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Abstract

Objectives. The work considers critical processes involving excess energy, which include combustion and
explosion, destruction of materials, crystallization, sintering of materials, etc. The results of numerical modeling of
the turbulence of the combustion process (laminar—turbulent transition) and the patterns of phenomena associated
with the laminar—turbulent transition in critical processes are studied.

Methods. Thermodynamic analysis was used to outline the trajectories of a system’s evolution and identify areas of
laminar combustion stability during combustion, as well as metastable and labile regions where laminar combustion
is unstable. An energy analysis approach was used to solve research problems involving the study of the redistribution
of excess energy and the formation of distinctive structural features and parameters of the object and processes.
Results. The results of a numerical experiment of the vibrational turbulence regime of the combustion process
are presented as an interaction of the Rauschenbach resonance and laminar—turbulent transition. The resonance
occurring during kinetic energy pumping, which implements the discharge of excess energy, is modeled on a variety
of local equilibrium. In order to explain the new concepts that arise in this case, the resonance of the adiabatic
hydrodynamic process is described. The possibility of avoiding resonance through the mechanism of dumping
excess energy by turbulence of the laminar process is confirmed by the results of field experiments.

Conclusions. The possibility of avoiding resonance in vibrational combustion due to disruption of the local
equilibrium from the manifold by turbulence of the laminar process (approximation of local equilibrium) during
pumping kinetic energy is demonstrated. During the combustion process, areas of laminar combustion stability are
identified, along with metastable and labile areas where laminar combustion is unstable. However, this does not
mean that signs of turbulence will not be observed in the stability region in its developed state: in these regions the
diffusion of perturbations will blur them, whereas in the instability regions the process of negative (Cahn) diffusion will
result in their concentration. It can be assumed that the instability regions of a homogeneous system are sources of
perturbations, while the stability regions are sinks.
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Pe3iome

Llenu. O6beKTOM NCCneaoBaHus ABASIOTCS KPUTUYECKNE NPOLLECChl C M3ObITOYHONM dHeprue, K KOTopbiM OTHO-
CATCS NPOLLECCHI TOPEHUSA U B3PbiBA, pa3pylleHns mMaTepuanos, KpUctannnusaunm, cnekaHnus matepuasnos v ap.
MpeomeTom nccnenoBaHus ABNSIOTCA Pe3ynbTaTbl YACIEHHOro MoAenMpoBaHusa Typbynmsauny npouecca rope-
HUS (NaMUHAPHO-TYPOYNEHTHOro Nepexoaa) 1 3aKOHOMEPHOCTEN SIBIEHUI, CBSA3aHHbIX C TaMUHAPHO-TYPOYNeHT-
HbIM NEPEX0A0M B KPUTUYECKMX NPOLLECCaX.

MeTopabl. Vicnonb3oBaH TepMOAMHAMUYECKMIA aHaNn3, 0603HAYMBLLMIA TPAEKTOPUX SBOJIIOLMK CUCTEMbI U MO-
Ka3aBLLUMIA, YTO B MPOLECCE MOPEHNs CYLLLECTBYIOT 0611aCTV YCTONYMBOCTU JTAMUHAPHOIO FOPEeHust, a Takke meTa-
cTabunbHble 1 nabunbHble 06NacTu, roe naMmmMHapHoe ropeHne HeyCcToMUYMBO. NpUMeHeH aHepreTNYecknii Noaxom,
K pELLEeHVIO 3a4a4 nccnegoBaHust, Npy KOTOPOM OCHOBHOE BHYMAHUWE YOENSeTCa BONnpocam U3yyeHns nepepacnpe-
neneHns N3bbITOYHOM aHeprun 1 GoPMUPOBAHUS OTIINYMUTENbHBIX MPU3HAKOB CTPYKTYPbI 1 MapamMeTpoB 00bekTa U
NpoLEeCCOB.

