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Abstract:

In this study, the effect of spike-nosed length on aerodynamic drag of a wing-projectile
model was investigated at supersonic conditions. The projectile BK-13 with convex nose
was selected for the study. The ratio of nose diameter and model diameter was fixed at
around 0.34 while the ratio of the length of the nose and the model diameter was
changed from 1.25 to 2.75. Numerical simulation with turbulent model k-¢ was applied
for flow structure around the model. The effect of mesh size and numerical models on the
drag of the standard model was investigated. The study showed that numerical methods
allow to obtain highly accurate drag coefficients. As the length of aerospike increases,
the drag coefficient quickly decreases and obtains a minimum value at lI/D = 2.0. The
effect of spike-nosed length and velocity on flow pattern and drag of the model was ex-
plained in details in this study.
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1 Introduction

Reducing drag and increasing the aerodynamic performance of the flying object have
been important topics for mechanic researchers for many years. To reduce the drag,
a model was often designed with a streamline body. Consequently, the flow separation
on the surface is delayed. The streamline body allows reducing the pressure drag
which is acting on the model. However, since the capacity is required for moving ob-
jects, the streamline design is not always satisfied.
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Many blunted nose flying objects were designed with an aerospike. In fact, the
aerospike is added to the nose and allows to move the conical shock wave far from the
nose of the model. Consequently, the pressure around the nose decreases and the aero-
dynamic drag of the model decreases. The application of spike also allows to increase
stability and to decrease heat transfer of the model [1]. However, the level of drag
reduction depends on the geometry of the nose, and parameters of the spike, such as its
length, diameter and nose configuration.

Previously, the effects of spike on flow structure around the nose and drag reduc-
tion were studied widely by both experimental and numerical approaches [2-9].
Stalder and Nielsen [1], who conducted measurements with spikes at high Mach num-
ber, indicated that aerodynamic drag of the model decreases with increasing length up
to two times of diameter. Similar results were obtained by Ahmed and Qin [4], who
applied a numerical simulation for studying the effect of aerospike on flow structure
and drag of the model. Additionally, by adding an aero-disk to the spike nose, the drag
of the model remarkably decreases. The application of the aero-disk allows to push the
separation away from the spike and to reduce the pressure around the nose of the mod-
el. Kalimuthu et al. [10], who studied the effect of the spike-nosed length and its angle
of attack on aerodynamic characteristics by experimental methods, showed that the
static stability of the model increases with an added aerospike. The ability of aerospike
and its mechanisms to reduce aerodynamic drag and to increase stability was then
confirmed.

Although many studies have been conducted on the aerospike focused on drag
reduction, previous studies mainly focused on hypersonic flow, where Mach is higher
than 6. Additionally, the front part of the models in previous studies was often de-
signed with convex curvature, such as sphere or ellipsoidal shape. The effect of
aerospike on drag trend is not clear for specific models where the junctions between
the model and aerospike are designed by a plate or a concave curvature shape, such as
projectiles BK-13 of Russia and M431 of America. Moreover, although applications
have been applied added to those models, the related data is not available. The detailed
flow fields were not analyzed. Hence, to study the effect of aerospike on flow structure
and drag reduction at supersonic flow is very important for further investigation. The
study also helps to better understand and improve the design of the models which are
currently used.

Nowadays, the development of technology provides a highly advantageous tool
for analyzing fluid flow. In many cases, Navier-Stokes equations are solved by the
finite volume method. The discrete results are then used to reconstruct the flow struc-
ture around the models. Reynolds-averaged Navier-Stokes (RANS) equations, Large
Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are the well-known
technique for research. Although the current RANS method provides averaged flow
fields, the low size of mesh requirement allows saving numerical time. The methods,
consequently, are still widely applied in many recent studies [2, 3, 11-14]. The numer-
ical studies also allow to extend results from experimental methods, which are often
limited by measurement devices [15-17].

The present study investigates the effect of spike-nosed length on aerodynamic
drag of a wing-projectile model at velocities from subsonic to supersonic conditions.
A specific model which has a concave curvature junction was applied. The length of
aerospike was changed to find the nose model with minimum drag. Flow behavior
around the projectile was conducted by numerical approach with RANS methods.
Turbulence model k-&¢ was applied for highly accurate results. The relation between
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flow fields and drag will be presented in details. We have illustrated that there is an
optimal spike-nosed length for minimum drag of the model at supersonic conditions.
Additionally, the mechanism of aerospike at supersonic and hypersonic conditions in
previous studies are very similar.

