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Abstract

A new principal equation of the internal ballistics is presented herein, which is determining the
temperature in the barreled firing weapons and the rocket engines with solid fuel during combustion of
the charge. By this new equation it is demonstrated, that during ‘internal combustion” in the
thermodynamic system is not enthalpy imported, but internal energy. On that basis equations,
determining the temperature and pressure in the cylindrical space of a piston-type internal combustion
engines during the working process, are developed. Equations, determining the average temperature in
the chambers of the vane gas turbine engines are also developed. Equation, determining the
temperature in the combustion chambers of rocket engines with liquid fuel is also developed. Equations
for determining the pressure and temperature in the gas engine of automatic firing weapons as well as
collectors of piston engines are also presented.
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1 INTRODUCTION I. Grinevetski. By analyzing the theories of internal
ballistics and the internal combustion engines of

In 1864 A. F. Rez.al, a French scientist,. had g period it is clear that both of them have nothing
developed an equation, which thermodynamically in common. This situation remained until the end
describes the basic elements of the shot. At that of World War Il and shortly thereafter. With the

time, the internal combustion engines still have not
been invented. However, in 1910 the Russian
scientist N. F. Drozdov published the first general
methodology, which provides solutions of the
internal ballistics’ tasks. A little earlier in 1907 was
published the first working theory of the internal
combustion engines by the Russian Professor V.

discovery of the electronic computing machines
began the development of differential methods for
engineering calculations. Namely one such
method is a quasi-stationary thermodynamic
process based on the first principle of
thermodynamics for open thermodynamic system
with fixed and mobile borders (Andiushenko,
1975) (Petrichenko & et al., 1990). A new aspect
Address of the author: of the method with regard on the theory of the
I\iarlan. Nikolov Mgtafchlev internal combustion engines will be shown herein,
#7 marian_mutafchiev@abv.bg .

caused by the author's experience to apply the
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terms of the internal ballistics and other aspects,
relating to gas turbine engines and rocket engines
with liquid fuel (Holshevnikov, K.V; Emin, O.N;
Mitrohin, V.T;, 1986) (Vasiliev, A.P; Kuznecov,
V.A; et al., 1993).

2 ANALYSIS

In general, in the presence of inflow and outflows,
the equation of the first law of the thermodynamics
according to the  classical conception
(Andiushenko, 1975) (Petrichenko & et al., 1990):

K
=L

where: dQ is the elementary quantity of heat,
introduced or lead into the working substance;

k
Yi;dm; - the energy flow imported (+) or removed
=

(-) with j- elementary mass of the volume of the
thermodynamic system V ; i=u+pv - the specific

enthalpy of influent or effluent gases; p - the
pressure in the system’s volume; dU- the
elementary change in the system’s internal
energy.

In presence of a combustion process inside the
thermodynamic system, the imported quantity of
heat and produced gases as a result of chemical
reaction do not overpass the system, i.e. they do
not come from outside. In the case of the produced
gases with elementary mass, the ejection energy
- pv, which is due to an external source and is a

component of enthalpy, is not reported. Therefore,
the internal combustion leads to a modification
only of the internal energy of the system - u. In
this case, equation (1) is as follows:

k
dQ-+ugdmy+ > i;dm; =dU +dL , (2)
=

where: u,dm, is the internal energy of the gases,
produced as a result of the combustion.

The differential equation (2) is the first law of
thermodynamics for open thermodynamic system
with movable and fixed boundaries and internal
source of gases and heat.

The internal ballistics is a science, which mainly
represents the theory of thermodynamic and gas

dynamic processes, taking place in the classic
barreled and recoilless barreled firing weapons
and rocket engines with solid fuel. For the
conditions of the internal ballistics from equation
(2) is obtained an equation, expressing the rate of
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Fig. 1. Scheme and basic parameters of
barreled weapon

change of the temperature in the barrel and the
approximate scheme, shown in Fig. 1, under the
following conditions: The working body has the
properties of an ideal gas with the proviso that the
co-volume (the volume of molecules) has been
taken into account; the processes in which it is
involved, are quasi-equilibrium. No restrictions are
imposed on the development of the process. For
continuously changing are accepted: the pressure
p, the temperature T, the volume V.