PesynbTathl. [lpeacraBneHbl pe3ynbTaThl YACEHHOrOo 9KCnepuMeHTa BUOPAaLMOHHOIO pexunuma Typoynusaumm
npoLecca ropeHusi, kak B3aMmMmoaencTeme pes3oHaHca PaylieHbaxa v naMmHapHo-TypOyneHTHoro nepexoga. Ha
MHOroo6pa3sunmn oKanbHOro PaBHOBECUS CMOAENMPOBAaH PEe30HAHC NPU Hakayke KMHETUYECKOW aHeprun, peanm-
3yloLWmMii COPOC N3OLITOYHOM dHeprun. nsa nosiCHEeHN BO3HUKAOLLMX NMPY 3TOM HOBLIX MOHATUIA ONKUcaH Pe30HaHC
aamabaTnyeckoro rmapoaMHaMmMyYeckoro NpoLecca 1 nokasaHa BO3MOXHOCTb U3bexaTb pe30oHaHC 4Yepes3 Mexa-
HM3M cOpoca N3BbLITOYHOM aHEepPrn Typbynrsaumen naMmrmHapHOro NPoLecca, YTo NoATBepXaaeTcs pesdysibTataMu
HaTYPHbIX 3KCNEPUMEHTOB.
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BbiBOAbI. [T0Kka3aHo, YTO B BUOPALLMOHHOM FOPEHUN MOXKHO M36exaTb Pe30HaHC 3a CYeT CpbiBa C MHOroobpasns
JIOKaNIbHOrO paBHOBECUS TypOynnaaumein naMmMHapHoOro npouecca (NpubamXeHns 1oKanbHOrO PaBHOBECKS) Npu
Hakayke KMHeTU4eckor aHeprun. B npouecce ropeHns CyLecTByOT 061aCTV YCTONYMBOCTU TAMUHAPHOIO rope-
HUS, a Takke MeTacTabuibHble U nabunbHble 061acTn, rae NaMMHapPHOE ropeHne HeyCTOMYMBO. IOTO HE O3Hava-
€T, YTO B 06/1aCTUN YCTONYMBOCTU He ByayT HabMoAaTbCS NPU3HAKN TYpOYIEHTHOCTU NPU €€ Pas3BUTOM COCTOSIHUN
1 B 9Tnx obnactsax auddyavsa BO3MyLLEHWI ByaeT ux pasmblBaTh, TOrAa Kak B 00/1acTaxX HEYCTOMYMBOCTY MPOLLECC
«OTpUUATENbHOM» (KAHOBCKOW) Anddy3nmn 6yaeTt nx KoOHUeHTpupoBaTtb. CaenaHo npennonoxeHune, 4To ob6nactu He-
YCTOMYMBOCTN FOMOI€HHOM CUCTEMbI ABASIIOTCSA MCTOYHMKAMM BO3MYLLIEHUI, @ 061aCTN YCTONYMBOCTU — «CTOKAMM».

KnioueBble cnoBa: namMmHapHO-TypOyNeHTHbI Nepexoa, AeTOHaLMs, FOpeHne, aHeprus, aAnddy3us

Ana untupoBaHusa: Pagkesund E.B., CtaBposckuii M.E., BacunseBa O.A., flkoeneB H.H., Cugopos M.N. Mogenvposa-
HVe OEeTOHALMOHHOIo pexmnma, Bo30yxaaemMoro Typobynumsauuein npouecca ropenus. Russian Technological Journal.
2025;13(4):107-122. https://doi.org/10.32362/2500-316X-2025-13-4-107-122, https://www.elibrary.ru/FXQFZG

MpospayHocTb hMHAHCOBOW AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTM B MPEACTaB/EH-

HbIX MaTepuanax nian MetToaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDINKTA MHTEPECOB.

INTRODUCTION

According to the logic of the Cahn—Hilliard
formulations of the theory of nonequilibrium phase
transitions [1, 2] and Debye’s theory of critical
opalescence [3], critical phenomena are described
solely as excess energy processes while omitting the
details of chemistry. The degradation of a laminar
process by a turbulent process is shown to lead to energy
dissipation [4—8]. Turbulence is hypothesized to be “one
of the mechanisms of nucleation of a stable detonation
zone” [4]. This hypothesis is confirmed experimentally
by Shiplyuk! et al. [9-11] by applying an adjustable
inhomogeneity on a streamlined surface. Of particular
interest here is the location and timing of the disruption
of the local equilibrium manifold during the release of
excess energy by turbulence of the process.

In the present work, energy is conceptualized in
different forms:

(a) chemical energy is represented in terms of
concentrations;

(b) the nonequilibrium part of the free energy
according to Cahn is the concentration gradient;

(c) the mechanical component is in the form of
a “gradient” of stresses (structured as a spring),
which produces a coherent spinodal [11];

(d) by analogy, the kinetic energy of vortices (as quasi-
particles, fluid particles of continuum mechanics)
can be added.

