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DETERMINING THE SPEED OF A PROJECTILE AT THE MOMENT OF ITS
TRANSITION FROM SUBSONIC TO TRANSONIC SPEED

The authors have developed a method that takes into account that the magnitude of air drag force depends on
the type of speed. That is, it has a different functional dependence when the projectile moves at supersonic,
subsonic, or transonic speeds. The moment of transition of the projectile's speed from supersonic to subsonic is
determined by the condition that the speed of the projectile becomes equal to the speed of sound in air. The latter
depends on the air temperature at the point where the projectile is located. As the altitude of the projectile
increases, the speed of sound in the air decreases. The condition that determines the speed of the projectile, which
separates the movement of the projectile at subsonic speed from the movement at transonic speed, is not given in the
literature. Based on the analysis of experimental studies aimed at establishing the dependence of the drag
coefficient on the Mach number, the authors proposed a condition that allows determining the moment of change in
the projectile's velocity from subsonic to transonic. It has been established that the speed value that distinguishes a
subsonic projectile from a transonic Vi, depends on the mass and initial velocity of the projectile, air
temperature, and atmospheric pressure. Numerical values of this magnitude Vi, were obtained for Projectiles,
HE, M795 and M795M; Fuze, PD, M739A1 fired from an M777A2 howitzer with a 3H charge. It has been
determined that changes in the mass and initial velocity of the projectile have a negligible effect on the velocity
Virsup- However, changes in air temperature and atmospheric pressure have a significant effect on the velocity

Virsub- As the air temperature increases, the velocity Vg, increases, and it also increases as the atmospheric
pressure decreases.
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velocity is described by curve DB for transonic speeds,
curve BC for subsonic speeds, and curve CL for
supersonic speeds. Thus, the functional dependencies of
the frontal air resistance force on the projectile velocity
significantly depend on the type of velocity. Therefore,
when studying the motion of a projectile, it is necessary
to distinguish between the motions of a projectile at
supersonic, subsonic, and transonic velocities.

The speed magnitude that separates the movement

Statement of the problem

When a projectile moves through the air, its speed
can be supersonic, subsonic, or transonic. Experimental
and theoretical studies have established that the magnitude
of the air drag force on a projectile’s motion depends
significantly on the type of its speed. The graphical results
of experimental studies conducted to establish the
dependence of the drag coefficient on the Mach number for
different types of projectiles are given in [1, 2].

Fig. 1 shows the approximate dependence of the
drag coefficient CD on the Mach number. The
dependence of the drag coefficient on the projectile's

of a projectile from supersonic to subsonic speed
depends on the air temperature at the point where the
projectile is located and is determined using the formula
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the projectile, CX(V—J — is the reference drag function,

Ha
where Vg — is the speed of sound in air, k, =1,4 —is
the adiabatic index of air, p, =28,96 kg/kmol - is the
conditional molar mass of air, Ry, =8314 J/kmol-K —

is the universal gas constant, TK — is the absolute
temperature of air at the weapon location, z — is the
height of the projectile above the weapon location.
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Fig. 1. Dependence of the drag coefficient Cp on the Mach
number

The functional dependence for determining the
velocity of a projectile which distinguishes subsonic
velocity from transonic velocity is not explicitly stated
in the literature.

Therefore, the problem of determining this velocity
arises.

Analysis of research and publications

A significant number of scientific articles and
experimental studies are devoted to the study of external
ballistics problems. A summary of these results is
presented in monographs [1-3]. In these monographs,
scientific works [4-9], and other articles, the force of
frontal air resistance to the motion of a projectile is
described by dependencies
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where R —is the drag force of air, p - is the density
of air, V. —is the velocity of the projectile, d - is the
caliber of the projectile, i — is the shape coefficient of
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Cp - is the drag coefficient. The magnitude pT is
called dynamic pressure.

To reduce discrepancies between the results of

field and theoretical studies of projectile dynamics,

specific values of drag coefficients Cp or projectile

shapes i are selected. Formulas (2) and (3) do not
directly take into account the type of projectile velocity
to determine the magnitude of the air drag force on the
projectile's motion. That is, formulas (2) and (3) do not
fully reflect the physical processes that occur during the
flight of a projectile in the air. However, they allow,
with a certain degree of accuracy, to determine the
kinematic parameters of the projectile’s movement in
the air. Further scientific research is needed to gain a
better understanding of the physical processes that occur
during the flight of a projectile in the air.