2 Numerical Methods

2.1 Model Geometry and Mathematical Models

The model which was used in this study is projectile BK-13 as shown in Fig. 1. This is
a fin-stabilized, gun-fired explosive projectile and it is used against armored targets.
At the junction part, six fins were added to reduce the reversed flow at the front part.
The diameter D of the model equals 122 mm and its total length L is 631 mm. The
ratio of the length to diameter is L/D = 5.17. The projectile uses an aerospike for re-
ducing aerodynamic drag. For the baseline model, the diameter d of the aerospike is
42 mm and its length / is 213 mm. The ratio of the spike-nosed length to the diameter
of the model was I/D = 1.75 while the ratio of the aerospike diameter to the model
diameter was d/D = 0.34, which is similar to the ratio of the nose of the aerospike to
the model diameter in the previous study by Ahmed and Qin [4]. Note that the diame-
ter of the nose cannot be changed due to the structure and tactical requirements. In this
study, we will change the length of the aerospike from [ =1.25D to [ =2.75D to inves-
tigate the effect of the length on the drag of the model. Note that the nose of the model
was designed with the concave curvature shape, which is totally different from the
previous studies studying the aerospike. Although the advantage of the spike on the
drag reduction of that model has been presented, it is interesting to know the details of
the flow phenomenon at high range of velocity. The total of seven models were ap-
plied to obtain the drag trend of the model. The free-stream Mach number was
changed from 0.5 to 2.5 to study the effect of velocity on the drag of the model. The
other parts of the models were maintained as original ones for validations of the nu-
merical scheme. The initial numerical simulation indicated that the drag due to
stability wings reaches to 57 % of the total drag of the model at Mach number of
M=20.

Fig. I Projectile model

The numerical domain has a size of 28D x 5D x 5D. In this study, we used suffi-
ciently wide numerical domain to obtain the whole wake structure flow. Since the
model geometry is complicated and this study focused on the averaged characteristics
of the flow, the mesh in numerical domain was generated automatically. However, the
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size of the mesh was changed depending on the distance from the model. In details, the
size of the mesh around the model is significantly small with ten small uniform layers
to obtain the correct boundary layer. The size of the mesh increases with the distance
from the wall surface. Fig. 2 presents the mesh around the model surface for the origi-
nal spike-nosed length.

Fig. 2 Mesh around the model

2.2 Mathematical Model

This study used Reynolds averaged Navier-Stokes (RANS) equations for calculating
the drag and analyzing the flow fields around the model. In RANS methods, an aver-
aged filter was applied to Navier-Stokes equations. The Reynolds stresses are
simulated by turbulent models. Although RANS method allows only averaged flow
fields, it is efficient in reducing the numerical time and maintains sufficiently high
accuracy. Navier-Stokes equations are shown as.
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where u, v and w are the velocity in x, y and z direction, respectively; p is the pressure,
t is the time, p is the air density, 7 is the deviatoric stress tensor, E is the total energy,
q is the heat flux, Re is Reynolds number and Pr is Prandtl number.

The first equation describes the law of conservation of mass, the next three equa-
tions represent the law of conservation of momentum, and the last equation describes
the law of conservation of energy.

Turbulent model k-¢ was selected for this study. The model was presented by
Launder and Spalding [18], which allows to calculate turbulent eddy viscosity through
kinetic energy k and dissipation rate ¢. Although the model is insufficient for the flow
near the wall, it captures well the flow fields around the model. The two additional
equations for kinetic energy and dissipation rate are calculated as follows:
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where function Py is determined as
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In Eqgs (6) to (8), k is the kinetic energy, ¢ is the dissipation rate, Ej; represents the
component of the rate of deformation, and u, represents the eddy viscosity. Ci., Ca, 0%
and o, are constant numbers. They are determined as Ci. = 1.44, Co. =1.92, g =1.00
and o.= 1.30.
The turbulent viscosity u; is shown by below equations:
k2
He = PCu— ®

where C, = 0.0845 is constant numbers.
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Navier-Stokes equations are solved by commercial software Ansys Fluent Ver-
sion 12.1, which was copyrighted by the Faculty of Aerospace Engineering, Le Quy
Don Technical University, Hanoi, Vietham. RANS equations with turbulent models
k-¢ were selected for this study. The effect of the turbulent model on the results of the
drag coefficients was presented in Section 2.4. The finite volume method with second
order of numerical accuracy for pressure, density, momentum and turbulent kinetic
energy was used for this study. The air is considered as ideal gas and viscosity was
selected as Sutherland model. The SIMPLE algorithm was applied for the simulation.
The residual convergence was set up at 1075,

