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Abstract Previous research studies indicate that the proportion of Magnus force at the spinning projectile tail
position is very high. Meanwhile, the large mutations of aerodynamic characteristics are found after adding
boattail structures. In order to study the influences of boattail structures on aerodynamics of a spinning pro-
jectile, a 6.37-diameter long tangential-ogive-cylinder projectile is selected as the original model. Moreover,
several boattail configurations are adopted to investigate the effects of boattail structures on the aerodynam-
ics. Numerical simulations with the use of detached eddy simulation method have been performed to study
the modification of boattail structure on the surface pressure of the projectile to expose the effects on the
aerodynamic characteristics. The reliability of the numerical method has been validated through comparison
with experimental data. The numerical results show that the variations of the wake vortex field due to the
boattalil structures have important influences on the surface pressure and the aerodynamic characteristics. The
results provide important observations which can be valuable for design optimization of supersonic spinning
projectile.

Keywords Aerodynamics Magnus effect Boattail- Spinning projectile

1 Introduction

In order to ensure flight stability, the supersonic projectile needs to fly with high rotation speed. When the
spinning projectile or rockets rotate around their longitudinal axis with a certain incident angle, a lateral force
perpendicular to the plane of attack is generated, which is known as the Magnus force in ballistics and the
moment of force generated by itis called the Magnus moment. In general, the Magnus force can be approximated
to the corresponding normal force, but it is not damped on the whole trajectory, so it has an important impact
on the dynamic stability of the projectil&][ Murphy [2] put forward the criterion of dynamic stability of a
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spinning projectile. Magnus effect is the main cause of dynamic instability of low-resistance projectiles, and
it has become one of important limitations in the design of low-resistance projectiles.

In recent years, with the rapid development of computational fluid dynamics (CFD), many researchers
have applied CFD technology to study the flow fields of spinning projectiles. Pechier &talcénducted
numerical simulation study on the high-speed spinning projectile and rockets. The flow fields are simulated
by giving a tangent velocity for projectile surface with the use of Reynolds-averaged Navier—Stokes (RANS)
equations and the improved Baldwin—Lomax turbulence model, and the good agreement with experiments
was obtained when the angle of attack was< 5°. Silton [5] used the commercial software CRB- to
conduct numerical simulation of the spinning projectile when the Mach number of the incoming flow between
0.7 and 2.7 and the angles of attack ate and 5. The results of drag and lift coefficients are in good
agreement with corresponding experimental values and semi-empirical formulas, but the results of Magnus
force and moment are quite different from the experimental values. DeS@irijoused commercial software
CFD++ to conduct the numerical simulations of the flow fields around the spinning projectile (M910) under
different Mach numbers and angles of attack ofQ,2 and & incoming flow conditions. The results show
that the Magnus force and moment obtained by the RANS and large eddy simulation (LES) hybrid model
(RANS/LES) have the best agreement with the experimental values at the subsonic and transonic flow. At the
same time, it was found that there is a large percentage of Magus effect around the projectile tail. D&Spirio [
conducted numerical simulation of the flow field around 7 times diameter spinning projectile. Different from
the numerical results of the M910 spinning projectile, with the use of the RANS/LES model, the Magnus
moment obtained under the subsonic and transonic flow conditions is larger than the experimental value. It
was also found that boattail structure has a gain influence on Magnus effect.

The effects of boattail structures on the aerodynamics of spinning projectiles have also been studied.
Silton [9] studied the boattail effect on the bottom resistance at zero incidence angle. DeSfirituflied
the influence of boattail shape on spinning stability projectile, and the results showed that boattail structure
had a great influence on Magnus effect and dynamic stability. Sturek étthhlgo studied the influence of
boattail shape on the aerodynamic characteristics of supersonic spinning projectile and quantitatively analyzed
the variation of Magnus force and moment with the boattail length and angle. LES model can capture and
explain the combustion structures of the hydrogen-fueled scramjet combustor with dual cavity vefy?jvell [
The counterrotating vortex structures induced by the injection also can be captured very well with the use of
LES model in supersonic combustion flow field with hydrogen injectid).[Huang et al. 14] investigated
the effect of the turbulence model and slot width on the transverse slot injection flow field and found that the
RNG k= turbulence model could predict the transverse slot injection more accurately for low jet-to-crossflow
pressure ratio; meanwhile, the SSTwkturbulence model was better for the high jet-to-crossflow pressure
ratio. Simon et al.15] improved the accuracy of numerical simulation of projectile wake by optimizing S—-A
turbulence model and analyzed the wake flow field changes caused by boattail structure. ¥@lisgapved
the prediction accuracy of the aerodynamic effect of the boattail by optimizing the Missile DATCOM algorithm.

