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Lenvio pabomel sensiemces onpedeneHue napamempos eHympeHnHell OaLIUCMUKY PeakmueHo20 08u2a-
mejisi meépo020 MONIUBd, YCMAHOBIEHHO20 HA PEaKMUBHOM NeHempanmope, 8X00suem 6 SPYHM C 8blCOKOU
CKOPOCMbIO 8paujeHusi 80Kpye cobcmeennol ocu. Memoodvl ucciedoganus: Ons onpeoeienus 8eluUtUuHbl
oaslieHus 8 Kamepe 8pauaoue2ocs 0sueameisi 00bIYHO UCNOb3YION U3BeCMHble YPAGHEeHUsl BANaHCa Npu-
Xo0a u pacxoda 2asza, 4mo u 6 Ciyyde Hespawaruecocsi peaKkmugnoeo o0gueamens meépoo2o moniusd.
Omuauuue sHympenHell OAITUCMUKY 8PAWAIOWe20Cs PeaKmUusHo20 08ueameisi meepooco moniuéa coCmo-
um 6 mom, 4mo GIUsHUE 8PAUJeHUs. HA PpabouuUll npoyecc YHumléaemesi KodQouUyueHmom pacxooa 2a3oe
U3 Kamepol 8pAWAIOWE20Cst 08U2aAMeNsl, U3MEHeHUeM CKOPOCHU IPO3UOHHO20 20PEeHUsI MBEPO020 MONIUBA
npu 8paujeHul PeakmueHo20 0sucamens meépoo2o Monuea, Kospguyuenmom meniogvix nomeps. Pe-
3YbMAMbL: YCMAHOBIEHO, 4O HA NAPAMEmpbl GHYMPEHHEU OWUIUCIMUKYU 8PAWAIOWUXCS DeaKIMUGHBIX
odguzamereti meEPO020 MONIUBA OCHOBHOE GNUAHUE OKA3ZbIBAIOM KOIDOUYUEHM pacxooa 2a308 u3 Kamepbl
spawarowe2ocs 0gueamenst, 3Qhexm 3po3UOHHO20 20PEeHUsL MEEPO020 MONIUBA U USMEHeHUe KOIDuyu-
eHma meniosvix nomepo. Ilpusedenvl 0CHOBHbIE pacyemHtble 3a8UCUMOCIU O] ONPeOeieHUs OAGNIeHUsL 6
Kamepe C2opanusl epawjanuie2ocs o0gueamens meepoo2o moniuea Oisi nepuodos 6vixo0d 0asieHus Ha
CMAayUoHapHblil pedicum pabomul dgucameis, paboma O0sueameisi Ha CMAYUOHAPHOM Pexcume U 6 nepuoo
Cc80000H020 UCMEYeHUe 243068 U3 KAMepbl Peakmueno2o osuzamensi meépoo2o moniusa. Ilpedcmaenena
Memoouxa 6b160pa TUHEHbIX U Y2l08bIX pA3MePO8 Cona epawaiowezocs ogueamens. Ilpusedena oyenxa
cunbl msi2u sl OOUHAPHO20 CONIA, 8PAWAIOWE20CT PEAKMUBHO20 O8u2amesi meépoo2o monausda. Ycma-
HOBJICHO, YMO GeUHUHA CUIbL MASU 8PAWAIOWUXCSL 0gueamenell (Npu nPo4Ux 0OUHAKOBbIX VCIOBUSIX 6 Kd-
Mmepe ceopanus) 6 1,1-1,36 paza menvuie, yem y HEBPAUAIOWUXCA PEAKMUBHBIX O8ucameneli meépoozo mo-
nauea. Ilposedénnvie onvimpl NOKA3ANU YMEHbULICHUE CIMENEeHU 3aKPYMKU 2A306020 NOMOKA 8PAUArOUUXCsL
dsuzamerieli meepoo2o MONIUEA NPU VECIUYEHUU KOIUYeCMEd MONIUGHbIX WAWMEK 8 3apside 08ueamelsl.
3axniouenue: pezyromamol, U3NOJNCEHHBIE 8 CMAMbe, MOZYN ObIMb NOLE3Hbl OlIsl HAYYHBIX PAOOMHUKOS,
ACRUPAHMOB U  UHICEHEePOs, 3AHAMbIX CO30aHueM U IKCHAYAmayuel asUuayuoHHOU U pPAKemHo-
KOCMU4eCKOU MeXHUKU, d MAaKice CnmyoOeHmos MexHUYeckux 6y308, 00yHaroumuxcs no COOmeencmeyio-
WUM CneyuarbHOCMsM.