Equation (2) can be written in the following way:
dQen +udmg —3'i;dm; =d (Mu)+ pdV +dQu,  (3)
1

where: my is the mass of the gases, produced as

a result of the gunpowder’'s combustion; M - the
mass of the working substance in the barrel; u -
the specific internal energy of the working
substance in the barrel; ijand m; - the enthalpy
and the mass of influent and effluent gases; p-
the pressure of the working substance in the
barrel; dV - the change of the space’s volume
behind the projectile; Qq, - the imported quantity
of heat during the combustion of gunpowder; Qy

- the quantity of heat, removed from the working
substance as a result of heat exchange.

By taking into account the following relations,
equation (3) is transformed: dQch=QchMendy,

where: Qg is the specific heat of combustion of
the charge; mg, - the mass of the charge; v - the

law of heat rejection and gas generation;

udmg=cyTmendy , where: ¢y =R

1 is the specific
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heat capacity at constant volume; R - the gas
constant of the working substance in the barrel; k
- the indicator of an adiabatic process.
idmg=c,Tdmg, where: cp is the specific heat
capacity at constant pressure.
Consequently equation (3) obtains the following
form:
Qch Mch dy+Cy TMep dy—C pTdmg =
=Mdu+udM + pdV +dQy
After dividing of the both sides of the equation on
the magnitude - Mc, T, and after grouping the
following is obtained:

(4)

(k—l) Qch Mch d\VL Mch d‘l’ k dmg _

MRT =~ M M _—
AT M,y PV dQy
=Tt DR K DRt

Considering that during the combustion of an
explosive charge are formed gases in addition to
the heat release, then dM =mg,dy-+dmg from (5) is

obtained
d QchMeh d g dv
_T —(k 1)—MRT d\y (k 1) M (k 1)—V -

o

The differential temperature after transformations
is finally as follows:

AT =(k—1)T (QC“ Men g, dMg _ dv _ dQu J . (®)

MRT M V. MRT

The equation (6) gives the relation between the
relative changes of the mass of the working
substance, the cylinder’s volume, the conditions of
heat exchange and the relative amount of the
introduced heat. It is a differential equation for
determining the change in the temperature in the
barrel and can be considered as a new basic
equation of the internal ballistics.

The current value of the temperature in the barrel
is calculated by the equation:

Ti=Tiu +(dT)i_l @)

The equation for the state is used to calculate the
current value of the pressure.

Due to the great hardness of the differential law of
the combustion of the charge dy at the start and
in the end of the combustion is better for the period

of combustion of the charge to be used the integral
form of the basic equation (6), because it
comprises the integral law for combustion vy, and

the last one has another nature. After integrating
(6), within the burning charge is obtained

QchMen i _ Meffi (Vi _VO) _
TTo(k-ya| MIRT M W g
o Swi
M;iRTix

i
Where: megfii =) Amesi - the effluent gases and
0

Qwi =Zi:AQWi .
0

For determining the current value of the volume is
used the equation (Serebriakov, 1962) (Kuveko,
A.E; Miropolski; F.P, 1987)

m
Vi=Vc+ fX; _(1_\|f)p_c: — oy Meh , (9)
c

where: V; is the volume of the chamber; x; - the
current value of the path of the projectile;

(1—\4/)% - the volume, occupied by the unburned
ch

gunpowder; ayme, - the volume of the molecules;
pch - the charge density; v - the coefficient of
heat and gas release — analogous to the
coefficient of active heat release in ICE; o- co-
volume (specific volume of the molecules).

