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In� uence of Radical Concentration and Fuel Decomposition
on Ignition of Propane/Air Mixture

Yuriy Ya. Buriko,¤ Viacheslav A. Vinogradov,† Valentin F. Goltsev‡

Central Institute of Aviation Motors, 111116, Moscow, Russia
and

Paul J. Waltrup§

Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryland 21723

A study of hydrocarbon fuel (propane) thermal decomposition was conducted by varying the temperature and
pressure of air/fuel mixtures and determining their effect on the degree of fuel decomposition and its attendant
product composition. Based on the composition data, the concentrations of low molecular weight components and
active radicals were found. Intensi� cation of the combustion process due to an increase in fuel reaction activity
resulting from fuel thermal decomposition is demonstrated, and the effect of thermal decomposition resulting in
a decrease in ignition delay time is shown. It is also shown that intensi� cation of the fuel/air reaction is possible
through the addition of active radicals such as O, OH, and H. The character of the extraequilibrium radical
concentrations change, dependent on the conditions of the combustion processes parameters, is determined.

Nomenclature
C = concentration
G = component mass fraction
M = Mach number
P = pressure
T = temperature
t = time
Z = degree of fuel decomposition
Á = fuel/air equivalence ratio

Subscripts

a = air
c = combustion
d = decomposition
f = fuel
ind = induction
mix = mixture
q = maximum heat release rate

Introduction

N UMEROUS experimental investigations and computations
show that there are serious dif� culties with sustaining igni-

tionand ef� cientcombustionof hydrocarbonfuels in devicessuchas
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combustionchambers for ground power plants,gas-turbineengines,
and ramjet combustors.1¡4

The static pressure and temperature at the combustor entrance
for typical � ight trajectories of vehicles powered by airbreathing
ramjet engines from M D 4–8 are in the range P D 0:04–0.08 MPa
and T D 500–950 K, respectively.Flow velocitiesV are in the range
0.9–1.6£ 103 m/s. Consequently, residence times for air/fuel mix-
tureswith combustor lengthsof 1–2 m are not more than 1–2 ms. For
effective combustor operation under the assumption of diffusion-
limited combustion, the value of the induction (self-ignitiondelay)
time tind must be an order of magnitude or more lower than the
residence time.

For example, for stoichiometric (Á D 1) hydrogen/air mixtures,
the value of tind for the � ow parameters just listed varies between
10 and 0.1 ms. It is, therefore, not possible to initiate combustion
based on self-ignitionof these fuel/air mixtures,5 particularlyat the
lower � ight speeds. Previous evaluations have shown that the self-
ignition time delay should not surpass 10–20% of the total combus-
tion time. Thus, for ef� cient combustion under diffusion or homo-
geneous combustion mechanisms, tind should not be more than part
of a millisecond. The addition of 20% by weight silane (SiH4/ in
hydrogen decreases this value to tind D 0:4–0.05 ms1 .

For room temperature hydrocarbon fuels, for example, kerosene,
the values of tind increase to 102–10 ms, which is unacceptable for
fuel self-ignition and ef� cient fuel/air combustion for these � ight
conditions.That is why, forhigh-speedengines,specialdevicessuch
as plasma jet generators,6 electric discharge spark plugs,7 and/or
pilot � ames using self-igniting components8 are considered for ap-
plication.As a rule, these devicesonly affect the � ow locally,and so
are installed in regions of � ow recirculation(regions of combustion
� ame stabilization). The local velocity de� nes the dimensions of
the � ame stabilization zone along with other � ow parameters such
as pressure P , temperature T , fuel/air equivalence ratio Á, and the
physical dimensions of the � ame holder. In this case, regimes of
residual � ames or � ame spreading are realized.8 Consequently, the
results of this research could be applied not only to the whole � ow
in engine, but also to the � ow in the � ame stabilization zone.

Another ignition and combustion enhancement method is to use
a gas generator to prepare the fuel for combustion. De� nite suc-
cess was achieved using gas generator schemes for the combustor
operation of high speed airbreathingengines (ABEs).9;10 However,
applicationof special initiators for ignition, especiallywith thermal
fuel cracking in the presence of water, need to be analyzed from the
point of view of propulsion ef� ciency as a whole.
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Along with the precedingignitionand combustion intensi� cation
methods, using the burningof fuel thermally decomposed(cracked)
products (FTDP) is another possible ignition and combustion en-
hancement method because the fuel may be used for cooling of the
airframe and engine structural elements. It is expected that these
thermal decomposition products are more chemically active than
the original fuel because of the increased fuel enthalpy, changing
chemical composition, and the presence of active radicals, all of
which would intensify the combustion process.4;11¡13

Another way to increase fuel reaction activity is to saturate
the air/fuel mixture with active radicals. This can be achieved,
for example, by initiating an energetic discharge into one or both
reactant streams. Other approaches include the injection of pre-
combustion products containing high concentrationsof radicals, or
photochemical method of active-species injection when additional
radicals are formed as a result of radiation-induceddecomposition
of a reagent.

