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VALIDATION OF METHODS FOR INCREASING THE EFFICIENCY
OF DETONATION JET ENGINES

A fundamentally new directionin the development ofrocketand space technology is the introduction of jet engines
operating on the detonation principle ofenergy conversion in the working body. The use of detonation fuel com-
bustion makes it possible to increase thethermodynamic efficiency ofthe engine andthe thermodynamic efficiency
of fuel combustion. Detonationisahydrodynamic wave process involving the propagation ofan exothermic reac-
tion zone in a substance at supersonic speed. The detonationwave is the main shock wave behind the front ofwhich

a chemical reaction iscontinuously initiated by heatingduring adiabatic compression. A feature of thisprocessis
the large pressure drop before the detonation wave and in the induction zone, where the reaction occurs. The

completeness of the combustion of the fuel mixture in the chambers in the detonation mode can be significantly
increased by the occurrence of large pressure and velocity gradients. The problemof increasing the efficiency of
jet detonation engines should be solved in the complex of structural synthesis using the accumulated knowledge

about jet engineswith deflagration fuel combustion. The purpose of the work is to obtain the results of studies of
the defining characteristics: the development of mathematical models ofthe kinetics ofgas-dynamic and thermal
processesin the detonation combustion chamber withaerodynamic regulation; taking into accountthe comp osition
and properties ofthe gasin the working environment ofthe chamber; modeling ofwork processesin the flow part

of the engine; study ofthe mechanismof self-oscillations in the chamber based on kinematic patterns ofgas move-
ment; development of methods of experimental measurements of detonation flows for verification of calculation

models; and improvement of the engineering methodology for calculating detonation combustion chambers with

aerodynamic regulation of a detonation jet engine for a given power. Based on the results of theoretical and ex-
perimental studies, an engineering method for chamber calculation is proposed. Mathematical models of gas-
dynamic and thermal processes in a detonation combustion chamber with aerodynamicregulation, which take into
accountthe ratio ofair to fuel consumption, are proposed, and allow determining the properties and composition

of combustion products. Calculated equations were obtained for determining the frequency of oscillations in the

detonation combustion chamber taking into account aerodynamic regulation. A method was developed for calcu-
lating the kinetics ofgas dynamic and thermal processes in the detonationcombustion chamber depending on the

coefficient of excess air with aerodynamic regulation. Comparing the changes in the position of the flame front
under the conditions of different injection distances, it was determined that for the same injection scheme but

different cavity configurations, the position ofthe flame front hasthe same tendency asthe change in the equiva-
lence coefficients, whichis relatedto the power igniter discharge and the medium ofthe flow field inside the cavity.

Experimental studies on the characteristics of detonation engines and their implementation are relevant for the

introduction ofthe latest innovative technologies in the rocket and space industry in Ukraine.

Keywords: detonation engine; mathematical simulation; specific heat flow; air-mode detonation engine.

- Introduction of an afterburner that injects addi-
tional fuel into the nozzle diffuser.

Introduction

The subject of the study is the modeling of pro-
cesses occurring in a direct- current jet engine with deto-
nation conversion of the chemical energy of the working
body into the kinetic energy of the jet. The paper high-
lighted the main methods of increasing the efficiency of
detonation jet engines:

- Improvement of the design of the combustion
chamber helps increase efficiency, which includes opti-
mization of the shape of the chamber, use of advanced
materials, ensuring uniform mixing of fuel.

- The introduction of engines with a variable cycle
allows you to adjust the parameters of the engine depend-
ing on the flight conditions, optimizing the performance
of the engine in a wide range of altitudes and speeds,
which leads to an increase in efficiency.

- Implementation of an effective cooling system
will increase overall efficiency.

- Implementation of advanced control systems and
algorithms optimize engine performance based on differ-
ent operating conditions.
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The purpose of the work is to obtain the results of
studies of the defining characteristics:the development of
mathematical models of the kinetics of gas- dynamic and
thermal processes in the detonation combustion chamber
with an aerodynamic valve and taking into account the
composition and properties ofthe gas in the working envi-
ronment of the chamber; modeling of work processes that
take place in the flow part of the engine; study ofthe mech-
anism of self-oscillations in the chamber based on kine-
matic patterns of gas movement; development of methods
ofexperimental measurements of detonation flows forver-
ification of calculation models; refinement of the engineer-
ing methodology for calculating detonation combustion
chambers with an aerodynamic valve of a direct- flow air-
jet engine for a given thermal power[1].