Fig. 1 Computational model



Influences of boattall structures on aerodynamic characteristics 251

Fig. 2 Schematic diagram of mesh generation
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Fig. 3 Partial mesh of several new models with different boattail

However, even previous research results all indicate that the proportion of Magnus force at the boattail
position is very high along the axial direction of the spinning projectild.[Their researches are basically
based on the condition of zero incident angle. Practically, the large mutations of aerodynamic characteristics
are found after adding the boattail structure at nonzero incident ak§jlérf order to explain this phenomenon
and the potential mechanism of boattail influence on Magnus effect, it is necessary to seek the relation between
the coupling effect of projectile wake vortex and asymmetric pressure field. Therefore, the 6.37-diameter long
TOC projectile is selected as the original modéf][in this paper. Several boattail configurations are adopted
to investigate the effect of boattail structure on aerodynamics. Numerical simulations with the use of DES
method [L9] have been performed to study the influence of trailing vortex structure on aerodynamics and to
explore the effects of base shape on the aerodynamic characteristics of the projectile.
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2 Computational approach

In order to study the influence of boattail structure on the aerodynamic characteristics of spinning projectiles,
the 6.37-caliber long TOC projectile is selected as original model, which is shown id&ighe geometry
consists of a tangential-ogive-nose and a 4.43-caliber long cylindrical afterbody. The total length of the TOC
projectile is 6.37 diameters L = 30 mm). Firstly, the comparative analysis of aerodynamic characteristics
of the projectile with and without boattail added is carried out. Then, the influence of boattail structure on
aerodynamic characteristics of spinning projectile is studied iy.wherely; is the length of the boattail
andép; represents the boattail angle.

Figure2a shows the schematic diagram of the computational domain which is divided into external fixed
region and internal sliding motion region. Due to the three-dimensional (3D) flow fields, the O-grid generating
technology is employed to conduct the division of structured grid. Fighirghows the block of inner region
through O-grid technology, and Figc shows the grid diagram of the longitudinal section. The elements near
the wall region are refined to ensuyg = 1 for the viscous boundary layer. In addition, the grid elements
are refined at the inflection points to better capture the wave structure in the flow fields. Ziglrews the
grid distribution near the wall regions. Simply modifying the block at the boattail structure can generate the
meshes of several new models for studying the effect of boattail structure on the aerodynamic characteristics,
as shown in Fig3.

For the numerical simulation, the commercial code ANSYS FLUENT V16.0 was used. After several
calculation and comparative analysis, the numerical simulation results of DES method for spinning projectile
are the best]0,21], which use LES for the main flow area and the RANS near the wall area. AUS#eme is
adopted for capturing shock wave accurately. While the viscous term is discretized with the central difference
scheme, the time term is approached using the second-order Runge—Kutta scheme.

In the DES method based on realizable keodel, the model equations are shown as follows:

9 9 0 me\ ok k%2
— (pk) + — (pkuij) = — — ) 3o Gk —p— 1
80K+ (o) = o [(M+Uk)axj]+ (o ®
9 9 9 pt\ e £
9 O peui) = 0 Ll C1Se — pCp———— 2
at P9 % ax (oeuy) 0x) [(Wr%)axj}ﬂ RSV “
whereu; = pC, kY2, Cy = max[0.43, ni%] n= Sk s=/25/5].
| = min (k—e, CoesAmax) )
_ k3/2

wherelx_. = =~ is the turbulence scale parameter in thetikrbulence modelCpes = 0.61, Amax is the
maximum grid scale ixx, y andz directions.

