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The computer code is elaborated for numerical simulation of transient combustion of
energetic materials (EM) subjected to the action of time-dependent heat flux and under transient
pressure conditions. It allows studying combustion response upon interrupted irradiation
(transient pressure) and under action of periodically varied heat flux (pressure) in order to
determine stability of ignition transients and parameters of transient combustion. The originally
solid EM melts and then evaporates at the surface. It is assumed that chemical transformations
occur bothin the condensed and gas phases. At the burning surface, the phase transition condition
in the form of Clapeyron-Clausius law for equilibrium evaporation is formulated that corresponds
to the case of combustion of sublimated or melted EM. The paper contains description of transient
combustion problem formulation and several examples of transient combustion modeling. At
present time a precise prediction of transient burning rate characteristics is impossible because
of the lack of information about magnitude of EM parameters at high temperatures. However, the
simulation results bring valuable qualitative information about burning rate behavior at variations
in time of external conditions — radiant flux and pressure.
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YaKbITKa TayenAi cayneneHy afblHFa yWbIpaFaH KXaHe apTypAi KbiCbIM XafdalknapbiHaa
sHepreTMKanblk maTepuangapabit, (OM) cTauMOHAPAbIK eMecC KaHyblH CaHAblK MoAenbaey
ywiH 6afgapnama xacangbl. bargapnama aHy NPoOLECiHiH, CayneneHy afbiHHbIH TOKTayblHa
(e3repineTiH KbICbIM) aHE KblNy afblHbIHbIH, NEPUOAMUKANLIK dPEKeTiH (KbiCcbiM) 3epTTeyre
MYMKiHAiIK 6epeai, 6yn TyTaHyAaH »aHyFa aybiCyAblH, TYPAKTbINbIFbIH XaHE CTaLMOHAP/bIK
eMEeC KaHyAblH, NapameTpaepiH aHblKTanabl. bacTankbliga KatTel IM 6ankuabl, cogaH KewiH
6eTki KabaTTaH bGynaHaabl gen 6oskaHagbl. XMMUANbIK TYpaeHynep KOHAeHCauusanaHfaH
KoHe ra3 ¢asanapbliHga fa Kypegi. Tene-teHaik 6ynaHybl ywiH KnaneipoH-Knaysuyc
3aHbIMEH CMNaTTaNfaH XaHy 6eTiHae pasanbik aybicy XKypesi, on cybaMmaumnanaHFaH Hemece
6ankbiFaH IM KaHy KafpaibiHa calikec Kenedi. Makanaga IM-HbIH, CTaLMOHAP/Ibl EMEC XKaHy
npobaemacbiH TYXblpbiIMAay cunaTTamacbl KaHe OCblHAAW Mmacenenepai Moaenbaeysin,
bipHewe mbicangapbl KenTipinreH. TypaKTbl €MeC KaHy KblINAAMAbIFbIHbIH, CUNATTamanapbiH
Aan 6oskay Kasipri yakbiTTa Kofapbl TemnepaTypaga 3M napameTpsepi Typasnbl
manimeTTepaiH, 6onamaybiHa 6alinaHbICTbl MyMKIH emec. [JereHmeH, moaenbaey HaTuxenepi
CbIPTKbI KaFaannapablH e3repyi kesiHaeri IM-HbIH }KaHY ¥Xbl14aMAblfbl — COYNEeNeHY afblH MeH
KbICbIM Typasibl KYHAbl cananbl aknapaT bepega,.

