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On the possibility of changing the trajectory of a projectile or a rocket
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Abstract. A physical hypothesis is proposed that it is possible to change
the design trajectory of the projectile on the basis of mechanical action on the
entire volume of shockwave zones with a unilateral, asymmetric presence of
the second projectile. Deviating from the original trajectory results in a positive
result when it comes to a defensive task.

A new semi-empirical model has been developed and compiled, which
allows you to calculate the trajectory of the projectile taking into account the air
resistance to movement.

In the new model, it is recommended that only four easily detectable values
be used in upcoming experiments:

the initial departure speed v_0, the maximum altitude y_max, the maximum
flight range x_2 and the full time. The calculation scheme uses iterative
calculations. On the basis of which the values of numerical coefficients in the
semi-empirical model are specified. The physical idea that external powerful
laser radiation can heat the side surface of the projectile and the entire zone of
wave jumps of the seal is justified. On one side of the semi-plant, that is, it is one-
way heating. The asymmetrical thermal state on both sides of the missile may
cause the missile or projectile to deviate from the previously assigned heading.
This circumstance is also in favor of the proposed idea.
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1. Introduction

In modern combat and military technologies, rocket attacks from long distances play a
leading role. The way when numerous troops are fighting figuratively speaking "head-on" with
machine guns in hand is a thing of the past. This method of warfare is apparently outdated, as
itleads to great human losses on both sides. This "old" method of warfare will be effective only
when conducting some very local special operations, that are characterized by short-term, fast
operations, and very small human losses.

The utilization of various missiles (small, medium, and long-range) and long-range artillery
shells is very effective for the targeted large-scale destruction of various enemy objects. In
this article, we are talking about distances from several dozen at a minimum and up to several
thousand kilometers at a maximum.

In our article, we focus on new protective measures from various missile attacks. More
precisely, this paper describes a method to forcefully change the trajectory of a flying combat
projectile. Protective actions are designed to prevent a missile or a projectile from hitting exactly
the assigned target according to the preliminary combat calculation. Instead, the projectile
deviates from its trajectory and hits a different, non-intended place, which nullifies the effect
of its use. The proposed method can be used as the last option for defense against enemy
projectiles when traditional interception methods such as direct kinematic hits or a proximity
explosion have failed.

The general theory of gas-dynamic currents is presented in works [1-11]. Theoretical
foundations of probabilistic models are presented in [12]. The same sources provide basic
formulas that describe the ratios of physical quantities and parameters of shock waves. The
theory of projectile flight in an ideal environment that does not exert resistance to movement is
detailed in the works [13-15].

2. The theoretical solution to the problem

Figure 1 shows a photograph of a flying projectile at supersonic speed, which is taken from [1]

Figure 1 - Photo of a projectile flying with a supersonic speed [1]
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Figure 2 shows the supersonic flow pattern and the pressure distribution along the surface
of the curved body from the work [1].

These two figures show that along the surface of the streamlined body: 1) Not one, but several
shock wave fronts occur; 2) Along the transverse Y coordinate, shock waves have dimensions
several times larger than the diameters of the transverse size of the projectile or rocket itself.
The primary loss of initial rocket or projectile momentum occurs at these shock waves.

The new idea that we propose is the following. A flying projectile (or rocket) can be approached
by another projectile from behind and it will be in the inner zone of this shock wave. That is,
they fly almost parallel in the same direction. This situation is shown in Figure 3. We will call
it projectile number 2. The initial, flying combat projectile (or missile) is designated with the
number 1. Let's say that projectile 2 is inside the shock wave zone above projectile 1, Figure
3. We will analyze the situation by evaluating the change in the wave resistance of the flying
projectile 1. Figure 3 shows the situation where projectile 2 is close to the main projectile 1
inside the zone of its supersonic wavefront. That is, they fly almost parallel in the same direction,
close to each other.
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Figure 2 - Diagram of supersonic flow around curved arc bodies
and wave jumps (shock waves) [1]