The surface of the projectile is considered as the non-slip wall, and the mesh moves with the projectile. The
sliding boundary condition is used for the interfaces between the external fixed area and the internal moving
area. The outer boundary adopts the pressure far-field boundary condition, and the incoming flow condition is
Mach numbeMa = 3, total temperatur@ = 295K, and total pressuii® = 7.41x 10° Pa. It can be deduced
that static pressurB,, = 20, 800 Pa, static temperatufg, = 1062 K, and density,, = 0.682 kg/n?. The
Reynolds number based on the projectile diameter is=R&.71 x 10°, the dimensionless rotation speed
Q* = pD/2Uy = 0.154, and the rotation direction is counterclockwise looked from the projectile bottom.

It is essential that the numerical results should be grid-independent to ensure the calculation accuracy. In
this paper, the total number of grids ranges from 542,295 to 3041,694 for the original modell Sables
the results of grid independency test. As is shown, the Magnus force coefficient does not change significantly

Table 1 Results of grid independency test

Number of elements Magnus force coefficient
542,295 —0.00141895

964,000 —0.00150432
1,643,227 —0.001.5431

2,017,298 —0.00161746
2,490,665 —0.001.61194

3,041,694 —0.00161784
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Fig. 5 The axial force coefficient changes with the boattail lengtilat= 3, « = 0°

Fig. 6 The pressure distribution of the projectileMa = 3, Q* = 0.154 andx = 4°

Fig. 7 The corresponding contours of Mach numbekat= 3, @* = 0.154 andx = 4°

when the number of grids exceeds 2,017,298. After mesh independence tests, the total number of grids is
selected to be 2,490,665.

Figure4 compares the Magnus force and moment coefficients of our simulation results with the experi-
mental and simulation results of Re17] for a TOC projectile aMa = 3. It can be found that our numerical
results agree well with the experimental and numerical data of previous research results 17|REig{ire 5
shows the relationship between the axial force coefficient and the length of the boattaiMahen3 and
a = 0°. With the increase in the boattail length, the axial force (drag) decreases monotonously. However,
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Fig. 8 The variations of aerodynamic coefficients versus the boattail length

for small boattail lengths, its variation gradient becomes large. When the boattail length exceeds 0.8D, the
gradient turns into small and gradually becomes constant with the increase in boattail length. And our result
also agrees with that of Silton’s resear®h [

3 Results and discussions

The TOC projectile is chosen to investigate the flow fields. Figsteows the pressure distribution in symmetry
plane at the angle of attack, = 4°. Figure7 shows the corresponding contours of Mach number in plane
xoy. It is clear that surface boundary layer is thin at the high-pressure area which is the windward side of the
projectile, and the thickest boundary layer is found at the boattail.

3.1 Effect of boattail length on aerodynamicsrat 6°
Figures8 and9 show the variations of aerodynamic coefficients versus the boattail length under the condition

of Ma = 3anda = 6°. Itis clear that, for a large angle of attaek £ 6°), the small length (A5D) of boattalil
structure increases the drag and lift coefficients rapidly; then, a further increase in its length has the opposite
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Fig. 9 The variations in Magnus coefficient versus the boattail length
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Fig. 11 The variations of aerodynamic coefficients versus the boattail angle

effect, which means decreasing the drag and lift. The drag coefficient will be lower than that of original model
when the boattail length is greater thad8D (Fig. 8a). Meanwhile, the lift coefficient is greater than that

of the original model before the boattail length is less thaD1(Fig. 8b). And the rolling moment has the
same variation tendency with that of drag force (Rdg), which increases significantly and then decreases
monotonically. Figureé8d shows that the pitching moment coefficient also increases quickly firstly, and stays
around 0.6 as the boattail length between 0.15 aB@® Othen decreases when boattail becomes larger than
0.8D, which is beneficial to improve the static stability of the spinning projectile.

Figure9 shows the variation of Magnus coefficients versus the boattail length. As shown iak-itpe
Magnus force coefficient decreases significantly With= 0.15D and then increases with the raise in the
boattail length. Figur®b shows that the Magnus moment coefficient also has the same variation tendency.
After Ip; > 0.6 D, Magnus coefficient basically presents linear modification versus boattail length.