The current analysis will be framed by the effect that these active
radical species have on the ignition time delay tind, without con-
sidering the details of how these active species are formed or the
mechanism of their injection into the combustion system. In this
paper, only one of these effects has been investigated numerically,
namely, the impact of the radical concentration in the air/fuel mix-
ture on the characteristic ignition delay time, which speci� es the
fuel reactivity. Currently, there is a lack of evidence for the matter
in question, and, therefore, further research is required.

The present research evaluates, within the framework of exist-
ing kinetic schemes, the possible intensi� cation of the ignition and
combustion processes by means of an increase in a hydrocarbon
fuel’s reactivity. The effects of fuel thermal decomposition and po-
tential increases in radical concentrationon the ignition-delay time
(or other parameters that characterizethe combustionprocess)have
been investigated.This includes the in� uence of the lifetime of the
active radicals on the combustion.

Statement of Work and Method of Study
De� ning thermal decomposition effects on fuel kinetic activity

requires solving two methodical problems. The � rst is to choose a
representativemodel of the fuel, and the second is to choose a para-
meter (or parameters) that characterize the ignition and combustion
enhancement phenomena.

The modelusedfor the fuel shouldhave the sameenergeticperfor-
mance as the actual fuel. In addition, the model fuel nonequilibrium
species and radicals, as well as the thermally cracked equilibrium
species created during thermal decomposition, must be accurately
representedduring the analytical investigations.This is providedby
the use of modern kinetic modeling schemes.

Information on traditional kerosene-basedfuels, which are com-
monly used in ABEs is not well de� ned. Although their energetic
performanceprovides good performance for a wide variety of � ight
vehicles,3;4;9¡11 there are not suf� ciently veri� ed chemical kinetics
representationsof these fuel/air reactions. Consequently, the com-
puted details of the chemical mechanisms for the combustion and
thermal decomposition processes, as well as the nonequilibrium
kinetics, are not well de� ned. This same situation exists with the
experimental data; the authors publish, as a rule, only information
on the degreeof gas formation Z (degreeof decompositionor crack-
ing) vs fuel temperatureand time of heating.There is a rather limited
amount of information on gas composition published, due, in part,
to the complexity of their measurement in these nonequilibrium
cracking processes.12;13

Sometimes for simpli� ed evaluation of the gas composition
during the decompositionprocess, equilibriumthermodynamiccal-
culations are used. They permit concentrations of the cracked fuel
components to be calculated as a function of the thermodynamic
propertiesfor the specialcaseof thermochemicalequilibrium,where
Z D 1 (Refs. 9 and 14). Using such a method to de� ne the gas com-
position limits its use to de� ne the composition of its reactive fea-
tures. For that, it is necessary to consider the roles of independent
processes during the cracking process and to conduct systematic
comparisonsof numerical and experimental data.

Published data on thermal cracking of individual hydrocarbons,
such as n-pentane, n-heptane, n-octane, etc., gives more detailed
information on the equilibrium and nonequilibriumkinetic perfor-
mance compared to that observed in kerosene thermal cracking.
Thanks to the applicationof free-radicalmechanismsof pyrolysis,14

the calculationof paraf� n hydrocarbons’nonequilibriumdecompo-
sition becomes possible. The composition of the FTDP and effects
of pressure, temperature, and degree decomposition Z on the mass
fractions of the mixture’s components can, thus, be de� ned. How-
ever, a description of the thermal decompositionusing free-radical
mechanisms requires special requirements to achieve the accuracy
of, and con� dence in, the appliedkinetic schemes. Because of inac-
curacies and shortages of approbation of detailed kinetics schemes,
there is a rather large scatter of the global kinetic performance and
FTDP composition.12;14¡16

Taking into account the preceding discussions, propane (C3H8/
was chosen to representthekerosenehydrocarbonfuel model.There
is a great deal of experiencebased on the combustion of C3H8, and
propane’s energetic (heat release) performance, in the � rst approxi-
mation, simulates most of the widely used kerosenes.17¡19 Detailed
kinetic schemes of propane/air combustion are approbatedwell and
can be found in many publications.20¡24 In this regard, the use of
propaneas the model fuel permits a methodicaland nearlycomplete
analysisof its reactionactivityincreaseto bemade when undergoing
nonequilibriumthermal cracking.The results obtainedwill not only
representthe individualperformanceof propanedecomposition,but
also provide the main tendencies for the thermal decompositionof
the more complex hydrocarbons.

As was noted before, the second important issue is the choice
of the parameter (or parameters) characterizing any ignition and
combustion enhancement due to nonequilibriumchemical kinetics
during the fuel thermal crackingprocess. It is known that in the case
of combustionin a well-stirredair/fuel mixture (homogeneouscom-
bustion), the reaction is characterizedby the ignition time delay tind

and combustion time tc . Combustion in a nonstirredfuel/air mixture
(diffusion controlled combustion) has additional spatial resolution
(and concomitant computational) problems, and so this analysis is
more dif� cult. In the framework of this research,only homogeneous
combustion was investigated.

