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Common way to integrate the dynamical equations of projectile planar motion introduces
two Cartesian coordinates z(t) and y(¢) and attack angle 9¥(t), all depending on time ¢,
and three coupled ordinary differential equations (ODE) each nominally of II-nd order. It
leads to inevitable computational complexities and accuracy risks. The method proposed
excludes the time variable and diminishes the number of functions to n = 2: the attack angle
9(b) and intercept a(b) of the tangent to the trajectory at the point with slope b = tané
with the 6 being the inclination angle. This approach based on Legendre transformation
makes the integration more convenient and reliable in the studied case of quadratic in speed
aerodynamic forces i.e. drag, lifting force, conservative and damping momenta and the wind
affecting the flight. The effective dimensionality of new ODE system is diminished by 2
units and its transcendence is eliminated by simple substitution n = sin4. Also the method
enables to obtain easily and reliably the projectile trajectories in conditions of tail-, head-
or side wind. Investigated are main ranges of aerodynamic parameters at which takes place
different behavior of the attack angle 9 vs slope b including quasi-stabilization and aperiodic
auto-oscillations. In addition, it was revealed non-monotonous behavior of speed with two
minima while projectile descending if launched at the angles 6y close to 90°. The numerical
method may implement into quality improvement of real combat or sporting projectiles such
as arch arrow, lance, finned rocket etc.

Key words and phrases: projectile, lifting force, quadratic drag, conservative/damping
momenta, attack angle, projective-dual variables, wind.

1. Introduction

In stationary conditions of no wind and when neglecting the Coriolis force the
motion of finned symmetrical rigid projectile launched in the plane of its symmetry
will stay planar up to its landing assumed as a rule at the start height. The tail-or
head wind with constant velocity changes the projectile trajectory but conserves flight
plane. As for side wind, it turns the plane around vertical direction on some angle
which value depends on speeds’ ratio, flight time and so on.

The dynamic system describing the flight includes n = 3 ODEs with two ones in
Cartesian coordinates being of order k£ = 1 responding for mass-center (c. m.) motion
and the third of order k = 2 describing the rotation of launched projectile in the flight
plane around the c. m.

As a typical example of such dynamic system may be taken arch arrow [1] or lance,
or finned combat projectile shot from the gun, or rocket moving freely after the short
correcting jet impulse [2]. Also for the bullet shot from smoothbore gun. In all these
and other analogous cases, the flight trajectories of c. m.’s and their characteristics
are of large more interest than detailed flight process in real time. In addition, the
projectile orientation in landing moment is not less importance. This is especially for
combat projectiles in order to avoid ricochets and for effective target engagement.

Therefore the problem of integrating of ODEs of planar resistive motion especially
in wind condition is actual both in mechanics of archery/lance and in exterior ballis-
tics of finned projectiles. Moreover, the aerodynamically symmetrical projectile is a
relatively simple experimental model for verifying qualitative and even quantitative
conclusions of the theory of so-called variable dissipation systems [3] with its complex
and various mathematical apparatus.
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In this paper, an alternative way is developed how to determine the trajectory of
projectile motion in vertical plane of its own symmetry also the attack angle behavior
in agsumption of quadratic law for all aerodynamic efforts regarded drag and lifting
forces, conservative and damping momenta. Earlier the method was tested successfully
for a heavy point [4,5] and gyro-stabilized axially symmetrical rigid projectile [6] and
it is based on Legendre transition from Cartesian coordinates (z(t), y(t)) to dual
projective variables. These ones are slope of the ¢. m. trajectory b = tg6 and
intercept @ = y — bx or more precisely its variation.

The temporal characteristics considered are in second turn in this work as not being
of direct interest but influencing some physical values, e.g. a spectrum of infrasonic
waves emitted on different parts of the trajectory.

An additional advantage of dual-projective variables is their monotonic behavior
and invariance relatively parallel shift of the coordinate axes.

