].

Figure 7 shows the relative positions of these axes systems. A comparative survey of 
the basic dimensions of all tested models is given in tab. 1.

The CFD simulation

The numerical calculations of aerodynamic characteristics of the original, 2M, 2T, 
and 2F models, performed using the CFD methods prior to the wind tunnel test campaign, 
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were necessary in order to estimate the 
expected loads on the wind tunnel mod-
el. The numerical calculation was done 
in the FLUENT package, as it allows 
calculation of the aerodynamic charac-
teristics of complex aerodynamic shapes  
[9-19].  The solid model of the mis-
sile is done in INVENTOR software. 
Small details like a gap in the wings, 
attachments, which do not have a sig-
nificant effect on aerodynamics, were 
removed/approximated for the CFD 
simulation. Nozzles and tracer that 
have had significant effect on the drag 
calculations are present. Control vol-
ume in the shape of an ellipsoid with 

a major axis three times greater than the length of the missile 3.8 m,  
a minor axis sixteen times greater than the missile diameter, 1.9 m, and length 5.5 m was done 
by software GAMBIT with the boundary surface type pressure far field. The computational do-
main inlet is located 15 model body diameter upstream from the tip of the model nose and the 
computational domain outlet is located 17 model body diameter downstream from the model 
base. Boundary conditions are Mach number,  total pressure, total temperature and turbulence 
parameters corresponding to the values measured in the wind tunnel. All model body surfaces 
are of the wall type. The unstructured mesh composed of tetrahedral elements is generated in 
the control volume. The density-based, explicit, compressible, unstructured-mesh solver was 
used. A modified form of the k-ε two-equation turbulence model (realizable k-ε) was used in 
this study. This turbulence model solves transport equations for the turbulence kinetic energy, 
k, and its dissipation rate, ε. In most cases, the computation was initially done on a coarse mesh 
with a non-dimensional distance from the model of y+ ≈ 30 in order to obtain the flow field that 
presented a basis for the grid adaptation. Mesh was generated with respect to selected mesh 
growth rate of 1.08, but mentioned growth rate parameter was chosen to vary up to the value 
of 1.2. Selection of appropriate growth rate parameter value directly affects total grid size. The 
finest grid was defined with total cells number of 2.6 million elements, which corresponds to 
the growth rate parameter of 1.08 and with the first wall node placed at y+ ≈ 1 in the whole 
domain for the angles of attack. This density of the mesh was selected with respect to the suf-
ficient amount of computer memory and convergence criteria of the calculated aerodynamic 

Table 1. Basic dimensions
Front part type Original 2M 2T 2F 2TT 2FF
Length, [m] L 0.832 1.097 1.261 0.972 1.018 0.832
Diameter, [m] D 0.120 0.120 0.120 0.120 0.120 0.120
Wing span, [m] b 0.393 0.393 0.393 0.393 0.393 0.393
Referent length, [m] D 0.120 0.120 0.120 0.120 0.120 0.120
Distance beetwen 
point of reduction and 
front of model, [m]

Xr 0.499 0.711 0.8555 0.5616 0.643 0.457

Referent area, [m2] Sref 0.011304 0.011304 0.011304 0.011304 0.011304 0.011304

Figure 7. Axes systems used in data reduction
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coefficients, and residuals. It should be noted that a grid with the total number of cells of about 
2.6 million was found to be sufficient to obtain a good agreement with test results and to ensure 
convergence of the calculated aerodynamic coefficients and residuals. Finer grids, between 
2.6 million and 4 million elements, ensured a grid-independent solution. The near-wall region 
was discretized with 23 layers of prismatic cells, while the rest of the flow domain consisted 
of tetrahedral cells. In the regions where y+ ≈ 1, the viscous sublayer was resolved using a 
two-layer model for enhanced wall treatment, while the enhanced wall treatment through the 
blending of linear and logarithmic laws in the 
near-wall region was used in the regions with 
a higher y+. The cross-sections of the mesh in 
the computational domain for the 2M model is 
given in fig. 8.

