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Application of Eight-Shaped Propellant Charge in the Ejection Seat
Rocket Motor

Milorad Savkovi¢, PhD (Eng)l)

In this paper a solution for cylindrical propellant charge with the cross-section in the shape of number eight has been
analyzed. A mathematical expression for calculating the burning surface area change as a function of web burned and
the charge characteristic values are included. A diagram with a propellant grain perimeter change as a function of the
geometric values defining the charge has been included as well. As an example concerning a solution for the eight-
shaped propellant charge of the ejection seat rocket motor, an inner-ballistic calculation of thrust is presented. The
calculation results have been compared to the thrust measurement results obtained during static testing of an
experimental rocket motor. The experimental and calculated thrust values have shown a good agreement.
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Introduction

HE thrust of a solid propellant rocket motor is a vector

the intensity of which depends on the pressure inside
the rocket chamber and the nozzle characteristics. The
change of pressure in time, or a pressure-time function,
depends mostly on the change of: m(f) - mass flow of
combustion products of the propellant charge, A¢ - critical
cross-section of the nozzle and C* - characteristic rate. The
mass flow of gas combustion products is a function of
change: 4h(f) — burning surface area, r(f) — burning rate and
pp density of propellant [1,2,3,4 and 5]. The characteristics
of the pressure-time curve depend on the process of the
burning surface area change in time, or the web burned y(¢),
because the web burned is a time function, and in a given
moment of time the burning surface area has a specific
value Ab(t)=Ab(y(¢)). Hence the importance of determining
dependence of the burning surface area A» from the web
burned y for every analyzed propellant charge.

A high thrust intensity value is achieved in a rocket
motor of large mass flow which is possible in propellant
charges with large burning surface or in propellant charges
with a sufficient burning rate. However, in order to achieve
a total required impulse of the rocket motor, it is necessary
for thrust to have certain intensity in a given time period,
which occurs when a propellant charge has an adequate
mass with a big enough thickness of the burning layer, W —
web.

Combustion of an eight — shaped hollow cylinder

The special case of combustion of a hollow cylindrical
uninhibited charge is a charge with two circular holes at the
cross-section (Fig.1). During combustion this charge keeps
its shape of number eight until slivers form (Fig.2). A sliver
has negligible volume, or mass [6]. This propellant charge
generally burns in the radial as well as in the axial
direction; however, in a great number of multi-perforated

grains the size of the frontal surface is negligible so that this
propellant charge is most commonly considered to be a
solution with a radial burning pattern. Radial burning has a
relatively neutral character of the burning surface area
change, and since it is dominant, this charge is said to have
neutral burning. The flow of combustion products occurs
within and around the propellant charge; therefore, it is
necessary to put the mesh on the nozzle intake. The
diameters of mesh holes should be smaller than the outer
dimensions of the propellant charge at the end of burning,
i.e. before slivers form, and for this propellant charge it is
(@ + R, + R,). In the case of multi-perforated propellant
grains in the shape of number eight, a high coefficient of
filling the combustion chamber is achieved. As for multi-
perforated propellant charge grains, it is not necessary to
protect the chamber from hot combustion products since the
operational time of the rocket motor is short.
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Figure 1. Cross-section of propellant grains in the shape of number eight

A propellant grain with the cross-section in the shape of
number eight (Fig.1) is defined by four geometric
dimensions as follows:
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- R, — inner radius,

- R, — outer radius,

- A — channel distance,

L — propellant grain length.

Production of propellant charge

The final operation in developing double-based
propellants, out of which propellant grains are obtained, is
extrusion with a press with special tools. Its schematic
presentation is given in Fig.2.
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Figure 2. Section of a gunpowder pressure tool

Change of the burning surface area

The burning surface area of propellant grain as a
function of the web burned (y) is defined by the following
relation:

A, =P, * (Le2 % y)+2 % 4,

with:

- P.—perimeter

- A — frontal area and

- L, — initial length of propellant grain.

The change of the eight — shaped propellant grain
perimeter P,(y) as a function of the burned fraction (Fig.3)
is an increasing or mildly decreasing function depending on
the geometric values of the grain cross-section (Fig.4) [6].

Figure 3. Change of the grain perimeter for different channel distances
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Figure 4. Perimeter of the grain with the cross-section of R,=15 and R,=50
mm for different channel distance a values

The change of the burning surface area as a function of
the burned arch can be slightly progressive and regressive
depending on the relation between the geometric values of
the cross-section and the propellant grain length (Fig.5).
The burning surface area is directly proportional to the
grain length which decreases during burning. This effect
occurs more frequently in shorter 8-shaped grains.

Figure 5. Burning surface area of the grein with the cross-section of
R=2.5, R,=12.5 and Le=100 mm

Characteristics of the rocket motor with the eight-
shaped propellant charge

One solution for a rocket motor with a multi-perforated
propellant grain in a form of number eight is the rocket
motor of the Mig-29 aircraft ejection seat [7]. The
experimental rocket motor design in Fig.6 is based on the
recorded dimensions of the original solution for the Mig-29
aircraft ejection seat.
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Figure 6. Parts of an experimental rocket motor
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A two-chambered experimental motor is a replica of an
original solution of the ejection seat rocket motor; it is used
in a number of experiments to measure thrust and pressure.
Since the analysis of the original solution has shown that
thrust occurs under particular angle in space in relation to
the motor axis, the thrust measuring location is thus
determined to measure the resulting thrust power [7]. The
basic characteristics of the rocket motor are given in Tables
1 and 2.