As for the slope b = tg 6 this value is more preferable as natural angular measure
in ballistics than the angle 6 itself because of more convenience of targeting by ratio
of vertical and horizontal catheta than that of arc and radius.

2. Primary Equations with no Wind Affecting

It’s necessary first to integrate the flight dynamical equations at no macroscopic
air motion or the same in wind-connected frames assumed be inertial due to constant
wind velocity U = (u,0,w). The solution obtained should then be adapted for fixed
frames connected with launching point and shot direction.

It is assumed that the projectile has some longitudinal axis [ of symmetry along
which is directed the initial velocity Vo = (Vj cos b, Vi sin 0y, 0) with 6 = 6(0) being
the angle of throwing, and drag force is minimal for this direction too. In addition,
the lift force is equal to zero for the direction though this is not obligatory and the
body may be launched at attack angle of ¥y # 0. The last takes place when taking
into account tail- or headwind.

The projectile rotation considered is in non-inertial reference frames with its be-
ginning in mass center point C' so the gravitational and entrainment inertial momenta
are equal to zero. Therefore, the dynamics of attack angle defined is only by aero-
dynamic torque Mo decomposing on conservative static part My and the dissipative
damping momentum My.

For the momenta above used are model formulae [7] used in exterior ballistics as
follows My = —oV?sind, My = —6V 3w where V is velocity of c. m., # for the attack
angle, w for angular velocity, o and § both are the corresponding coefficients assumed
in the model not depending on 9 and w.
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Figure 1. Projectile moving in planar way
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As for the motion of mass center itself observed from fixed inertial reference frames
Ozy (Fig. 1) it is defined along with gravity mg also by the aerodynamic force vector
Raq decomposing on the drag R = —mgao(l 4 esin®9¥)V? and normal force N =
mgyoV?sin?d both quadratic in speed V. The finned tail makes it impossible for the
projectile to rotate about longitudinal axis [, so the Magnus force and momentum
don’t appear.

The parameter € describing relative increase of the drag R under changing of
attack angle from 0 to 90° may be large enough, i.e. for arrow of sporting arch this
may achieve some decades because of the fact that along with large increase of the
frontal square S hugely worsens its streamlining.

In fixed reference frames Oxy the dynamic equations for mass center are as follows

.2 .2 . 9
= —ag(1 + esin? ﬁ)% — o0 sinﬁ%
.2 . 0 -2 1
gj:—ao(l—f—ssinzﬂ)w—i—’msinﬁ 9t -9, (1)
cos? 6 cos 0
y = tanf - T.
The system may be reduced to
.2 .2 .
.. . gz . .gi®sinf
= —ap(1 29— — P
Z ap(1 + esin )COSH Yosind=—o—,

. sindgi  gcos?0
0 =0 -

cosf T

In frames moving in translational way with c. m. rotation of the projectile is
described by the ODE of II-nd with respect to the orientation angle © = 6 + ¢

between the axis I and horizon Oz

d?(60 + 9 £2 :2 d(§+ 9

Zg:,(s r Sinﬁ,ULw7 (2)
dit? cos2 6 cos26 dt

where Jg, is the central transversal momentum of inertia, i.e. with respect to hori-

zontal axis C'z.

Thus, we receive the ODE system with three unknowns that is complicated enough.
By solving it, we find time dependences for attack ¥ and inclination angle 6 and for
horizontal velocity  too. The nominal order of that system is equal kK = 5 but in fact
is 4.

Jco

3. New Equation for Mass Center

In Egs (1)-(2) when taking into account the relations b = tanf = Y and © = 9+9

z
there are three independent spatial variables and argument ¢ — the time past from
the start.

Multiplying the first equation in (1) by b and then subtracting it from the second
one it receives
ij — b = —g + o sin¥gi?(1 + b2)3/2.

