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ASSESSMENT OF THE POSSIBILITY
OF INTRODUCING A SOLID PROPELLANT ACCELERATOR P230
OF THE ARIANE 5 ROCKET AS A HELMHOLTZ RESONATOR

The problem of harmful resonant pressure fluctuations in solid-propellant accelerators during the initial acceleration of the Ariane 5
space system is considered. An assumption was made regarding the connection of these fluctuations with changes in the geometric
characteristics of the P230 accelerators due to the formation of cavities in them according to the burnout regimes filled with solid rocket
propellant combustion products. The volumes of cavities formed during propellant combustion were calculated. The engine scheme that
arose after the first part of the charge burned out is considered. It is obvious that the shape of the cavity can be approximated by the
Helmholtz resonator model. It is also taken into account that the gradual heating of the upper layers of solid propellant and the associ-
ated changes in the wave resistance of the propellant play a role in the appearance of pressure pulsations in the combustion chamber
(CC) of a rocket engine. This leads to the rise of resonant phenomena in the formed cavities. As a result of considering various resonator
systems, the Helmholtz resonator model, which is most suitable for the computational explanation of pressure pulsations, was chosen
to describe the physical model of resonance phenomena. Calculations using this model yielded the same frequency as in the results of
measurements during the flight operation of the Ariane 5 space system. Next, the direction for solving the problem of reducing resonant
oscillations in the combustion chamber is proposed.
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Introduction. The existing problem is the occurrence
of low-frequency pulsation pressure with the first-
frequency mode from 20.0 to 22.0 Hz in the com-
bustion chamber (CC) solid-propellant accelera-
tors P230 of the Arian 5 rocket still does not find a
calculated explanation [3]. Attempts to explain the
cause of pressure pulsations by the flow of gas flow
through an obstacle — the inner edge of the ring — of
the thermal inhibitor in the combustion chamber did
not give clear explanations [1]. In the thesis of Ausa
Sekis [2], the physical principle of operation of a sol-
id-propellant engine is characterized as based on the
occurrence of oscillations in the Helmholtz resona-
tor. But this characteristic is given declaratively.

Discussion of the problem. It is known [4] that at
relatively low frequencies of pressure pulsations (up
to 25 Hz), the law of the burning rate of solid rock-
et propellant (SRP) is written as U(P)=U1 -PY,
where P is the pressure in the combustion cham-
ber, U, is the preexponential, and v < 1.0 is the
degree indicator. Despite this, it is possible to ac-
cept the law of the burning rate as quasistationary.
Pressure pulsations during flight overloads lead to
peeling of the heat-protective coating of the solid
propellant rocket engine and are transmitted to the
liquid components of the propellant in the tanks of
the first stage of the Ariane 5 rocket, which flies in
a package with two boosters [11]. Pulsating fluctua-
tions of the liquid propellant lead to unstable power
supply through the pipelines of the turbopump unit
of the liquid rocket engine, and further to its unsta-
ble operation and pulsations of thrust and specific
impulse. Therefore, the explanation of the oscil-
lation excitation mechanism in this case does not
raise doubts.

The purpose of the actual work is to develop a
methodology that will make it possible to evaluate
the presentation of the solid-propellant accelerator
P230 of the Ariane 5 rocket as a Helmholtz resona-
tor, to explain the occurrence of oscillations of a cer-
tain frequency and to develop measures to eliminate
unstable engine operation. At the same time, the fol-
lowing tasks are solved:

* to consider the existing models describing
the occurrence of oscillations of the P230 solid-
propellant accelerator of the Ariane 5 rocket, identify
the positive and negative sides of these methods;
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* toproposeanew physical model ofthe occurrence
of oscillations based on the representation of cavities
in the P230 accelerator by resonators;

* to propose a calculation model for determining
the frequency range of oscillations based on the idea
that the hollows formed during propellant burnout
are approximated by a Helmholtz resonator.