Figure 10 displays the pressure contour around boattail part under three different boattail lengths with
the boattail anglé,; = 9°. It can be seen that the flow structures of the low-pressure area C in three cases
are similar due to the same boattail angle. The flow fields behind the first expansion &n-thiee (with
positiveZ value) are basically the same, so the pressure values in the A zone are almost the same. However, the
pressure value in the B zone is relatively large, which ultimately leads to an increase in the Magnus force and
the Moment coefficients. According to the comprehensive results, Magnus force and moment tend to increase



260 J. Maetal.

Fig. 12 The variations of Magnus coefficient versus the boattail angle

with the raise in boattail length. However, compared with the original projectile without boattail structure,
Magnus force and moment coefficients are still much smaller. Therefore, boattail structure is conducive to
aerodynamic optimization of the spinning projectile.

3.2 Effect of boattail angle on aerodynamicsrat 6°

Figuresll and12 show the aerodynamic coefficients of the spinning projectile versus the boattaildgngle
with Ma = 3 anda = 6°. It can be seen that the drag coefficient fluctuates slightly after the boattail angle
Opt = 5°. The lift and rolling moment coefficient both show a decreasing trend with the increase in the boattail
angle. Figurel1d shows that the pitching moment coefficient first increases and then decreases, and there is a
maximum value at théy; = 5° position. For the spinning projectile, the smaller pitching moment coefficient
is better for the static stability. Combined with the drag coefficient, the boattail angle betweed 30 is
more reasonable.

Figure12 shows the Magnus force and moment coefficients versus the boattailbgnds it shows that
both Magnus force and moment coefficients show the increasing trend with the incrégseirt they are
much smaller than those of the original projectile with non-boattail. Fig@rehows the pressure contour
around boattail part under three cases of different boattail angles when the boattail lépgth 1D. It can
be seen that the low-pressure area of the expansion wave structure expands with the increase in the boattail
angle, making A zone expands and its pressure decreases, and the high-pressure B zone gradually shrinks.
With the increase in the boattail angle, the boattail surfac& enside (with negativeZ value) is close to
the wake vortex structure, leading to a significant decrease in pressure in C zone, which eventually leads to
an increasing trend of Magnus force and moment. Therefore, it can be concluded that the Magnus force and
moment tend to raise with the increase in the boattail af\gle

According to the comprehensive results, it is reasonable to choose the ran€l6f for the boattall
angle of the spinning projectile, which is consistent with the present conventional spinning projectile.

3.3 Influence mechanism of boattail structure on aerodynamic characteristics

The presence or absence of boattail structure has a greatimpact on aerodynamic force. From the original model
with non-boattail to the addition of. 05D boattail, a jump change of aerodynamic coefficients occurs, which

is completely different from the monotonic change of the aerodynamic coefficients at angle otatta@k
Therefore, it is necessary to further explore the mechanism.
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Fig. 14 The pressure distribution on the planexof under the condition da = 3 ande = 6°
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(a) The original projectile with non-boattail  (b) The projectile with boattail of /,=0.25D, 6,=9°

Fig. 15 The instantaneous Mach number contours under the conditibtaet 3 anda = 6°
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(a) The original projectile with non-boattail  (b) The projectile with boattail of lbt=b.25D, 6,=9°

Fig. 16 The instantaneous wake structure of the projectile under the conditida ef 3 anda = 6°
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Firstly, the projectile with the boattail structurelgf = 0.25D, 6 = 9° is selected as typical example to
compare with the original projectile with non-boattail. Figdreshows the pressure distribution on the plane
of xoy under the condition dfla = 3 anda = 6°. Figurel5 shows the instantaneous Mach number contours
of two kinds of projectiles. As seen from Fif4, the overall flow field structures of the two projectiles are
similar, but the pressure distribution in the circular area of the warhead site and the tail position of the projectile
is slightly different. The pressure difference of wake field is easy to understand, because it changes from a
primary expansion wave to two expansion waves (as shown irnlBjgThe mechanism for the evolution of
the high-pressure area on the warhead is relatively complex. IrLBjighe velocity near the windward side
increases due to the change in the boattail structure. As a result, the stagnation zone on the windward side of the
warhead extends backward, leading the high-pressure aero to expand. Therefore, the drag and lift coefficients
of the projectile increase with the addition of boattail structure. From Bigjand15, the Mach number and
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Fig. 17 The instantaneous vorticity and streamline diagram of the wake regign-29.25D, 0p; = 9°

pressure contour on the leeward side are basically the same, and the flow field around leeward side is not
affected much.