Given the fact that ¢ = b2 it means

bi: = —g 4 y(b)gi?(1 + b%)%/2.
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2
As far as z = _dz(bb) [6] and hence & = _jﬁb > 0 then
([ d%a . d%a 213/2
b(—db2b> :—g—i—’msmﬂg( db2b) (1+0%) (3)
and

1 g
b=—— . 4
| T T "

The negative sign is ascribed there when normal gravity projection exceeds the
lifting force mg cos @ > N, otherwise curvature of trajectory is negative and projectile
flies convex trajectory.

Mass center velocity determined is as

dx . g(1+ b?)ay,
b 7() 1 b2 1/2 — bb —
Vi(b) = i (1+09) \/ 1+ o sin Wgall, (1 + b2)3/2

g(1+b?)
- 1 i 213/2° (5)
Tb,b—&-’yosmﬂg(l—i—b )3/

For the square of loss of the V-inclination rate it receives

apy, + grosind(ay,)2(1+62)%2 — (ajy)? oo + gosind(1 + b2)3/2

. 1

For the derivative of II-nd order respectively

d sin 19(1+52)3/2
<abbb + 2970 sindagyagy, (1 +6%)%% + g(agy)? (o b )

b=—
2(ay, + gyosind(ay,)?(1 + 52)3/2)2
Horizontal acceleration of c¢. m. is determined in new variables as
d?a ! d3a d2a-
! < dv? > db3 a2 (8)

Then the first of Eqs (1) is written after substitution (4), (6), (7) as

Cl/// g —
P + o sing(ag,)2(1 + b2)3/2
d(yo sin 9(145%)3/2
I ( + 20 sindgafyalfy (1L + B/ + glafy )2 o0 )>
/!

G 2 ; 1”2 213/2)2 N
2(ab + o sindg(ay,)?(1 + b?) )

— (o (1 + esin® ) + yobsin ) g(—ay),)? x

x( g )m. )

ayly 4+ Yo sindg(ayy)?(1 + b2)3/2

After simple rearrangement, it takes the form
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"

1
U — 29(a0) + )ty o + O+ )2 ) VTF I

(a’bb>2 bb
2\3/2
RCICIE ]

(10)

The «(b) and ~y(b) are projectile drag and lift force coefficients respectively in very
general case but here these a(b) = ap(1+¢esin® 9(b)) and v(b) = o sind(b). Therefore,
the equation is

1
apty :2g(ao<1+sgﬁ(b>)+%bunz9<b>)abb< 7 +m<b>(1+b2>3/2> 1+ b2+
App
d (v sin9(b)(1 + b%)3/2
+g (o n ). (11)

Its solution would describe parametrically the trajectory and flight time plot through
following inverse transition formulas [4, 5]:

b b
d2a (v’
o6) — 0 = - / Dat, vy —wo=— (v ey
Hb) =

bo
W (12)

g
\/ab,b, + Yo sind(b)g(a, )2 (1 + b'2)3/2

The parameter b above gets useful geometrical meaning, namely inclination of vec-

5 bQ = tan@o.

tor V to the horizon. However, independent integration of the equation is impossible
since it contains unknown function n(b) = sinv = sin(0(b) — arctanb), which can be

found only by solving the joint system of Eq. (11) and that for rotational motion of
the projectile around its mass center C.

4. Rotational Equation in Projective Coordinates

The equation (2) of the plane rotation around c. m. requires transition from time
t to projective dual variable b according to the formulas

de do. d?0., do.
= —= — . _— _— 1
T T T L (13)
The derivatives of the angle © by slope b are
2 2
do d19 1 d‘e0 4% 2b (14)

FTR TR TN dp2 A2 (1402)2°

For the second derivative of slope b by ¢ it receives after substitution of (10) in (7)
and elementary transformations

g* (ao(l +esin? 9)V1 + b2 - a, (#, + 2gv0 sin (1 + bQ)%) + <= (vosind(1 + b2))%>

%b( — —|—g’yosm19(1—|—b2)%)
(15)
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Then it receives two ratios — the dimensionless one

b . 1 .
02 —gag, (ao(l +esin® 9) V1402 ai’b<a;;b +2g70sin (1 + b2)3/2>+
d (yosind(1 + b%)%/2)
second one
V(b)? g(1+v?) 9 1 _
b2 = 4+ gyosind(1+62)3/2 "\ (a},)? -+ + gyosind(1 4 b2)3/2
bb bb