The FLUENT commercial flow solver 
was used to compute the axial and normal force 
and pitching moment coefficients and flow-field 
around the missile model. The viscous CFD 
simulations were used to calculate the flow-
field around the projectile model in subsonic 
flows. The FLUENT (v6.2.16) commercial flow 
solver is used to compute the base pressure val-
ues and the flow-field around the ATM model. 
The implicit, compressible, unstructured-mesh 
solver is used. The 3-D, time-dependent, Reynolds average Navier-Stokes equations are solved 
using the finite volume method (1) and (2):
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The inviscid flux vector, F, is evaluated by a standard upwind flux-difference split-
ting. In the implicit solver, each equation in the coupled set of governing equations is linear-
ized implicitly with respect to all dependent variables in the set, resulting in a block system of 
equations. A block Gauss-Seidel point implicit linear equation solver is used with an algebraic 
multigrid method to solve the resultant block system of equations. The computations were 
performed for the Mach number 0.35 and the angle of attack from –10º to 10º. Convergence 
was determined by tracking the change in the flow residuals and the aerodynamic coefficients 
during the solution. The solution was deemed converged when the flow residuals were reduced 
at least two orders of magnitude and the aerodynamic coefficients changed less than about 2% 
over the last 100 iterations.

Figure 8. Cross-section of the mesh in the 2M 
model vicinity
(for color image see journal web site)
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Results

In order to fulfill the requested ratio between the pitching moment and the normal 
force coefficients, the wings are added on the forward part of the missile where the front part 
is located. The aim of the experiment was to determine the configurations of the wings such 
that for the same normal force coefficients as the original GM get the appropriate coefficient 
of pitching moment. During the testing, the shape and position of the wings was changed in 
order to obtain sufficiently stable model configurations while being manageable. Results were 
obtained by testing at M = 0.35 in the T-35 wind tunnel, at the model rolling angle of ϕ′ = 0˚, 
and by CFD simulation at the same conditions. Results are presented by axial force, CA, normal 
force, CN, and pitching moment coefficients, Cm. Test results are given for the model aerody-
namic center, located at the distance of Xr upstream of the reference plane. The model reference 
length for the Reynolds number calculation is the diameter of the model.

The original missile model test was used for the aerodynamic coefficient determination, 
and also for the determination of the aerodynamic characteristics of the common parts for all con-
figurations of the rocket motor section. The relation between the derivatives of the normal force 
and the pitching moment coefficients was adopted for all new versions of the missile front parts. In 
fig. 9 the diagrams of aerodynamic coefficients of the original model are shown. Having obtained 
an agreement between the experimental and the numerical results on the original model config-

uration, the numerical method was used in the 
development of the GM project with improved 
front parts. 

The results of CFD analysis of the orig-
inal model was used to adjust the density of 
the mesh and the layout and setting boundary 
conditions for models with improved front part. 
In fig. 10 the diagrams of aerodynamic coeffi-
cients for the 2M model are shown. 

During the testing of the 2M model two 
types of wings were used that were positioned 
at three locations. 

Configuration of the 2M front part with the 
type B wings at the location C = 150 mm from 
the front of the model fulfilled all requirements 
regarding the relationship between the normal 
force and the pitching moment coeficient. In the 
diagrams full symbols mark the final version of 
the model. The experimentally and numerically 
obtained results for the 2M model with the type 
B wings at the location C = 150 mm were com-
pared, and the comparisons of the coefficients 
as a function of the model angle of attack are 
given in graphs in fig. 11. The maximum differ-
ence between the calculated and the measured 
axial force coefficients is about 7.1%. 