Explanations to Figure 3: 1-first main projectile; 2-second projectile that shoots down

the main projectile 1; 3, 4-shock wavefronts from the first projectile; 3', 4'- shock wavefronts
displaced in space from the second projectile; 5, 6-tail guide vanes.
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Figure 3 - Aerodynamic interaction diagram two shells or two missiles
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As aresult of projectile 2 being inside the wave zone of projectile 1, the position of the shock
wave front of the first main projectile or missile is displaced. The main shock wave 3 in Figure
3 will shift either downstream or upstream to the frontal front of the projectile, 3'. Other shock
waves will also be altered. The angles of their inclination will also be changed. Perhaps even
the shock wave front will have a slightly curved shape. As a result of these processes, projectile
1 will for some time experience asymmetrical and unequal levels of pressure distribution, and
the general aerodynamic drag on the upper and lower sides of the surface will be different. In
other words, the resistance of the shock wave branches in the space below projectile 1 will be
different from the resistance of the shock wave branches in the space above it.

As aresult, the trajectory of projectile 1 will bend downward or upward toward the ground.
That is, this projectile will deviate from the original and planned trajectory. This result is what
we need. Therefore, a brief presence of the second projectile in any area of the shock waves will
result in a deflection of the trajectory of the first projectile. That is, it will fall to another, not
planned, not calculated point. Thus, the task of defense will be achieved based on the fact that
the projectile will hit (or fall into) a different location.

We considered the case of the smallest effect of the second projectile, when it flies along a
parallel trajectory or along a tangent trajectory, without a direct collision with projectile 1. If
projectile 2 has a direct actual physical collision (impact) with projectile 1, then the expected
effect will be greater. In the case when projectile 2 experiences a collision, the change in the
trajectory of projectiles 1 and 2 is easily explained on the basis of the law of maintaining the
total momentum of the system.

Let's take a closer look at this situation. With such an almost parallel flight of these two
projectiles, the likelihood of the influence of the second projectile on the first increases sharply.
We didn't specifically use the word "hit" here. Since the expected result can be achieved not only
as a result of a clean hit (a precise mechanical collision) but also as a result of their parallel and
close flight close to each other for some short period of time. This can be proved by calculating
and estimating the probability of their mutual "interaction”. The term "interactions" that we use
means the result of their mutual mechanical influence on each other during the time when they are
nearby in the zone of effective mutual influence. This is achieved by the fact that during a certain
duration of time, their trajectories are almost or close to parallel. So, the result of their "interaction”
is estimated by determining the probability that the volumes of their shock waves’ effective zones
(or wave fronts) turn out to be merged. That is when the shock waves penetrate each other.

Figure 3 shows a scheme of aerodynamic interaction in the following combination: two
missiles, two shells, or a rocket and a shell. Due to the fact that the second projectile is located
in the zone of shock waves of the main shell, the front of shock wave 3 moves away and is
located at the new position as shock wave 3'. In the same way, the primary wave 4 changes its
position and becomes the shock wave 4'. That is, the shock wave fronts are displaced along the
longitudinal coordinate x. For this reason, the total drag force at the top of projectile 1 will be
smaller than at its bottom. Such asymmetry of the drag force will result in the deflection of the
trajectory of projectile 1. This completes the proof.

Consider the theoretical solution in two versions: 1) the air resistance force is constant
F = const; 2) the air resistance force is variable and is a function of the velocity of the projectile
F =F(v) missile.
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Solving Problem 1.
Dynamic equations in Cartesian coordinates are

dvy

= —F,
dt ax

Fral —F,, —mg.

The equation for v, is solved separately in two parts: 1) until the point of maximum elevation
0 <t<t; 2)fromt moment until the end of flight (falling to the ground) t,, t, <t < t.. Thus, the

time of the full flight is t =t +t,. At the end of the flight, the projectile falls to the ground.
Solving these equations we get

_ mUO'y _
Fa,y - t mg, (2)
Fq,
vy, =(9-"2)t,, 3)
where Vo, the y-axis velocity projection at the end of the flight.
From the first equation of the system (1) we get
Foyx = M’ (4)

ts

where v,, is the velocity of the projectile at the end of the flight, that is, before it hits the
target, which is located on the ground.