Formulation of the article’s objective

The speed of a projectile in flight, depending on its
initial velocity, can be supersonic, subsonic, or transonic.
The nature of the change in the magnitude of the air
resistance force acting on a moving projectile depends
significantly on the type of velocity. There is a need to
determine the velocities that separate supersonic from
subsonic and subsonic from transonic velocities. In the
first case, the speed is determined using formula (1).
How to determine the speed of a projectile that separates
subsonic speed from transonic speed is not specified in
the literature.

Therefore, the purpose of this article is to determine
the magnitude of this velocity and to study the effects of
the projectile’'s mass, its initial velocity, air temperature,
atmospheric pressure, wind speed, and other factors on
its magnitude.

Presentation of the main material

Unlike the widely known formulas (2) and (3),
which determine the magnitude of the frontal air
resistance force on a moving projectile, articles [10, 11]
formulate another mathematical model for determining
this force. The model takes into account the fact that the
magnitude of the drag force significantly depends on the
type of velocity. Therefore, the determination of the
magnitude of the drag force of air on a moving
projectile is described by the functional dependence
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and the values of its coefficients y;(i=1,2,3) and If the aiming angle changes within
Bi(i=123) are different at supersonic (i=1), subsonic =~ 1284 mil <6, <2980 mil, then the projectile’s

(i=2) and transonic (i=3) speeds.

In formula (4), the following symbols are used: ¢, —
coefficient that takes into account the aerodynamics of
the projectile shape when air flows around it
longitudinally, and proportionality; p, — air density; s, —
maximum cross-sectional area of the projectile.

In the absence of wind, the functional dependence

of the frontal air resistance force on the projectile
velocity will be as follows [10, 11]

stx#a-101325 (1 6’5(Z+Zp)]5,255x
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\% (t))2+7i +Bi . (5)

0,58
kyR _
("“‘”J (TK—0,006328 z(t) )*0-%Fi
Ha

Variable zp characterizes the atmospheric pressure
at the location of the weapon. For example, if the
atmospheric pressure is 750 mm Hg, then zp =111,54
m and if it is 760 mm Hg, then — zp=0.

We place the origin of the coordinate system
Oxyz at the location of the weapon. The axis Ox is
directed toward the target and lies in the horizontal
plane of the weapon, the axis Oz - is directed vertically
upward, and the axis Oy is perpendicular to the plane
Oxz , forming a right-handed coordinate system.

Let us determine the effects of the projectile's
mass, its initial velocity, air temperature, and atmospheric
pressure on the velocity Vi, , that distinguishes the

R(t)=

subsonic velocity of the projectile from the transonic
velocity.

Example. Let's consider the motion of Projectiles,
HE, M795 and M795M; Fuze, PD, M739A1 fired from
an M777A2 howitzer with a 3H charge, which provides
the initial velocity of the projectile Vi, =547 m/s.

The motion of the projectile under the action of air
drag, projectile weight, and Coriolis force was
considered.

During the research, the following values were

used: m =46,948 kg, s, =x-0,0782m’°, c,=0,35,
t=15C or TK=288K,
speed — Vi, =0 m/s.

At aiming angles within the range
0mil<0y<125Imil the projectile will only move at

Patm =760 mm Hg, wind

supersonic speed, and the values of the coefficients in
formula (5) are as follows: y;=-0107512 and

By =—0,044864 .
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velocity will initially be supersonic and then subsonic.
The condition for the completion of the projectile's
supersonic velocity phase and the start of its subsonic
velocity phase is the violation of the inequation

V(H)2Vs(t). (6)

At the stage of movement with subsonic velocity,

the values of the parameters in formula (5) are as
follows: y,=-0196753 and $,=2,090781 .

It should be noted that the speed of sound
decreases with increasing altitude of the projectile.

At aiming angles within 303,2mil<6y<5733mil
during the flight of the projectile, three types of velocity
are recorded. |Initially, the projectile moves at
supersonic velocity, and the moment of completion of
this stage is described by condition (6). In the second
stage, it moves at subsonic velocity, and then at
transonic velocity.

In Fig. 1, the CL curve describes the dependence
of the drag coefficient Cp on the Mach number if the

projectile velocity is supersonic. The BC curve indicates
the nature of the change in the drag coefficient Cp, if

the projectile velocity is subsonic. The DB curve describes
the change in the drag coefficient Cr, with a change in

the Mach number if the projectile is moving at transonic
velocity. Point B is the point that separates the dependence
of the drag coefficient Cp on the Mach number at

subsonic speed from that at transonic speed. Analyzing
the graph in Fig. 1, we can see that as the Mach number
decreases, the drag coefficient Cp, according to the

nature of the SV curve, does not continue to decrease
sharply after point B. That is, a further decrease in the
drag coefficient is not described by curve AB, but by
curve DB. There is a tendency for the nature of the
dependence of the drag coefficient on the Mach number
to change. This gives reason to assert that point B
separates the stage of projectile motion at subsonic
speed from the stage of motion at transonic speed. Thus,
the end of the stage of projectile motion at subsonic
speed is the moment when the inequation condition is
violated,

V)5V (LAY, )

where At>0.