The energy method is characterized by its clarity
and simplicity for solving a wide range of problems.
However, in order to outline the simplest practical
methods of acting on an oscillating system and to
provide its full theoretical description, it is necessary to

I Shiplyuk AN. Growth of perturbations and control
of boundary layers at hypersonic speeds. Dr. Sci. Thesis
(Phys.-Math.). Novosibirsk, 2005. 320 p. (in Russ.).

take feedback mechanisms into account. A well-known
but poorly studied transient process involves switching
from laminar to turbulent modes.

PROBLEM STATEMENT
FOR THE SIMULATION OF TURBULENCE
IN VIBRATING COMBUSTION

The present work sets out to solve the following
problems:

e derivation of the model of laminar combustion in
the field of gravity with energetic consideration of
hydrodynamics;

e vortex energy, degradation measure of laminar
combustion, entropy, and free energy of the
turbulence process of laminar combustion;

e sign-variable diffusion, an analog of the Cahn-
Hilliard operator in the internal energy equation
(closure of the disturbance from the manifold of the
laminar combustion process);

e numerical experiment of the vibrational mode
of combustion turbulence as an interaction of
Rauschenbach resonance [5] and laminar—turbulent
transition.

TURBULENCE MECHANISM
FOR VIBRATIONAL COMBUSTION

In [6-8], a vibrational explosion (resonance
when pumping kinetic energy) implementing excess
energy discharge is modeled on the local equilibrium
manifold (within the laminar process of the local
equilibrium approximation). In [8], the resonance of an
adiabatic hydrodynamic process is described to explain
the new concepts arising in this case. The possibility of
avoiding the resonance through the mechanism of excess
energy discharge by turbulence of the laminar process is
empirically confirmed in [12].
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According to I1.G. Barenblatt, a transformed E.
state occurs in vibrational combustion where the W= kopnBe RT A3)

mechanism of excess energy release is either resonance
or turbulence of the process. For a single active
component, the global inhomogeneity of the system
can be characterized as an inhomogeneous enthalpy
distribution across the flow (mixture). When pumping
kinetic energy in the combustion process in the phase-
space field of gravity described by variables (volume V,
pressure P, temperature 7, reduced amount of active
component 7, entropy S, internal energy £, velocity of
the active component u,, and velocity of the passive
component u,), the enthalpy increment is a full
differential on the local equilibrium manifold [5], on
which the laminar process (in the local equilibrium
approximation) is described by equations (1)—(4) of
the classical two-component model of the combustion
process in the gravitational field:

0p+0,(pU) = exAp, (1)

0,((1—con)puy)+0 ((1- con)pu%) +0,P=
=gpAu, + &g (I=cyn),

0, (conpuy) + 8x(conpu12) +0, P=

=gpAuy + €4CoP

p%E + PdivU =eg AE,

where p is density; x is the spatial variable; # is time; ¢ is
the concentration of active component; _ is the free fall
acceleration; e, = 1/Re; Re is the Reynolds number;
eg =&/ (p«Ux Ly); p« is the characteristic density of
homogeneous mixture; U is the characteristic velocity
of homogeneous mixture; L.« is the characteristic size of
medium; ¢ is the kinetic viscosity; the average velocity

d
of mixture is U = cynuy +(1—cynlu,; = =0,+U0;

kinetic equations [13, 14] are:
d
chTzax(kﬁxT)+QW(n,T), 2
where c is the molar concentration and Q is heat.
d
pEn =0,(pDO NNn)—W(n,T),

where D is the mobility coefficient; NNn is the reduced
amount of the active component of the two-component
mixture.

where k is the reaction rate constant at temperature; f3 is
the reaction order; R is the universal gas constant; Ex is
activation energy.

The closing equations in this case are the equations
of state:

Py
P=(y-DpE+—=p—pg(x,e)+
Po 4)

+ TSp+npu+ RnTp,

where y is the adiabatic exponent; Pa% is the initial
adiabatic pressure; p, is the density; g is the gravitational
constant; e, = 1, 0, 0; p is the chemical potential.

duy (T 2
S+nS+n Ho( )+Rln nTp =0, (5
dT 2

1y TP

where p, is the chemical potential at the input 7 is
the temperature; n, is the reduced amount of active
component.

