Koncmpykuin i miynicmo agiauitiHux 06UzyHie i eHepzoycmanoeoK 87

UDC 629.76 doi: 10.32620/aktt.2025.4sup2.09

Olexiy NIKOLAYEYV, Inna BASHLIY
Institute of Technical mechanics NASU and SSAU, Dnipro, Ukraine

DEVELOPMENT AND TESTING OF THE SOLID FUEL POWER PLANT
AXISYMMETRIC MODEL APPLIED TO REGIMES
OF COMBUSTION CHAMBER DYNAMIC INSTABILITY

Innovative use of energy resources in deep space planets is a technology that allows a significant increase in
space exploration based on the design of rocket power plants, particularly for lunar landing modules using
(Lunar Regolith) propellants. Simultaneously, for using such local propellants, effects were found based on the
fire test of the developed physical model of the landing module power plant. These effects are characterized by
combustion product vortices, thrust oscillations, incomplete combustion or extinction during propellant com-
bustion, as well as the possible development of unstable dynamic processes during combustion product flow in
the chamber of a solid-propellant rocket power plant. Unacceptable pressure rise and a sharp increase in the
local temperature of combustion products can lead to the strength failure and destruction of the combustion
chamber structure of rocket power plants, and transition to a critical operation mode of the rocket power plant.
Based on the theoretical determination of the non-stationary process parameters in the test propellant combus-
tion chamber during the combustion product flow, the possibility of implementing this type of working process
instability (self-oscillations) in a power plant is shown. The thermodynamic characteristics of a power plant
using such a metallized propellant have been numerically determined, and a preliminary analysis of the experi-
mental and calculated acoustic oscillation parameters (thrust, dynamic pressure components, and axial velocity)
was performed. The main possible directions of modern research on working process instability in a power plant
with propellant obtained from lunar regolith have been determined. The study aims to identify the mechanism of
pressure oscillation development in the combustion chamber, analyze and model phenomena associated with
propellant ignition (including ignition delay), combustion, and heat transfer, analyze resonant damping in a
power plant, develop methods for optimizing the chamber design to reduce the level of pressure oscillation am-
plitudes, and study the role of aluminum droplets combustion in aluminized propellant in the realization of power
plant working process instability.

Keywords: solid propellant power plant; combustion products vortices; fire test; thrust oscillations; working
process instability; dynamic pressure components; acoustic oscillations.

problems were identified in the implementation of the
concept of this propellant combustion in the power plant

Introduction

The exploration of near space, which is being pro-
duced this year (January - February 2025), is associated
with the Blue Ghost Lunar Lander lunar landing mission
of Firefly Aerospace on the SpaceX Falcon 9 launch ve-
hicle, and provides further steps in the development of
new space technologies. Samuel S. Schreiner et al. [1]
provided thermodynamic calculations and proposed
burning metals and their compounds mined on the Moon
in an oxygen environment in a solid-propellant rocket
power plant. They concluded that this Lunar Regolith
propellant concept is quite attractive, but significant gaps
remain in understanding how these metals will be tech-
nologically extracted from the lunar regolith and inte-
grated into the design of the power plant. Meyer [2] com-
pared different technologies for obtaining rocket propel-
lant and considered solid-propellant power plants based
on Al/O2 and Al/H202 and obtained similar conclusions.
These experiments demonstrated the achieved productiv-
ity level of the obtained propellant, for oscillation at the
level of 50% of the theoretical value. However, several

- poor mixing and incomplete combustion.

The main aim of the article is to assess the funda-
mental possibilities in the design of rocket power plants
for lunar rocket landing modules with using ISRU (Lunar
Regolith) propellants in terms of problems characterized
by incomplete combustion, as well as the possible devel-
opment of unstable dynamic processes during the flow of
combustion products in the chamber of a solid-propellant
rocket power plant.

Thermodynamic properties of solid
propellant combustion products
(Lunar Regolith) in the studied physical
model of a test rocket power plant

Thermodynamic properties of solid propellants
were investigated in [1, 3 —4]. In [1], a set of lunar rego-
lith models is presented, which can be used for a wide
range of applications. These data correspond to regres-
sion models for a number of regolith properties:
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composition, density, specific heat capacity, thermal con-
ductivity, optical absorption length and latent heat of fu-
sion. The thermodynamic properties of the studied phys-
ical model of test rocket power plant solid propellant are
calculated based on data on the elements composition (in
particular, metals Al, Mg) of lunar regolith as propellant.
These elements can be used in the studied propellant after
the extraction of the necessary components from the soil.
The thermodynamic properties of the test rocket power
plant solid propellant combustion products are calculated
using [5].