Materials
and methods of research

The subject ofthe study is the modeling of processes
thatoccurin a direct-flow jet engine with detonation con-
version of the chemical energy of the working body into
the kinetic energy of the jet. The purpose ofthe work is to
obtain the results of research of gas-dynamic and thermal
processesin a direct-flow air-jet detonation chamberwith
an aerodynamic valve. One of thetools for solving such a
problem is the method of a numerical experiment using
mathematical modeling technologies. At an extremely
high rate of energy release from the detonation combustion
of fuel components, the traction and impulse characteris-
tics of the engine are significantly increased, the prerequi-
sites are created for simplifying its design, reducing di-
mensions and mass, which allows to achieve structural
perfection of detonation engine installations. The purpose
ofthe work is to obtain the results of studies of the defining
characteristics: the development of mathematical models
ofthe kinetics of gas-dynamic and thermal processes in the
detonation combustion chamber with an aerodynamic
valve and taking into account the composition and proper-
ties of the gas in the working environment of the chamber
[2, 3, 5], modeling of work processesthattake place in the
flow part of the engine; study of the mechanism of self-
oscillations in the chamber based on kinematic pattems
of gas movement, development of methods of experi-
mental measurements of detonation flows for verification
of calculation models [4, 6, 7], improvement of the engi-
neering methodology for calculating detonation combus-
tion chambers with an aerodynamic valve of a direct-flow
air-jet engine for a given power.

Results and Discussion

Based on the results of theoretical and experimental
studies, an engineering method of chamber calculation &
proposed, mathematical models of gas-dynamic and thermal

processesin adetonation combustion chamber with an aer-
odynamic valve are proposed, taking into account the ratio
ofair and fuel consumption, allowing to determine the prop-
erties and compositionofcombustion products [3, 4, 7].

Models on opposite rotation are characterized by
variations an the intensity of the wave between collisions,
which has a strong local effect on the operation of the
injector. However, understanding the mechanisms that
control the evolution from one regime on another given
the physical parameters of injection (mass flow rate, mix-
ture ratio, liquid velocity during injection) provides
knowledge about the Characteristics of propellant mixing
efficiency considering the injector.

From the point of view of the operating zone for air
in atmospheric exhaust conditions, the achievement of
sustained detonation cycles is primarily dependent on
fuel and oxidizer pressure. The air pressure in the main
line controls the speed of the air jets entering the premix-
ing chamber, affecting the intensity of the central vortex,
which serves as an aerodynamic valve for the inflow of
hydrogen and the quality of mixing fuel and air. For line
pressures above 6.7 bar, no operating mode is detected,
while in the intermediate oxidizer pressure range (be-
tween 4.7 and 6.7 bar) proper engine operation depends
on fuel line pressure. Regimes with a set pressure in the
fuel line above 7.7 bar led to stable detonation cycles. In
the low range of oxidizer pressure (below 4.7 bar), the
equivalence ratio becomes a decisive factor.

This work is an experimental demonstration ofanew
detonation direct-flow combustion chamber technology
for which a steady pressure increase can be achieved at
thermal equilibrium. The detonation direct-flow combus-
tion chamber uses an actively controlled air intake valve
with passively modulated fuel injection, such that the op-
erating frequency of the device is determined by the set
frequency ofthe valve. This configuration provides greater
control over combustion chamber operation compared to
passive valves and valveless resonant pulse combustion
chambers and provides durability and efficiency .

The main collection of information and controlofthe
test processwas carried out according to the schematic di-
agram shown in Figure 1. The test of the operation of the
engine with an oncoming air flow up to Mach 6 for 120
seconds was carried out on the bench set shown in Fig-
ure 2. The selection and use of the ejector amplifier, which
was studied in work [7] shows the dependence on the
length shown in Figure 3. Anincrease in the length of the
thrustbooster ejector leads to an increasein the duration of
the stage of detonation products flowing out of the flow
part of the engine and determines an increase in the thrust
impulse. A schematic representation of the combustion
chamber is shown in Figure 4.