= (ap)*(1+0%). (17)

The substitution (14)—(15) in the starting rotational equation (2) and dividing
both its sides by b? with taking into account (16)—(17) results in the next system

"
(Z;)’,:g’z = 29 (a0 (1 + £ sin 9(8)) + 0bsin ¥(8) ) x

1 d (o sin 9(1 + b2)3/2
X amy, (a” + gvosin (1 + b2)3/2> V1+b2+g (% <(ib ) ) ,
bb

d2v 2b <d19 1 )
= X

W Oree \® 1w

o (g(%(l +esin® (b)) + Vobsinﬂ(b)> V1t 62x (18)

1 :
X ap), <a” + 2g70 sin (1 + b2)3/2> +
bb

dd
+70(1 + b%)*? cos 195 + 3o sind - b(1 + b))%+

0 g o
- (1 b2 . _ 1 b2 N2 s 9.
+ch (1+6% \/a},—kg%sinﬁ(lerz)sm) JCz( + b%)(ay,)” sin
bb

It has total order of k = 3, i.e. two units less than nominal one of primal system (1)—
(2) and one unit less of its real order. Besides, substituting 7(b) = sin(b) we achieve
its full algebraization up to square roots and exclude even such elementary functions
as sin / cos ). The last is more than important for numerical integration.

5. The Cauchy Problem in Projective-Dual Variables

After introducing into consideration the new dependent value

1
®(b) = ——— + g0 sin () (1 + b?)>/?
() agb(b) 0 ()( )

which mechanical sense is the ratio % (5) the system (18) transforms to
x
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de() = _29(a0(1 + esin® (b)) + yobsin ?9(17)> X

db
gY0sin 9(b) (1 4 b%)3/2
1 T

db2 ~ (14022 \db | 1402

X <g (a0(1 + esin? 9(b)) + ’yobsinﬁ(b)) V1+b2x

®(b) 4 g0 sind(b)(1 + b2)3/2
(‘I)(b) — gv0sin¥(b)(1 + b2)3/2)2
Yo(1 4 12)3/2 cos 99 + 3ypsin® - b(1 + b2)Y/2 + 2 . (1 +b?) - \/I
0 db 7o - @(b)>

(19)

+

®(b) — gyosind(b)(1 4 b2)3/2
_ o(1+b%)sind
Jo- (P(b) — gyosind(b)(1 + b2)3/2)2'

Highlighted are the aerodynamic parameters to be determined experimentally in
tube or somehow else.

As for initial conditions (ICs) for slope angle of the axis [ and its time derivative
it is assumed the possibility of some starting attack angle but not any rotation

O(bg) = 0y + Vo,
dO(bo) _ dO(bo)

dt a ) =0
For b(bo) # 0 (6), then d%(:()) = 0, hence
dd(bo) _d©—-0) 1
b db 14+BE

With account of (5) the initial launch condition of non-rotating projectile may be
written as g

q)(bo) = m, 19(1)0) = 7.90, ﬁg(bo) = — C052 00. (20)

As for initially rotating projectile, say, the knife thrown rotating the initial condi-
tions should take into account the equality (6) for b(bg)-value.

Thus to receive so-called resolventa-function [4] f(b) = ay, and attack angle ¥(b)
behavior on the trajectory it’s necessary to solve the systems of n = 2 ODEs, one of
second, another of the first order. Alternatively, after standard substitution Q(b) =
¥}, (b) the same as the systems of n = 3 eqs each of order k = 1. It follows that
Legendre transformation decreases the dimensionality on one unit.