In practice, there are some dif� culties concerning the de� nition
of tind. This is because it is de� ned as the time in a reacting mixture
after which combustionbecomes appreciable,and this is rather sub-
jective. For example, when tind is de� ned in practice, it is the time
necessary to visually observe the initiation of an intensive chemical
reaction. However, when tind is analytically computed, it is neces-
sary to de� ne a speci� c valueof the calculatedtemperatureincrease,
otherwiseconsistentinterpretationof the results is impossible.Also,
the de� nition of tc is connected with the necessity to take into ac-
count additional process performance, for example, the level(s) of
heat or kinetic fuel combustion ef� ciency.

When these circumstances area taken into account, the time to
reach the maximum rate of heat release tq , was chosen as the para-
meter for evaluation of the fuel and FTDP reaction ability. For this
moment of time in a homogeneous combustion process, the maxi-
mum rate of temperature increase is calculated. Preliminary calcu-
lations of combustion show that the time of maximum heat release
is, as expected,between the induction time tind and combustion time
tc. Thus, this parametercharacterizesnot only the possibilityof self-
ignition, but also the possibility to realize, through the combustor
(or residencetime), intensivecombustion.Also, this value is de� ned
rather easily by analyzing the time–temperature dependence.

The � rst phase of the numerical research is devoted to the def-
inition of both propane thermal decomposition degree Z and the
compositionof the gaseous mixture under different T and P . In the
second phase, the combustion process of the C3H8 , FTDP and air
mixtures are studied.

Processes realizedunder the thermal decompositionand combus-
tion of fuel and FTDP were calculated under the assumption of a
one-dimensionalmodel of the combustion process.25 This model is
based on the assumption that the mixing process (air with fuel and
FTDP) is practicallyinstantaneous.In such a way, the homogeneous
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combustion is modeled and, for this case, all of the characteristic
times, tind, tq , and tc , are de� ned by only the kineticsof the chemical
reactions.

The process of fuel thermal decomposition was calculated with
the use of mathematicalmodels based on a free-radicalmechanism.
The presence of such a mechanism during the decomposition pro-
cess has been demonstrated experimentally.14 Thus, it is possible
to present the correct description of the fuel decomposition and
combustion in the framework of the solution of the direct kinetics
task.However, it is necessaryto providekineticsfor all of the typical
reactions,describingthe break-upof largemoleculesand formation,
merging, and recombination of radicals.

The followingequationsdescribe the combustionand destruction
processes, distribution of the reactant concentration, and tempera-
ture along the reactor length:

U
dCi

dx
D Wi (1)

U
dH

dx
D 0 (2)

where t D X=U is time, X is coordinate directed along the reactor
length, Ci is the i th reactant concentration, i D 1; : : : ; n, Wi is the
i th reactant formation (or consumption) rate, H is the total mixture
enthalpy,n is the totalnumberof reactants,andU is the � owvelocity.

Changing of the FTDP composition was calculated with Eq. (1)
under the condition of reactant constant temperature, T f D const.
To simulate the combustion process for the original fuel/air mixture
with and without additional radicals, the detailed kinetics scheme
was applied for hydrocarbonsoxidation based on Refs. 22–24, 26,
and 27. The scheme comprises 303 reactions between 60 compo-
nents, including atoms H, O, C, N, and Ar. Constants of elementary
reaction rates are adopted mainly from these references.Correction
of the rate constants was conducted using the experimental data
presented in Ref. 28. In Ref. 28, the ignition delay time behind a
normal shock wave for mixtures of C3H8/O2/Ar, CH4/O2/Ar, and
others were measured. Thanks to this testing and subsequent cor-
recting, a rather good correlationof the calculated ti values with the
data in Refs. 20 and 28 were obtained along with a good descrip-
tion of the equilibrium concentrations for the combustion products
(at t ! 1/ in the frame of a one-dimensionalmathematical model
[Eqs. (1) and (2)]. Also, this correlationveri� es that the values of tq
calculated will characterize correctly the process of combustion.

Calculation and Analysis of Propane Thermal
Decomposition Peculiarities

It is assumed that the propane temperature T f and pressure P f

are constant; the technical issues associated with de� ning the fuel
state in heat exchanger–reactor were not considered. The calcula-
tions show that there is fuel decomposition at � xed values of T f

and P f as the fuel heating time increases. This is manifested by a
decreasing propane mass fraction in the mixture, the appearanceof
low molecular components,and a decreasein the mixturemolecular
weight.12 The dynamics of the decomposition degree Z vs time is
presented in Fig. 1 for T f D 950–1300 K with P D 1 MPa. Here Z
is the mass fraction of C3H8 forming low molecular components,
and the value of Z is de� ned as Z D 1-GC3H8. The range of T f was
chosen to illustratea case of an extremelyfast rate of decomposition
and a case with practically zero decomposition. It is proposed that,
in a real device, the time of fuel preparation before its burning will
not exceed 1 s, and so this time is considered in the calculations,
and the results will be reduced by this value. It is proposed that an
increase in T f will provide an increase in the rate of decomposition.
One can see in Fig. 1 that the value of Z > 0:95 at T f D 1300 K
is achieved for time 1–2 ms. For T f < 950 K, there is very little
decomposition during the whole period of time (1 s). In Ref. 20,
it was noted, based on experimental data,12 that there is negligible
decomposition for T < 900 K and a time period of »1 s. This cor-
relates well with the data in Fig. 1. Analysis of the Z changes with
time shows that the gross-kinetic performance is qualitatively the
same as for decompositionperformance of paraf� n hydrocarbons.