TyiiiH ce3gep: mogenbaey; KaHy npouecTtepi; 6aNKUTbIH HEpPreTUKanbiK maTepuanaap;
caynenieHy afblHAaPbl; XMMUANBIK ©3repy.
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PaspaboTtaHa nporpamma ANA YUNCAEHHOTO MOAENNPOBAHUA HECTALMOHAPHOIO ropeHus
JHepreTMYecknx martepuanos (M) npu BO3LEMCTBMM HA HUX 33aBUCALWMM OT BPEMEHMU
NOTOKOM M3/yYEHUA U B YCNOBUAX NepemMeHHOro gasseHuda. Nporpamma nos3sosfeT usy4vaTb
OTK/IMK MpOLLecca ropeHmsa Ha OTK/OYEHUE MOTOKA M3/ydyeHUs (nepemeHHoe AaBAeHWEe) U Ha
nepuoamyeckoe AeicTBue TenJ0BOro Nnotoka (gasneHus), utobbl onpeaenuTb YCTOMYMBOCTb
nepexofa OT 3aXKUraHWA K FTOPEHUI0 U NapameTpbl HECTALMOHAPHOro ropeHua. MpuHaTto, yto
nepBoOHaYaNbHO TBEPAbIM DM nnaBuTCA M 3aTemM MUCNaApPAETCA C NMOBEPXHOCTU. XMMUYecKue
npeBpaLeHna NPoUCXoaAT Kak B KOHAEHCUMPOBAHHOM, Tak M B rasosoi ¢dasax. Ha ropswein
NoBEpPXHOCTU NpoucxoaunT $Gas3oBbIit Nepexos, onucbiBaemblii 3akoHoM KnaneipoHa-Knaysuyca
AN PaBHOBECHOrO MCMNApPeHWs, YTO COOTBETCTBYET C/yyalo ropeHua Ccy6anmupylowero nam
nnassawerocs IM. CTaTba coAepXUT onucaHne GopMyIMPOBKM Npobiembl HECTALMOHAPHOIO
ropeHna 3M U HECKONbKO NPUMEPOB MOLENUPOBAHMA Takux 3agay. ToOYHoe npeacKkasaHue
XapaKTePUCTUK CKOPOCTU HECTALMOHAPHOro ropeHWA B HacToAlee BpemMA OCYLLeCcTBUTb
HEBO3MOXHO M3-33 OTCYTCTBUA AAHHbIX O NapameTpax M npu BbICOKMX TemnepaTypax. Tem He
MeHee, pe3ynbTaTbl MOAENMPOBAHMA AAOT LLEHHYIO KaYecTBEeHHY MHPOopmaLMio 0 NnoBeaeHUn
CKOpOCTU ropeHnsa EM npu Baprauum BHELWHUX YCA0BUN — NOTOKA U3NYYEHUA U faBAEHUA.

Kniouesble cnoBa: mogenvpoBaHue; NpoLeccbl rOPeHUs; NAaBALLMECA IHepreTuyeckune
mMaTepunanbl; NOTOK U3NYyHEeHUA; XMMUYECKUe npespalleHna.
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1. Introduction

Transient combustion of energetic materials (EM) takes
place during ignition and extinction events as well as in
response to variation of environmental conditions.
Experimental studying of EM combustion behavior in many
cases is the time and money consuming deal, especially in the
case of non-stationary processes. Therefore it is reasonable to
elaborate theoretical methods for simulating the combustion
behavior of EMs, and this work has beeen extensively
performed over the world starting from 1970". In the
beginning, the researchers dealt with the global reaction
schemes [1,2] and later many attempts were made on
developing and use of detailed chemical mechanisms of
exothermic reactions in the combustion wave [3-10].
Unfortunately, there exists a great problem of obtaining the
correct parameters of chemical reactions and values of EM
properties at high temperatures and this makes questionable
the accuracy of calculation results. Actually, till now the
researchers are urged to use global reaction mechanisms to
solve the problem of transient combustion behavior and for

adequate modeling it is necessary to take into account the
physical processes accompanying the combustion process. For
this end it was developed so called computer code CTEM
(Combustion Transients of Energetic Materials) [11] intended
for mathematical simulation of transient burning characteristics
of melted and evaporated EM subjected to the action of time-
dependent heat flux or transient pressure. Within the code, it
was taken account of radiation energy absorption both in the
condensed and gas phases. CTEM allows studying the
combustion response in conditions of interrupted irradiation
(varied pressure) and under periodically varying heat flux
(pressure) action in order to determine stability of ignition
transients and parameters of non-stationary combustion.