The solution of Cauchy problem (19)-(20) determines the coordinates and time as
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z(b) = _/b dy’
- D) — gyosin (V) (1 + b'2)3/2’
bo
b b'dv

0=~ | S o T

VW)Y

bo
b
i/
V5 | B~ gm0 (1 1 FER
bo

(21)

tb) = —

6. The Wind Affection

Let it be tail- or headwind with the constant velocity u. It may be taken into
consideration through simple recalculating of these two values:
a) initial conditions for ®(b) and b itself into reference frames connected with blowing
wind in a standard way

Vo sin 0
—tanf, = — "9 22
b) initial velocity with respect to the air as Wy = \/VO2 + u? — 2Vj cos Opu.
Then comeback transition is due to formulas
WO sin 96
tan 9() = m, VO = \/WO2 + U2 + 2W()U COS 9/0 (23)

After integrating the system (19) with thus recalculated ICs the absolute horizontal
coordinate is recalculated as xa,s = x(b) + ut(b) with x(b) and t(b) according to (21).
As for vertical coordinate y(b) it is calculated by unchanged formula and the trajectory
is determined parametrically. The absolute inclination is determined by this as

_ y'(b)
babs (D) = FTOERYIOR

As for perpendicular to initial velocity 170 side wind with speed w, its effect may
be taken into account by recalculating in connected with the wind frames the initial

inclination angle and start velocity Wo. The first is done according to following formula

’LU2

2VZ cos? b

Vo sin 6
Vi cos? 0y + w?

the second one is simply Wy+/V§Z + w?.
After the integration of (19) with the modified ICs the perpendicular coordinate

Bo = tan 0, = %tan%(l— ), w < Vycosby, (24)

is determined as zaps(b) = wi(b), the horizontal one is aphs(b) = /22(b) — 2%, .(b) =
z(b) — w;;zb()b) and the vertical yaps(b) = y(b) with z(b), y(b) and t(b) also according
to (21).

As for arbitrary wind direction ¢ with respect to the axis Ox and hence the velocity
of U = (u,0,w) = (U cos ¢, 0, U sin ¢) the appropriate solution is received by applying
twice the for-mulas above with account of small size of the perpendicular component w.
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7. Numerical Integration, Main Results

It was executed by use of Maple 15 for the system of n = 3 ODEs of k = 1 order
obtained by introduction of additional simple equation of ¥;(b) = €Q(b). This results
in that one of two other nonlinear equations contains all three unknowns and another
only two.

In such the system could be used easily to calculate the trajectory of sporting or
combat projectile just after preliminary determination of aerodynamic coefficients and
parameters.

Varied are the next values: initial velocity Vp = 0.15 + 0.7 and 1.5 + 2.3 of Mach,
angle of throwing 6y = 0...85°, coefficients «g, €, 79, 0 and § for the forces and
torques involved in wide range.

The next types of 9J(#)-behavior were found in different ranges of the parameters
above.

1. A monotonous increase and the temporary stabilization of the fall velocity at
about a flat maximum and for attack angle of up to about 6y + 5 (Fig. 2). All
these take place for little ratios o/J¢, and different coefficients of damping .

At abnormally large negative slopes stabilization is replaced by fall of attack angle

2
up to 90° what entails loss of speed along with increasing of the d d‘ng). However

to reveal this is possible only when throwing projectile from great height.
As for the stabilization, it is not simple conservation of axis [’ direction in space
for angular velocity w = % yet differs slightly from zero and the attack angle
is not anytime close to 6y + 5 which is expected for almost vertical landing. It
depends in particular on damping coefficient § (thick and thin lines). However,
at abnormally high its values the axis orientation conserves in fact.
Actually this stabilization effect may occur, such as when shooting from a special
arch or heavy crossbow arrows, poorly oriented to the velocity vector due from
large moment of inertia.