The physical picture of charge burnout. It is known
from [5, 13] that after the start, the thrust of the P230
accelerator increases from 540 tons at sea level to ap-
proximately 670 tons after 20 seconds of flight. Bet-
ween 30 and 40 seconds, the upper segment of the solid
propellant charge, divided lengthwise into 3 unequal
parts by thermal inhibitors, completely burns out. This
segment differs from the other two in the shape of the
charge channel. This is a 15-ray star instead of the
round channel of the others. Accordingly, the burn-
ing surface area of the first segment is larger, and the
burning time is shorter. In addition, the first segment
is only 3.5 meters long with a total charge length of
24.7 m [5, 13]. After the first segment burns out, the
thrust of the accelerator decreases to approximately
400 tons and then returns to the level of 600 tons by
the 110th second of flight. At this time, the pressure in
the combustion chamber increases from 40 to 50 atm.
At the place of the first segment of the charge, a void
appears, filled only by gases of combustion products
of SRP. The internal diameter of the circuit breaker
housing is 3.05 m. In the other two segments of the
charge with a circular channel, the solid propellant
burns out at a speed of 7.4 mm/s.

Determination of the resonance amplitude based
on the Helmholtz resonator model. After 60 seconds
of flight, pressure pulsations occur in the combus-
tion chamberwith the first oscillation frequency mode
of 20.0...22.0 Hz and the second oscillation mode of
40.0...44.0 Hz. The amplitude of oscillations is rapidly
increasing (see Figure 1) [3]. The moment of increase
in amplitude is obviously due to the heating of the up-
per layers of solid rocket propellant. Such a process is
known, for example, under the action of infrared ra-
diation [9]. As the temperature of the SRP increases,
the speed of sound in it slows down, and the wave re-
sistance decreases. This, in turn, leads to a decrease
in the frequency of pressure pulsations under condi-
tions of a general increase in pressure in the combus-
tion chamber. This is evidenced by the peeling of the
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Figure 1. Dependence of the amplitude of pressure fluctuations on the flight time [3]

thermal protective coating (TPC). The speed of sound
is related to wave resistance by the formula

Z=pCppp (1
where Z is wave resistance, kg/(m2s), p = 1770 kg/m3 —
density of solid rocket fuel [13], C cep speed of
sound in the environment — in this case SRP, m/s
[10].

The oscillating speed of propellant particles at the
boundary with the heat-shielding coating depends on
the wave resistance

E= AP/p-C )
where the denominator is determined by formula (1),
AP — pressure pulsations are equal to 0.025 MPa in
the CC [3], £ — is the oscillating speed of the me-
dium particles.

For approximately similar solid rocket propel-
lants, C,,, ~ 41 m/s, then Z = 72570 kg/m’s. At
AP = 0.025-10° Pa, &= 0.3425 m/s. This speed at a
frequency of f= 20.0 Hz and the resonance frequen-
cy Q = f/2n — 125 rad/s corresponds to the ampli-
tude of oscillations according to version [§]

E=&/Q=0.027m.
Let’s look at the engine scheme formed after the

cep ?

first part of the series burned out. We can see the
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formation of resonators from the new dimensions of
the hollow volumes. It can also be seen that the cavity
has changed in shape so that it can be approximated
by the Helmholtz resonator model. Then, you can
use known relations from acoustics to determine the
natural frequency of oscillations f[6, 8—10, 12]. We
calculate fas follows [7]

vAZPO
mVO’

where v ~ 1.5 is the adiabatic index of diatomic gas-
es of SRP combustion products, 4 = 0.63585 m? —
the area of the critical section of the nozzle, m =
= 102.258 kg — mass of gases of combustion prod-
ucts in the nozzle, P, = 4.8 106 Pa — pressure in the
hollow at the time of pulsations, V,, = 69.653 m3 —
the volume of the hollow at the time of pulsations.
To calculate the mass of gases in the nozzle block,
the density of gases was determined using the Men-
deleev-Clapeyron formula [6]

f= 3)

P=B-R-TC, (4)
u

where T, = 3600 K, p ~ 28 kg/kmol — molecular
weight of combustion products, R — is a universal
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gas constant. So, p = (P-p)/(R-T,) = 8.314 kg/m? ~
~8.31 kg/m?>.

The volume of the nozzle block was calculated as
the volume of a truncated cone with dimensions: a
length of 3.78 m, the diameter of the critical section
of the nozzle of 0.9 m, and an exit diameter of 2.99 m
[13]. The volume V|, consists of the volume of the
hollow of the first burned-out segment of 22.2725 m?
plus the volume of the charge channel of the other
two segments, taking into account the ignition of the
channel of these charges at the time of the occurrence
of pressure pulsations of 47.38 m3. Finally, according
to formula (3), we get f= 20.21 Hz.