2. Problem formulation

The originally solid EM melts and then evaporates at the
surface. It is assumed that the radiant flux is absorbed in the
bulk of EM according to the Bouguer-Lambert-Beer law.
Depending on the EM optical properties the depth of radiation
penetration is varied. It is also assumed that the chemical

Nomenclature

t—time [s],

X — spatial coordinate [m],

V_—burning rate [m/s],

V - gas velocity [m/s],

T —temperature [K],

p — density [kg/m?],

p — pressure [MPa],

y, — mass fraction of species i,

x, — molar fraction of species i,

C — specific heat of condensed phase [kJ/(kg - K)],
C,, — constant-pressure heat capacity of species i [kJ/(kg - K)],
A" — thermal conductivity [kJ/(m - s - K)],

Q — heat release per unit mass [kJ/kg],

M, — molecular weight of species i [kg/kmol],

R — universal gas constant [kJ/(kmol - K)],

L — latent heat of evaporation [kJ/kg],

A — pre-exponential factor of rate constant,

E — energy of activation [kJ/kmol],

D — diffusion coefficient [m?/s],

g — external heat flux [kJ/(m? - s)],

f — frequency of oscillations [1/s],

aylkg/m’], a [l/m] — absorption coefficients for gas phase and
condensed phase in the Bouguer-Lambert-Beer law.

Subscripts

¢ — parameters of the condensed phase,

| — parameters of the liquid phase,

1, 2,3 — speciesinthe gas phase (vapor, intermediate product, final
combustion product, correspondingly),

s — energetic material surface,

m — melting point,

0 — corresponds to initial conditions.

Variables without index correspond to the bulk of gas phase.
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6 Mathematical simulation of transient combustion of melted...

transformations proceed both in the condensed and gas phases.
At the burning surface, the phase transition condition in the
form of Clapeyron-Clausius law for equilibrium evaporation is
formulated that corresponds to the case of combustion of
sublimated or melted EM. The calculation domain is shown in
Figure 1. The coordinate x = x_ corresponds to the boundary
between the liquid phase and solid phase domains with the
temperature of condensed phase transition (melting) being
equaltoT .

Figure 1 — Sketch of calculation domain

When choosing movable coordinate system (x,t) attached
to the burning surface, one obtains the following system of
equations describing heat propagation in the condensed phase:

a) solid phase (x_<x<x)
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Let’s assume further that the condensed phase reaction
produces intermediate product and in the gas phase there are 3

components: vapor Y,, intermediate product Y,, and final

combustion product Y,. Decomposition of vapor as well as
chemical conversion of intermediate product obey the reactions
of an arbitrary order. The scheme of chemical transformations
is shown in Figure 2.

(1/ o

@

Figure 2 — Scheme of chemical transformations by burning EM

Here the values into brackets mean the order of reaction.
The temperature of the components is uniform at the given
point of space. It is assumed that the absorbance of radiant
energy presumably occurs in the vapor which is composed of
the substances with large molecular mass.

The system of equations for the gas phase is as follows (x,
<x<0):

Pp( i=l Cp

+q0py126gag exp(—a fpyldXHW

XL

')) 90N 0, 10, +
ox ox  0Xx
4)

p[ay‘+(V V)ay‘]f—(pa%)—wl, (5)
ox
(ayz+(V V)ayzj —(pDzay—z)—a)2+a)l, (6)
Oox
P _y P A, )
ot ox ox
p=RpT/M (8)
1
M=L%+%+ﬁ} ¢, =Quo, ©,=Q,0,

o =A(p y)" exp(—E,/RT), @, =A,(p ¥,)" exp(~E, /RT),
W = const = gz at time tzst<tz, and X sx<0

W =0in all other cases and at the boundaries

oT _ oy, _0y,

¥, (x0)=y,(x,00=0, —=—"4=—2=0

T(x,0) = T,, o ox ox

atx=xL

The term W in Equation 4 depicts the action of externally
imposed heating in the gas phase in order to trigger the ignition
of gases above the EM surface. The gas heater acts during
period of time (tz,, tz,) in spatial domain (x , x,). Mass fraction of
the combustion products and their effective diffusion coefficient
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are determined on the basis of mass conservation equation and
condition of zero sum of individual diffusion fluxes:

N, Mg

H i, ¥ _g (9)
oxX ox ox

yi+ty,tys+1, D

In order to solve numerically the problem (1-9) a spatial
domain x < x < x, should be chosen on the basis of physical
considerations or numerical experiment.