Knroueguvle crosa: nenempamop, napamempbl u Xapaxmepucmuru, 8paujenue 60Kpye ocu.
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The purpose of the work is to determine the parameters of the internal ballistics of a solid propellant jet
engine mounted on a jet penetrator entering the ground at a high rotation speed around its own axis. Re-
search methods: to determine the pressure in the chamber of a rotating engine, the known equations for the
balance of gas inflow and consumption are usually used, as in the case of a non-rotating solid propellant
Jjet engine. The difference between the internal ballistics of a rotating solid propellant jet engine is that the
effect of rotation on the operating process is taken into account by the coefficient of gas flow from the
chamber of the rotating engine; a change in the rate of erosive combustion of solid propellant during rota-
tion of a solid propellant jet engine; heat loss coefficient. Results: it was found that the parameters of the
internal ballistics of rotating jet engines of solid propellant are mainly influenced by the coefficient of gas
flow from the chamber of the rotating engine, effect of erosive combustion of solid propellant and change
in heat loss coefficient. The main calculated dependencies for determining the pressure in the combustion
chamber of a rotating solid propellant engine are presented for periods when the pressure reaches a sta-
tionary mode of operation of the engine, operation of the engine in a stationary mode and during the period
of free flow of gases from the chamber of a solid propellant jet engine. A method for selecting the linear
and angular dimensions of a rotating engine nozzle is presented. An estimate of the thrust force for a single
nozzle rotating solid propellant jet engine is given. It has been established that the magnitude of the thrust
force of rotating engines (under other identical conditions in the combustion chamber) is 1.1-1.36 times
less than that of non-rotating solid propellant jet engines. The experiments carried out showed a decrease
in the degree of swirl of the gas flow of rotating solid propellant engines with an increase in the number of
propellant pellets in the engine charge. Conclusion: the results presented in the article can be useful for
scientists, graduate students and engineers involved in the creation and operation of aviation and rocket
and space technology, and can also be useful for students of technical universities studying in relevant spe-
cialties.

Keywords: penetrator, parameters and characteristics, rotation around an axis.

Introduction

Theoretical and experimental studies on embedding solid bodies into the ground at the expense of
kinetic energy accumulated outside the ground section of the trajectory show that the section of mo-
tion in the ground sometimes has a niticeable curvilinear character, in which a significant departure
from rectilinear motion is possible, up to a complete turn of the penetrating body and movement of its
bottom part forward. The character of motion is significantly influenced by forces, which in turn de-
pend both on the shape of the body and on the initial conditions of penetration, determined by the
presence of the angle between the velocity vector and the axis of symmetry, as well as the angular ve-
locities of precession, nutation and proper rotation.

When a jet penetrator with a running engine is embedded in the ground, its stability is affected (in
addition to the above-mentioned factors) by such factors as the thrust magnitude, its eccentricity and
the possibility of swirling motion.

The purpose of this paper is to determine the internal ballistics parameters of a solid propellant jet
engine mounted on a jet penetrator entering the ground with a high rotational velocity around
its own axis.
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To determine the pressure value in the chamber of a rotating engine, the well-known equations of
the balance of gas inflow and outflow are usually used, as in the case of a non-rotating solid propellant
jet engine. The difference between the internal ballistics of a rotating solid propellant jet engine is that
the effect of rotation on the working process is taken into account [1]:

— by the flow coefficient of gases from the rotating engine chamber

1

1-v

1
Ay = Ay| ———— | (1)
I+-—— a?r
k+1
— by change in the rate of erosive combustion of solid propellant during the rotation of a solid pro-
pellant jet engine

€, =1+ Bn"’; Q)
— by the heat loss coefficient

1-0.16(1+tana,” )0'4

= , 3
Krot 142y (3)

where 4, is a flow coefficient of gases from the combustion chamber of a non-rotating solid propel-

lant jet engine.
The value of the gas flow coefficient is determined according to the folloing dependence

Ay =—=2<1, )

where M, o 1s a real (experimental) mass flow rate, taking into account all possible types of losses that

reduce the gas flow rate through the nozzle; M m = Pt
VIRT,

nozzle; p,, is braking pressure at the nozzle inlet; f,, is a critical cross-sectional area of the nozzle; y

is theoretical gas flow rate through the

is a coefficient of heat loss; R7; is a reduced force of solid propellant; B = 3.7- 10 atn <10° Jot. ;

min
k is an adiabatic value; a, is angle of swirl of gas flow in the critical section of the engine nozzle;

. n is a number of revolutions of the rotating ground jet
s penetrator; v is a degree exponent in the propellant com-
s bustion rate law; v 1is a relative fraction of burnt charge.

