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Abstract

The paper presents the theoretical modeling of the internal ballistics properties of the solid
propellant rocket engine with two combustion chambers. From the working characteristics
of the solid propellant rocket engine with two combustion chambers and the theory of a
solid propellant rocket engine, a system of equations that describes the processes that occur
in the combustion chambers of the engine is established. Provide a method to solve the
system of equations and necessary boundary conditions. Solve problems on model engines
and verify theoretical results by experimental studies. The error between experimental
studies and theoretical calculation is relatively small (less than 10%), confirming the
reliability of the built mathematical model. Research results serve the design calculation
and manufacture of the solid propellant rocket engine with two combustion chambers.
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1. Introduction

The solid rocket engine with two combustion chambers is a type of solid rocket engine
with two combustion chambers, two propellant grains, two igniters, one common nozzle, and
a separation device. The separation device protects the second combustion chamber from
being ignited while the propellant grain of the first combustion chamber burns. Upon ignition
of the second combustion chamber, the separation device opens and allows the gas to exhaust
through the first combustion chamber and the nozzle. The principle schematic of the solid

rocket engine with two combustion chambers is shown in Fig. 1.
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Fig. 1. Principle schematic of the solid rocket engine
with two combustion chambers
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Depending on time ignition propellant grain in the second combustion chamber,
the rocket engine may have the following working modes:

Case 1: The propellant grain in the second combustion chamber is ignited after a
slow hold At from the moment combustion chamber 1 ends its operation. The working
result of the engine in this case produces two different thrust pulses with the interval of
At (Fig. 2). This is the typical case in practice
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Fig. 2. Two pulses thrust mode of the solid rocket engine
with two combustion chambers
Case 2: The propellant grain in the second combustion chamber is ignited while the
first combustion chamber is active. The engine's working results generate a thrust pulse
(single pulse) with different possible thrusting modes corresponding to the combustion
phases of the two propellant grains in the two combustion chambers (Fig. 3).
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Fig. 3. One pulse thrust mode of the solid rocket engine with two combustion chambers
1- Individual burning phase of propellant grain in combustion chamber 1
2- The burning phase of both propellant grains in two combustion chamber
3- Individual burning phase of propellant grain in combustion chamber 2

With these characteristics, it attracts attention when studying structural
solutions for guided missiles in the limited conditions of propellant grains
manufacturing technology.

The purpose of this research is to establish an initial theoretical basis for the study
of a solid rocket engine with two combustion chambers. In the paper, the theoretical
research method is used in combination with the experimental research.
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2. Mathematical model
2.1. Basic assumptions

The working process of the engine is investigated under the following conditions
with the following basic assumptions:

1) The transition period into the engine working mode that occurs in the closed
volume of the combustion chambers for a very short time, does not significantly affect
the working characteristics of the engine. Therefore, it is assumed that the free surfaces
of each propellant grain are ignited simultaneously and instantaneously at the time that
the powder is burned off and the diaphragm of the nozzle is opened (with the
combustion chamber 1) or that the powder is burned off and the window on separation
device is opened (with the combustion chamber 2).

2) The combustion product area is disturbed by the flow of the hot gas through the
window on the separation device, which accounts for a small quantity, which can be
ignored compared with the free volume of the combustion chambers.

3) The stuffing conditions in the two combustion chambers are guaranteed to
appear with a small intensity of the erosive burning effect, the combustion products in
the combustion chambers are almost stationary, and the parameters of states averaged
over the free volume of each combustion chamber.

4) The propellant grains are ballistite and can consider the thermodynamic
characteristics specific heat capacity isotonic cv, specific heat capacity isotope cp, and
gas constant R of the hot gas in both combustion chambers are the same.

5) The combustion product in the combustion chambers does not contain solid or
liquid particles, has completely completed the combustion reactions, can be considered
as an ideal gas.

6) The thermodynamic processes occurring in the combustion chambers and the
nozzle are isentropic and one-dimensional flow.

2.2. Equations describing the processes occurring in the engine

Applying the schematic with the above conceptions and assumptions, it is possible
to set up equations describing the processes occurring inside the combustion chambers,
as a basis for simulation to examine the operating modes of the solid rocket engine with
two combustion chambers.

The combustion process and movement of combustion product in the combustion
chambers comply with the following equations:

- Equation of burning and gas generation of propellant grains;

- The mass conservation equation;
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- The energy conservation equation;
- Equations of state.