2. Non-monotonous 9(6#)-dependence modulated by fast damping b-oscillations of

low “frequency” (Fig. 3) at mean 5%--ratios and large ¢, these oscillations being

Cz
without damping in the limit § — 0 (Fig. 4).
3. High frequency damped b-oscillations at large o/Jc,-ratios with decrement de-
pending on ¢ too (Fig. 5, 6).

V = 100, ag := 0,001, € = 10, o := 0,00005, J. := 0,001,
o :=0,000003, 6 := 0,5 x 107, fy = 60°
V =100, ag := 0,0001, € = 10, o := 0,00005, J, := 0,001,
0:=3x107°, 6 :=5 x 1072 (thin black), 5 x 10~° (thick black)
0y = 60° |

0,01+
. 0,02
0/r —0,005a"(b) ——— 0,01V (b) 0,03
— /r 1000 /dt \ 9/ 0,1d0/dt ——— 0,0001V (b)]
Figure 2. Attack angle 9(b), angular Figure 3. This for mean o¢/Jc. and
4© and linear V (b) velocities vs b for large 4

small o/Jc.-ratios
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V' =100, ag :=0,0001, € =10, 40 := 0,00005, J. := 0,001, V =100, g := 0,0001, e = 10, 7, := 0,00005, .J, := 0,001,
o :=0,000003, 6 := 0, 6§y = 60° o :=0,00003, § :=2 x 1078, 6y = 60°

0015 4N
-0,0037"

\ O/ 0,05d0/dt -~ 0,00005V(b)] [—9/m — 001dO/dt ——- 0,00001V(b)]
Figure 4. Attack angle ¥(b), angular Figure 5. This for large o/Jc, and
w= %ﬁb) and linear V(b) velocities vs small §

slope b at average o/Jc.-ratios and

0=0

In general, beyond the vertex region of trajectory both attack angle and angular
velocity behave in b-representation like classical oscillatory system with damping.

The 9(b) large varying, with no doubt, greatly affects the mass center trajectory,
and this influence is defined mainly by the coefficient o of static torque. The less the o
the wider range of ¥(b) varying and the trajectory is shorter and lower (Fig. 7). Vice
versa, the greater this coefficient the less amplitude of attack angle oscillations and
the trajectory is closer to that of a heavy mass point. Other factors like lift power and
damping coefficients in their real ranges are not able to affect the trajectory in such
extent.

V =100, ag := 0,0001, € = 10, ~o := 0,00005, .J. := 0,001,
o :=0,00003, 6 :=2 x 1077, 6 = 60°

V =100, ag :=0,0001, € = 10, ~ := 0,00005, .J, := 0,001,
0:=5x107%, 6y = 60°, o := 0,000003 (1), o := 0,0000003 (2),
o:=5x%x1077(3), 0:=5x 1078 (4)
250 .
Y
N\
200 \s
\
|V \
0,001 J' 150 \
\ : Y N
. 1001 \
\ \
- 4 \
0002 5o \
) \
\
o
Y 0 100 200 300 400 500
[—9/m — 001dO/dt ——- 0,00001V(b)] —1—2 —3 —1]
Figure 6. The ¥(b) and ‘fi—(? vs b at Figure 7. The trajectory plots at
mean o/Jc. and large § different o/Jc.-ratios