If for the conclusion of the basic equation is not
used equation (2) but equation (1), i.e. it is
accepted that enthalpy is imported during
combustion in the thermodynamic system, then
equation (4) takes the following form

Gch Mch Ay +C mech dy—c pTdmeﬁ =
=Mc,dT +c,TdM + pdV +dQy

Analogous transformations were made to afford:

Qch Mch Mch dmest
dy+——dy— -
dT=(k-1T| MRT 7 M M (10)
_dv_dQu
V MRT

Obviously, the difference between equations (6)
and (10) is the second member of the brackets
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(10), namely %dw. The difference that causes
this member in the calculations for the speed of
the bullet, pressure and temperature, made under
equal other conditions, is a function of the
pressure. The difference is 10-15% at a maximum
pressure of about 1200 at. and were obtained
values, which are greater than the actual and the
calculated by equation (6). The dependence of the
difference of the pressure is linear and at a
maximum pressure of about 2500-3000 at. it
exceeds 25%. This proves that in the
thermodynamic system during internal
combustion is not imported enthalpy, but internal
energy. For the piston internal combustion
engines, for which in (Petrichenko & et al., 1990)
is applied equation (1), with a precondition for
submission of enthalpy, in which the maximum
pressure rarely exceeds 100at. this difference is in
the range of 0.5-1.5% and it is difficult to detect in
the general background of thermal, mechanical
and other losses.

To describe the process in the channel between
the barrel and the gas engine it is considered that
the temperature in the connecting channel is
different from the temperature in the barrel. In this
case, the -equation of the first law of
thermodynamics for the conditions of the channel
is the following:

idmin —idmegs =d (Mu)+dQu

HugcdX dv dQW:],gCde (A1)

MRT MY

ar =(k—1)T( v _dow

where: idmj,=cpThdmin is the enthalpy of the

gases, which are incoming from the barrel; Tp - the
gas temperature in the chamber;
idMetf =CpTchandmesr - the enthalpy of the effluent
gases from the channel; Tghan - the temperature of
the gases in the channel.

After transformation of equation (11), as shown

above, was obtained the equation describing the
temperature variation in the accession channel

(k'“ —gdmm—w—ndmdf—
dTChan _ Tchan TChan
M chan (k-1 dQuw
RTchan

Using the differential form of the equation of the

state - d_p:d_Mer_T’ the differential equation for
p M T
the pressure in the channel was obtained,
dPchan =K Pehan I: To dmin —dmeff:|—
M chan [ Tchan
40 (13)
—(K=1])——W
( ) M chan RTchan

For description of the process in the cylinder of the
gas engine is considered that the temperature in
the cylinder of the gas engine is different from the
temperature in the connecting channel. In this
case, the -equation of the first law of
thermodynamics under the conditions of cylinder
gas engine will be the following:

idmj, —idmesr =d (Mu)+ pdV +dQy, , (14)

where: idmiy =CpTehandmin is the enthalpy of the
incoming from the barrel gases; Tean - the gas
temperature in the chamber; idmef =CpTgedMesr -

the enthalpy of the effluent gases from the
channel; Tge - the temperature of the gases in the

cylinder of the gas engine.

After processing of equation (14), as shown
above, the equation describing the change in
temperature in the cylinder of the gas engine was
obtained

3000
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Fig. 2. Pressure variation in the barrel, in the
accession channel and in the gas engine of
7,62x39 “Kalashnikov”.
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chhan _])dmin (k—l) dmest
Tee ) Mge M ge
Ve (g9

(15)

Using the differential form of the equation for the
state - d—;:er—V:d—M+d—T , the differential equation
for the pressure in the cylinder of the gas engine
was obtained

K Tedmiy, _k dmess K dVge
dPge = Pge ToeMge ~ Moe Ve
(k-1 dQuw (16)

Fig.2. shows the pressure variation in the barrel,
in the accession channel (middle curve) and the
cylinder of the gas engine of "Kalashnikov" with
7,62X39 ammunition. The calculations were made
by the expressions (6), (8), (13) and (16)
respectively and with detailed mathematical
modeling of the thermal and mechanical losses,
the after-effect and the gas outflow. The process
of leakage is proved with non-stationary gas
dynamic model. The difference between the
estimated factory value for the maximum pressure
is 0,11% and for the speed in the barrel is 3%
respectively.