Equation (4) allows you to use it in reverse order, that is, you can calculate the v .. Assuming
that F_~F_.Next, the total drag force F; = \/FZ, + FZ,.

y
Solving Problem 2.
In this case, the resistance force is variable and is a function of the velocity
F =F(v).
Equation for y projection is written as
dv
2 = —F,,(v) —mg. )

The air resistance force can be represented as the following nonlinear function of velocity
— 2
F,,(v) = avy, + by, + cvy (6)

In turn, in the first approximation v =kt - some linear function with time t. Itis due to the
presence of wave aerodynamic drag that k#g.
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Equations (5), as well as (1), are solved in two parts separately: 1) to a point of the maximum
elevation 0 < t < t; 2) from the moment of the beginning of descent t_1, until the end of falling
t st<t,

Part 1.

For the moment of t, we have a solution

Voy = gt; + aa + b +yc, (7)
where
o= gk ®)
m 2m 3m

For the purposes of our tasks, equation (7) is interesting. As yet unknown coefficients q, b, ¢
are determined by solving matrix equation (7) which is obtained at the given values (1 vo‘y)i and
(t,). - (for example, measured from the experiment).

Since there are only 3 unknown coefficients, then in our case three equations and three
values ati=1,2, 3 are enough. However, if in equation (6) we would add an additional term to
the power of 3, then accordingly i = 1, 2, 3, 4. For example, it can be Fa’y (v)=av0’y+bvy+cvy2+dvy3.
However, it is most likely that a quadratic function (6) is sufficient. Since in this case, with respect
to time t, we have a cubic equation. As you know, third-degree splines accurately describe a
variety of highly curved profiles.

Part 2.

Down, descent. For it, in equation (5), the gravity term will be written with a plus sign

dvy

= —F,,(v) + mg. 9)
Solving equation (9), we get
Vya = gt — 01ty — 0oyt3, (10)
where
bk ck?
O =o—,0, = —, (11)

v_, —the speed component before hitting the target, its final value.
Y

Part 3.

We solve the first equation of (1) for v_.In this case

F = avyy + bv, + cvi . (12)

Solving (1) and taking into account (12) we will get
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Vo,x

— ) 2 3
Ux2 = Vox — 7 ats - 03ts - J4t59 (13)

where v _,- is the value of the velocity projection before falling, hitting the target, this is the
final velocity, and
_ by el

0-3_2m9 0-4=%3 k=k1ig

v
2 , the angle of incidence of a’ can be determined. And a’>a. In

Vy,2

From the formula tg a'=

case of medium resistance the flight range decreases. In an environment that has no resistance,
the range will be longer. Knowing a’and x_we can estimate the strength or the drag resistance
level of air.

Equations (6) to (13) allow iterative solutions and refinement of coefficients. The fact is that
in the first approximation and at the first, initial iteration, we can take the k~g - acceleration
of free fall. k, is determined by experimental data using formula (13) and x,. And equation (7)
must be used twice within the iteration cycle. When iterated, the values of k, either decrease or
increase with a certain fine h,=(0.01+0.05)k, step size. This is determined from the analysis of
the obtained numerical results. So to speak, visual control of values with different variations.

Alternately: first as (7) and then as (10).

Uy,1 == 0 == vy’o - gtl - 1707131 at1 - O-1t12 - O'2t13 (14)

(14) are equations (5), (7) written for a time t,. This is the time of maximum elevation.

Signs for k, are determined after correction, re-clarification of ¢, t, ¢, Vo Ve X2 Vs from
the experiment. That is, after iterative calculations. Formula (7) is written in such a way as to
find unknown coefficients a, b, c. And formula (10) is written as such in order to calculate the
velocity value for any given time value t.

We have some experience in developing algorithms and compiling our computing programs
in C++ and Visual Fortran. Which make it possible to make detailed calculations at different
variations of angles of attack, flight path and initial conditions of departure from the launcher.
Taking into account the iteration. Our calculation scheme can include algorithms for fast,
emergency determination of the flight path of projectile 1 from experimental data of the induced
laser beam and computer analytical calculation of its flight path.

All the above is supplemented and explained by Figure 4: 1-trajectory in the presence of
air resistance; 2 - trajectory in the absence of air resistance; vV, - initial speed; VAV, - finishing
speed; a' - drop angle in case of air resistance accounting; x, - maximum flight range.
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Figure 4 - Diagram of projectile flight

Figures 5 show a diagram from which the effective areas of aerodynamic interaction of
two shells or two missiles can be calculated. If 6,~0, the probability of success can be taken
approximately as 1. Next, we assumed that the spread of 6, values obeys the function of the
normal distribution of random variables. Based on this approach, it is possible to estimate the
approximate number of shells launched so that, with a probability of, for example, 95%, be sure
that an enemy missile or projectile will be shot down.
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Figure 5 - Diagram of mutual location

The two-dimensional probability density function for this representation is [12]

r2

1
p(T,(P) =Ee 2.