Development of the solid propellant power
plant axisymmetric model applied
to the regimes of combustion chamber
dynamic instability

The analysis of the fundamental possibilities of de-
signing rocket power plants for Moon landing modules
based on the use of metallized propellant and the study of
their combustion chambers dynamic instability was car-
ried out for rocket chamber axisymmetric physical
model. The studied rocket power plant has a propellant
charge with a ratio of the geometric parameters of its
chamber L/dr =6.04 [6]. As the studied propellant, a
mixed rocket solid propellant was chosen due to its man-
ufacturability, relative cheapness and relative operation
safety (according to a number of physical properties close
to the propellant, supposed to be produced from lunar
regolith). In addition, in order to perform the research
task, for choosing the parameters of the charge based on
[4], combustion modes with incomplete combustion and
with the possible development of unstable dynamic pro-
cesses during the flow of combustion products in the
chamber were chosen.

To implement such an operating capability of the
installation and in the further verification of the numeri-
cal method for calculating the internal ballistic combus-
tion parameters, a simplified propellant charge design
was chosen mainly from the condition of obtaining the
combustion products pressure in the chamber (during the
power plant start-up) ~ 40 bar in the chamber and a burn-
ing time of at least 1 s. Some of its main operating and

metallized solid
rocket propellant

geometric parameters are given in Table 1.

The initiation of propellant composition combus-
tion was carried out using an electric match. To measure
the power plant internal ballistic parameters, a pressure
transducer was used to measure the pressure in the com-
bustion chamber and a strain gauge to measure the thrust.

A simplified diagram of the charge obtained as a
result of the design with a schematic representation of the
physicochemical processes in the solid propellant
combustion chamber and their localization in the
working space of the chamber (shown in Figure 1).

The above physical model of the chamber was in-
vestigated experimentally quite thoroughly [6]. As previ-
ously planned, during the power plant tests, combustion
modes with unstable dynamic processes arose. In partic-
ular, after entering the power plant main operating mode,
the relative experimental amplitudes (relative to the static
thrust value in the set mode) thrust Rexp Of the studied
chamber were 1.33, and the estimated values of the am-
plitudes of the pressure oscillations in the operating mode
dP= 49.69 bar.

Table 1
Studied combustion chamber operating
and geometric parameters
Parg.meter.name, Marking Value
imension

Gas pressure in the
chamber, bar Do 373
Outer diameter of the
combustion chamber Dr 41.0
cylindrical part, mm
Gas temperature in
the chamber, K Tx 2010.0
Speed of sound in gas, C 1009.16
M/S
Gas density in the
chamber, kg/m® P 8.37
Inner diameter of the dr 240
channel, MM
Charge length, mm L 145.0
Critical diameter, mm dkr 8.0
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Fig.1. A simplified solid propellant combustion chamber diagram
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In particular, the combustion products flow instabil-
ity in the chamber was realized during the tests in the
studied chamber sample and was explained in work [4]
by the so-called “blowing effect” detected on some
charges, an unsteady process with an increase in the burn-
ing rate and with an increase in the combustion products
flow rate along the combustion surface. This effect is also
theoretically close to the previously described phenome-
non, for the propellant combustion extinguished at a cer-
tain critical velocity of combustion products flow
through the solid propellant charge channel. After the
loss of propellant combustion stability in the power plant
combustion chamber, the propellant charge is extin-
guished, but after some time it is re-ignited from hot com-
bustion products. Then, extinction and re-ignition occur
again, etc. The so-called “sneezing” mode of the rocket
power plant occurs. After this process, the charge either
continues to burn without losing stability or completely
goes out. At the same time, according to later theoretical
and experimental studies [7 — 10], it has been shown that
the solid propellant power plants instability can be caused
by reverse flows of gaseous combustion products during
their gradual movement in the chamber. The mechanism
of power plant stability loss is determined not only by the
influence of pressure oscillations on the propellant com-
ponents combustion rate, but also by the acoustic pres-
sure dynamics waves in the combustion chamber [3]. Re-
verse flows of gaseous combustion products directly af-
fect the dynamics of acoustic intra-chamber processes in
the power plants chambers [7].