The maximum difference of the calculated 
and measured pitching moment coefficients is 
about 18%. In fig. 12 the diagrams of aerody-

Figure 9. Aerodynamic coefficients of the 
original model
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namic coefficients for the 2T model are shown. 
During the test four types of wings were used 
that were positioned at two locations. In fig. 12 
the sketch of the four tested wings is also shown. 
Wings A and B are rectangular 45 × 45(55) with 
a diamond cross-sections 2 mm thick. Wings C 
and D are rhombus with sweep angles 45° and 
20°, respectively. Cross-section of the wings C 
and D are rectangular with rounded edges of 
0.5 mm. Configuration of the 2T front part with 
the type B wings at the location C = 200 mm 
from the front of the model was adopted. The 
wind tunnel test results and CFD simulation of 
the 2T model with the type B wings at the loca-
tion C = 200 mm were compared in graphs in 
fig. 13. The maximum difference between the 
calculated and the measured axial force, normal 
force and pitching moment coefficients are 10, 
2.5, and 4.2%, respectively. In fig. 14 the di-
agrams of aerodynamic coefficients for the 2F 
model are shown. During the test one type of 
wings was used that was positioned at four lo-
cations.

Configuration of the 2F front part with 
the type A wings at the location C = 170 mm 
from the front of the model was adopted. The 
normal force, pitching moment, and axial force 
coefficients calculated by FLUENT and mea-
sured in wind tunnel as a function of the angle 
of attack for 2F model with the type A wings at 
the location C = 170 mm from the front of the 
model are given in fig. 15.

The maximum difference between the 
calculated and the measured normal force, 
pitching moment, and axial force, coefficients 
are 1.8, 12, and 4.8%, respectively. In figs. 16 
and 17 the diagrams of normal force, pitching 
moment, and axial force coefficients for the 
2TT and the 2FF model are shown. During the 
2TT model test one wing type at one positioned 
location was used. The number of wings was 
changed; eight or four wings were used. Configuration of the 2TT front part with eight wings at 
the location C = 276 mm from the front of the model was adopted. During the 2FF model test 
one wing type positioned at one location C = 50 mm was used. 

Figure 18 shows the dynamic pressure distribution on the GM models body. It can 
be observed that the dynamic pressure profiles are symmetric in the pitching and yawing plane 
when α = 0°. 

Figure 11. The CFD results of the 2M model
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In the pressure contour, it can 
be easily found that there are 
least dynamic pressure areas at 
the front of the body, especially 
in the connection region of the 
front part and the rear part of the 
model and the base of the model. 
However, the minimum pressure 
area is also found at the leading 
edges of the tails. The increase in 
dynamic pressure can be attribut-
ed to the increasing velocity as 
it moves over the model surface, 
because the dynamic pressure is a 
function of the square of velocity. 
As a result of increase in dynamic 
pressure, a simultaneous decrease 

Figure 15. The CFD results of the 2F model
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Figure 17. Aerodynamic coefficient of  
the 2FF model

Figure 16. Aerodynamic coefficient of  
the 2TT model
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in static pressure results from Bernoulli’s theorem or which can also be understood as conser-
vation of the total pressure where, P0 = constant = dynamic + static pressure. The dynamic pres-
sure on the nose is decreasing with increasing angle of attack and the static pressure is increas-
ing with increasing angle of attack. The dynamic pressure on the lower surface is decreasing 
with increasing angle of attack whereas, the static pressure is increasing on the lower surface. 
The results of the CFD calculations show good agreement with the results of the wind tunnel 
experiments for five versions of the GM models and for the original model. It is also shown that 
the normal force coefficients of the modified missiles are equal to the normal force coefficients 
of the original missile. The analysis of the aerodynamic coefficients showed that better agree-
ments between the calculated and the measured aerodynamic coefficients were obtained for the 
2T model than for the other models. Practically, there is no difference between the calculated 
and the measured normal force coefficients for all compared models. The size and shape of the 
added wings do not influence the normal force coefficients.