Solving the problem of structural synthesis from the
point of view of choosing the composition ofthe main sub-
systems and elements, developing a scheme, designing a
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combustion chamber of a detonation jet engine, develop-
ing methods for evaluating the main characteristics of a
detonation jetengine atthe designstage. To solvethe prob-
lem, we used expert analysis using computertesting meth-
ods - mathematical modeling using CFD technologies
(ANSYS Fluent package). During the numerical simula-
tion, a detailed picture of the formation and propagation of
the detonation wave front was obtained. Analysis of the
obtained results showed that the front of the detonation
wave is a set oftriple configurations that constantly change
their position in time and space. Figure 5 shows the simu-
lation of fuel distribution for the case of a conventional
cavity chamber and a cavity chamber with a back wall.
Figure 6 shows the simulation ofthe velocity and pressure
distribution in the calculation domain of the combustion
chamber model.

The lower limit of the equivalence ratio increases
with increasing air pressure and decreases with increasing
fuel pressure. This phenomenon is the result of the princi-
ple oftraction. Higherair pressure results in a stronger pre-
mix chamber vortex flow, while higher fuel pressure en-
hances the ability of the fuel jet to overcome the vortex
barrier. As aresult, the speed ofthe fuel jet penetrating the
aerodynamic valve increases with fuel pressure and de-
creases with air pressure. This in turn affects fuel/air mix-
ing in the premix chamber, with a higher fuel jet velocity
providing improved mixing and, as a result, a lower global
equivalence ratio requirement for detonation.

This work is an experimental demonstration of a
new detonation jet engine technology for which a steady
increase in pressure can be achieved at thermal equilib-
rium. This detonation combustion chamber uses an ac-
tively controlled air intake valve with passively modu-
lated fuel and oxidizer injection, so thatthe operating fre-
quency of the device is determined by the set frequency
of the valve, experimental confirmation took into account
the geometry of the inlet diffuser and the inlet angle at
different Mach numbers. This configuration provides
greater control over combustion chamber operation com-
pared to passive valves and provides the durability re-
quired for implementation in practical applications. The
proposed active valve technology provides a direct path
to transition from research-type devices to practical det-
onation engine applications by addressing key challenges
inherent in existing detonation combustion technologies.

The results of research showthat detonation combus-
tion of environmental fuels requires higher initial mass
flows and temperatures, pre-initiation of fuel ignition be-
fore the arrival of the detonation wave requires special
conditions in relation to the stabilization mechanism of the
detonation ofthe limit cycle. The dependences of the speed
of the pressed detonationwave on the distance to the initi-
ation point are obtained. The dependence of the size of the

detonation cellin acylindrical damping wave on the value
of its velocity is established. A study evaluating the dy-
namic response of the injector and turbulent mixing me-
dium to demonstrate the importance of ignition delay with
respect to these other mechanisms.

Conclusions

Calculated equations were obtained for determining
the frequency of oscillations in the detonation combus-
tion chamber considering the aerodynamic valve, a
method was developed for calculating the kinetics of gas
dynamic and thermal processes in the detonation com-
bustion chamber depending on the coefficient of excess
air regulated by the aerodynamic valve. BExperimental
data are used to confirm the two-dimensional model,
which in turn provides a basis for evaluating the perfor-
mance of the reduced one- dimensional model. It was de-
cided that the higher the pressure in the controlled sys-
tem, the greater the free volume, the fasterthe adjustment
speed of the actuator, and the greater the adjustment of
the gas flow. Comparing the changes in the position of
the flame front underthe conditions of different injection
distances, it was determined that underthe same injection
scheme, but different cavity configurations, the position
of the flame front has the same tendency as the change in
the equivalence coefficients, where the limit of lean
blowing in the chamber combustion, when the short-
range injection condition reaches a near- purge state, this
is because the ignition in the cavity is greater than the
flame stabilization in the combustion chamber, which is
related to the power of the igniter discharge and the flow
field environment inside the cavity [1 - 9]. The conducted
experiments confirm the correctness of the important
technical. Decisions made and confirmed the increase in
the efficiency of the thermodynamic cycle by 20-35% in
comparison with existing analogues on deflagration com-
bustion. This paper presents and analyses experimental
results for a model combustor operated with gaseous hy-
drogen and oxygen. Dynamic measurements ofwall pres-
sure and high-speed video recordings allows determina-
tion of the most favorable conditions for the detonation
propagation and the most efficient regimes of operation.
The implemented techniques will help to analyze other
test runs and to obtain model characteristics in a wide
range of conditions. The datawill be used in simulations
to further evaluate the efficiency and loss factors.