Conclusions. The geometric model of propellant
burnout in the SRP booster of the P230 accelera-
tor made it possible to conclude that, in general, the
chamber with hollows and propellant works like a
Helmbholtz resonator. Accordingly, to avoid the ap-
pearance of a low resonant frequency, it is neces-
sary to either reduce the volume of the combustion
chamber or increase the critical section of the La-
val nozzle. The first is impossible. When increas-
ing the critical section of the nozzle, the main cri-
terion is to reduce the amplitude of pressure pul-
sations to an acceptable level without resonance
phenomena.
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! IninpoBchKUit HallioHaNbHUI yHiBepcuTeT iMeHi Onecs ToHuapa

npocriekt Hayku 72, Ininpo, Ykpaina, 49010

2 [nctuTyt TexHiuHoi Mexaniku HAH Ykpainu ta JlepaBHOro KOCMiuyHOTO areHTcTBa YKpaiHu
By Jlemko-Ilonens 15, Aninpo, Ykpaina, 49005

PosrisgHyTO npo6ieMy MIKiIJIMBUX pE30HAHCHUX KOJIMBaHb TUCKY B TBEPAOMATNBHUX TPUCKOPIOBaYax Ha MOYaTKOBOMY eTarti
PO3roHY KOCMIYHOI cUcTeMU «ApiaH-5». 3po0JIeHO MPUITYLIEHHS 1100 MOB’SI3aHOCTI LIMX KOJIMBAaHb 31 3MiHAMM IreOMeTpUY-
HUX XapaKTepUCTUK npuckoproBauiB P230 y pedysbrati (hopMyBaHHSI B HUX MOPOXHUH, 3aIOBHEHUX MPOAYKTAMU 3rOPSTHHS
TBEPIOTO paKeTHOTO TajnBa. Po3paxoBaHOo 06’eMU TTOPOXKHWH, IO YTBOPIOIOTHCS ITijl YaC BUTOPSTHHS TTaiuBa. Po3risHyTo
cXeMy JIBUTYHA, 1110 BUHWKJIA TTiCJIsl BUTOPSTHHS TEPIIOi YaCTUHU 3apsiny. BoueBuab, popMy MOPOKHUHUA MOKHA allPOKCH-
MyBaTH MOJeJUTIO pe3oHaTopa [enbmronbiia. Takox BpaxoBaHO, IO Y TIOSIBI MyJIbcalliii TUCKY B KaMepi 3rOpsTHHST paKeTHOTO
JIBUTYHA BiZlirpa€ poJib IMOCTYITOBE MTPOrpiBaHHS BEPXHiX I11apiB TBEPIOTO MaJrBa i MOB’A3aHi 3 IMM 3MiHU XBUJILOBOTO OTIOPY
najavBa. 3BiICM BUHUMKAIOTh PE30HAHCHI SIBUIIA Y TTIOPOKHUHAX, 110 (OPMYIOThCS. Y pe3ybTaTi po3Iysiay pi3HUX pe3oHa-
TOPHUX CUCTEM [JIs1 onUcy Di3UUHOI MOjiesli pe30HaHCHUX SIBUILL 0OpaHO MOJe/b pe3oHaTopa [eabMrosbia, 1o Haibiabie
TTiIXOAUTH O PO3PaXyHKOBOTO IMOSICHEHHS MyJibcalliii TUCKY. [1pu po3paxyHKax 3a Ii€0 MOIEJUTIO OIePXKaHO Ty camy YacTOTY,
IO I y pe3yIbraTaX BUMipIOBaHb IIil Yac JIbOTHOI eKCIUTyaTallil KOCMiYHOI CUCTeMHM «ApiaH-5». 3aITporoOHOBAHO HAMPSIMOK
BUPIIIIEHHS TTPOOJIEMU 3MEHIIIEHHST PE30HAHCHUX KOJIMBAHb y KAMEPi 3TOPSTHHSI.

Karwowuoei caoea: TMCK, COIIO, XBUILOBUI OMip, MyJibcallii, pe30HaHC, 4YacToTa.
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