It is worth to pay attention on essentially non-monotonous behavior of the speed
at descending part of the trajectory when launching at high angles of throwing close
to 90° (Fig. 8). This affect may be explained simply by projectile rotation arising at
the top of trajectory from sudden aerodynamic impact due to reverse. And finally the
attack angle is stabilized at ¥ ~ 47 ~ 0 (mod 27), e.i. after of about two turns.
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£=5,V0=50,00=85¢, V0=50 mps,00=45 deg,00=0.0001,6=0.000005;Jz=0.001,e=10,y=
a0 = 0.00050, Jz := 0.001, ¢ = 0.000015, 0 = 0.0002, §:=5. 10" 0.00005
80 =
44 }‘\
70 AR\
N\
24 60 N\
A\
) 504 '\ \
——————T——— =T T T / F y ‘\\
-120 -100 -80 -60| -40 /0.7 /5 407 "\
b /K \
| LN 30 - \\
\ . // - \/ -2 \ \
[ | 207 \‘\ \
______________ ~ -\
| / 4 7] A
\ / 0 T T T VA YT
Ly 50 100 150 20
\/ 67 X
[ =9 0.1V(b) — — 0.5d0/dt] ~ T10mps == -5 mps = 0 — +5mps
—-— -10 mps
Figure 8. Non-monotonic velocity Figure 9. Trajectory plots for the
behavior V(b) due to rotation when arrow launched at 6y, = 45° with
descending Vo = 50 mps by different tail- or

headwind speeds

As for the wind affection on the trajectory it is demonstrated by the plots below
calculated for different wind velocities v = —10--- 4+ 10 mps (Fig. 9) and the same
projectile and launch parameters.

8. Conclusions

Thus, the developed method using dual-projective coordinates is more convenient
than standard way with Cartesian coordinates and time. First it gives though para-
metrically the trajectory equation and excludes non-important time variable.

Also it enables to fulfill numerically the qualitative analysis of such dynamic sys-
tems as systems with variable dissipation [3] and build up its phase portrait in w —
and ¥ — 0 planes for detailed study.

As for practical applications, the ODE system derived may use as an alternative
method for verifying other ones in exterior ballistics of both sporting and combat pro-
jectiles. In addition, its application would allow improving these projectiles for better
target engagement and more easily use. Finally the method when being elaborated
may be implemented into ballistic calculators.

References

1. W. R. Rheingans, Exterior and interior ballistics of bows and arrows — review,
Archery Review (1936) 236.

2. D. N. Gkritzapis, D. P. Margaris, E. E. Panagiotopoulos, et al., Prediction of the
impact point for spin and fin stabilized projectiles, in: WSEAS Transactions on
Information Science and Applications, Vol. 5, 2008, pp. 1667-1676.

3. M. V. Shamolin, Dynamical systems with variable dissipation: Approaches, meth-
ods, and applications, Fundamental and Applied Mathematics 14 (3) (2008) 3-327,
in Russian.

4. V. V. Chistyakov, On one resolventa method for integrating the low angle trajec-
tories of a heavy point projectile motion under quadratic air resistance, Computer
Research and Modeling 3 (3) (2011) 161-171, in Russian.



136 Bulletin of PFUR. Series Mathematics. Information Sciences. Physics. No 3,2014. Pp. 125-137

5. V. V. Chistyakov, On integrating the projectile motion equations of a heavy point in
medium with height decreasing density, Bulletin of Udmurt state university. Series
“Mathematics. Mechanics. Computer Sciences” 1 (2012) 120-132, in Russian.

6. V. V. Chistyakov, Numerical-analytical integrating the equations of a point mass
projectile motion at the velocities close to sonic peak of air drag exponent, Com-
puter Research and Modeling 5 (5) (2013) 785-798, in Russian.

7. R. L. McCoy, Modern Exterior Ballistics: The Launch and Flight Dynamics of
Symmetric Projectiles, Schiffer Publishing, Ltd., 1999.

VIIK 531.55
O6 ogHOM MeTo/e YMCJIEHHOTO MHTErPUPOBAHUS JJUHAMUIECKUX
YPABHEHU IJIOCKOMAPAJIJIEJIBHOTO MOJIETA CIIOPTUBHOTO WUJIN
0oeBOro CHapsiJia B YCJIOBHUAX BO3JIEICTBUA BeTpa

B. B. Hucrgakos

Hrotceneproti aryavmem
QOI'EOY BIIO «Xpocaasckas 20cydapcmeennas CeabCroTo3ATUCMBEHHAA AKAOEMUAS
Tymaesckoe wocce, 58, Hpocaasav, Poccusn, 150042