2.2.1. Equation of burning and gas generation of propellant grains

The combustion of propellant grains is a major factor in engine performance and
is characterized by the burning rate at which the combustion product masses the heat
into the combustion chambers [1, 5, 6]:

Combustion chamber 1 Combustion chamber 2
., dm/ " ., dm; .
m, :d_tlszlsl(e)ull P (1) m, :d_tzszzsz (e)uy, Py’ (4)
S‘1 = Sl (e) (2) Sz = Sz (e) (5)
de " de v
Up = E o =u, P (3) Up, = E . =U;, P, (6)

where m,,m, are gas flow rates generated of propellant grains in the combustion
chamber 1 and 2; S,,S, are the burning surface areas of propellant grains in the
combustion chamber 1 and 2; u,,,,u,,, are the burning rates of propellant grains in the
combustion chamber 1 and 2; u,,,u,, are coefficients of burning rate in the law of the
burning rate of the propellant grains in the combustion chamber 1 and 2; v,,v, are
burning rate exponents of the propellant grains in the combustion chamber 1 and 2; p,,,
., are densities of the propellant grains in the combustion chamber 1 and 2; p,, p, are
pressures in the combustion chamber 1 and 2.

2.2.2. The mass conservation equation

At the moment t, the mass of the product in the combustion chamber 1 is m1 and in
chamber 2 is m2. According to the law of conservation of mass, we have:

M, =" —m +6,m, )
m, = mz+ —03My 4 (8)
where M, , M, are mass flow rates of combustion product in the combustion chamber 1 and

2; M, is mass flow rate of the combustion product exiting the nozzle; m, , is mass flow rate

of combustion products exchanged between the two combustion chambers through the
window in the separation device.

The mass flow rate of the combustion product exiting the nozzle is determined by a
common formula in rocket engine theory [1, 4].
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M = dm, _9P Ko (K) R Py
dt RT,

g.l

9)

where ¢, is the loss coefficient of the combustion product flow through the nozzle,
F,, is throat area of the nozzle; Ris gas constant of the combustion product; k is the
adiabatic exponent of the combustion product; K, (k) is function of adiabatic exponent.

S
2 jkl 2k

K, (k) =
o (K) (k+1 k+1

The mass flow rate of exchanging the mass of the combustion product between two
combustion chambers through the window on the separation device is determined by the
cross-sectional area F, of the window on the separation device and the relationship

between the pressures p1and pz in the combustion chamber 1 and combustion chamber 2.
According to the [1, 3], we have:

2 [ =
PFup; | 2k (&jk —[&j k , When 1<&<(k—+1j
RT,, \|k-1{\ P, P, o\ 2
0, KOF(:fr) I:It pZ , When & > (Ej 7
] P
Myq = o7 2 [ ' K (10)
gDZ Flt pl 2k (&]k _(&J X , When 1<& < (Ej
RT,, \|k-1|{ p, Py P, \ 2
(02 KO (k) Flt pl , When & 2 (u‘j 7
- JRT, p, \ 2
where T ,,T , are temperature of combustion product in the combustion chamber 1 and 2;

F, is cross-sectional area of the window on the separation device; ¢, is the loss coefficient of
mass flow; &, is coefficient determines the direction of the flow through the separation device.

1 when p,>p,
0, =| -1, when p, < p,
0, whenp,=p

2.2.3. The energy conservation equation
Give dl_, is the enthalpy variation of the exchanged gas between combustion

tr.d
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chamber 2 and combustion chamber 1, then we have [1]:
m, 4¢, T,,dt, when p, > p,
dl, 4 =| M, 4c, T, ,dt, when p, < p, (11)
0, when p,=p,
where ¢p is specific heat capacity isotope in the combustion chamber 1 and combustion
chamber 2.

The energy conservation equation for combustion chamber 1 and combustion
chamber 2 is built based on the law of thermodynamic I:

a. For combustion chamber 1

dQ +a,dl, , =dU,+Xdl, (12)
where Q, is total energy of gas generated in combustion chamber 1, is determined by
the expression:

dQ, =(dm; )c,T,, = mc,T,, (13)

where cv is specific heat capacity isotonic in the combustion chambers; Ti1 is the
burning temperature of the propellant in the combustion chambers 1

U, is the energy of the gas in the combustion chamber 1, is determined by the

expression:

du, =d [(ml+ —-m +o,m, 4 )cVTg,J (14)
l,is the work of the gas flow in the combustion chamber 1, is determined by the
expression:

> dl =dmc, T, +dQ,, (15)

Q.. 1S the heat of the hot gas transmitted to the combustion chamber 1 wall, is
determined as follows:
dQnpy =2 R (Tg 1 —Tk1)dt (16)

where F1 is surface area contacted to hot gas in the combustion chamber 1; Tk is
internal surface temperature of the combustion chamber wall 1; a1 is coefficient of heat
transfer from the combustion product to the combustion chamber wall 1.