Fig. 1 Propane temperature Tf effect on thermal decomposition
degree Z under constant pressure.

Fig. 2 Propane temperature Tf effect on necessary time for provid-
ing de� nite degree of propane thermal decomposition under pressure
P = 0.1 MPa.

Comparisonof the calculateddata with the data for n-hexadecane
decomposition,15 for example, show it is possibleto generalizethese
dependenciesusing the expression1=Z D a £ 1=t C b. Here, a and
b are coef� cients; the value of b for the data presented in Fig. 1 is
equal to unity, and a is a constantof the reactionratedependingon T
according to the exponential law 1=a D k £ exp.¡E=RT /. Analy-
sis of the Fig. 1 data shows the decompositionprocess of propane in
a wide region of Z could be formally approximatedby one-directed
reactionofsecondorderof type29 C3H8 C C3H8 ) destructionprod-
ucts. This type of reaction is typical both for propane and other
hydrocarbons having higher contents of carbon. Evaluations of
the activation energy and preexponential factor for propane give
E D 266:8 kJ/mol and k D 3:4 £ 10141/s, respectively. These val-
ues correlate well with E and k for hydrocarbons inclusive to
n-hexadecane.12

Thus, the decompositionperformanceobtainedfor propanecould
be considered for other hydrocarbons as well. By the use of the
precedingdependencies,it is possible to � nd the constant of the de-
composition reaction rate and, consequently,the Z value. However,
in practice, if the kinetics scheme is known, the value of Z could be
found rather quickly and accurately under succeeding decomposi-
tion conditions.

Based on the Fig. 1 data, it is possible to � nd the effect of fuel
temperature on the time tz required to establish a de� nitive degree
of Z . In Fig. 2, the in� uence of T f on the time required to obtain
Z D 0:25 at a pressure P f D 0:1 MPa is given. Here, one can see the
comparison with the data from Ref. 20. Note that a decrease in T f

sharply increasesthe decompositiontime for the Z D 25% level. For
a practical evaluation, it is possible to accept that a 10% increase in
T f leads to about an orderof magnitudedecrease in the time needed
to achieve a given level of decomposition.It is necessary to empha-
size the goodcorrelationin Fig. 2 of the calculatedand experimental
decompositiontimes. This argues the validityof the chosen kinetics
schemes and the results obtained therefrom.Obviously,under mod-
eling of such a complex processes as fuel decomposition,accuracy
of 50–70% is rather acceptable.
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Table 1 Required time tz (milliseconds) for completion
of de� nite fuel decomposition degree Z

Z , P f D 0:05, P f D 0:1, P f D 1:0, P f D 3:0, T f ,
% MPa MPa MPa MPa K

20 0.1239 0.0865 0.0414 0.0296 1300
40 0.2374 0.1843 0.0946 0.0670 1300
60 0.4222 0.3460 0.1660 0.1376 1300
80 0.8797 0.6977 0.3567 0.3104 1300
20 10.367 7.2363 3.4189 2.4445 1100
40 20.465 16.590 8.8907 6.6680 1100
20 140.58 119.49 69.773 60.815 1000
20 742.56 631.18 427.56 372.40 950

Fig. 3 Pressure effect on relative time ofprovidingfuel decomposition.

In Fig. 3, the effect of pressureon the relativechangeof time tz for
a � xed value of T f D 1300 K for Z D 20 and 80% is presented as a
functionof pressure.Valuesof thedecompositiontime tz aregivenin
Table 1. Increasing the pressure decreases the decomposition time,
and for a wide range of pressures this in� uence is about the same.
There is some difference, for Z D 20 and 80% only at very low
pressure (P f < 0:1 MPa) and very high pressure (P f > 1 MPa) with
the P f effect being more pronouncedat low Z values. There is also
some effect at the lower values of T f . It could be concluded that to
provide higher Z levels under the limitations of process time and
T f , it is useful to conduct decomposition at higher pressures.

Side by side with the tz, the composition of FTDP is an impor-
tant performance parameter. As was mentioned before, low molec-
ular weight components appear during the decomposition process.
Within themodelingof thermaldecomposition,thequantityof react-
ing components is de� ned by the type of accepted kinetics scheme.
In our case, the quantity of such components was equal to 60. For
analysis, it is enough to consider three groups of components. The
� rst one involvescomponentswhose concentrationcould character-
ize the grossperformanceof the mixture and, partly, its conventional
molecular weight. The second group involves the more chemically
active components. The third is the active radicals in the mixture.