Formulation of the problem

In the conducted study, an approach to mathematical
modeling of gas flow in the power plant chamber was
applied using the finite volume method (FVM) and the
large eddy simulation methodology (LES) in the CAE
system [11, 12]. This approach is presented in [10]. In the
conducted numerical modeling, in order to simplify the
mathematical description and subsequent analysis of the
results, the equations of combustion process chemical
kinetics and its effect on heat release were not taken into
account. They are necessary to obtain additional
characteristics of the combustion products flow and further
detail the nature of the internal flow in the chamber. To
obtain a more stable solution, the non-stationary problem
in the variables velocity - pressure is solved using the
Artificial Compressibility method in an implicit scheme
and 1st order time discretization. The total simulation time
of the unsteady process of the flow of combustion products
through the chamber channel (after the time interval for the
“power plant start-up” and the “transition” of the studied
dynamic system “combustion chamber — combustion
products” in the self-oscillating mode) was about 0.5 s,
which was sufficient to obtain satisfactory results when

performing a numerical analysis of the parameters of the
steady-state self-oscillating mode, as well as an analysis of
the oscillation frequency spectrum using the fast Fourier
transform of the studied dynamic process. In the dynamics
numerical study of the power plant test combustion
chamber, the results of the studies obtained on the basis of
data from two grid models were analyzed, which
correspond to the flow of combustion products at the
“initial” form of chamber charge burnout — 5% and “after
entering the mode” at the moment of calculation time
t=0.01 s (1924 grid cells) and the form of the charge at the
“final” (approximately 95%) degree of propellant burnout
in the chamber at t=1.1 s (2840 grid cells). In this study of
the intra-chamber processes dynamics in the test chamber,
the following calculation case was considered. It
corresponded to the time event (time of steady self-
oscillating mode of gas flow (after the transient process
power plant “start-up”) was implemented (with the
“initial” and “final” forms of charge burnout)).

Numerical study of the gaseous
combustion products flow process
in the power plant chamber

Working process oscillations in the chamber are
caused by reverse flows of gaseous combustion products
during their gradual movement in the chamber. Fig. 2
shows the calculated time dependences of the dynamic
pressure components Pgin in the studied chamber (in point
1 see Fig. 1) at the beginning of combustion (Fig. 2, a))
and at 95% propellant burnout degree in the chamber
(Fig. 2, b)) and the time dependences of the experimental
values of relative thrust Rex (See Fig. 2, c)) obtained for
the studied chamber. For this case, the dynamic pressure
component is characterized, as in the experiment (23 Hz,
62 Hz are recorded for the relative thrust experimental
values of the Rexp in Fig. 2, c)) by low-frequency
oscillations of 71 Hz both at the beginning of combustion
and at 95% propellant burnout degree in the chamber (see
Fig. 2, a), Fig. 2, b) 71 Hz is recorded for the calculated
values of the dynamic pressure components Pgi, in the
chamber).

In addition, at 95% propellant burnout degree in the
chamber of up to, 10 Hz is recorded for the calculated
dynamic pressure component Pgin (see Fig. 2, b)). It
should be noted that higher oscillation frequencies
(above 100 Hz) are also recorded for the calculated
dynamic pressure components in the chamber under
study (see Fig. 2, a, Fig. 2, b).

Low-frequency oscillations (70 Hz) were recorded
for modeling the flow of combustion products. For the
dynamic pressure component, vortices are observed that
form from the critical cross section towards the
cylindrical part of the chamber.
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Fig. 2. Calculated and experimental time
dependences of results obtained
for the studied chamber:
a — dynamic pressure components Pgin
at the beginning of combustion,
b — dynamic pressure components Pgi, at 95%
propellant burnout degree in the chamber,
¢ — experimental values of relative thrust Rexp.