Hence, the probability itself for an arbitrary r, radius will appear as the next double integral

2

P(r,p) = ifo% fozn e_r?rdrdgo. (15)

(15) is the frequency of projectiles flying through the circle area with a radius of r,.

[t turns out that in order to successfully hit a missile (or projectile) with an attacking missile
(or projectile), it is best to fly, catch up, and hit it from behind. First, track it from behind, and
only then catch up and hit it while flying along its own trajectory. In other cases of approach
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(attacks from the front or side), the likelihood of missing or not hitting the target (slipping past)
will be greater.

And finally, the last. In sufficiently low earth orbits, it is possible to arrange a device that
will emit very powerful narrowly directed laser beams, Figure 6. In this case, very strong one-
way heating of the entire side surface of the rocket or projectile can be carried out. The entire
adjacent wave zone will also be heated. The highly heated air in the wave zone will significantly
change the physical characteristics and physical condition of this section of the shock wave
front. That is, in one half-space, shock waves will overheat greatly, and in another half-space,
there will be no changes. As a result, the asymmetrical aerodynamic drag of these wave portions
will cause the projectile path to deviate from the original intended course. Thus, our goal will be
achieved, the trajectory will change and the projectile will hit another unnecessary point.

Figure 6 - Shock Thermal Impact Diagram wave zone and half side projectile surface

Explanations to Figure 6:1 - projectile; 2, 3 lines of shock wave fronts; 4-laser unit; Q is a
plane that divides the entire space into two half-spaces 5 and 6.

Such influence or impact on the projectile is much better, easier, and more effective than
the traditional way when they try to completely burn, melt, destroy, or detonate this shell or
rocket with a laser beam. With this method, an excessively large, almost impossible, very costly
overspending of thermal energy will be required. This is far from reality.

3. Discussion

The semi-empirical theory developed by us, however, is suitable only for the flight and fall
of bodies in a field of constant gravitational attraction. If there were no gravity, it would be
impossible to close the system of equations to calculate unknown semi-empirical coefficients,
which simply allow you to take into account the resistance of the medium to the flight of the
projectile as a nonlinear function of time.

As a development of this approach, we plan to further consider the following possibilities. To
develop a semi-empirical theory, when the flight of a rocket or a projectile occurs with a variable
mass. For example, this is the real situation when gradual consumption of fuel takes place.

In work [15], it is noted that in previous research the function of medium resistance in the
following different types: F(v)=av, F(v)=bV?, F(v)=av+bv’ were used. However, the further use of
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this formula differs from our method. Namely, these equations for F(v) used previously known
works to solve the following differential equation [15]

d(vcosd) _ vF(v) (16)
dd g

where v=1(0). As indicated in the same source [15], the integration of equation (16) with an
unknown function v=1¢)(6) and with unknown coefficients a, b has insurmountable difficulties.
That is, further calculation techniques and methods for obtaining final results differ from ours.
This is easy to see from [15].

You can shoot down a rocket or a projectile with a direct hit. It is also possible to change
its trajectory based on the explosion of another projectile in close proximity to it. These are
common techniques. However, our method is designed as a backup for the worst-case scenario,
in the event of an invasion into the shock wave zone, it is also possible to change the flight path.
As a result, even this so-called "weak impact" can achieve the desired goal. Then the projectile
or rocket will not hit the intended point, at which the projectile was originally aimed at.

Laser correction of the heading is possible only if there is no rotation of the projectile.
Consideration of the question of the rotation of the rocket itself and the effect of this rotation on
the gas boundary layer is a large separate and deep topic for self-study. So far, we do not touch
on this issue.

4. Conclusions

4.1. A physical hypothesis is proposed that it is possible to change the design trajectory of
the projectile on the basis of mechanical action on the entire volume of shockwave zones with a
unilateral, asymmetric presence of the second projectile. Deviating from the original trajectory
results in a positive result when it comes to a defensive task.