Here, the primary hypothesis states that the
mechanism of the laminar—turbulent transition in the
combustion process during the kinetic energy pumping
is represented by diffusive stratification. In the one-
dimensional case, this is implemented by a striped
structure of interleaved layers with large (turbulent
layers) and small (laminar layers) gradients of
variables. The increased entropy of the system during
the transition from the laminar to the turbulent state
is represented in the form of the entropy of mixing of
specific volumes (layers of an ideal mixture) having
different values of the hydrodynamic component of
the enthalpy, as well as the work against gravity, the
energy component of the combustion process, and the
component due to compressibility.

TURBULENCE OF VIBRATIONAL
COMBUSTION. PUMPING

For vibrational combustion, it is natural to take
the ratio of the vortex energy density H,, to the kinetic
energy density (a measure of laminar combustion
degradation) as a measure of the process degradation
due to the laminar—turbulent transition, as follows:

pH

1

h= ,
~pU?
ZP

where M is the local equilibrium manifold.
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At the same time, the energetic influence of gravity
on the laminar—turbulent transition in the combustion
process is taken into account. To construct the second
order phase transition, it is first necessary to construct
an analog of the Landau—Ginzburg potential (specific
Gibbs free energy). We investigate the possibility
of extending the concept of nonequilibrium phase
transitions as conceptualized in the Cahn—Hilliard
spinodal decomposition theory to include the laminar—
turbulent transition of the kinetic energy pumping
combustion process. Here, the condition for breaking
the local equilibrium manifold is formulated using the
degradation measure of the laminar combustion process.
We now turn to new variables. We introduce pumping by
analogy with the laser terminology of Haken [15]:

_(r=DpE

3 iz

(6)
where U is the internal energy.

We denote the laminar—turbulent transition variable
by

H
h=gﬁ%=§+w

where the number of vibrational turbulence is:

Py
—poEy —Pg(x.€) +pi(p —pg)+
V= - 0
pU?
dpy(T)
T + 1o (T) = RT |n
[ ar TR P

b

pU?

where E|, is the initial internal energy.
The vortex energy is as follows:

Hy =(y—D(pE —pyEy) —pg(x,e)+

PY du, (T
+Ld(p—p0)+{—T Ho( )+p0(T)—RT}np=
Po T
dpy(T)
:Rld,g_eromb+|:_T AT +uo(T) [np—

- (y - l)p()E() - Pa%:

Pa
where B4, =(y—DpE+ pip - p38g (x,e;) is the

0
pressure of adiabatic hydrodynamic process in the
gravity field and P, = RTnp is the Mendeleev—
Clapeyron equation.

The initial partial pressure P;zi =const, as well as
P, = const, and the initial internal energy E, = const.

As shown below, the condition for the excitation of
turbulence has the form of v « 1. It should be noted
that, for v — 0, a larger U? denotes more developed
turbulence (v is an analog of the Reynolds number).

The condition for the nucleation of the laminar—
turbulent transition in vibrational combustion (feedback)
is that the vibrational turbulence number is sufficiently
small (v — 0) provided that U? — co. The latter is true if

— >0, (7)

being verified by a numerical experiment.

LAMINAR-TURBULENT TRANSITION POTENTIAL
OF THE COMBUSTION PROCESS, F(E, v)

The laminar—turbulent transition in vibrational
combustion occurs when the velocity of the passive
component at the input increases. This corresponds to
phase transitions in systems of poorly soluble liquids
with a lower critical point for stratification (in such
systems, stratification occurs when the temperature
increases, which corresponds to an increase in enthalpy;
in hydrodynamic systems, it corresponds to an increase
in the hydrodynamic component of the total enthalpy).
It is known from experiments that a mixture of turbulent
and laminar layers (sponges in Landau’s terminology)
can be considered as a perfect mixture for which the
entropy of the laminar—turbulent transition process is:

s =(h)=—(hIn(h?) + (1 — B®)In(1 — K2),  (8)
h=&+v,v—0,if |U — . 9)

The distribution / represents the excess enthalpy
of an inhomogeneous thermodynamic system with
respect to a homogeneous one. Here, 4% and s are the
dimensionless enthalpy and entropy of the laminar—
turbulent transition, respectively. The dimensionless
Gibbs free energy G of the laminar—turbulent transition
process is given by

F(i;a’vcomb) = hczomb _a(vcomb )hczombs(hczomb)’ (10)

which is an analog of the Gibbs—Helmholtz equation
AG = AH — TAS, where the intensive variable
T (temperature) is represented by the parameter

UV eomp )2 > teflecting the relationship between
temperature and enthalpy H due to the energy intensity
of the medium (analog of the heat capacity); o is
a parameter on the design interval; v . is the number
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(a)
Fig. 1. (a) Potential F(§; a; v

comb)

of turbulence at heat pumping; 4, . is the calculated
enthalpy. Here, the function a(v ) is defined by the
graph shown in Fig. 1b. The plots of the potential
F(& 0,V mp) at v = 0.2 and different values of a are
shown in Fig. 1a.