Put (16), (15), (14), (13) into (12), we get:
dT,, 1

at = m; _ m1_ +53mtr.d m1+T1.1 - ml_kTg.l _(m1+ - m1_ +53mtr.d )Tg.l +53

114

(k_l) dltr.d _ (k_l) dQnm
R dt R dt

17)



Tap chi Khoa hoc va Ky thugt - ISSN 1859-0209

b. For combustion chamber 2
Applying the energy conservation equation for combustion chamber 2, we have:

dQ, —o,dl, , =dU, +>dl, (18)
Q, is total energy of gas generated in combustion chamber 2, is determined by the expression:
dQ, =(dm; )¢,T,, =m;c,T, ot (19)

where T2 is the burning temperature of the propellant in the combustion chambers 2; U, is

the energy of the gas in the combustion chamber 2, is determined by the expression:

dUZ =d |:<m; _53rntr.d )Cng.2:| (20)
I2 is the work of the gas flow in the combustion chamber 2, is determined by the expression:
2., =dQy, (21)

Q,,Is the heat of the hot gas transmitted to the combustion chamber 2 wall, is
determined as follows:
dQnh2 =2 Foaa (Tg.2 — T 2)dt (22)

where F2 is surface area contacted to hot gas in the combustion chamber 2; Tk is
internal surface temperature of the combustion chamber wall 2; o2 is coefficient of heat
transfer from the combustion product to the combustion chamber wall 2;

Put (22), (21), (20), (19) in to (18), we get:
dT,, ~ 1
dt m; _53mlr.d

(k _1) dItr.d _ (k _1) dthZ
R dt R dt

m;Tl.z _(m; _53mtr.d )Tg.Z _53 } (23)

2.2.4. Equations of state
Applying the equation of state of the gas to the combustion chambers, we get:
a. For combustion chamber 1
PV, = m1RTg.1 (24)
where V, is gas volume in combustion chamber 1.

Take the derivative over time equation (24), we get:
d { pr1 ]_ V1 %_i_ Py dVl_ pr1 dTg-l

m =— =
dt\ RT,, ] RT,, dt RT,, dt RT’ dt
av,
With attention: d—tlzsluLp1 (25)
We have (26):
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dp, 1 o LY v, dT,
—L=—|RT (M —m +m, , )-pSu,+—= (26)
dt Vl |: g.1l ( 1 1 ) 1 Lpl -I-gl dt
b. For combustion chamber 2
pzvz =m, RTg.z (27)

where V, is gas volume in combustion chamber 2.

In the same way to the combustion chamber 1, the differential equation is obtained
as follows:

ap, _1

dt :\72|:RTg.2< m trd) PS, Uppa +

P, —dTg'z} (28)

T dt

9.2

2.3. System of equations of interior ballistic

From the above equations, we can get a system with 12 differential
equations describing the interior ballistic of the solid rocket engine with two
combustion chambers.

de,
dt =4 WUy = ou, pr*
g:l é‘lsluLplpTl =0,01,5,(8) Uy, Py
dp, 1 e py, ATy,
d_tlz\Tl RTg.l(ml —-m +53mtr.d)_§ PS; Upt— Tg.l d_:
dﬂ _® Ko(K)Fin Py
dt RTg.l
am,, .
r;]tt = mtrd
dT 1_ 1 (k _1) dly _ (k_l) dQu

= m'T,-mKkT . —(m —m +35m. )T ,+6
dt mf—ml_+53mtr.d|: 1711 ml gl (ml ml 3 tr.d) gl 3

d
% = z qu1a1 (Tg.l _TK.l)

dt R dt

de, ,
dd'[z = 52“Lp2 = 52 Uy, P’
m; ,
dt =6, MipaPr2 = o155, (€) Uy, Py’
dp, 1 " . p,V, AT,
d_l'2 = V_leTg.z (mz — Oy 4 )_52 pZSZULpZ + T:: d_?.'

d  m,-o,m,, R dt R dt
d
thz Zquzaz( 92~ KZ)

T _ _
d 92 _ L {m;ﬂ.z (m 5mtrd)T 53(k 1) . —(k 1) dthz}
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The coefficients &,, &, are used to determine the ignition timing of the propellant grains:

5 =|L when 0<(e), <e, |. 5 =|L when 0<(e)p, <e,
1710, when (&), =€, ; 2710, when ()5, 26,

2.4. Solution method

The system of equations can be solved to obtain the thermodynamic parameters of
the combustion products using the 4™ order Runge-Kutta method on the Matlab
software platform. This is one of the popular methods, for reliable numerical solutions,
to find the solutions of differential equations of the numerical analysis problems.