Fig. 3 shows the calculated pressure dynamic com-
ponents Pgin in the studied chamber with the “initial”
charge burnout form with a non-stationary combustion
products flow in the studied chamber for a steady self-
oscillating mode of the gas flow with a harmonic sinus-
oidal disturbance for a dominant oscillation frequency of
70 Hz (as the base frequency of the dynamic system

natural oscillations, in Fig. 2). This calculation was car-
ried out in order to analyze the possibility of an earlier
transition of the studied dynamic system to the limit cycle
and to determine the level of influence of the dynamic
system disturbance with this forced oscillations fre-
guency on the amplitudes magnitude of the pressure os-
cillations in the chamber and the thrust of the power
plant.

combustion start
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Fig. 3. Dynamic pressure components Pgin diagram

As follows from Fig. 3 maximum dynamic pressure
components Pgin (numerically determined as steady-state
dynamic components of the forced pressure after the vor-
tices collapse during the combustion products flow along
the chamber) were 11 bar (amplitude of pressure oscilla-
tions in the chamber); this value corresponds to the am-
plitude of self-oscillations of relative thrust R is equal to
0.3 (as a result of converting the numerical value of the
pressure dynamic component in the chamber into thrust
oscillations), which does not exceed the experimental
amplitude of relative thrust oscillations Rexp in the cham-
ber is equal to 0.66. It should be noted that the calcula-
tions were carried out only taking into account the com-
bustion products turbulent flow along the chamber (with-
out taking into account the influence of oscillations on
non-stationary chemical processes occurring during pro-
pellant combustion).

Application perspectives

Based on the analysis of the data presented above,
it is possible to make conclusions about the main
directions of modern research into the working process
instability in a power plant with solid propellant from
lunar regolith. They can be as follows: mechanisms
identification for the development of pressure
oscillations in the combustion chamber, analysis and
modeling of phenomena associated with propellant
ignition (including ignition delay), combustion, heat
transfer; analysis of resonant damping in a power plant;
development of methods for design optimizing of the
power plant chamber in order to reduce the level of
pressure oscillation amplitudes; study of the burning
aluminum droplets impact factor in aluminized
propellant for the internal instability of the power plant.
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Conclusions

Based on the obtained theoretical and experimental
results, the following conclusions were made:

1. A numerical determination of the test sample of
rocket propellant thermodynamic characteristics was car-
ried out. These characteristics are close to agglomerates
that can be obtained from lunar regolith in terms of a
number of chemical and physical properties.

2. At the same time, during testing the physical model
of the power plant, effects characterized by incomplete com-
bustion or extinction during propellant combustion were re-
vealed and also the possible development of unstable dy-
namic processes during the combustion products flow in the
solid-propellant rocket power plant chamber was shown.

3. Based on the theoretical determination of the un-
steady combustion processes parameters in the test sam-
ple chamber during the flow of combustion products, the
possibility of working process instability (self-oscilla-
tions) in the power plant was shown.

4. The main possible directions of modern research
of working process instability in a power plant are iden-
tified: mechanisms identification for the development of
pressure oscillations in the combustion chamber, analysis
and modeling of phenomena associated with propellant
ignition, combustion, and heat transfer; analysis of reso-
nant damping in a power plant; optimization of the plant
chamber design in order to reduce the level of pressure
oscillation amplitudes.
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PO3BUTOK I TECTYBAHHSA BICECUMMETPUYHOI MOJIEJII
TBEPJIOITAJIMBHOI EHEPTETUYHOI YCTAHOBKH HA PEXKUMAX JTUHAMIYHOI
HECTIHKOCTI KAMEPHY 3IrOPSTHHS