Results from these calculations show that the total performance
of the decomposition process (and products) is de� ned by the fol-
lowing � ve decompositioncomponents:propylene(C3H6), ethylene
(C2H4), acetylene (C2H2), methane (CH4), and hydrogen (H2). The
total concentrationof these components for the considered regimes
while taking into account the concrete degree of decomposition Z
is more than 98%, and, consequently, there is a change in the con-
ventionalmolecularweight. From comparisonof the data in Ref. 20
with the present calculations, the same composition of decomposi-
tion products except acetylene is observed. Besides, the list of main
componentsgiven in Ref. 20 is essentiallythe same both for propane
and butane.

In Fig. 4, the effect of Z on mass fractions of the aforementioned
components is presented. For illustration, two of the more impor-
tant regimes of thermal decompositionwere chosen. In the � rst, the
values of T f and P f are close to maximums used in the calculations.
In the second regime, they were close to the average values of T f

and P f . Mass fractions of hydrogen and H radical for all of the

Fig. 4 Effect of fuel decomposition degree on gaseous component
decomposition concentrations.

investigated regimes at Z D 25% are given in Table 2. As seen in
Fig. 4, changes of the main componentconcentrationsre� ect phase
character. During the � rst decomposition phase at Z < 60–70%, a
sharp increase of propylene is observed. Concentrationsof another
mixture components are very small, and it is possible to propose
that propane transformedinto the intermediateproduct (propylene).
As was shown before, this process looks like a single reaction of
secondorder. In the secondphase,when thedegreeofdecomposition
is large and concentrationof initial components small, formationof
low molecular components in the mixture resulted in decreases in
both the initial and intermediate components. Consequently, it is
possible that this nonmonotonic character, along with the Z con-
centration such as for the propylene change, will be observed for
anothercarbon containingspecie (suchas C2H4 or C2H2). However,
this processwill proceedonly undervery high (Z > 95%) decompo-
sition degrees, under which it is dif� cult to obtain high accuracy in
the calculations.This is a result of the peculiaritiesof the code algo-
rithm at large Z , which requires signi� cant increases in calculation
time without a decrease in accuracyat a given integrationstep. De� -
nitionof the decompositionproductscompositionfor Z ! 1 should
be conducted in the framework of special numerical research.

Analysis of the Table 2 data shows that an increase in the H2 and
H product mass fraction results from temperature increases. More-
over, the increase in H2 concentrationis small, but the growth of the
H radical is equal to approximately four orders of magnitude. The
pressure effect is rather small, especially at T f D 1300 K. At low
temperature, it is possible to increase the H2 concentration,but the
absolute value of H2 in the decomposed products is very low, not
more than 3–4%, even at Z close to one. The concentrationof H also
is very low. Thus, it is dif� cult to propose large bene� ts in the in-
crease of reactive activityof decompositionproducts in comparison
with the initial fuel without special fuel heating preparations.

Note that, in general, the effect of Z on the low molecular weight
components is nonlinear, especially for such species as acetylene
and methane. This is important when the operation process is orga-
nized in technical devices.
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Table 2 Mass fractions of H2 and H in propane decomposition products (Z = 25%)
at Pf = variable (Megapascal) and Tf = variable

T f; K

Product 1300 1200 1100 1000 950

P f D 3,0
H2 9980£ 10¡3 1044£ 10¡2 9650 £ 10¡3 6540£ 10¡3 3346£ 10¡3

H 1158£ 10¡7 1960£ 10¡8 2259 £ 10¡9 1603£ 10¡10 3491£ 10¡11

P f D 1,0
H2 9736£ 10¡3 1019£ 10¡2 1000 £ 10¡2 8640£ 10¡3 6371£ 10¡3

H 2654£ 10¡7 4411£ 10¡8 5083 £ 10¡9 3607£ 10¡10 7731£ 10¡11

P f D 0,1
H2 1069£ 10¡2 1048£ 10¡2 1028 £ 10¡2 1026£ 10¡2 9974£ 10¡3

H 1290£ 10¡6 1943£ 10¡7 2596 £ 10¡8 2029£ 10¡9 4508£ 10¡10

P f D 0,05
H2 1059£ 10¡2 1038£ 10¡2 1018 £ 10¡2 1016£ 10¡2 9881£ 10¡3

H 2061£ 10¡6 3104£ 10¡7 4148 £ 10¡8 4117£ 10¡9 7202£ 10¡10

The model of the process used (again with other models, for ex-
ample, that of Ref. 20) does not take into account coke formation
during thermal decomposition.However, according to the thermo-
dynamic calculations at Á ! 1, the mass fraction of condensed
carbon can be up to 60–70%. This means that the increase in the
reactivity of the decomposed products at Z increases is accompa-
nied by the formation of condensed carbon. Some this carbon will
enter into the combustor, but the main part of C will stay in the
heat reactor, resulting in heat exchanger coking and a worsening of
fuel energetic (heat absorption or cracking) performance. A study
of coke formation is not a task of our research, but it is desirable to
evaluate its effect on the energetic performanceof practicaldevices
in the future.