3. Results and experimental verification

3.1. Sample engines

Structure scheme of the sample engine used for calculation is shown on Fig. 4.
8 7 0 5 4 3 2 1
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Fig. 4. Structure scheme of the sample engine
1 - Nozzle; 2 - Combustion chamber 1; 3 - Propellant grain 1; 4 - Igniter 1; 5 - Separation device;
6 - Combustion chamber 2; 7 - Propellant grain 2; 8 - Igniter 2.
In which, the separation device is made up of a metal part with the holes and the
propellant grain has the same type as compared to the fuel dose propellant grain in
combustion chambers.

The main structural parameters of the sample engine are presented in Table 1.

Table 1. Main structural parameters of the sample engine

Parameter hamber1 | Ghamber
Length, [m] 0.292 0.292
Diameter, [m] 0.114 0.114
Length of propellant grain, [m] 0.2 0.2
Outside diameter of propellant grain, [m] 0.104 0.104
Inside diameter of propellant grain, [m] 0.018 0.018
Mark of the propellant grain RSI-12M RSI-12M
Diameter of throat section of the nozzle, [m] 0.018

117



Journal of Science and Technique - ISSN 1859-0209

Structural parameters of the separation device are shown in Fig. 5.
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Fig. 5. Structural parameters of the separation device

The thermodynamic data of the propellant grain RSI-12M were extracted from [2]

and determined using the ASTRA software. This is a software for calculating

combustion in rocket engines, has been widely used in design and manufacture of

missiles in the Russian Federation and is being used in Vietnam. Characteristic
parameters are presented in Table 2.

Table 2. Characteristic parameters of propellant grain RSI-12M

No Parameter Symbol Value Unit
1 Burning temperature of the propellant grain T11, T2 2731 K

2 Adiabatic exponent of the combustion product k 1.25

3 Gas constant of the combustion product R 362 J/kg.K
4 Coefficient of burning rate Uy, Uy, 43.44-10°® m/s
5 Burning rate exponent ViV, 0.3456

6 Density of the propellant grains Prir Pro 1570 kg/m?

The initial conditions:

The initial conditions whent=0
(€).py =7.23e—04m

m,” =0.082kg

p,= 4MPa,p, =p,

Tg.l :T1.1' Tg.2 :To

Q=0

Vl :Vl.O

The conditions when t = tmit
(e),p, =6.85e—-04m
m, =0.075kg

p, = 4MPa

Tg.2 :T1.2
Q2 =0;
V2 :VZ.O

where pmoi is pressure of ignition in the combustion chambers; po, To are the initial
pressure and temperature in the combustion chamber, approximately equal to the
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ambient pressure and temperature; Vio, V2o are the initial free volumes of combustion
chambers 1 and 2.

3.2. Result of calculation

Perform the solution of the system of equations with the sample engine in the case
combustion chamber 2 is activated after the first combustion chamber has finished for a
period of 1 s, similar to Fig. 2.

L - ‘ Pressume ' x

o~ [T o
R -
e O R T A |

Fig. 6. Result of calculation
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Combustion chamber 1 has a shorter working time than combustion chamber 2
and the average pressure is higher than combustion chamber 2, due to the simultaneous
burning of the propellant grain in the separation device. So the average thrust of the
engine in phase 2 is lower than the average thrust of the engine in phase 1.

3.3. Experimental results on the sample engine
Scheme of the test stand is shown in Fig. 7.

Measuring cable

Pressure
SENs0rs
processing USB

Engine DASYLab11.0
measuring signals

Equipment for
Computer

Thrust Test stand

sensor

Fig. 7. Scheme of the test stand
Testing the sample engine on the test stand with 2 shots. The laws of thrust and
pressure are shown in Fig. 8 and Fig. 9.
Environmental conditions while testing: temperature: 31.2°C, humidity: 70.8%
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Fig. 8. Sample engine on stand and thrust of engine
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Fig. 9. Pressures in combustion chambers

Test results summary and comparison with theoretical calculation results are
presented in Tables 3 and 4.