The algorithm for determining the pressure in the com-
bustion chamber of a rotating solid propellant engine
/ 1. Steady-state pressure at the stationary operation sec-
tion of the solid propellant jet engine.

Fig. 1 graphically depicts the principle of stationarity of

Ty

’ Kkt s the operation of the rotating solid propellant jet engine.
Puc. 1. I'paduk, WLTFOCTPHPYIOMIHIA IPAHIAIT Here mi, is gas supply into the combustion chamber of
CTALHOHAPHOCTH the solid propellant jet engine; m_, and m_,, are gas
Fig. 1. Graph illustrating the principle flow rate of the non-rotating and rotating engine, respec-
of stationarity tively.
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The graph shows that a decrease in the gas flow rate of a rotating engine leads to an increase in the
steady-state pressure in its combustion chamber, i.e. P, , = F,.

In this case the following equation is used for the calculation of P,

trot

1
1 \i—v
Pstrot == 5 (5)
Nl

. A P S
h N. = — : fi 3 : N = PoAvor PrJ er :
where ! € ¢ merotRTO th (a) ® o ( ) SgUmpm \Y; XrotRTO

U, =H(T) fr(p.) fs(a) fa(xo) = U,=1 /> f3 f4 is solid propellant burning speed depending

on the charging temperature ( f (T 3 )) , pressure in the combustion chamber f, ( pc) , degree of swirl

N P

f3(a,,) of gas flow and the Pobedonostsev criterion f; (x,) [2; 3].

Fig. 2 shows the dependence of the steady-state pressure in the chamber of a rotating solid propel-
lant jet engine on the degree of swirl of the gas flow.
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st rot
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Puc. 2. 3aBUCHMOCTH BETHUNHBI YCTAHOBUBIIETOCS JaBICHUS
B Kamepe CrOpaHusi OT CTEICHHU 3aKPYTKH Ia30BOTO MOTOKA

Fig. 2. Dependence of the steady-state pressure
in the combustion chamber on the degree
of swirl of the gas flow

The calculations P

>vor Were performed for a real engine of a 40 mm diameter model ground jet.
Here A marks are used to indicate experimental values of steady-state pressure. A good agreement be-
tween the calculated and experimental data can be seen.

Thus, the steady-state pressure in the chamber of solid propellant jet engine varies depending on
the speed of its rotation around its own axis. In this case, with the increase in the degree of swirl of the
gas flow, the value of the steady-state pressure increases, the rate of pressure build-up in the process of
the engine entering the steady-state mode of operation decreases, and at a given propellant mass, the

engine operation time decreases (Fig. 3).
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Puc. 3. TunoBble 3aBUCUMOCTH AaBJIEHUs B KaMepe cropanus 1 Bpamatomuxcs PATT:

1 — nns Bpamaromerocst PATT; 2 — nnst neBpamatomerocst PITT; 3 — oTmedaercst HeKoTopoe
o 3 00
YBEJIMUEHHUE YCTAaHOBUBILIETOCs JIaBJIEHHs B Kamepe JUIsl Bpalaromuxcs asurareneit npu n<10°——;
MUH

4 — moka3aHa BO3MOXKHOCTH IOSIBJIICHUS BTOpPOI'0 MakCUMyMa, BEJIMYMHA KOTOPOTo OoJiblIe TIIepBOTO

Fig. 3. Typical pressure dependences in the combustion chamber for rotating solid propellant rocket engines:
1 —for a rotating solid propellant rocket engine; 2 — for a non-rotating solid propellant jet engine;

3 —there is a slight increase in the steady-state pressure in the chamber for rotating engines at 7 <10° rpm/min;
4 — shows the possibility of the appearance of a second maximum, the value of which is greater than the first

It should be noted that the pressure in the combustion chamber of a rotating engine can be cor-
rected either by using an afterburning volume in its design, which increases the free volume of the
combustion chamber, or by changing the thermal and hydraulic loss coefficients. The hydraulic loss
coefficient can be calculated using the following formula

) (6)

1375
g = gO (1 + tgacrz)
where &, is a hydraulic loss coefficient at one-dimensional gas flow through the pipe at a, =0.
The calculations show that o, value due to hydraulic losses to the values o, = 0,2 is almost un-

changed, Therefore, its reduction should be taken into account at o, >0.3—-0.4, when o, is reduced
by 13-35 %.