The equations expressing the rate of change of
the temperature and pressure in the cylinders of a
piston internal combustion engine during the
working process (with closed valves) are obtained
from the equation (2) and the approximation
scheme shown in Fig. 3. Equation (2) takes the
following form

dQ-+udmg =d (Mu)+ pdV +dQy, 17)

Taking into account the following relations,

equation (17) is transformed:
dQ=H,g.dX ,

where: H, is the lower specific heat of
combustion of fuel; g. - the mass of the cycle
portion of fuel; X . the coefficient of heat release

(of combustion);

Furthermore, the coefficient of mole variation of
piston engines is changing in a very narrow range
of 1.15 to 1.01, closer to unit, due to air ratio, then
the mass variation of the gases during combustion
can be ignored, i.e.dM=0. In this case, the
differential of the temperature of the working
process can be determined from (17) and obtains
the following form,

HugedX dv  dQw ), gcTdX
MRT V MRT) M

dT =(k —l)T( (18)

The differential equation for pressure variation is
obtained, using the differential form of the

Fig. 3. Generalized scheme of an internal
combustion engine

1 - ventilating windows; 2 - exhaust duct;
3 - filler receiver; 4 - exhaust receiver

equation of state.

dp= p{(k—l‘H“gcdx +9edX kd—V}—

7 MRT M Y, (19)

pdQw
)Rt
To determine the temperature and pressure in the
cylinder during the gas exchange processes is
assumed that the temperature in the cylinder of
the engine is different from the temperature in the
filler collector, while the temperature in the outlet
collector has a little difference to that in the
cylinder. In this case, the equation of the first law
of thermodynamics for the conditions of the engine
cylinder will be the following,
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idmj, —idmess =d (Mu)+ pdV +dQy, , (20)

where: idmjp =CpTredmin is the enthalpy of the
inflowing gases from the filler collector; T¢ - the
gas temperature in the filler collector;
idmess =CpTdmess - the enthalpy of the effluent

gases from the cylinder of the engine; T - the gas
temperature in the cylinder of the engine.

After transformation of (19) are obtained the
equations for determining the temperature

Tc \dmin dmest
k 1 —(k-1)
dT=T ( T ) M M d (22)

and pressure

_ Teedmin | dmege | dV dQw
dp—p[k ™ —k M k (k 1)MRT (22)

in the cylinder of the engine.

To determine the temperature and pressure in
manifold is assumed that the temperature in the
filler collector is different from the temperature in
the engine cylinder. In this case, the equation of
the first law of thermodynamics on the conditions
of the collector will have the following form,

idmi, —idmegr =d (Mu)+dQy, (23)

where: idmj,=c,Tcdmiy is the enthalpy of the
inflowing air from the compressor or atmosphere;
Tc - the temperature of the inflowing air from the
compressor or atmosphere; idMmef =CpTrcdMess -

the enthalpy of the effluent air from the filler
collector; Ts - air temperature in the filler collector.

After transformation of (23) are obtained the
equations for determining the temperature

deC (k—l) fC (dmm dmeff g$wj (24)
and pressure
., Prc o (e dQuw

in the filler collector of the engine.

To determine the temperature and pressure in the
outlet collector equations are obtained which are
identical with the equations (12) and (13), as the
index "b" refers herein to the cylinder that acts as
a barrel, and the index “chan” refers to the
collector. It should be noted that the resulting
equations for the collectors relate to one-cylinder
engine or to the individual channel between the
valve and the common part of the collector. To
obtain equations relating to the general part of the
collectors the elementary masses of influent and
effluent gases of all cylinders must be added,
dephased at the corresponding angle by the order
of operation of the cylinders (Mutafchiev, 2002).

Equation (5) is used in order to obtain equation,
which indicates the molar variation during the
working process. The following equation is

obtained:
(k 1\Hugcdx gcdX dm
gr=r|  MRT de 'V'dQ (26)
w
(k)P ()

As a result of the fuel combustion some gases are
exhausted, others are formed. The mass of the
gases obtained after combustion is slightly greater
than the mass of the gases before combustion.
The ratio of the mass of the combustion products
to the mass of the gases prior combustion
represents the molar coefficient of variation .. The

following equation can be written for the mass
variation of the gases during combustion

By replacing (27) in (26) is obtained
HugcdX dv  dQw
ar :(k—l)T[ . j
MRT V (I;/IRT (28)
_n9cTdX
+(u 1)—M

The last member of the above equation becomes
zero if the molar amendment is ignored, which
means that the equivalent member in equation
(18) can be ignored also under certain conditions.