2.3 Effect of Turbulent Models on the Drag of the Model

The selection of turbulent model is important for the accuracy of the results. In fact,
the accuracy of Cp determination up to 1 % is required to calculate projectile trajecto-
ries. Since the mesh was generated automatically in this study, we checked the effect
of different turbulent model in the numerical results. In details, the one equation turbu-
lent model Spalart-Allmaras and two equation turbulent models k-¢ and k- were
applied for the standard model (/D =1.75) at Mach number of 2.0. The size of the
mesh was 3.6 million cells. Drag coefficients for different models were indicated in
Fig. 3. Interestingly, the drag coefficient changes slightly for different turbulent mod-
els. Hence, the static results can be calculated and compared. The turbulent models k-¢
were selected for accurate results and saving time. The same turbulent model was also
used by Mansour and Khorsandi [2] for studying the drag reduction of aerospike mod-
el in hypersonic flow.
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Fig. 3 Effect of selecting turbulent model on drag of the model

2.4 Mesh Independent Study

Since the mesh was generated automatically, different methods were applied to vali-
date the numerical results. Firstly, mesh independence was studied. The volume of the
mesh was changed in the range between 1.0 million cells to 3.6 million cells. We ex-
amined the drag coefficient for different mesh sizes at the velocity of V = 690 m/s.
Numerical algorithm was the same as described in Section 2.2. Turbulent model k-¢
was selected. Numerical results are indicated in Fig. 4. Clearly, the drag coefficient of
the model is around Cp = 1.0 and it reduces slightly with increasing the mesh size. It
indicates that the size of the mesh in the range from 1.0 million cells to 3.6 million
cells does not strongly affect the drag of the model. Therefore, for 3D RANS simula-



Advances in Military Technology, 2022, vol. 17, no. 1, pp. 33-45 39

tion, the mesh with the size of above 2 million cells could give sufficiently accurate
results. Previously, Mansour and Khorsandi [2] indicated that the mesh with 2.8 mil-
lion cell element provided close results to experimental data for study of the aerospike
at Mach number of 6 and Reynolds number around 0.5 x 10°. Zhong et al. [11] showed
that the results calculated for aero-disk blunt body at Mach number of 6.8 were similar
for mesh above 2.6 million cells. To obtain highly accurate results, the mesh with 3.6
million cells was selected for all test cases. The size of the mesh is higher than in the
previous studies of spike at supersonic conditions.
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Fig. 4 Effect of mesh size on drag of the model

In this study, mesh independence studies were conducted. However, since the ex-
perimental force measurement for the model has not been published before, some
limitations in validation exist. To achieve accurate results, experimental methods are
required. Since this study focuses on the effect of the geometry on the drag trend, we
did not conduct experiments.

3 Results and Discussions

3.1 Flow Fields around the Model

Fig. 5 shows the pressure fields around the original model (I/D = 1.75) on symmetric
plane. The shock wave can be observed from the pattern of pressure. Clearly, a large
shock wave is formed on the nose and convex flange around the model. However, the
shock wave on the flange is quite small by comparison to the one around the nose.
Clearly, the existence of the shock wave leads to the redistribution of the pressure on
the surface, which often results in increasing the drag of the model. The large reversed
flow around the base is a result in high drag. The details of the effect of the rear part
on the drag will be analyzed in Section 3.5.

3.2 Effect of Spike-Nosed Length on Aerodynamic Drag

Fig. 6 shows the drag coefficient of the model for different lengths of the spike at the
velocity of V =690 m/s. Here, the reference area is the maximum cross-section area of
the main body. Generally, drag of model quickly decreases with increasing the length
of spike. The minimum drag is observed at around //D = 2.0, where the drag reduces
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by around 20 % in comparison to the case of I/D = 1.25. The drag slightly increases
again at I/D above 2.0. The drag trend for different //D was similar to the previous
observation by Hutt and Howe [6] by experimental methods and Zhong et al. [11] by
numerical approach. However, Mach number in the previous studies is much higher
than in the current study. Clearly, the spike is not always effective in reducing the drag
of model. Applying a long spike-nosed length can lead to an increase in the drag and
the reduction of the structure stability of the model. Numerical results also indicate
that the drag is mainly formed by pressure component. The drag due to the skin fric-
tion is around 2 % of the total drag. The change of the drag behavior is mainly
generated by different structure of the shock wave and recirculation region on the nose
of the model.