Figurel7 shows the instantaneous vorticity contour and streamline diagram around wake region when the
boattail length idp: = 0.25D and the boattail angley; = 9°. It can be seen that there is a pair of reverse
vortexes in the wake region, and the intensity of the vortex orztheside is significantly larger than that on
the other side, and its vortex range occupies almost the entire bottom of the projectile. Due to the existence of
the asymmetric vortex structure, the velocity around boattail is asymmetrical, and the x direction flow velocity
near theZ — side will be faster than thé+ side (Fig.17). As aresult, the pressure value distributed onghe
side is low and a lateral force (i.e., Magnus force) is formed, which can reasonably explain why the Magnus
force on the boattail position is relatively large.

3.3.1 Influence of boattail length on surface pressure distribution

Figure 18 shows the pressure distribution of leeward side and windward side of the projectile with different
boattail length§,: = 9°). As shown in Fig18a, the pressure on the windward side increases with the boattail
structure, while the pressure on the leeward side remains basically unchanged, which is consistent with the
previous analysis, leading to the increase in lift force. Fidi8te shows the pressure distribution around the
boattail. The pressure on the leeward side near the bottom is larger than that on the windward side, and the
pressure difference between the leeward side and the windward side gradually increases with the increase in
the boattail length. It can conclude that the lift coefficient will decrease with the increase in the boattail length.
According to the comprehensive results, the pressure on the windward side increases due to the influence
of the addition of the boattail structure, causing a jump in the lift coefficient. As the length of the boattail
increases, the additional reverse lift generated by boattail will increase, leading to the gradual decrease in the
lift coefficient.

Figure19 shows the pressure distribution 6 side andZ+ side of the projectile with different boattail
lengths @t = 9°). It can be seen that the pressure difference close to the projectile bottom between two sides is
very large under the influence of the asymmetric vortex structure of the wake flow, but gradually decreases with
the distance away from the bottom. It indicates that Magnus force has a large proportion around the boattail and
is obviously affected by wake flow. After the addition of the boattail structure, the pressure difference between
two sides decreases significantly due to the barrier effect of the secondary expansion discontinuity formed
by the boattail structure, and the upstream affected area is also significantly shortened. However, as shown in
Fig. 19, the boattail structure will generate additional Magnus force while obstructing the upstream influence
of wake flow and gradually increase with the raise in the boattail length; therefore, the boattail structure should
not be too long.
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Fig. 18 Pressure distribution of leeward side and windward side on the projectile surface

Fig. 19 Pressure distribution df- andZ+ side on the projectile surface

Fig. 20 The location of the cross sectignz
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Fig. 21 Circumferential pressure distribution on the projectile surface

In order to further analyze the influence of the boattail structure on the surface pressure distribution, four
sections were selected along the projectile axis, respectiy&y= 0.67, 2.67, 5 and 6.2, as shown in Faf.
Figure21 displays the circumferential pressure distribution on the surface of the four positions. Eigure
shows the circumferential pressure distribution on the projectile surface at the waxheddg7D). It can be
clearly seen that the pressure distribution on the windward side increases significantly after adding the boattail
structure, while the leeward side remains basically unchanged, leading to the increase in lift, which is consistent
with the previous analysis. Figupdb shows the circumjacent pressure distribution on the front of the cylinder
(x = 2.67D). It can be inferred that a pair of vortex structures form behind the projectile shoulder from the
“W”-shaped pressure distribution on the leeward surface. From the deviation of the minimum positions on
both sides, it can be known that the vortex structures shift to the smadlee to the influence of the boattail
structure. From the pressure change of the leeward side, the boattail structure increases the lateral force along
thez-negative direction at this position. However, from the side of the windward side, the pressure value on the
Z— side increases, and the basic position of the pressure @nitlséde does not change, forming a lateral force
in thez-positive direction. In general, the pressure difference formed on the windward side is large, making the
Magnus force become smaller, but the change in boattail length has little effect on the pressure distribution.
Figure21c shows the circumferential pressure distribution on the back of the cylindrical sextien5D)