We perform the correction of the potential
F(& 0,V o) according to [13], as follows:

1) for=1<v, . <0,—1+v[<E<1+][v| we set:

F(Z;’vcomb) =
{F(&,vcomb), 0<E<1+] Vv omb [, (11)
(k2@ - n2O)+F (0,veomp))» §<0.

The constant y_is found from the condition

2y v= dié_,F(O’v) =2v(1+2av2 In(v?) +

+ ol =2av?)In(1-v?2))

or
y_=(1+2av3n(v?) + a(l — 2v?)In(1 — v?)).

2) for0<v<05,-1-v<g<l-—-v

F(é’vcomb) =
_ F(&’Vcomb)’ ~Veomb <g<1- Veomb>
v.&1(5), E<l-v.

2.5
2.0
1.5
1.0
0.5

-0.6 -04 -0.2 0 0.2 0.4 0.6

Veomb

()

atv=0.2 and different values of a = 0.2, 0.3, 0.4, 0.5, 0.6;
(b) dependence a(v

comb)
The constant y, is found from the condition

y+g"l (_Vcomb) = F"(_Vcomb >~Veomb )-
Here,
gl(f;, V)= h2(1 +o(l — hz)Gln(l - hz)).

The plots of the Ilaminar—turbulent transition
potential are shown in Figs. 2a and 2b.

BREAKDOWN EQUATION OF THE LOCAL
EQUILIBRIUM MANIFOLD (INSTABILITY
OF THE LAMINAR PROCESS OF APPROXIMATION
OF LOCAL EQUILIBRIUM)

The work sets out to demonstrate that kinetic energy
pumping leads to an excess of energy in the laminar
process as the local equilibrium is approached, thus
causing its instability. The latter is expressed either by
resonance or by breaking out of the local equilibrium
manifold, which is characterized by process turbulence.
Through the process turbulence, the excess energy
generated by the kinetic energy pumping is “dumped.”
The mathematical model of process turbulence can be
described as follows.

In order to simulate the breakdown of the local
equilibrium manifold, represented by the breakdown of
the laminar combustion process at mixture heating in the

1.0
0.8
0.6
0.4
0.2
0
-0.2

-0.4
-15 -1.0 -0.5 0 0.5 1.0

'S

Fig. 2. Potential F(E; v) (a) v=—-0.20, —0.10, —0.05;
(b)v=0.05,0.10, 0.20
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phase space of dimensionless variables (E , Uy, Uy, Py T, n),
itis necessary to move to new variables (&,4;,,,p, T, n),
namely, the pumping & as a variable of the laminar—
turbulent transition. The equations

p%E+]5divU:0; (y-DE=¢.U2 (12)

allow us to obtain for the pumping:

5 d d -~ - T

2 E+2pUE—U =p—(U?E)=—(y-1)PdivU,
7 PUE U =p—= (U =—(y-1)

is the temperature

where P is the pressure; df

difference.

d P -~ (y-DP T -
H p—=+—=—"—=U+-——= divU =0.
enee pdté 7 U?

Here,

d 1d 1 ~d
L= p0)-~0Lp-
dt p dt p dt

=E[—ai((l—con)pu%)—ajP+8g(l—con)p—
o - 1~ .

— 0 (o) = 0P +E,¢fip] +EU8i(pU).

Finally:

d, 2 o

P2 = 2210, cypid) +

+ 0 (coiipii ) +20.P - &,P] +

i, A =DP o
+280;:(pU) + 02 divU =0.