Effect of Fuel Thermal Decomposition on Enhancement
of Its Reactive Activity

Combustion of propane and thermal decomposition products
were calculated with the use of the same mathematical models
(1) and (2) and kineticsschemes that were applied in the � rst section
of this paper. It is known that the reactive ability of air/fuel or
air/FTDP mixtures is characterized by the level of energy activa-
tion of the total combustion reaction.De� nition of this parameter is
based on calculationof the fuel ignition delay time. In this research,
the time to obtain the maximum rate of heat release tq , which was
considered earlier, was accepted as such a parameter.

In Fig. 5, results of the tq calculations for stoichiometric (Á D 1)
fuel/air mixtures at P D 0:05 MPa vs the value of 1000=T are pre-
sented, where T is initial mixture temperature.The four regimes of
decompositiongiven in Fig. 5 were chosen to analyze the reactivity
basedon changesin the decompositionproductsfordifferingT f and
Z at constant P D 1 MPa. Note that the dependence tq (1000=T )
is nearly linear, and any incoherence of the activation energy for
these limiting reactionsdoes not vary by more than 20%. In the case
of hydrogen combustion, the activation energy is different for re-
gions of low and high temperatures, with the main phase change at
T ¼ 1000 K (Ref. 5). Data presentedon the decompositionproducts
show the increase of reactive ability de� ned mainly by Z , but due
slightly to the decompositionprocess temperature as well.

Curves 1–4 in Fig. 5 show decreases in the activation energy
required under transition from propane to decomposed products of
3.2, 4.9, 9.4, and 12.2%, respectively, for the four example cases
presented for a tq of 1 ms. These are rather small in comparison
with these same effects using hydrogen fuel. The increase in the
FTDP reaction ability in comparison to when hydrogen is used,
based on average values of activation energy, is equal to 20–25%.

More computation veri� cation of the reaction ability increase is
given in Fig. 6, where ratios of the tq values for the initial hydro-
carbon fuel and FTDP at combustionare presented.These data were
obtained for the same regimes as those given in Fig. 5. The temper-
ature of the mixture was changed by changing the air temperature,
with the FTDP temperature being either T f D 1000 or 1200 K.

Fig. 5 Effect of stoichiometric air/fuel mixture temperature on time
corresponding to maximal heat release rate at combustion: 1) C3H8,
2)H2 , and3–6)productsoffueldecompositionatP = 1 MPaanddifferent
Tf ; 3) Tf = 1000 K, Z = 25%; 4) Tf = 1200 K, Z = 25%; 5) Tf = 1200 K,
Z = 50%, and 6) Tf = 1200 K, Z = 75%.

Fig. 6 Effect of air/fuel mixture temperature on decrease of time
corresponding to maximal heat release rate at combustion of C3H8
decomposition products under P = 1.0 MPa.

First, Note that the effect of FTDP is more pronounced at low
temperatures. For example, for Tmix < 1000 K, the decrease in
tq is approximately 2.5–3 times that of the reference value. At
Tmix > 1300 K, this effect is less pronounced and, even at large
Z , is not more than 20–30%. Also note that the effect of T f on tq is
small. The data in Figs. 5 and 6 show that characteristicsof tq and
tq0=tq are about the same vs mixture temperature Tmix.

Evaluations of the bene� ts of these ignition enhancements for
high-speed ABE performance were also performed. In Fig. 7, the
effect of air and fuel temperatures Ta and T f on the ignition time



1054 BURIKO ET AL.

Fig. 7 Effect of air temperature on time corresponding to maximal
heat release rate at stoichiometric combustion of air/propane mixture,
products of its decomposition and hydrogen: 1 and 2) propane, 1) Tf =
900 K and 2) Tf = 900 K; 3 and 4) products of C3H8 thermal de-
composition at Z = 75%, 3) Tf = 900 K and 4) Tf = 1200 K; and 5 and
6) hydrogen, 5) Tf = 900 K and 6) Tf = 1200 K.

Fig. 8 Effect of air temperature on time ratio of maximal heat release
rate at combustion of C3H8 thermal decomposition products (tq ) and of
C3H8/H2 mixture (tqH2).

tq under conditions P D 0:05 MPa, T f D 900 and 1200 K, and
Z D 75% is presented. It could be concluded that the increase of
Ta for all regimes results in decrease of tq as Tmix is increased.Also
note a rather small decrease of tq in the case of FTDP combustion.
Here, the data on hydrogen combustion are also presented for the
same conditions as for the propane. Comparison of these tq values
showagain thenegligibleeffectsofFTDP applicationin comparison
with propane use.

Thus, it is possible to conclude that combustion organizationun-
der the self-ignition concept is possible only for a rather narrow
region of referenced parameters (partly, at high Ta ). Changing the
propane to FTDP at low Ta does not permit effective combustion
to be organized in the limits of the available fuel residence times.
However, increasing the hydrogen concentration in the FTDP, for
example,by fuel conversionin the presenceof water,9 couldprovide
combustion enhancement.