It is assumed that the pressure and radiant flux g canvary
in time. The following p-t diagram (Figure 3) picturizes temporal
behavior of pressure.

e

o]

B T A e ty t, t t
o Ly t2 13 4 L5 Le 7 g Lo

Figure 3 — P-t diagram used in calculations

Do + (D =P N/t e 0<t<t,
Pl t, <t<t,

Py +(pz pl)(t_tZ)/(t3 tz) ----- f, Sttty

Doy ereee e t,<t<t,

p(t)= P +(p3 pz)(t_t4)/(t5 t4)'-"14 St (10)

Do t,<t<t,

pP; +P. sm(znfp(t—t )) ............... te St<t,
SRS t, <t<tg
p3+(p4 ps)(t_ts)/(to_ts)"“-ts St
S t=>t,

When using CTEM it is possible to study burning rate
behavior during combustion transients as well as the response
of burning rate to oscillating pressure or transient heat flux.

3. Transport coefficients for the gas species

The transport coefficients for gas mixture are determined
on the basis of molecular gas theory. The effective value of
thermal conductivity for gas mixture is calculated by the
formulae of Mason and Saxena [12].

3 )\’
A=) :
”1+10652G

k=1 X;

1

S (EXCEN S\ HI YN )

2421+ M, /M,

ISSN 1563-0331
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A=A, +B,T, Xi=Y; M/Mi’

Here A, and B, are tabulated empirical constants. The
specific heat for gas mixture is determined additively by
formulae

Cp =ZYiCpi

i=1
C=A _+B T
pi cpi cpi

where A and B, are tabulated constants. The values of
effective diffusion coefficients for vapor and combustible gas
are determined by the formulae Wilke [13] (as mentioned
above, for final combustion product this value is calculated
using condition of zero sum of diffusion fluxes of components):

3
D, =(1-x Z

TJT(M, + M, )/2M M,
in(ll{])*Ti:(Gizk

D, =2.628-107

The collision integral is calculated by using approximation
offered by Anfimov [14]

—0.1604
QU = 1.074(“)

Gy = (Gi + 0, )/2

Here ¢, /kand ¢, are the parameters of potential energy of
molecules (Lennard-Jones potentials).

4. Combustion modelling

It is assumed that the energetic material is solid which is
melted and evaporated along with 2 chemical transformations
in the condensed phase described by the reaction of the 1t
order. One reaction can be exothermic and another reaction
can be endothermal. There is no temperature discontinuity at
the surface, i.e.,, T = T =T, at x=0. At the surface of EM the
equilibrium evaporation occurs which obeys the Clapeyron-
Clausius equation. In the gas phase, there are 2 reactions of
arbitrary order. Boundary conditions are as follows:

oT aT,
A — A +q.()-yp.V.L 1
(axl__o [&j_m q,(O)-yp.V. (11)

_p(V_Vc)yl +D1p%_pCVCYC (12)
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-p(V-V)y, +szfé 2=p . V.(I-y,) (13)

M LM, 1 1
—p(V=V)=—p. V., y, =—Lexp| - —L(—-—)| (14
p( J==pP. Ve, Y, MeXp[ R (Ts Tb)}( )

To illustrate the application of CTEM to transient
combustion simulation let we analyze the response of the
burning rate to oscillating pressure. This is an important
characteristic of dynamic behavior of the energetic material
burning rate in a rocket motor. If the response function
Rp=dInV_/dp is larger than unity, it may lead to failure of the
motor in the case of appearance oscillations with given
frequency. Figure 4 shows the results of calculations for chosen
EM at P=70 atm and Ap/p = 0.02.