We now regularize the equations of momentum
and the equation of continuity (hydrodynamics) by the
viscosity:

0;p+0:(pU) =g Ap, (13)
07 (1= cyit)pity) + 05 (1 - cyfi)pii3 ) + 0 P =
=§g(1—c0ﬁ)f>+éRAzz2,

0; (conpuy) + 05 (conpu1 )+ 05 P=

= sgconp + SRAul,

where U = Coht U  +(1- coﬁ)U , 1is the average velocity
of the mixture; Re=1/¢g,
Re=n, /(UsLls) =np / (pxUxLs)is  the
number of homogeneous state P, 7, T*,uik , u; ;Mp 1s the

Reynolds

dynamic viscosity in Reynolds number;
U, = c*n*uf + (1= cni )Us is the characteristic velocity
of homogeneous mixture; Ls« is the characteristic size of
the medium; € is the dynamic viscosity.

From the equation for the internal energy, we derive
the equation for the pumping, in which a covariant
Cahn diffusion (Cahn operator of variable diffusion) is

introduced:

ﬁ% ——‘t’[a (1 coi)pid) +

+0; (conpul )+ 26XP + Sgp] +

VP 09

260, (pU) +
= 6)5 [?ag (F@E V) - ézKa)ZcEa‘)]’

where g, is the Cahn alternating diffusion,
D=D/ (pxU«L:T:), D is the mobility coefficient, and
the potential F in this case is F(&,v) = agé(é, V).

We add the kinetic equations for temperature and
reduced substance 7. Finally, we obtain a model of
vibrational combustion turbulence in hydrodynamics,
kinetics, and pumping:

0;p+0:(pU)=ER AP, (15)

8; (1 - cyit)pity) + 0((1— cyi)pa2 )+ &, P =

= &g (1= co)p + &g Aily,

0; (conpty) + 05 (conpu1 )+0; P=

= égcoﬁ()+sRAu1,
__d c s s -
pe—r =0.(M0:1)+ISW (i, T), (16)
d e~
pg” =0;(pDOn)-W(n,T),
B
W =kpiiPe RT, (17)
d, 2 e
pfﬁ—é[éi((l—con)pu§)+

+0- (conpu1 )+20- P+8gp]+2§6 PU)+ (18)

LJODP e s s (
U2

Iwz

[F(EV) - ?112(52&]}
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_dji, (T 5
{—T ”;75 )+ﬂo(T)Jﬁ§a (19)

NUMERICAL EXPERIMENT
OF THE MODEL (15)—(19)

In order to establish the possibility of combustion
turbulence, we perform numerical experiments of
model (15)—(19) on a segment X €[0,1] with boundary
conditions to control the kinetic energy pumping rate:

ity lz_o= 13 1+ V)03p 5= 03P |z =
=031l 320= Oty 521 = 05T |50 = 05T |52 = 0,
Oxlly 3y = 03 |5 = 05715 =0,

ax& |x=0: axé::' |x=l = 6)6” |x=0: ax}‘L |x=1’

(where p= ﬁ'comb &, v)—é%(a)%a, ﬁcomb is the free
energy resulting from the calculation) and initial
conditions modeling, in the one-dimensional case, the
injection from the nozzle of the combustible component
of a two-component mixture:

Plico=Po =1 4 ;o= ﬁlo =02,
iy |_g=19 =02, T|;_o=T; =10,

E, =100. Initial data for pumping &, = const from the

lability zone of the potential £, (£,v,) (index v is
the velocity turbulence) is:

B =0.04,8, =0.01.

Example 1 (Figs. 3a—3h). The resonance elimination
by turbulence (far from resonance), for j = 1 in the
standard chemical potential formula:

ity (T) =7, [B* ~(R+ A*);—j.], (20)
0

where [ (f ) is the chemical potential; To is the initial
temperature; T,Bi, A« are constants; and R is the
universal gas constant.

The basic turbulence parameters for vibrational
combustion are u;(0) = u,(0) = 10, £(0) = 0.2, p(0) = 1.
The cross sections in all the plots below are ¢ = 0.005,
0.01, 0.025, 0.035, 0.05, 0.065, 0.125; 7(0) = 10.

As can be seen in Fig. 3a and 3b, the pressure
increases and the entropy decreases, i.e., deflagration
becomes detonation when turbulence is involved. There
is an increase in temperature and density.

Example 2 (Figs. 4a-4j). The resonance
elimination by turbulence (for critical values
A« + R =3), forj=4in (20). We consider the account
for the basic turbulence parameters of vibrational
combustion: u,(0) = u,(0) = 10, £(0) = 0.2, p(0) = L.5.
For all plots below the  cross-section
t=0,0.005,0.010, 0.025, 0.035, 0.050, 0.065, 0.125.
The first case (base case): 7(0) = 5. The pressure and
the entropy increase significantly. There is a wide
zone of the detonation mode of the vibrational
combustion (in the absence of turbulence, there was
a narrow zone of the detonation combustion close to
the resonance [3]). The internal energy increases but
decreases relative to pumped kinetic energy & — 0.
A part of the pumped kinetic energy is converted into
heat.