Let us analyze the influence of individual
parameters on the velocity of a projectile at the moment
of its transition from subsonic to transonic speeds.

Let us consider the influence of a change in the mass
of the projectile, under otherwise standard conditions, on
the velocity Vg, that distinguishes the movement of a

projectile at subsonic speed from transonic speed.
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Table 1

Dependence of the projectile velocity at the moment of
transition from subsonic to transonic speed on its mass

m, kg Vo, m/s | Gy, mil [Vegyp M/S| 1, SeC
2sq (45,950) | 552,91 | 298,677 301,21 | 26,609
3sq (46,449) | 549,93 | 298,568| 301,73 | 26,541
4sq (46,948) | 547,00 | 298,451| 302,24 | 26,472
5sq (47,447) | 544,12 | 298,315| 302,74 | 26,401
6sq (47,946) | 541,28 | 298,163 303,23 | 26,329

Table 1 shows the weight of the projectile in the
first column. Due to changes in the weight of the
projectile, its initial velocity will change with the same
charge, and its magnitudes are shown in the second
column. The third column shows the aiming angle at
which the projectile completes its movement at subsonic
speed when it reaches the level of the weapon. The
fourth column shows the projectile’s velocity Vi, at

the moment of transition from subsonic to transonic
speeds. The duration of the projectile's movement is
shown in the fifth column.

Analyzing the results presented in Table 1, we can
conclude that increasing the mass of the projectile does
not significantly increase the velocity Vyqp. that separates
the projectile's movement from subsonic to transonic
speeds.

Let us examine the effect of changing the initial
velocity of the projectile, under otherwise standard
conditions, on the velocity Vi, at the moment of
transition from subsonic to transonic speed.

Table 2

Dependence of the projectile velocity at the moment of
transition from subsonic to transonic velocity on its initial

velocity
Vg, mis | Gy, mil Virsup M/S | 1y, sec
539,00 | 298,470 301,61 26,187
543,00 | 298,465 301,93 26,330
547,00 | 298,451 302,24 26,472
551,00 | 298,425 302,54 26,612
555,00 | 298,391 302,85 26,752

Analyzing the results presented in Table 2, it can
be stated that increasing the initial velocity of the
projectile does not significantly increase the velocity
Virsup that distinguishes the movement of the projectile
at subsonic and transonic speeds.

Let us consider the effect of only the change in air
temperature, under otherwise standard conditions, on
the speed Vi, at the moment of transition from

subsonic to transonic speed.
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Table 3

Dependence of the projectile velocity at the moment of
transition from subsonic to transonic speed on the change
in air temperature

t’c Og.mil | Viypsup M/S | t,C

5°C | 297,256 | 292,34 | 26,102
5°C | 297,906 | 297,35 | 26,294
15°C | 298,451 | 302,24 | 26,472
25'C | 298,894 | 307,02 | 26,637
35C | 299,245 | 311,69 | 26,791

Analyzing the results presented in Table 3, it can
be stated that an increase in air temperature significantly
increases the speed Vi, that distinguishes subsonic
projectile motion from transonic motion.

Changes in atmospheric pressure also affect the
speed Vg p that distinguishes subsonic projectile motion

from transonic motion.
Table 4

Dependence of the projectile velocity at the moment of
transition from subsonic to supersonic speed on changes in
atmospheric pressure

Patm. MM Hg| 6g,mil Virsus M/S| 1y, sec
760 298,451 302,24 26,472
740 298,171 304,09 26,560
720 297,848 305,99 26,647
700 297,476 307,95 26,733
680 297,047 309,96 26,817

Analyzing the results presented in Table 4, it can
be stated that a decrease in atmospheric pressure
significantly increases the speed Vi, that distinguishes
the movement of a projectile at subsonic speed from
transonic speed.

It can be argued that accompanying and side winds
will also affect the speed Vi, that distinguishes the

movement of a projectile traveling at subsonic speed
from transonic speed.
When the aiming angle increases 298,0mil<8,, a

gradual change in the projectile's velocity will be observed
during its flight. Initially, it will move at supersonic
speed, and the end of this stage is characterized by a
violation of condition (6). In the second stage, the
projectile moves at subsonic speed. Condition (7) allows
us to determine the moment when the projectile completes
its subsonic motion and begins to move at transonic
speed. In the third stage, the projectile moves at transonic
speed, and in formula (4), the values of the parameters
73=—-0,253595 and B3 =0,777779.
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During mortar firing, certain peculiarities of the
projectile's movement will be observed, which will be
discussed in a separate article.