Table 1. Basic dimensions of the rocket motor

Dimensions & 160 x 445 mm
Inner diameter of the chamber @129 mm
Critical section of the nozzle @47 mm
Exhaust section of the nozzle < 68 mm

Semi angle of the nozzle divergent part 9°

Chamber free volume 2,32 dm®
Propellant surface 6500 cm’®

Table 2. Geometric relations in the rocket motor

Propellant surface— Critical section ratio, coef-

ficient Kn A,/ 4 = Kn=375

Inner channel burning surface area in a single

grain — Channel flow section ratio Kiu =117
Relation between the outer burning surface of
the propellant grain and the flow section be- Kis =94

tween the grain and the chamber

The propellant charge used in the rocket motor is a
double-perforated propellant grain with the cross-section in
the shape of number eight (Fig.7), with the dimensions
given in Table 3. The charge consists of 50 grains, with 25
grains in each of two chambers.

Figure 7. Propellant charge grains

Table 3. Mass and dimensions of the propellant charge grains

Length of the grain L=117,5mm
Outer radius R, =8,8mm
Inner radius R, =2,1 mm
Distance between the channels a=6,4 mm
Mass of the propellant charge with 50 grains m=3,73 kg

Theoretical determination of the inner-ballistic
characteristics of the rocket motor

Theoretical determination of the inner-ballistic
characteristics of the rocket motor with the designed and in-
country made eight-shaped propellant grain made out of
double-based rocket propellant [8 and 9], is performed on a
computer with a modified program from [2] and

mathematical expressions for determining the burning
surface area in [6], together with new expressions that
define the burning surface area and the sliver burning time
period. The program includes quasi-stationary combustion
while neglecting the influence of erosive burning and flow
in the chamber, together with pressure falling on the intake
meshes and with decreasing theoretical characteristic
burning rate (C*) and the thrust coefficient (Cr). The thrust
F(¢) and the chamber pressure P(¢) are determined from the
following relations:

F@t)=A-1np-Cp -4, P(1)

P(z)=nc~c*~p~Af’A%y)-r(z)

r(ty=a-P)"

y=y" +r{) At

were:

- ¥, y* - web burned of the propellant charge in the given
moment (¢) and the previous time step (£-Af) ,

- At - time step,

- r(f) — propellant charge burning rate without the influence
of erosive burning,

- a, n - constants in the empirical expression for the burn-
ing rate (form a*P"). The constants are determined by the
Least Squares Method from the experiments with double-
based rocket propellant in FLS engines with appropriate
Kn.

- p - density of the propellant charge solid phase, which in
this case is 1660 kg/m3,

- A,(y) - geometric dependence of the burning surface area
change from the size of burned arch. The mathematical
relations are given in [6],

- A, - area of critical section of the rocket motor nozzle,
given in Table 1,

- C¥* - theoretical burning rate for double-based rocket pro-
pellant, which is determined on the basis of inner ballistic
characteristics of the propellant charge: u = 23.6 kg/kmol
— molecular mass, Tc = 2254,5 K — burning temperature,
k=1.2 specific heat ratio,

- Cr - theoretical value of the thrust coefficient for the
rocket motor nozzle; the values for environmental pres-
sure of one normal atmosphere were used for its determi-
nation, as well as the pressure on the exhaust nozzle de-
termined by the iterative procedure and based on intake
nozzle pressure and the degree of expansion in the diver-
gent part of the nozzle, i.e. the given ratio of the exhaust
section and the critical section of the nozzle (4./4,),

- A - loss coefficient determined by unparallel outflow of
combustion gases from the nozzle, given by a value of
0.5 * (1 + coso), a is a semi angle of the divergent part of
the nozzle, with a value of 9° from Table 1,

- 7Ir nc - coefficients of the reduction of theoretical values
for thrust coefficient and characteristic rate, with values
0.95 and 0.99, respectively. These values have been de-
termined by experience.

The mass of the propellant charge consisting of 50
propellant grains with 8-shaped cross-section and
dimensions given in Table 3 is determined theoretically and
it is 3.766 kg with the total impulse of Itor = 702 daN*s,
which is very similar to the experimentally obtained values.
The obtained value for thrust F(f) is presented with
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experimentally obtained values in the diagram in Fig.8.
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Figure 8. Calculated and experimental dependence F(f) for 8-shaped
propellant charge

Conclusion

The tests performed on original samples taken from 8-
shaped propellant grains for the rocket motor of the Mig-29
aircraft [7] ejection seat have helped with defining the
initial technical requirements for developing in-country
produced propellant charge, while the analysis of built-in
materials and pyrotechnical elements of the original parts of
the ejection seat rocket motor has enabled theoretical
calculation, analysis, construction and production of
corresponding tools and experimental rocket motors for
static experiments with inner-ballistic characteristics. The
obtained results of in-country made propellant charges with
grains in the shape of number eight in cross-section show
that it is possible to produce propellant charges of
satisfactory quality [8,9 and 10].