Example 3 (Figs. 5a—5j). The resonance elimination
for j =4 (20) (far from the critical resonance parameters),
at low temperatures, with the basic turbulence parameters
u,(0) = u,(0) = 12, §(0) = 0.2, p(0) = 1.5, and the cross-
section ¢ = 0, 0.005, 0.010, 0.025, 0.035, 0.050, 0.065,
0.125. Here, 7(0) = 0.8. The pressure and the entropy
decrease. The internal energy increases but decreases
relative to pumped kinetic energy & — 0. A part of the

kinetic energy is converted into heat (T and

iy increase).

Example 4 (Figs. 6a—6j). The resonance elimination
by turbulence (close to the critical resonance parameters)
for j = 4 in (20), at low temperatures, u,(0) = u,(0) = 8,
£(0) =0.2, p(0) = 1.5, cross-section ¢ = 0, 0.005, 0.010,
0.025, 0.035, 0.050, 0.065, 0.125; 7(0) = 0.8.

The entropy decreases and the pressure increases (the
same as before turbulence, but the detonation zone is
much wider). The internal energy increases but decreases
relative to pumped kinetic energy (§ — 0). A part of the
pumped kinetic energy is converted into heat (the
internal energy E and T increase).

Example 5 (Figs. 7a—7j). Mixing. Numerical
experiment (20) forj=4, 4« + R =0.5 (base parameters);

= =7 -1 — ;0 — . 7 —70 _ .
fl;_y = fiy = Lo f;_g=u =0.2; Uy lr_g=uy =0.2;

T li_o=Tp, =10 are constants; 7;_o=7 =0.5,
x¥€(0;0.3)U(0.4,0.5), 7n|;_,=0.66, xe(0.3;0.4);
E.=100, ¢ = 0, 0.005 0.010, 0.025, 0.035,

0.050, 0.065, 0.125; initial data for internal energy
EO = const, f’o =8, u, =8.

Resonance elimination for mixing. Modeling the
injection of the combustible component of a two-
component mixture from three nozzles in the one-
dimensional case with initial conditions.
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Fig. 3. Numerical experimental results of model (15)—(19) on the segment xe [O,J] for different t:
(a) S; (b) P; (c) dy; (d) dy; (e) reduced amount of substance 77; (f) V; (g) T; (h) 6
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Fig. 4. Calculation results for the basic turbulence parameters of vibrational combustion for different t:
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The entropy and the pressure continue to decrease (as

before turbulence). However, as the velocity @2 of the
neutral component at the input increases, detonation
combustion mode occurs. The numerical experiment
also predicts a detonation combustion mode. Meanwhile,
temperature, density, and internal energy increase. The
pattern of the plots reflects the effect of gravity. Similar
numerical experimental results are obtained for
resonance elimination by turbulence j = 4 in (20) under
mixing, with an increase in the initial velocity of the

passive variable ﬁg =10. As the velocity of the neutral

component u, at the input increases with mixing, the
detonation combustion mode occurs.

CONCLUSIONS

The described studies support the conclusion
that the thermodynamic method offers fundamental
possibilities for studying the evolution of a system (in
this case, the tendency of stratification into “turbulent”
and “non-turbulent” combustion). It should be noted
that the applied thermodynamic analysis can only
indicate process evolution trends (main possibility of
implementation) and the choice of system evolution
trajectory, but not the speed of this process. The analysis
confirms that regions of laminar combustion stability
develop during combustion, along with metastable and
labile regions where laminar combustion is unstable.
However, this does not imply that there will be no signs

of turbulence in the developed state of the region of
stability. The diffusion of perturbations in these regions
will dilute them, while in the regions of instability the
process of “negative” (Cahn) diffusion will concentrate
them. It can be assumed that regions of instability of
the homogeneous system are sources of perturbations,
and regions of stability are sinks. These assumptions
have been verified by numerical experiments using the
mathematical model described above. When starting
from the initial thermodynamic model, the mathematical
model of the laminar—turbulent transition during the
combustion as an analog of the nonequilibrium phase
transition can become complicated.
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