Additional calculationswere carried out to determine the effects
of the presence of hydrogen on the reactive ability of mixtures of
gases, that is, for FTDP at P D 0:05 MPa and Ta D 1000–1300 K.
The decomposition process was assumed to occur at P D 1 MPa
and T f D 1200 K, with Z D 25, 50, and 75%. The resulting values
of tq =tqH2 are shown in Fig. 8. The purpose of these calculations
is to � nd tqH2 values for FTDP, in which all of the hydrocarbon
species are replacedby propane,but hydrogen is conserved.In each
case (new mixture composition), the stoichiometric coef� cient L,
equal to its value in the initial mixture, was found by changing
the nitrogen concentration. Based on the results shown in Fig. 8,
it is possible to conclude that hydrogen presence does not explain

Table 3 Relative value of FTDP speci� c
ef� ciency D (RT)d increase vs Z

[.RT/d ¡ .RT/0]=.RT/0, %

Z , % Ta D 900 K Ta D 1200 K
25 0.642 0.581
50 1.418 1.280
75 2.238 2.024

the increase of the FTDP reactivity, and so the values of tq =tqH2

are <1. Nevertheless, for rough estimations, it is possible to use
the hydrogen concentration in the FTDP to obtain the ef� ciency of
thermal decomposition and to choose conditions under which the
hydrogen concentrationwill be at a maximum. Analysis of the data
in Fig. 8 shows a decrease in tq=tqH2 at Ta increases.This result can
be explained by the behavior of tqH2. At low Ta , the values of tqH2

are lower, but at high Ta , they are greater than the real values tq .
Hence, when we have an increase in Ta or Tmix, the concentration
of radicals is increased during the pre� ame stage, and their role
becomes decisive during the combustion process.

It is useful to determinethe increase in FTDP/air mixture speci� c
ef� ciency with air temperature and Z increases. It is explained by
the formation of low molecular weight components in the mixture
and by increasing equilibrium temperatures of the FTDP/air com-
bustion process. Data for these calculationsare given in Table 3 for
stoichiometricmixtures in a combustorwith P D 0:05 MPa and two
values of Ta (T f D 1200 K and P D 1:0 MPa) with � xed thermal
decomposition conditions of Z D 25, 50, and 75%.

Here, the propane speci� c ef� ciency .RT/0 was taken as a base
level. Note that the increase of FDTP is more for larger Z and
for low Ta . In general, an increase of .RT/d does not surpass 3%
and is explained mainly by the hydrogen appearance during fuel
decomposition.

In summary, a wide parametric database of pressure, tempera-
ture Ta , and equivalence ratio coef� cient Á effects was calculated
based on this operation process, and these effects are summarized
hereafter:

1) An increase in air temperature has greater effects on decreas-
ing the combustion process time and enhances the organization of
combustion based on self-ignitionprinciples.The relative effects of
FTDP use is more pronounced at low Ta .

2) An increaseof pressuredecreasesthe combustionprocess time.
This can be argued with numerical and experimental research. It is
explained by the second order of limited combustion reaction for
the consideredfuel. Process time dependencevs pressure is approx-
imately the same when Z is varied. The effects of pressureon tq for
H2 and C3H8 are different. For example, in the case of hydrogen,
tq » P¡1; however, for propane,dependence tq.P/ is also decreased
when the pressure increases.This decrease is almost linear. Another
aspect of the pressure in� uence on fuel decomposition was dis-
cussed in the � rst section,which shows a favorableeffect of pressure
decrease on H2 and H concentrations.

3) Decreasing the equivalence ratio Á from 1.0 to 0.4 causes
a decrease of tq both for propane (30%) and FTDP (20%). This
is con� rmed qualitatively by the results20 for the combustion of
propane and n-butane.

Effects of Initial Radical Concentration
on Characteristic Ignition Time of Fuel/Air Mixture
It was shown earlier that fuel thermal decomposition (Z · 75–

80%)hasonlya small in� uenceon the reactivityof fuel/airmixtures.
It was also shown that the low level of active radical concentrations
(RC) formed during the decomposition process, given in Table 2,
resultedin only a small increasein combustionintensi� cation.Thus,
it is expedient to consider the effect of signi� cant RC increases on
combustion intensi� cation. It is important to have information on
the required level of radicals formed by special devices because this
level will de� ne the value of necessary energy input to enhance the
combustion intensi� cation. For example, in Ref. 30, additionalRCs
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Fig. 9 OH mass fraction vs time through the pre� ame stage, stoichio-
metric air/fuel mixture: P = 0.05 MPa, Tf = 900 K, and Ta = 1300 K.

were provided using a torch plasma generator of 1.2-kW power at
a hydrogen/air mixture rate 10–15 g/s.

The effect of the initial RC on self-ignitiontime is investigatedin
the frame of the same equation system as thus used in Eqs. (1) and
(2). The way that this concentration increase is generated is not
considered here. Calculations for air/propane mixtures show that
RCs upstream of the combustionfront region is very high, when the
combustion temperature of the homogenous mixture is close to its
equilibriumvalue.For the initial stage (before the � ame front)and at
the moment of equilibrium state (behind the front), the radical and
intermediate product concentrations are very low in comparison
with the their maximum values. For simplicity, the effect of the
initial RC level of each specie was considered,that is, the effects of
O, H, and OH in the mixture on the pre� ame process in combustor.
The radical OH was chosen to generalize the behavior of all active
species within the combustor because the radical OH is a more
reliable mark for characterizing the � ame front location than the
other radicals listed.