The mass, shape and dimension, as well as physical,
mechanical, energy and kinetic properties of propellant
charges provide requested ballistic performances of a

defined rocket motor, whereby the procedure of production
is safe, and the product (propellant charge) is of required
quality and reproductibility.

Theoretical thrust determination gives satisfactory
results and is in good accordance with experimentally
obtained values.
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Primena pogonskog punjenja u obliku osmice u raketnom motoru

ITprMeHeHre TpUBOJHOrO 3apsiia B BU€ BOCMEPKHA B PAKETHOM

pilotskog sedista

U radu je analizirano reSenje cilindri¢nog pogonskog punjenja sa poprefnim presekom u obliku osmice. Dat je
matematic¢ki izraz za odredivanje promene povriine sagorevanja wu funkciji sagorelog svoda i Kkarakteristi¢nih
veli¢ina koje odreduju to punjenje. Prikazan je dijagram promene perimetra barutnog zrna u funkciji geometrijskih
veli¢ina koje KkarakteriSu punjenje. Za jedan primer izvedenog reSenja raketnog motora pilotskog sediSta sa
pogonskim punjenjem u obliku osmice, predstavljen je unutrasnje balisti¢ki proracun potiska. Rezultati prora¢una su
uporedeni sa rezultatima merenja potiska pri statickim opitima u eksperimentalnom raketnom motoru. Dobijeno je
dobro slaganje eksperimentalnih i proracunatih vrednosti potiska raketnog motora.

Kljucne reci: raketni motor, pogonsko punjenje, povrSina sagorevanja, potisak, sediSte za katapultiranje, pilotsko
sediSte.

NBUTaTeEJIEe CUIEHbS IETUYNKA

B Hacrodmieii paGoTe aHAIN3HPOBAHO PElIeHHe NITAHAPHIECKOrO MIPUBOAHOTO 3apsfa C MONEePEYHbIM Pa3pe3oM B
BUIE BOCMEPKH. 37ech NOKa3aHO MaTeMaTHIECKOE BhIpaXXCHWE I NMpeJO3HaYCHWI H3MEHEHWS MOBEPXHOCTH
cropanns B (hyHKIME CTOPEBIIErO CBOJA M XapaKTePHBIX BEJIHYMH ONPEAeIIAIOMUX ITOT 3apsa. Toxe mokasaHa 1
IuarpaMMa W3MEHEHHWs NeprMeTpa G0eBOro 3apsna B (PYHKIHH TeOMETPHYCCKAX BEIWINH XapaKTEPH3HPYIOUHAX
3apsA. Ind OmHOro mpuMepa BBIBEJEHHOTO PEINCHHUS DPAKETHOrO NBHIATENS CHACHBS JETYHKA C IPHABOTHBIM
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3apsifioM B BHJIC BOCMépKH NPEACTAaBJICHO BHYTPECHEEC 6aIIACTIYECKOE BBLIYACIICHAE JaBJICHASA. PeSyJIBTaTLI
BBIYHMCICHUA CONOCTAaBJICHBI C PpE3ylbTaTaMU WU3IMEPEHWUS TaBICHWS NpPHA CTaTHYECKMMHM ONbITaMH B
SKCINEPAMECHTAIBHOM PaKE€THOM [BUTATCJI€ W TOJYYCHO XOPOIIEE COIJIaCOBBIBAHAC IKCICPUMEHTAIBHBIX W
BBIUACIICHHBIX 3HAYCHUA NAaBJICHUsI pAKETHOI'O NBUTATENS.

Kaiouesvie caosa: pakeTHbII [BATaTeNb, HOPHABONHON 3apsy, NOOBEPXHOCTh CrOpaHmS, Tsra (HaBleHHe),
KaTamyJIbTHPYEMOE KPECIIO, CHAECHbE JIETINKA.

Emploi de la charge propulsive en forme du numéro huit chez le
moteur a fusée du siege de pilote

Dans ce papier on a analysé la solution de la charge propulsive cylindrique a I’intersection transversale en forme du
numéro huit. L’expression mathématique pour la détermination du changement de la surface de combustion en
fonction de la voiite briilée et les valeurs caractéristiques qui déterminent cette charge ont été données. On a présenté
le diagramme du changement du périmétre du grain de poudre en fonction des valeurs géométriques qui
caractérisent la charge. Comme exemple de la solution du moteur a fusée du siége de pilote 2 charge propulsive en
forme du numéro huit, on a présenté le calcul balistique intérieur de la poussée. Les résultats de ce calcul ont été
comparés aux résultats des mesurages de la poussée pendant les essais statiques chez le moteur a fusée expérimental.
On a obtenu un bon accord des valeurs expérimentales et calculées de la poussée du moteur a fusée.

Mots clés: moteur a fusée, charge propulsive, surface de combustion , poussée, siége catapultable, siége de pilote.
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