4.2. A new semi-empirical model has been developed and compiled, which allows you to
calculate the trajectory of the projectile taking into account the air resistance to movement.
From the initial experiment, only four easily detectable quantities are used: the initial departure
speed v, the maximum elevation y__, the maximum range x,, and the total flight time. The
design scheme can be used in the design and operation of shells and missiles both guided,
homing and unguided. The air resistance force is modeled as a nonlinear function of velocity. It
is represented in the form of a polynomial of the third degree from time to time.

4.3. The physical idea that external powerful laser radiation can heat the side surface of
the projectile and half-space of the entire zone of shockwaves is proposed. The asymmetrical

thermal state on both sides of the missile may cause the missile or projectile to deviate from the
previously assigned flight path. This circumstance is also in favor of the proposed idea.
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O BO3MO>KHOCTH U3MEHEHUS TPACKTOPHUU CHAPAAA UJIH PAKETbI
Ha OCHOB€ a3pOoAUHAMHUYE€CKOTro BOSAeﬁCTBPlﬂ B 30HE€ y1IapHBbIX BOJIH

AnHoTanusa. O6GocHOBaHa ¢u3WYecKas TUIOTe3a O TOM, YTO MOXKHO H3MEHHUTb PACYETHYIO
TPAaeKTOPUIO CHapsiia Ha OCHOBE MeXaHUYeCKOro BO3JeMCTBUSI HAa BeCb 00beM BOJIHOBBIX 30H
CONPOTHUBJIEHUS NIPU OHOCTOPOHHEM, HECHMMETPUYHOM BTOP>KEHUHU BTOPOro cHapsaja. OTKJIOHeHUe
OT NepBOHAYaJbHOW TPAeKTOPHUMU NPUBOAUT K MOJIOKUTEJbHOMY pe3yJbTaTy, Korja peyb UAeT 06
060pOHUTENILHOU 33/]a4e.

PaspaboTaHa u cocTaB/ieHa HOBas NMOJy3MIHMpUUYeCKass MOJe/b, KOTOpas MO3BOJISAeT PacCYUTATh
TPaeKTOPUIO CHaps1/ia C yueTOM CONPOTHUBJIEHUS BO3/lyXa IBUKEHH 0. B HOBOM Mo/ie/1M peKOMeH/10BaHo,
YTOObl B MPEACTOSAIINX 3IKCIIEPUMEHTAX HCHOJb30BaTh TOJIBKO 4YeThbIpe JIETKO OINpefessieMble
BEJIMYMHBI: Havya/bHas CKOPOCTb BbLI€Ta V,, MaKCHMMaJlbHas BbICOTa MOJbeMa y _, MaKCMMaJbHas
JQJIbHOCTD MOJIETA X, M TOJIHOE BpeMs. PacyeTHas cxeMa UCIO0J/Ib3yeT UTePALMOHHbIE BbIYUCIEHHS, Ha
OCHOBE KOTOPBIX YTOYHSIOTCS 3HAaYEHHS YUCJIEHHBIX KO3PPUILMEHTOB B MOJYIMIIUPUYECKON MOJIEH.
O6ocHoBaHa pusnyeckas UAes 0 TOM, UTO BHellIHee MOLHOe Jla3epHOoe U3JlyueHue MOXKeT HarpeBaTb
OOKOBYIO TOBEPXHOCTb CHapsia U BCIHO 30HY BOJIHOBBIX CKAuKOB YIJIOTHEHHS C OJHOW CTOPOHBI
MOJIyNPOCTPAHCTBA, TO €CTb 3TO OJHOCTOPOHHUM HarpeB. HecuMMeTpu4HOe TeNJi0BOe COCTOSIHUE C
JIBYX CTOPOH paKeThbl MOXKET MIPUBECTH K OTKJIOHEHUIO paKeThbl UJIM CHApPsa OT Mpex/ie Ha3HAaUeHHOr o
Kypca. /laHHOe 06CTOATeNbCTBO TaKKe B MOJIb3y INpejsaraeMoil uzaeu. PacyeTHas cxemMa MOXeT
HalTU NpHMeHEeHHEe NPHU NMPOEKTUPOBAHUM U IKCIJIyaTallMd CHAPSZOB U PaKeT KaK yNpaBJsieMbIX,
CaMOHABO/JASLINXCS, TaK U HEYNIPaBJIsSEMBIX.