Discussion

An optimization of the wings’ shape and location was performed. The main goal was to 
maintain the ratio between Cmα and CNα within the limits (–0.192 ≤ Cmα/CNα ≤ 0.05), and the second 
goal to maximize lift to drag ratio CL/CD as the original ones. The aerodynamic shape optimization 
was carried out by varying the shape design variables subject to the slope of the normal force coef-
ficient constraint (CNα = 15.55). The design variables were three external shape variables decisive 
in shaping the wings i. e. the root chord, tip chord, and span for the all four added wings and also a 
wing location. The area and sweep-back angle for the wings were determined by a combination of 
several variables. The design variables 
in external configuration optimization 
are defined for wing geometry. These 
variables are wing leading edge loca-
tion with respect to the nose tip, semi-
span, root chord, and the taper ratio of 
the canard. The upper and lower limits 
for the variables are defined in a wide 
range to investigate capabilities of the 
developed design optimization. Fig-
ure 19 represent wing placement area 
and some possible wing geometries 
that may be encountered during op-
timization runs for all five improved 
front parts. 

In order to determine the best missile configuration, we created a Pareto front for the op-
timal results. Therefore, we created two graphs in order to better analyze these results. From the 
figs. 20 and 21 the results for possible combinations of our project target can be seen. For known 
derivatives of the pitching moment and normal force coefficients ratio of the original missile and 
assumed required derivatives of the same ratio are determined by changing the wing dimensions 
and its locations [18-27]. By varying the shape of the missile models, different values of the 
derivatives of the normal force and pitching moment coefficients are obtained. These analyses 
revealed a difference between the derivatives for different types of wings. Derivatives of the Cmα 
and CNα were obtained from wind tunnel tests, while their required ratio was calculated, tab. 2. 
Optimization was done for about 50 different configurations, but besides the original in the tab. 2 

Figure 19. Wing placement area (hatched) and random 
possible wing geometries
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only 18 were analyzed and disscussed. The tab. 2 shows in italic the chosen shapes for the 
derivatives ratio optimization derived in this study. The fig. 20 shows the lift to drag ratio vs.  
Cmα/CNα the ratio for all tested configurations. The hatched area represents the desirable values 
of the Cmα/CNα ratio. Five GM models which fulfill the derivatives ratio requirement are marked 
with full symbols. In was proved by the analysis that there is a small change of the aerodynamic 

CNα due to the change of the 
size and the position of the 
added wings. 

Figure 21 shows the result 
of optimization where each 
point represents a unique 
shape of the missile. It seems 
that the pairs of the lift and 
drag force coefficients were 
obtained for the same angle 
of attack for all the configura-
tions considered. The values 
given for the original (full 
square) are shown in these 
graphs to see the relative posi-
tion between the original and 
the other configurations. The 
fig. 21 shows the results for 
the 2F model as a maximum 
CL and CD configuration, 2M 
as a minimum CL and 2FF as 
a minimum CD configuration, 
as well. In terms of the maxi-
mum lift to drag ratio the 2FF 

model is the optimal configuration. In the diagrams full symbols mark the final versions of the 
model and also the original. Selected configurations have almost the same or slightly better 
characteristics in terms of maneuverability. 

Table 2. Estimated aerodynamic characteristics 
for analyzed model configurations
Mark Config. Cmα CNα Cmα/CNα CL CD CL/CD

O Original –2.98 15.55 –0.192 2.82 0.73 3.86

2M

A 150 –4.509 15.88 –0.284 2.78 0.77 3.61
A 130 –4.592 15.812 –0.290 2.80 0.79 3.54
A 170 –4.301 16.001 –0.269 2.80 0.78 3.58
body –8.797 15.518 –0.567 2.76 0.76 3.60
B 150 –1.644 17.101 –0.096 2.80 0.81 3.47

2T

A 200 –2.260 15.662 –0.144 2.84 0.84 3.38
C 707.5 –0.660 16.347 –0.040 3.12 0.90 3.46
D 707.5 –0.239 17.94 –0.013 3.13 0.92 3.41
B 200 –1.165 15.931 –0.073 2.88 0.85 3.39