Bxperimental studies ofthe characteristics of detona-
tion engines are relevant and involve the creation of a spe-
cialized laboratory and fire test stands for the rapid intro-
duction of the latest technologies in the rocket and space
industry.
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Fig. 1. Schematic diagram of the experimental system[5]

Fig. 2. Bxerimental setup fordetermining the characteristics ofadirect- flow air-jet detonation engine [1]:
1 —frame; 2 — containerfor storing compressed airwith heaters; 3— the main fore-chamber;
4 —compressed air supply pipeline; 5 —remote quick-acting valve; 6 —connecting pipeline;
7 —auxiliary pre- chamber; 8 —replaceable part of the nozzle, 9 — the working part, where the direct-flow
air-jet detonation engine is placed; 10 — the optical window for visualizing the process;
11 — confusor; 12 —exhaust diffuser; 13 — sound absorption chamber
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Fig. 3. Dependence of pressure change overtime on the traction wall of the detonation chamber when using cy-
lindrical ejector thrustamplifiers of different lengths: 1 — without using the ejector thrust amplifier;
2 —using an amplifier with a length of 100 mm; 3 — using an amplifier with a length of 150 mm;
4 —using an amplifier with a length of 200 mm; 5 — using an amplifier with a length of 250 mm;
6 — using an amplifier with a length of 300 mm [7]
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Fig. 5. Visualization of fuel distribution for the case of a conventional cavity chamber (al, b1) and a cavity
chamber with a rear wall (a2, b2), with an equivalence factor of 0.2 [4]
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Fig. 6. Velocity and pressure distribution in the calculation domain of the combustion chamber model:
A — Velocity distribution in the calculation area, nvs; B — Pressure distribution in the calculation area, MPa [1]
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BAJIJIAINIA METOAIB IMIJIBUIIEHHA E®EKTUBHOCTI JETOHAIIMHUX
PEAKTUBHUX JBUI'YHIB