Conclusions

During the flight of Projectiles, HE, M795 and
M795M; Fuze, PD, M739A1 fired from the M777A2
howitzer and charged with 3H, at aiming angles
0o <746,6mil, the projectile will gradually move at

supersonic, subsonic, and transonic speeds. The transition
of the projectile from supersonic to subsonic speed is
described by inequation (6), and the transition from
subsonic to transonic speed is determined by condition (7).

The speed magnitude Vi, that separates the

movement of a projectile from subsonic to transonic
speeds depends on the mass of the projectile, its initial
speed, air temperature, and atmospheric pressure. It can
be argued that the speed magnitude Viq,, is influenced

by both headwinds and crosswinds. Further research
will be devoted to this issue.
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BU3HAYEHHS BEJTHMYWMHA IIBUJIKOCTI CHAPSIA B MOMEHT ITEPEXOY MOro Pyxy BIJ
OIA3BYKOBOI 10 J03BYKOBOI IBUAKOCTEU

JI.A. Benmako, M.1. BoitroBuu, M.1. Copokatuit

Asmopamu po3pobnena memoouxa, KA 6paxoeye, o 6eIUYUHA CUNU 10606020 ONOPY NOBIMPA 3ANENHCUMb 6I0 MUNY
weuokocmi. Tobmo mae pizHy DYHKYIOHATILHY 3ANEHCHICMb NPU PYCi CHAPAOA 3 HAO38YKOBOK, NiO38YKOBOIO YU O038YKOBOI)
weuokocmamu. Momenm nepexody weuoxocmi cnapsaoa 3 HA038YKOBOI HA NiO38YKOBY BUIHAUAEMbCS 3 YMOBU, WO WBUOKICHD
cHapada cmac pisHolo weuokocmi 368yKy 6 nogimpi. Ocmanus 3anedxicums 6i0 memnepamypu nNOGIMps 6 mouyi nepedyeans
cHapaoa. 3i 30inbuleHHAM GUCOMU DYXY CHAPAOA — BeAUHUHA WEUOKOCHI 38VKY 8 NOGIimpi 3MeHulyemocs. Ymogy, 3 AKoi
BUSHAYAEMBCS BETUUUHA WBUOKOCTI CHAPAOA, WO 8i00KPEMIIOE PYX CHAPAOA 3 Ni038YKOBOI0 WEUOKICIIO 6i0 PYX)Y 3 00368YK0BOI0,
6 aimepamypi He Hageoeno. Ha 0cHOBI ananizy eKCnepuMeHmanbHux OOCHONCeHb, CKEPOBAHUX HA BCMAHOGILEHHS 3ANeMHCHOCTI
Koegiyichma cunu onopy 6i0 yucia Maxa, agmopu 3anpononysani ymosy, AKka 00360JA€ SUSHAUAMU MOMEHM 3MIHU WUEUOKOCMI
CHapA0a 3 Ni038YKOBOT HA 0038YK08Y. Bemarnosneno, wo senuyuna weuOKoCmi, Ka po3Mexcosye pyx cHapaod 3 nio3eyKosor

weuokicmio 6i0 0038yk080i Vg p, 3au€HcUMb 6i0 MACU MA NOYAMKO80I WBUOKOCMI CHAPAOA, MeMnepamypu Nnogimps i
ammocgpeprozo mucky. Ompumarno uucnosi snavenns yiei eenuuunu Viygy, o Projectiles, HE, M795 i M795M; Fuze, PD,
M739AL, sunmywenoco 3 eaybuyi MTT7A2 i3 3apsoom 3H. Busnaueno, wo 3mina macu i noyamkogoi weuoKocmi cHapsoa
HE3HAYHO 6NIUBAE HA 8enuyuHy weuokocmi Vigyp. [Ipome smina memnepamypu nosimps ma ammocghepHo2o mucKy cymmeso
gnausaioms na senuuuny weuokocmi Vg . Ilpu 36insuenni memnepamypu nogimps eemuyuna weuokocmi Vi p 3pocmac i

B0HA MedHC 3POCMAE NPU SMEHUEHHT AMMOCPHEPHOL0 MUCKY .

Kniouogi cnosa: 3oeniwina 6anicmuxa, cuna 100606020 onopy nosimps, ni036yK08a WBUOKICMb CHAPSOd, 0038YKO8A
wWeUoKicmo.
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