Fig. 5 Distribution pressure around the model
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Fig. 6 Effect of spike-nosed length on drag of model

Note that the ratio of the length to the diameter with a minimum drag (/D = 2.00)
is different from the original model where I/D =1.75. It is probably because the drag is
not the only parameter which should be considered in designing the model. In fact, the
total model length, initial propulsion force, its stability and combat effectiveness are
the other factors important in the designing process.
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3.3 Flow around the Nose

Fig. 7 shows the streamlines around the nose of the model for different spike-nosed
lengths. Analyzing the structure allows to explain the detailed drag trend of the model.
Since the rear part is the same for different spike-nosed lengths, we assume that the
difference in drag among those models depends on the length of the spike.

Mach Number: 02 04 08 08 1 1.2 14 16 1.8 2

I/D=13 I/D=15

I/D =1.75 /D =20

I/D=22 I/D =275

Fig. 7 Flow around the nose of model

Clearly, when the length is small, a recirculation region is formed and covers the
whole nose. The structure of the flow is similar to the flow of an axisymmetric nose at
supersonic flow. In that case, the drag of the model is sufficiently high. However, as
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the length of spike increases, the reversed flow region on the model becomes narrow.
As the results show, the drag of the model decreases. However, when the length is
sufficiently high, two shock waves are formed around the nose. The effect of the shock
wave leads to a slight increase in the drag of the model. Fig. 7 also indicated that the
distribution of the velocity fields is very different for both short and long aerospike
models.

3.4 Effect of Velocity on the Drag

Since the velocity of the projectile reduces in trajectory, it is significant to consider the
drag of the model for different velocity flow conditions. The effect of the velocity on
the drag of model was shown in Fig. 8. Although some uncertainty occurs for drag
calculation around transonic flow, a clear trend of the drag is obtained for different
spike-nosed length. Notably, the spike also has a positive effect on the drag reduction
at low subsonic and transonic conditions, although the effect is not significant. At
spike-nosed length of 1.3D, the drag is significantly high for all velocity cases. How-
ever, the drag reduces with increasing the spike-nosed length. It could be explained in
such a way that the flow at a small spike-nosed length is characterized by a large re-
versed flow region, which results in high drag level.
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Fig. 8 Effect of flow velocity on drag

Fig. 9 shows the velocity fields around the model at subsonic, transonic and su-
personic conditions for the original model (/D = 1.75). For all cases, the flow around
the model is featured by large separation regions around the noses and rear part of the
model. The large wake flow was also noted well in the previous studies by Tran and
Chen [19]. Tran et al. [20] also indicated that flow on the rear surface can affect the
drag of the model. However, their study was conducted at low-speed conditions. In
fact, a shock wave is formed at supersonic flow. The formation of shock wave reduces
the boundary layer thickness and prevents separation on the main-body surface. For
the case of subsonic flow, the separation flow occurs near the flanges, which increases
the boundary layer thickness and the wake structure. Consequently, we observed
a similar level of the drag at subsonic and supersonic conditions. The shock wave is
formed on the nose of the model at transonic flow. However, the structure of the shock
wave is quite different from the case of supersonic flow. It should be noted that the
position of the shockwave at transonic and supersonic conditions are rather different.
The large shock wave on the model and around the base leads to the high drag level at
transonic conditions.
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a M=0.5
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Fig. 9 Flow around the model at different Mach number (I/D = 1.75)

4 Conclusions

The flow around the nose of a projectile using the aerospike for reducing the drag was
studied by a numerical method. The comparisons of the drag coefficient for different
sizes of the mesh and different numerical turbulent models were presented. The aero-
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spike shows an effective method for reducing the drag of the model at supersonic flow.
The main conclusion of this study is as follow:

The drag coefficient of the model quickly decreases with an increasing length of
the spike up to I/D = 2. However, the increasing length of the spike above 2D leads to
a slight increase in the drag again. The optimal spike-nosed length for a minimum drag
is expected around /D = 2 at the supersonic flow for the model with a diameter of
d/D = 0.34. The use of spike also has a positive effect on the drag reduction at subson-
ic and transonic flow.

A large shock wave occurs around the nose of the model for different spike-
nosed lengths. Recirculation flows are formed around the nose of the model. When the
length of the spike is low, the recirculation covers the whole nose and drag of the
model is sufficiently high. When the spike-nosed length is high, the recirculation re-
gion around the nose becomes small, which results in decreasing drag.

Finally, the results of this study can be used for further investigation and design
of the projectiles with a similar geometrical structure.
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