max’

Knwo4yeBble c/10Ba: BOJIHOBOM (POHT, CHapsJ, pakeTa, aspoJUHAMHYECKOE, COMPOTUBJIEHHE,
pacyeThbl, TPAEKTOPUS, UTEPALIUSL.
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COKKBbI TOJIKbIHJAPbl aliMaFbIHAAFbI A3POJMHAMHUKAJIBIK,
acep eTy Heri3iHAe cHaps/J HeMece 3bIMbIPAaH TPA€KTOPHUSChIH 63repTy MYMKIiHZAIri

Angarna. Makasiazia eKiHIII CHapsAThIH 6ipXKaKThl, CAMMETPHSLJIbI eMecC, Kipyi Ke3iH/le KelepriHiH,
TOJIKbIH aliMaKTapbIHbIH, 6apJIbIK KeJiEMiHE MeXaHUKAaJIbIK 9Cep eTy HeTi3iHJe CHapsAThbIH ecenTik
TPaeKTOPUSICbIH ©3repTyre OO0JaThIHABIFBI Typasbl QU3UKaJIbIK TMIIOTe3a HerizjesreH. bacTankbl
TPAEeKTOPHUAAAH AYbITKYABIH KOPFAaHbIC MiHJETi TypaJsibl €63 60JIFAH/A OYJI OH HOTIDKETE dKeJle/i.

Ko3sfasbIiCcKa aya KeJlepriciH eckepe OTBIpbIN, CHapsAATbIH, TPAeKTOPUSICBIH ecenTeyre MyMKIiHZIK
GepeTiH ’KaHa KapTblJIal IMIHPUKAJIbIK MOJie/Ib 93ipJeH i xKoHe )acaiabl. 2KaHa Mozesbe anaFbl
3KCMEPUMEHTTEpP/Ie OHAaW aHbIKTaJATbIH TOPT LIaMaHbl FaHa MaWjasaHy YCbIHbUIAJbl: V, — YILIbII
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On the possibility of changing the trajectory of a projectile or a rocket based
on aerodynamic impact in the shock wave zone

HIBIFYBIHBIH, 6acTanKbl KbLJIAaM/IbIFbI, Yo KOTEPYAIH €H >KOFaphbl OUIKTIri, YIIyAbIH eH »OFaphl
KalIBIKTBIFbI X, JXK9HE TOJIbIK YaKbIT. EcenTey cxemMachl UTepalUs/IbIK ecenTeysiep/i nanaaaaHaibl.
OsapablH, HerisiHze »kapTbLlalh BSMIUPUKAIBIK, Viarigeri caHJblK KoO3QULIMEHTTepAiH MoHI
HaKTblIaHabl. ChIPTKbI KyaTThl Jla3epJsiiK coyJiesieHy CHApSAATbIH OyHip 6eTiH koHe ThIFbI3JAY/bIH
TOJIKbIH CeKipicTepiHiH OapJiblK alMaFblH KbI3JIbIpa aajibl JereH GU3UKAJIBbIK HJlesd Heri3zesreH.
KeHicTikTiH 6ip »kapThl *KaFbIHAH dCeP €Ty, AFHU OYJ1 6ipKaKThI XKbIIBITY. 3bIMbIPAHHbIH, €Ki KaFbIHAH
CUMMETPHUSJIBIK €eMeC >KbLIy aFJailbl 3bIMbIPDAHHBIH, HeMece CHapAAThIH, OYpblH OesrijieHreH
0aFbITTaH aybITKybIHA 9KeJIyi MYMKiH. ByJ1 »KaFai 1a YChIHBLIBIN OTHIPFAH TYKbIPBIM/IbI AaHKbIHAAYFa
keMeKTecei. EcenTey cxemMachl cHapsiiTap MeH 3bIMbIpaHAAP/bl K06aj1ay KaHe NaijanaHy KesiHje
6acKapblIaThIH, ©3/iriHeH 6acKkapbliaThIH X9He 6aCKapblIMalThIH TYPZeE A€ KOoJIJaHblIYbl MYMKiH.

Ty¥iH ce3aep: ToNKbIH allMa¥Fbl, CHApsJ, paKeTa, a3poAMHAMHUKa, Kelepri, ecenteysiep, TpaeKTopus,
vTepanus.
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