B. B. Cmonaapuyk

[IprHOUTIOBO HOBHMM HAIPSIMKOM PO3BHTKY PAKETHO-KOCMIYHOI TEXHIKM € BIPOBA/DKCHHS PEAKTHBHHUX MABHTY -
HIB, IO MPAIfOI0Th HA ACTOHAIIHOMY HpPHHIIMII MEPETBOPEHHS eHeprii pobodoro Tima. 3acTocyBaHHS AeTOHAILIN-
HOTO CTIaTIOBAaHHS MAaNNBA JO3BOJIIE MIBUIINTA TEPMOIUHAMITHHI Koe(ilieHT KOpUCHOI Aii IBUTYHA 1 TepMOAHMHA-
30HU €K30TepMidHOI peakiii B pe4OBHHI 3 HAI3BYKOBOIO MIBUAKICTIO. JleToHaliiiHA XBUJISL € OCHOBHOIO YIapHOIO XBH -
nero0, 3a PPOHTOM AK01 Ge3nepepBHO 3IHIMIFOEThCS XIMIUHA pEaKIlis BHACIIIOK HarpiBaHHA MpH aliabaTHYHOMY CTHU-
cHeHHi. OcoOMMBICTIO IIHOTO MPOLECY € BEJMKHA Mepenaj TUCKY Mepea XBUiIelo NeTOHalil 1 B 30H1 IHAYKIi, Ae Binx-
OyBaeThcsl peakuis. [loBHOTa 3ropsiHHS MaNMBHOI CyMilli B KaMepax MpHU ACTOHALIHHOMY PEXHUMi 3rOpsIHHA MOJXKe
OyTu 3HAYHO MiBHUIIEHA 33 PaXyHOK BUHUKHEHHS BEJIUKUX TPAJI€HTIB THCKY 1 BHAKOCTL. [IpoGnema migBuIneHH s
e(eKTUBHOCTI PEaKTUBHHX ACTOHALIHHMX IBUIYHIB NMOBMHHA BHUPILIyBAaTUCS B KOMIUIEKCI CTPYKTYPHOTO CHHTE3Y 3
BUKOPHCTaHHSIM HAKOIIMYEHHUX 3HaHb PO PEaKTHBHI JIBUTYHH 3 AediarpauifHuM crialioBaHHSAM NaimBa. MeTtolo po-
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00TH € OTpUMaHHS pe3yJbTaTIB JOCIHKEHb BU3HAYAIBHUX XapaKTePHCTUK: Po3poOka MaTeMaTHYHHUX MOJeNeH KiHe -
THKH Ta30JMHAMIYHUX Ta TEIIOBUX MPOIECIB Y KaMepi JeTOHAIIMHOTO TOPIHHS 3 aepOIMHAMIYHUM PETyJIIOBAHHSIM;
BPaxyBaHHSM CKJaJy Ta BJIACTHBOCTEH rasy y po004oMy CepeloBHI KaMepH; MOJACIIOBAaHHI POOOYHX NPOLECIB B
MPOTOYHIH YaCTUHI MBUT'YHA; JOCIIDKCHHS MEXaHi3My aBTOKOJIMBaHb B KaMepi Ha OCHOBI KIHEMaTHYHHUX 3aKOHOMIp-
HOCTEH pyXy Ta3iB; po3po0OKa METOB eKCIIEPHMEHTAIEHIX BUMIPIOBAaHb ICTOHAIIMHIX MOTOKIB JUIA MEPEBIPKHA PO3-
PaxyHKOBHX MoJeJieli; BJOCKOHAICHHS IH)XCHEPHOT METOIMKN PO3paxyHKy KaMep IeTOHAIIfHOTO TOPIHHS 3 aepo/IH-
HaMIYHUM PETYJFOBaHHAM JCTOHAI[IHHOTO pPEaKTHBHOTO JBHTYHA Ha 3aJaHy IOTyXHIcTh. Ha minctaBi pesyibrariB
MIPOBEACHUX TEOPETHIHHUX Ta EKCIEPHUMEHTAIBHHAX JOCIIDKEHb 3aIpOIIOHOBAHO IHKEHEPHUIT METOI PO3paxyHKy Ka-
Mep, 3aIPONIOHOBAHI MaTeMaTHYHI MOJIeJli Ta30AMHAMIYHMX Ta TEIUIOBHX IIPOIIECIB y KaMepi NeTOHANifHOTO TOpIHHSA
3 aepOJMHAMIYHUM PETYJFOBAHHAM, III0 BPAXOBYIOTh CITIBBIMHOIICHHS BHTPAT MOBITPS Ta MANHBA, JO3BOJIIOTH BH-
3HAYHUTH BJIACTMBOCTI Ta CKJAJ] MPOIYKTiB 3ropsHHs. OTpuMaHi pO3paxyHKOBI PIBHSIHHS IS BU3HAYEHHS YacCTOTH
KOJIMBaHb y KaMepi ICTOHAIIIfHOTO TOPIHHA 3 ypaxyBaHHSAM aepOoJMHAMIYHOTO PEryIIOBaHHSA, PO3pOOIEHO METO po-
3paxyHKy KIHCTHKWM Ta30JMHAMIYHMX Ta TEIUIOBHX IIPOIECIB y KaMepi IeTOHAMIIfHOTO TOPIHHS 3aleXHO Bim Koedimi-
€HTa HAIMIIKY IOBITPS 3 acpOAMHAMIYHUM pETyTIOBaHHAM. [IOpIBHIOIOUM 3MIHM MOJIOKEHHS (POHTY HMOIyM’s B
YMOBax pi3HHX BiACTaHEH BIOPCKyBaHHS OyJI0 BH3HAYCHO, IO 3a TiEl caMOiCXeMH BIIOPCKYBaHHS, ajie PI3HUX KOH-
¢birypariif TOpoXHUHH, TTOJIOKEHHA (PPOHTY HOIyM’st Ma€e Ty caMy TCHJCHIIII0, IO i 3MiHa B KoedilieHTH exBiBaie-
HTHOCTI, IO MOB’SI3aHO 3 MOTYKHICTIO PO3psdy 3alajJbHUKA Ta CEPEJOBUINEM IO MOTOKY BCEpEaUHI MOPOKHUHU .
ExcnepyMeHTanpHi JOCHIDKEHHS XapaKTepUCTHK IETOHAIIMHUX JBUTYHIB Ta iX BIPOBADKEHHS € aKTyaJbHUMH, IS
BIPOBADKEHHS HOBITHIX IHHOBALIMHUX TEXHOJOTIH Y pakeTHO-KOCMIUHY raily3b YKpaiHu.

Kiio4oBi ciioBa: neToHALiiHUI JBUTYH; MaTeMaTHYHE MOJCIIOBAHHS; MMTOMA TEIUIOBA BUTPATA; MPSIMOTOY-
HUI NOBITPSHO-PEAKTUBHUI NETOHAUIHUNA IBUTYH.
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