2. Switching of a rotating solid propellant jet engine to steady-state mode

When calculating the pressure-time dependence of the rotating solid-propellant engine on the
steady-state mode of operation, as in the case of the flow rates of a solid propellant jet engine [3; 4],
the following parameter is determined

a= (p2Ar0th(cr \ XrotRTO (1 B U)
W b

g

(7

where rotation is taken into account by introducing the coefficients A

rot

and y,,,; b and v are coeffi-

cients in the propellant combustion law; W, =puS, is gas supply to the combustion chamber; u is a
combustion rate; S, is a combustion surface of the propellant charge.

After that, the total time for the solid propellant jet engine to reach steady-state is calculated
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_ 1-v
SPREELL ®)

a l_p

where ; = 0.99 is limit relative pressures in the combustion chamber in the process of the solid-

propellant jet engine reaching the steady-state mode of operation; p, is pressure in the chamber when
the charge is ignited.

P, MPa

25,0
20,0
15,0
10,0

5,0

Puc. 4. 3aBucumocThb JABJICHUS B KaMEPE CropaHus OT BpEMCHU
IIpH BBIXOAC ABUTAaTCIIsI HA yCTaHOBPIBIHPIﬁCH PEXKUM

Fig. 4. Dependence of pressure in the combustion chamber
on time when the engine reaches steady state

The calculations given for a 240 mm diameter rotating ground jet penetrator at swirl angles o, =

0.1; 0.2; 0.3 showed that: 1) engine steady-state time increases by 23 % with increasing rotational
speed at
o, =0.1,by 46 % at o, =0.2and by 130 % at o, =0.3,1i.e. from 0.13 s to 0.3 s; 2) increases the

steady-state pressure compared to a non-rotating engine.
In order to obtain the dependence (Fig. 4), t,, was first defined using the fomula (8), then three

following values were chosen 1,, T, , T3, which are in the interval between 1, and 0, and according
to the value of these times the relative pressures ;1 ;2 ;3 were determined by the formula

€
_ 1-v

p=|1=(1=p,) "] ©)

Then ; were recalculated into real design pressures according to the dependence:

pi:pstrot pi’ (10)
where p; is calculated up to ; =0.99.
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3. Calculation of pressure during the period of free flow of gases from the chamber of a solid
propellant jet engine

As in the case of calculation of the after-effect period for a non-rotating engine, the end of charge
combustion time is determined by the formula [3-5]

T =—, (11)
u

where e is a burning vault thickness; for a tubular charge burning on the outer (D) and inner (d) sur-
faces it is, in particular, equal to

(12)

Taking into account the dependence of the charge burning rate on the pressure in the combustion
chamber, it is evident that the end of combustion time for the rotating engine will be less than the end
of combustion time for the charge of the non-rotating engine, because the steady-state pressure of the
rotating engine is greater than the steady-state pressure of the non-rotating engine.

The time of full flow of gases from the combustion chamber after combustion of solid propellant is
calculated by the following formula

) 0.1
— A . f.byX, RT
where B = K2 19 m’f”W o0 . p, = 1.8 bar is the pressure in the combustion chamber up to
km

which the supercritical flow formula is valid.

The pressure dependence on the free gas flow time is determined in the following sequence:

1) time 7, is divided into three intervals, where t;, 1, and t; are less than 7 ;

Phrot
—
(14 Brt,)*!

The curve passing through the calculation points describes the period of free gas flow from the ro-
tating solid propellant jet engine.

Fig. 5 shows the graph of dependence of the free flow time from the rotating engine chamber on
the degree of swirl of a 240 mm diameter ground jet penetrator.

2) p,, P, and p;, are calculated by the formula p, =

It was obtaned at a. > 0, 1, =0.173s; at
a, =01, a,=02and a, =03, 14 =022 s,
Tsr =0.32 s and 144 =0.55 s, respectively.

It can be seen from the graph (Fig. 5) that the
time of free flow of gases from the combustion
02 chamber after the end of propellant combustion
increases with the increment of swirl parameters

and, consequently, the number of revolutions of the
o1 02 o3 % jet penetrator.

0,5
0,4

0,3

0,1

Puc. 5. Pacuérnas 3aBUCUMOCTh BPEMEHH UCTEUEHUS
OT yIJIa 3aKPYTKH ra30Boro motoka PJITT Selection of linear and angular dimensions

) ) of the rotating engine nozzle
Fig. 5. Calculated dependence of the exhaust time . . .
. . The dimensions of a single nozzle or nozzles of
on the swirl angle of the gas flow of a solid propellant - ) .
jet engine the nozzle block of a rotating solid propellant jet
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engine are selected according to the same dependences as for a transforming engine, but taking into
account the previously established dependences and coefficients.