Table 3. Comparison pressure measurement results and theoretical calculations

Phase | Phase 11

Type P11max P11av tin P12max P12av 1o P22max P22av o

(MPa) | (MPa) | (s) | (MPa) | (MPa) | (s) | (MPa) | (MPa) | (s)
Shot 1 8.07 6.38 | 267 | 7.41 593 | 265 | 7.69 6.18 | 2.60
Shot 2 8.01 6.41 | 261 | 7.37 579 | 263 | 7.49 5.88 | 2.63
Average 8.04 6.40 | 264 | 7.39 586 | 2.64 | 7.59 6.03 | 2.62
Theoretical 7.56 6.75 | 259 | 6.75 562 | 270 | 6.84 5.67 | 2.70
Deviation (%) 6.97 547 | 189 | 8.6 410 | 227 | 9.88 597 | 3.05

Table 4. Comparison thrust measurement results and theoretical calculations

Phase | Phase I1
Type Pmax (N) Pav(N) Iz1 (Ns) Pmax (N) Pav(N) Iz2 (Ns)
Shot 1 2561 2031 5278 2353 1892 4845
Shot 2 2643 2113 5391 2433 1909 4928
Average 2602 2072 5334,5 2393 1900,5 4886,5
Theoretical 2551 2109 5469 2284 1888 5068
Deviation (%) 1.96 1.79 2.52 4.55 0.66 3.71
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After processing the data and taking the average result, comparing with the
calculation results, showed that the deviation between the calculation result and the test
result was reasonable. Table 3 shows the results of the pressure difference between
experimental and theoretical calculations in the range from 1.89% to 9.88%. Table 4
shows the results of the difference of engine thrust between experimental and theoretical
calculations in the range from 0.66% to 4.55%. This confirms the reliability of the built
mathematical model.

4. Conclusion

The paper has built a mathematical model of internal ballistics calculations for the
solid rocket engine with two combustion chambers and performed calculations with the
parameters of the model engine.

Theoretical calculation results are verified by experimental studies on sample
engines. The experimental results show that the error between experiment and theory is
relatively small (less than 10%). This confirms that the built mathematical model has
high reliability, as the basis for the next studies for selected engine models.

References
[1]  Pham Thé Phiét, “Ly thuyét dong co tén hira,” Hoc vién KTQS, 1995.

[21 Ngd Tuan Anh, “Nghién cizu khai thac phan mém ASTRA &p dung cho tinh todn cdc dic
trung nhiét dong hoc va xdc dinh mét sé ddc trung thudt phong cia dong co tén lira nhién
liéu rn,” Béo céo tong két dé tai KHCN cap Trung tim KHKT&CNQS, 2001.

[3] Pham Thé Phiét, “Anh hudng cua dién tich 15 théng khi toi lue day trong hé thdng nhiéu
dong co tén ltra nhién liéu ran,” Tap chi Khoa hoc va Ky thudt, s6 130, thang 10/2009.

[4] Oscar Biblarz, George P. Sutton, “Rocket Propulsion Elements,” 7th Edition, Wiley-
Interscience, John Wiley & Sons, 2000.

[5] Wlamupo M, Masunr I'1O., Ipynauko H.E. “Teopusi pakeTHOro ABHUTATeNIsl Ha

TBEpIOM ToIumBe,” Boennoe uzd, Mockaa, 1966.

[6] AoGyro .M, BobosuieB B.M., “Teopusi u pacueT pakeTHBIX IBHUTaTeNeldl TBEPAOTO

torummBa,” Mawunocmpoenue, Mocksa, 1987.

121



Journal of Science and Technique - ISSN 1859-0209

BAI TOAN THUAT PHONG TRONG CUA PONG CO TEN LUA
NHIEN LIEU RAN HAI BUONG BOT

Nguyén Thé Diing, Piing Ngoc Thanh, Nguy&n Ngec Du

Tom tir: Bai béo trinh bay viéc xay diwng md hinh Iy thuyét bai toan thudt phong trong
cho déng co tén lira nhién liéu rdn hai buong dot lién hop. Tir cac dac tring 1am viéc ciia dong
co tén lira nhién liéu rdn hai buong dot lién hop va Iy thuyét vé dong co tén lira nhién liéu rdn,
thiét ldgp hé phuwong trinh mé td cac qua trinh xdy ra trong cac buong dot ciia déng co.
Xay dung phuong phap gidi hé phurong trinh Va cac diéu kién don tri can thiét. Tién hanh gidi
bai toan trén dong co mdu Va kiém chimg két qua |y thuyét bang cac nghién ciru thire nghiém.
Sai 50 gitta c&c nghién citu thwe nghiém va tinh toan Iy thuyét tiong déi nhé (nhé hon 10%),
khang dinh dé tin cdy ciia md hinh toan durgc Xy dung. Két qua nghién ciru phuc vu cho viéc
tinh toan thiét ké va ché tao déng co tén lira nhién liéu rdn hai buong dot lién hop.

Tir khoa: Dong co tén lira nhién liéu ran; thuat phong trong; hai budng ddt.
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