0. /l. Hixonaes, 1. /1. Bawninu

[HHOBaIIfHE BUKOPHCTaHHS €HEPreTHYHNX PECYpPCiB Ha MICIli INIaHET AaJIeKOr0 KOCMOCY € TEXHOJIOTI€0, 10
MIPUIYCKA€ 3HAYHE NMPUCKOPEHHS TEMITIB OCBOEHHSI KOCMIYHOT'O TIPOCTOPY Ha OCHOBI NMPOEKTYBAHHS PAKETHHUX €HEp-
TeTHYHHUX YCTaHOBOK, 30KpeMa, JUIsl MICSIYHHX [TOCaIKOBUX MOMYJIiB rpu BukopucTanHi (Lunar Regolith) manus. [Tpn
BHUKOPHCTaHHI TaKMX MICIIEBUX MaJIB Ha OCHOBI BOTHEBHX BUIPOOYBaHb p0o3p0o0JIeHO] (hi3UUHOI MOJIENi eHepreTHy-
HOI YCTaHOBKH ITOC3JIKOBOT'O MOAYJIIO BUSIBICHO €(DEKTH, 10 XapaKTepU3YIOTHCSI BUXPOYTBOPEHHSIM MPOIYKTIB 3r0-
PSIHHS, KOJIMBaHHSMHU TSTH, HEOBHOTOO 3TOPsIHHS a00 3racaHHsSM IIPY TOPiHHI MaJiBa, a TAKOXX MOXIIMUBUM PO3BH-
TKOM HECTIHKUX JMHAMIUYHHUX IPOLECIB MPH Tedii MPOIYKTIB 3TOPSIHHS B KaMepi TBEPIOMAIMBHOI paKeTHOI eHepre-
TUYHOI ycTaHOBKH. HenmormycTumi cTpuOKY THCKY Ta pi3Ke 3pOCTaHHS JIOKaJIBHOI TEMIEpaTypH MIPOAYKTIB 3TOPSIHHS
MOXYTb MPU3BOIUTH JI0 TOPYIIEHHS MIIIHOCTI Ta pPyHHYBaHHSI KOHCTPYKIIiT Kamep 3rOpsiHHS PAKETHUX €HEPreTHYHHUX
YCTaHOBOK, MEPEXOAY Ha KPUTHYHHUH PEXHMM pOOOTH pakeTHOI eHepreTH4Hoi ycTaHOBKU. Ha ocHOBI TeopeTHuHOro
BH3HAYEHHS TApaMeTPiB HECTAlliOHAPHHX POIECIB Y KaMepi 3rOpsIHHS TECTOBOTO 3pa3Ka MalyBa NPy Tedii MPoIyKTiB
3TOPSTHHS MTOKa3aHa MOXIIMBICTh peatizallii TAKOro TUITY HECTIHKOCTI poO0YOoro mporecy (aBTOKOIMBAHb) B €HEpre-
TUYHIN ycTaHOBI. [IpoBeneHo uncenbHe BU3HAYSHHS TEPMOJMHAMIUYHUX XapaKTePUCTHK €HEPTeTHYHOI YCTaHOBKH,
10 BUKOPUCTOBYE TaKe METaJli30BaHE MaJIMBO, & TAKO)K BUKOHAHO TIONIEPEIHIN aHajIi3 eKClIepMMEHTaIbHUX 1 po3pa-
XYHKOBHX MapaMeTpiB aKyCTUYHUX KOJIIMBAHb (TSTH, THUHAMIYHHUX CKIIaJIOBUX TUCKY, OChOBOI IIBUIKOCTI). Bu3HaueHo
OCHOBHI MOJXJIMB1 HAIIPSIMKH CYYACHHX JTOCHIKCHb HECTIHKOCTI poOOYOro MpoIecy B €HEpreTHYHIH YCTaHOBII 3 Ma-
JIMBOM 13 MICSIYHOT'O PETOJIiTY, a cCaMe: BUSIBIICHHS] MEXaHI3MIB PO3BUTKY KOJIMBaHb THCKY B KaMepi 3rOpsiHHsI, aHai3
1 MOJIEJTIOBaHHSI SIBUIII, TIOB'SI3aHMX 13 3arOPSIHHSIM IMaJIMBa (y TOMY YHCIi, 3aTPUMKOIO 3aiiMaHHs1), TOPIHHAM, TEIUIO-
niepe/iayero; aHaji3 pe3OHaHCHOTo AeMI(yBaHHS B SHEPreTHYHIH YCTaHOBI; po3po0Ka METOIB ONTHMI3alii KOHC-
TPYKIIi KAMEPU YCTAHOBKH 3 METOIO 3HIDKEHHSI PIBHS aMILIITY]] KOJIMBaHb THCKY; BUBUEHHS POJIi TOPIHHSI aTIOMiHI€e-
BUX Kpareib B aJIFOMiHI30BaHOMY TIaJIMBi B pealtizallii BHyTpIIIHbOT HECTIHKOCTI €HePreTHYHOI YCTAHOBKH.

KuiouoBi ciioBa: TBepONaivBHA €HEPreTHYHA YCTAaHOBKA; BUXPOYTBOPEHHS IPOYKTIB 3rOPSIHHS; BOTHEBI BU-
NpoOyBaHHs; KOJIMBAHHS TATH; HECTIMKICTH pOOOYOro MpoIlecy; JUHAMIUHI CKJIa/I0BI TUCKY; aKyCTHYHI KOJIMBaHHS.
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