Using dependences (5) for calculations of steady-state pressure in the chamber of a rotating engine,
it is possible to find the area of the critical cross-section of the engine nozzle using the formula [1]

SrUrpr XrotRTO
Jor = > (14)
?; Arot bp rot
d, =Y (15)
m

where 7 is the number of nozzles; 4,,, (o, ), X,,(a,,) are coefficients; p,,, is a design pressure at

the engine chamber wall.

The comparative analysis of the calculations of the supersonic nozzle part of rotating and non-
rotating engines showed that the optimum angle of the supersonic part of the rotating engine corre-
sponds to the optimum angle of the nozzle of a non-rotating solid propellant jet engine and is equal to
20°. The experimental data presented in [1] confirm this conclusion and also show that it is necessary
to choose a larger nozzle entrance angle in the presence of flow rotation than for a nozzle with one-
dimensional flow.

Fig. 6 shows the experimental dependence of the single impulse J,;, on half of the nozzle entry an-
gle a. The graph shows that J,,, reaches a maximum at 2a = 180°, i.e., at a flat wall of the nozzle block.
This effect is explained by the fact that the flat wall completely dampens the axial component of the
gas flow velocity and increases its radial component, which increases the gas flow rate through the
nozzle.

] Hrskg

1920
1900
1880

1860

30 50 70 90

Puc. 6. 3aBUCUMOCTH BEITHUMHBI CAUHUYIHOI'O UMITyJIbCa
OT IIOJIOBHUHBI YIJIa BXOJa B COIIO ABUT'AaTCIIsL

Fig. 6. Dependence of the magnitude of a unit impulse

on half the angle of entry into the engine nozzle

For a single nozzle, the thrust formula can be written as follows

Prot = derotf;:r(Pl(PZArot ’ (16)

where K, is a thrust coefficient; f,, is a nozzle critical cross-sectional area; ¢, = 0.95-0.98 is
a velocity coefficient; ¢, 1is a nozzle flow coefficient at gas flow without swirling;

A, =f (occr) is a flow coefficient for rotating gas flow.

rot
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Thus, knowing the laws of pressure change in the combustion chamber of a rotating a solid propel-
lant jet engine and using the above formulae for thrust force, it is possible to graphically construct

P

rot
The analysis of dependences for the thrust force of rotating ground jet vehicles allows us to state

that the thrust force value of such engines will be less than that of non-rotating ones, all other condi-

tions being equal.

The difference in thrust forces will be determined by the following ratio

- 1

1-v -y
A _ [ Pt =(1+—k aijl , (17)
A, POcr k-1

iz(uﬁ%jl‘” . (18)

rot

(t) dependences for any type of a rotating engine [6-8].

then

For real solid propellants v = 0.5-0.67 at o, = 0.1-0.15 the value of thrust relations is within

—% = 1.1-1.36, i.e. the thrust of a non-rotating engine is 10-36 % greater than that of a rotating

P

rot
engine [9—11].

The experimental studies of rotating solid propellant jet engines equipped with multi-ball solid
propellant charges have shown that (unlike solid propellant jet engines with single-ball charges) pres-
sure nonuniformity in the combustion chamber is observed only in the pre-nozzle chamber. Herewith,
the more draughts in the charge, the less is the degree of swirl both in the channel of a single draughts
and in the pre-nozzle block as a whole [12-15].

Conclusion

Within the framework of the conducted research the following tasks have been solved:

1. It has been established that the internal ballistics parameters of rotating solid propellant jet en-
gines are mainly influenced by the coefficient of gas flow rate from the rotating engine chamber, the
effect of erosive combustion of solid propellant, and the change in the heat loss coefficient.

2. The basic calculation dependences for determining the pressure in the combustion chamber of a
rotating solid propellant engine are given for the periods of pressure release on the stationary mode of
engine operation, engine operation on the stationary mode and during the period of free flow of gases
from the chamber of a solid propellant jet engine.

3. The methodology for selecting linear and angular dimensions of the nozzle of a rotating engine
is presented, which allowed a comparative analysis of the calculations of the supersonic part of the
rotating and non-rotating engines.

4. An estimate of the thrust force for a single nozzle of a rotating solid propellant jet engine is giv-
en. It is found that the thrust force of rotating engines (with other identical conditions in the combus-
tion chamber) is 1.1-1.36 times less than that of non-rotating solid propellant jet engines.

5. The conducted experiments showed a decrease in the degree of swirl of the gas flow of rotating
solid propellant engines with increasing the number of propellant draughts in the engine charge.
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