2F

A 62 –4.977 16.392 0.304 3.08 0.88 3.49
A 50 –5.462 16.428 0.333 3.10 0.88 3.51
A 80 –4.592 16.221 0.283 3.10 0.88 3.51
body –11.29 15.137 –0.746 2.74 0.77 3.54
A 170 0.68 17.743 0.038 3.10 0.884 3.50

2TT
body –7.047 14.955 –0.471 2.21 0.63 3.52

4 wings –4.474 15.037 –0.298 2.81 0.83 3.38
8 wings –2.998 15.501 –0.193 2.84 0.85 3.35

2FF 8 wings –2.823 15.604 –0.181 2.89 0.78 3.71

Figure 20. CL/CD versus Cmα/CNα ratio

Cmα /CNα

CL/CD

Figure 21. Optimized results for CL and CD at fixed α

CD

CL
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Conclusions

The typical conceptual design process for missiles is an iterative process, requiring a 
number of design iterations to achieve balanced emphasis from the diverse inputs and outputs. 
Based on requirements, an initial baseline from the existing missiles with a similar mission 
is established. This baseline is used as a starting point to expedite the missile design conver-
gence. The new conceptual design is evaluated against its flight performance requirements. If 
the design does not meet the requirements, it is changed and resized for the next iteration and 
evaluation. If the new missile design meets the requirements, the design is finalized. Approx-
imately 50 missile shapes were analyzed by varying the geometric parameters. Unfortunately, 
due to wind tunnel testing costs and limited computer resources, we were forced to use only 
four parameters which describe the wings. These parameters represent the root and tip chord, 
span and also a wing location. 

Results showed that the 2FF configuration is more effective than other configurations. 
The Pareto optimized configuration was shown to have better aerodynamic features over a 
range of aerodynamic angles of attack. That is consistently lower drag, while having consistent-
ly higher lift and lift-to-drag ratio. The experimentally and numerically obtained results of the 
aerodynamic coefficients were compared and good agreement was found, so that the designers 
of the missile projectile had correct guidelines. The existing old generation GM with single 
shaped-charge warheads have limited applications against modern tanks with reactive armor. 
In order to overcome this problem, a new range of improved warheads is developed. Partial 
modernization of the existing GM were done by replacing the existing warheads with new five, 
more effective, of about 50% greater penetration than the original and slightly greater range. 
The flight test of the modified versions of the missile proved the validity of the optimization 
design method given in the paper.

Nomenclature

CA	 –	 axial force coefficient, [–]
CD	 –	 drag force coefficent, [–]
CL	 –	 lift force coefficent, [–]
CL/CD	 –	 lift to drag ratio, [–]
Cm	 –	 pitching moment coefficient, [–]
Cmα	 –	 derivative of pitching moment coeff., [–]
CN	 –	 normal force coefficient, [–]
CNα	 –	 derivative of normal force coeff., [–]
D	 –	 referent length of model, [m]
L	 –	 length of model, [m]
М	 –	 Mach number, [–]
pst	 –	 static pressure, [bar]
p0	 –	 total pressure, [bar]
q	 –	 dynamic pressure, [bar]
Rе	 –	 Reynolds number, [–]
Sref	 –	 referent area of model, [m2]

Т0	 –	 total temperature, [К]
Xr	 –	 distance beetwen point of reduction and 

front of model, [m]
Xref 	 –	 distance beetwen point of reduction and  

virtual center of balance, [m]

Greek symbols

α	 –	 angle of attack, [º]
β	 –	 sideslip angle, [º]
ϕ	 –	 roll angle, [º]

Acronyms

CFD	 –	 computational fluid dynamics
F. S.	 –	 transducer full scale
GM	 –	 guided missile
VTI	 –	 Military Technical Institute, Belgrade
VTI35C	–	internal balance ϕ35 mm by VTI
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