Figure 4 shows the indicator diagram of D3900
four-cycle diesel engine of auto tractor, obtained
by calculations, which are made with the
equations (19) and (22). Comparisons are made
with experimental data for the working process,
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obtained with piezo sensor and AVL digital
recording equipment. The difference between the
theoretical and experimental results for the range
of the working process does not exceed 3%.

In order to apply the method for the combustion
chambers of gas turbine vane engines it is
accepted that the temperature in the combustion
chamber of the engine is different from the
temperature of inflowing air, while the temperature
of the effluent gases has a little difference with that
of the combustion chamber. In that case, taking
into account that the volume of the combustion
chamber is a constant, the equation of the first law
of thermodynamics for the conditions of the
combustion chamber of the engine will be:

dQ-+udmg +idmi, —idmesr =d (Mu)+dQy, (29)

where: idmijp=cpTindmiy is the enthalpy of the
infowing gases from the compressor; T, - the
temperature of the inflowing gases from the
compressor; idmes =CpTdmesr - enthalpy of the

effluent gases through the turbine; T - the gas
temperature in the chamber of the engine;
dQ=Hydm;; - the imported quantity of heat; dmjs -
the elementary mass of the
udmg=c,Tdmis - the internal

inflowing fuel;
energy of the

generated combustion gases; dmg- the

elementary gas mass, formed as a result of
combustion, it is assumed that dmg=dmjs .

8000000
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; \
& 4000000

= \
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Fig. 4. Indicator diagram of D3900 four-cycle
diesel engine of auto tractor.

After transformation of equation (28) for
determining of the temperature it is obtained:

Hu . Tin .

. (k—l)(ﬁﬂjdm.f +(kT— jdm.n -

dT=- ; (30)
(kD) drmery (k1) S

In the chamber of the rocket engine with liquid fuel,
fuel and oxidant in a liquid phase enter, as there is
an excess of oxidant. The excess oxidant passes
into a gas phase not by combustion, but by
evaporation whereat heat is absorbed. The
absorbed heat by evaporation of the fuel and
oxidant, which are involved in the combustion is
even reported during the determination of the
specific heat of combustion. For instance the
specific heat of combustion of kerosene with liquid
oxygen is four or five times less than the specific
heat of combustion of kerosene with gaseous
oxygen. In that case taking into account that the
volume of the combustion chamber is a constant,
the equation of the first law of thermodynamics will
be the following,

dQ-+udmg —idmesr =d (Mu)+dQox +dQu , (31)

where dQ,x Is the elementary quantity of heat,
required for evaporation of the excess oxidant.
For equation (31) is obtained

Hydmis +c, Tdmjs —C p Tdmess =Mdu+udM +

+dQox +dQy

The equation determining the temperature is
obtained after transformation of the above

—(k _ l Hudmif onx dQW _
dT=(k DM( RT UMeff ~ o ~RT 32)
_Tdmex
M

Fig. 5 shows the variation of pressure in the
chamber of a rocket engine with liquid fuel. The
temperature is determined by the equation (32)
and the pressure with the state equation. The
calculations are made for a conditional engine with
0.012 cubic meters volume of the chamber, 0.05m
diameter of the aperture, through which takes
place the outflow, 40 kg/s fuel consumption for the
upper curve of the figure, with a coefficient of
excess oxidant - 1.5. Kerosene is approved for fuel
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250 and liquid oxygen for oxidant. In the figure clearly
can be seen the starting process, established
200 f % regime and engine braking.

100 ) ‘
f \\ through combustion process that takes place in
50 the workspace of the relevant technical object is
\\ not imported enthalpy, but internal energy, is
0 proved. The developed equations for the internal

0 0.02 0.04 0.06/ ballistics and internal combustion engines have

Ls direct practical application in the design of new
weapons and engines and in the optimization of
existing constructions.

3 CONCLUSIONS

p [bar]

The hypothesis that during addition of heat

Fig. 5. Variation of pressure in the chamber
of a rocket engine with liquid fuel.
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