CraHmapTHBIN IyTh MHTETPUPOBAHUS IUHAMUYECKUX YPABHEHUHN JJIsI TJIOCKOIAPAJIIETb-
HOI'O PE3UCTUBHOIO JBUXKEHUsI TBEPJOrO TeJja IOAPa3yMeBaeT BBEJEHUE JIBYX JIE€KAPTOBBIX
nepemeHHbIX Z(t) u y(t) u yrua araku ¥(t) 1, COOTBETCTBEHHO, TPEX B3AUMOCBSI3aHHBIX OOBIK-
HOBeHHBIX auddepentmanbabix ypasaenwii (OLY), kaxnoe HomuaAIBHO 1I-T0 MOpsiaKa. D10
IPUBOAUT K OOJIBIIIOMY BBIYHCIUTEIFHOMY OOBEMY M PHCKAM B TOYHOCTH IIOJIyIaeMBIX pe-
menuit. [Iperaraembprit MeToT UCKIIOYaEeT BPEMEHHYIO IIEPEMEHHYIO { M YMEHBIIAET YHUCJIO
dbyrkmmit 10 n = 2: yroa arakm ¥(b) m mogkacarenpHas K Tpaekropun a(b), rme b = tg6, a
0 — yros HakKJIOHa K FOPHU30HTY BEKTOPa CKOpPOCTH V' IIEHTpa Macc CHapsija. JToT 6a3upyro-
muiicss Ha peobpas3oBaHUsX JleKaHIpa MMOAXOJ JeaeT UHTErPUPOBAHUE KOHTPOJIUPYEMBIM
U yIOOHBIM OCODEHHO B PACCMAaTPUBAEMOM CJIydae KBAJPATHIHBIX [0 CKOPOCTH adPOIMHAMU-
9eCKUX YCUJINil: T0OOBOE CONPOTHUBIIEHNE, IObEMHAS CHUJIa, KOHCEPBATUBHBIN U JUCCAIATHB-
HBIIl MOMeHTBhI. TakyKe MeToJ MO3BOJISIET IOJIYUYUTH JIEFKO U HAJEXKHO TPAEKTOPHUH CHADSIA
B YCJIOBHSIX BCTPEYHOIO, IIOILyTHOIO MM OOKOBOro BeTpoB. VcciiemoBaHbI OCHOBHBIE 00JIa-
CTH a3pPOJUHAMMYECKUX I[1apaMETPOB, B KOTOPBIX HMeET MECTO DAa3/IMYHOE IIOBEIEHUE YyTJIa
araku ¥(b): KBAZUCTAOUIMBAIWS U ANEPUOJMIECKHIE aBTOKOIe0annst. Takke 0OHAPYIKEHO Cy-
MECTBEHHO HEMOHOTOHHOE IMTOBEJIEHNE BEJIMUMHBI CKOPOCTH HA YUYACTKE MaJeHus C JABYMsI MU-
HUMYMaMH [IPYA BBICOKHX YIJIaX 3allyCKa. PasBUTBIA MeTOM MOXKET OBbITh BHEIPEH B IPOIECC
COBEPIIEHCTBOBAHNS PEAJIbHBIX CIOPTUBHBIX M OOEBBIX CHAPSIIOB, TAKAX KaK CTPEJa JIYKa,
KOIIbE€, HEYIIPABJIIEMbIl OIIEPEHHBIN CHAPSL U JIP.

KuroueBrle cjioBa: CBOOOIHOE PE3UCTUBHOE JBUXKEHUE, TPAEKTOPU, KBQIPATUIHOE CO-
IIPOTUBJIEHNE, TIOJbEMHAS CHJIA, KOHCEPBATUBHBIN M JUCCUIIATUBHBIA MOMEHTHI, YTOJI aTaKH,
IIPOEKTUBHO-IBOMCTBEHHBIC IIEPEMEHHBIE, BETEP.
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