266 J. Maetal.

12 035 ——+—— Lee side (4i=1D, 6,=2.5°)
B ——=——Wind side (4:=1D, 6,=2.5°)
. - = Lee side (h=1D, ,~=5°)
————Lee side (5=1D, 0h=2.5°) - — & Wind side (rI;=1D 0::55)
——=——Wind side (5=1D, 6,=2.5°) 03 B ———— Lee side (l=1D, ,05«=7°)
= Lee side (h=1D, 6,=5°) S ———4—— Wind side (4=1D, 6,=7°)
———+&—— Wind side (;=1D, 6,=5°) B ——+—— Lee side (,=1D, 0,=9°)
08 —_— Lﬁe sld.e (=1, 6:=7°) 025 ———<—— Wind side (&,=1D, 6,=9°)
————— Wind side (5=1D, 6,=7°) : ———+—— Lee side (7=1D, 6»=11°)

——+—— Lee side (b=1D, 6,=9°) # ———+—— Wind side (4=1D, §,=11°)

g Wind side (h=1D, 6,=9°) S
§ 06 < Lee side (b=1D, 6,=11°) £02
———v—— Wind side (/,~=1D, ,~=11°) R~
0.4 0.15
—a—o—a-wo8
02 \“‘\M"*“ :% 01f
(oo qls o ofaan oiie pwefars ijepsadag — ) M I |
00 1 2 3 4 5 6 0'0531.5 5 5.5 6 6.5
x/D x/D
(a) Leeward side and windward side (b) Leeward side and windward side at boattail part

Fig. 22 Pressure distribution of leeward side and windward side on the projectile surface

of the projectile (presenting the “M” shape). Compared with the front section of the projectile, the surface
pressure distribution of back changes largely. Since the boattail structure effectively weakens the influence
of the wake vortex structure on the flow field at this position, two minimum points can be found to increase
significantly. The pressure value on tde- side increases significantly, while that on the- side decreases
correspondingly, leading to the reduction in Magnus force, which is conducive to the flight stability of the
spinning projectile. Figur@1d shows the circumferential pressure distribution at the boattait (6.2D),

where the pressure distribution changes significantly with the boattail length. Firstly, the position is affected
by the expansion wave, which causes the pressure to be significantly smaller than original projectile. Secondly,
the pressure value of the leeward side is greater than the pressure of the windward side, so the increase in the
boattail length will inevitably lead to the decrease in the lift. It is not difficult to see that there is a minimum
value atd = 360°, and the position of the minimum value moves forward with the increase in the boattail
length, and the minimum value is significantly larger than that at 180°. Moreover, the larger the boattail
length, the greater the difference between the two minimum values (more apparent frot8d¥jgso the
Magnus force at this position increases when the boattail length increases.

In general, the addition of boattail structure has a great impact on the surface pressure distribution due to
the barrier effect of expansion wave discontinuity generated at the junction of boattail and cylindrical section,
which can improve lift force and reduce Magnus force. The boattail section is obviously affected by the wake
vortexes, and the pressure distribution at the boattail changes greatly versus boattail length. As a result, the lift
will gradually decrease and the Magnus force will gradually increase with the raise in the boattail length.

3.3.2 Influence of boattail angle on surface pressure distribution

Figure22 shows the pressure distribution of leeward side and windward side of the projectile with different
boattail angleslf; = 1D). It can be found from Fig22a that the boattail angle has little effect on the surface
pressure distribution of the projectile except the boattail section. FRflirehows the pressure distribution at

the boattail, and the windward pressure is greater than the leeward pressurg,wheh5°, but the leeward
pressure appears to be greater than the windward pressure near the projectile bottom. Moreover, the region
gradually expands with the increasedif. Foréy: > 9°, the leeward pressure of the entire boattail section is
larger than windward pressure. It can be concluded that the additional reverse lift generated by the boattail
will increase with the raise in the boattail anglg, resulting in the lift coefficient gradually decreasing with

the increase ifpt.