2.4 - 3
2.0 2
o6
1
08 -
f, kHz
1T =580K, Q_=38cal/g; 2-T =480K, Q_=38cal/g;

3-T_=480K, Q=60 cal/g.

Figure 4 — Value of Rp vs frequency of pressure oscillations at
different temperatures and heat of melting

An example of numerical simulation of combustion
behavior during transition from ignition to self-sustaining
combustion is shown in Figures 5-7. It is known that if a high
amplitude radiant flux q(0,t)=q, is abruptly terminated, it leads
to extinction of burning EM. Therefore in these calculations we
gradually decreased the radiant flux intensity (after t=0.05 s) up
to zero level and analyzed the burning rate V =r, behavior in
time. Surface temperature T_just slightly decreased and main
changes were observed with the burning rate. It isimpossible to
predict such behavior without making numerical simulation
because it is the result of complex play of physical and chemical
phenomena. Obviously, during initial heating by powerful
radiant flux the steep temperature gradient in the condensed
phase is formed and in course of heating by decreasing heat flux
the temperature profile in the subsurface layer is modified.
Thus, the amount of heat in subsurface layer is increased and at
the moment t=0.45 s the sort of thermal explosion in this layer
occurs and burning rate is sharply increased. After burnout of
subsurface layer the burning rate is temporally decreased and
then increased (t=0.5s). After that a successful transition to
self-sustaining combustion finally occurs.

Figure 5 — Temporal behavior of combustion wave
characteristics during ignition of EM

Ye,Yo1.¥%2 T t=0.465
1.00; 320 —
Yg2 S
080! 25 Vg2
e — /
060 192 }
fan 1 T i*‘_ﬂ\\{
020! 640 : T
4 Vg1 §
0.00° 0.00 . X
-0§ 048 04 0.3 0.3 025 0.z 018 01 005 0 Xom

Figure 6 — Spatial distribution of the combustion wave
parameters at t=0.46 s

Vo, ¥g1,Yg2 T =0.87 s
1 DU? 321 T ﬂ v
a80; 25 i
0.60. 192 \F" Yot
o.d0; 12 Va2
0.20; 640 £ T

0.00° 0.00

Figure 7 — Spatial distribution of the combustion wave
parameters at t=0.57 s

It is necessary to note that during transient combustion
periods the spatial distribution of the combustion wave
parameters differs of those in self-sustaining combustion. The
CTEM allows examining the spatial distributions at various
moments of time. Figure 6 shows at the time instant t=0.46 s
the temperature profile T(x) and mass fractions of condensed
material Y, vapor Y, and intermediate combustion products Y.
It is seen that the reaction in gas phase with formation of final
products proceeds at finite distance from the surface (about
0.25-0.40 mm) and temperature in gas is below the maximal
value.

Analysis of these pictures shows that the flame gradually
approaches the ignited surface and spatial distributions after
establishing stable combustion demonstrate the steep gradient
of temperature profile, fast reaction in the vapor and gas in the
close vicinity of the burning surface. The ignition behavior of
EM with formation of flame initially at the finite distance from
the ignited surface has been observed in experiments with
nitramines and double base propellants.

5. Conclusion

The paper deals with the numerical simulation of transient
combustion of melted and evaporated EM. This corresponds to
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the behavior of numerous contemporary EMs which melt upon
heating and produce vapor and intermediate combustion
products. The simulation is performed with use of original
computer code CTEM which takes into account the physical and
chemical transformations in the condensed and gas phases. The
correctness of numerical calculations by this code has been
evaluated via comparison with the results of calculating the
surface temperature in the case of “inert” heating via use of
available analytical formulae. It was found that the difference
between calculated temperature values did not exceed 1%. The
precise combustion modeling could not be done at present time

References (GOST)

due to the lack of data about the EM physical properties and
kinetic data for global reactions at high temperatures. However,
systematic mathematical modeling with use of CTEM may give
important and useful qualitative information about combustion
behavior of existing EM.
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