Figure23 shows the pressure distribution 6 side andZ+ side of the projectile with different boattail
angleslp: = 1D). It can be seen from Fi@3a that the influence of the boattail angle on the surface pressure
distribution of the projectile is mainly concentrated on the boattail section. However, the pressure difference
between thez— side andZ+ sides gradually increases with the raisedppn and the pressure difference
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Fig. 24 Circumferential pressure distribution on the projectile surface at cross sectios 62D

increases as itis closer to the projectile bottom. It can be concluded that the additional Magnus force generated
by the boattail structure will gradually increases with the raise in the boattail angt® the boattail should
not be too large.

Figure 24 shows the circumferential pressure distribution of the boattail sectioca 6.2D), which is
affected by the expansion wave. And the intensity of the expansion wave increases with the égjse in
resulting in a decrease in the surface pressure at the position. In addition, it can be seen from the figure that
when 6y is small, the surface pressure of the windward surface is greater than leeward surface. However,
as thedy; increases, the gradient of pressure on the leeward surface is much smaller than windward surface.
When#o,; = 5°, the maximums of pressure on both windward side and leeward side are substantially equal.
When6y: > 5°, the pressure on the leeward side will be greater than the windward side, resulting in additional
reverse lift. Besides, the minimum points between®1&0d 360 draw close to 270with the increase iflp;
on the windward side, and the high-pressure area shrinks, which causes the lift coefficient of the projectile
to gradually decrease. The minimums of pressure orZtheside are significantly larger than the minimums
value on theZz— side, and the pressure differences are gradually enlarged with the incrégse&Ciombined
with Fig. 23p, it can be seen that the Magnus force will gradually increase with the incre@se in

4 Conclusion

The 6.37D long TOC projectile is selected as the original model, and several boattail configurations are
adopted to investigate the effect of boattail structure on aerodynamics. Numerical simulations with the use of
DES method have been performed to study the modification of trailing vortex structure on the surface pressure
of the projectile to expose the effects on the aerodynamic characteristics. Based on our numerical results, the
conclusions are shown as follows.

(1) After the addition of the boattail structure, the drag, lift and rolling moment coefficients increase sub-
stantially and then show a monotonic decreasing law with the increase in the boattail length. The pitching
moment coefficient decreases significantly at first and stays around 0.6 as boattail length bet®@en 0
and Q8D and then presents a decreasing law after boattail being larger @an 0

(2) The Magnus force and moment coefficients decrease significantly after the addition of boattail structure
and then increase with the raise in the boattail length.

(3) The drag coefficient fluctuates slightly after the boattail afgle= 5°. The lift coefficient and rolling
moment coefficient both show a decreasing trend with the increase in the boattail angle. The pitching
moment coefficient first increases and then decreases, and there is a maximum valugyattHs®
position.
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(4) Both Magnus force and moment coefficients show an increasing trend with the rajgebint they are
much smaller than those of the original projectile with non-boattail.

(5) There is a pair of reverse vortexes in the wake region, and the intensity of the vortex o# thide is
significantly larger than that on the other side, and its vortex range occupies almost the entire bottom of
the projectile which results in that the Magnus effect on the boattail position is relatively large.

(6) The addition of boattail structure has a great impact on the surface pressure distribution due to the barrier
effect of expansion wave discontinuity generated at the junction of boattail and cylindrical section, which
can improve lift force and reduce Magnus force. The boattail section is obviously affected by the wake
vortexes, and the pressure distribution at the boattail changes greatly with the versus boattail length. As a
result, the lift will gradually decrease and the Magnus force will gradually increase with the raise in the
boattail length.

(7) The additional reverse lift generated by the boattail increases with the raise in the boattail angle, resulting
in the lift coefficient gradually decreasing with the increase in boattail angle. And, the additional Magnus
force generated by the boattail structure gradually increases with the raise in the boattail angle; therefore,
it should not be too large.

(8) According to the change trend of the overall aerodynamic coefficients, the reasonable interval of the
boattail length of a general projectile iS8D-1.2D, and the reasonable interval of the boattail angle is
7°-10.
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