Figure 9 shows the time history for the OH RC along the com-
bustor length under conditionsof P D 0:05 MPa using propane and
air with temperatures equal to 900 and 1300 K, respectively. The
time period corresponding to the pre� ame region of homogenous
mixture combustion is presented when changes in the initial Tmix

are small. The initial level of RC was varied in the limits of 10¡12–
10¡3 . The minimum value RC and its maximum correspond to the
practicalabsenceof RC and to the RC in the � ame front. The data in
Fig. 9 show that an increase of the initial RC from 10¡12 up to 10¡6

does not effect the duration of the pre� ame process. The position
of the pre� ame stage boundary, after which the change in the initial
Tmix can no longer be considered small (1Tmix · 1%), is constant.
The behaviorof RC changes in the pre� ame stage (t < 10¡4 ms) for
these cases are very different. At a 10¡12 initial value for the RC,
we observe a monotonic increase in the RC up to ignition of the
fuel/air mixture. In the case when RC D 10¡6 or more, the changes
of RC are not monotonic. First, the RC decreases, striving for the
equilibriumlevel correspondingto the mixture state. Only after that
does the RC begin to grow during the progress of combustion. In-
creases of the initial RC from 10¡6 up to 10¡4 result in a decrease
of the pre� ame process duration by 2–2.5 times. A sharp fall in
the pre� ame process duration by 2–3 orders of magnitude is ob-
served at an initial RC up to 10¡3. Thus, effective intensi� cation of
the combustion process takes place when the RC increases. How-
ever, the initial RC concentration should be at a level close to that
at the � ame front. In this case, the scheme of combustion orga-
nization based on self-ignition principles is transformed into the
scheme that is used for pilot � ames for ignition enhancement and
sustainment.

Further analysis of OH concentration changes (Fig. 10) shows
that the RC at the � ame front is approximately constant, in spite
of the pre� ame process time becoming much shorter at large initial
values of RC. This result is very important from a practicalpoint of

Fig. 10 OH mass fraction vs time combustionof stoichiometricair/fuel
mixture: P = 0.05 MPa, Tf = 900 K, and Ta = 1300 K.

Fig. 11 Effect of air temperature on time corresponding to maximal
heat release rate at combustion of stoichiometric propane/air mixture
under different radical concentration levels.

view because it offers the possibility of conducting calculations of
the combustion process under simulation of a practical operational
process that does not require taking into account mixture satiation
by additional radicals.The second important conclusionis based on
the initial RC’s inability to affect the characteristic ignition time,
except for the case when this initial concentrationcorrespondswith
the RC at the � ame front. This same conclusion was obtained in
Ref. 30, where it was shown that the ignition delay time of hy-
drogen/air mixtures depends strongly on RCs of O and N in the
mixture.

Two principal conclusions following from the results of Ref. 30
are as follows:

1) The additionof radicals into the reactivemixtureprovidesboth
thedecreaseof pre� ame processtime and the increaseof combustion
normal velocity.

2) In the frame of the kinetics scheme applied in Ref. 30, the
strong effect of the O radical is rather clear, but the effect of the N
radical on combustion requires more careful analysis.

As applied to the actual operation of high speed ABEs (P D
0:05 MPa, T f D 900 K), the in� uence of the initial RC on tq under
variable Ta was considered.Results from these calculationsare pre-
sented in Fig. 11. Note that the character of the radical in� uence
on combustion intensi� cation is the same for the whole tempera-
ture region, as was shown earlier (Fig. 9). The initial RC strongly
effects time tq if its values are close to the RC in the � ame front.
Thus, for example, an increase in mass RC in a fuel/air mixture
up to 10¡3 results in a decrease in ignition delay time by an order
of 1.5.
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Fig. 12 Comparative estimation for an effect of extra components
added to mixture on induction time decrease under combustion of
stoichiometric air/fuel mixture.

As was noted earlier, the amount of different radicals and inter-
mediate species formed during the combustion process are limited
by the kinetics scheme possibilities. The effects of individual rad-
icals (and some species added to the mixture) on tq are given in
Fig. 12. The ef� ciency of the radical addition was characterizedby
a decrease in tq with respect to the fuel without such an additive.
Stoichiometricmixturesof propane/air at thecombustionconditions
listedin Fig. 12were also considered.Mass fractionsof specieswere
the same for all variants and were equal to 10¡3. From the data in
Fig. 12, it follows that the radical O has the strongest effect on time
tq . It is followedby the radicals (in orderof signi� cancewith respect
to in� uence on the combustion process)H, OH, CH2OH, HCO, and
CH3O. Other additives have almost no effect on ignition time delay.

Note that the ef� ciency of radical addition is more favorable for
the FTDP in comparison with the initial fuel. For example, the
increase of initial mass RC in the mixture up to the level of 10¡3 at
Ta D 1000 K and Z D 0:3 results in a decrease of tq by more than
two orders of magnitude. This is explained by the presence of the
active radicals in the FTDP and progressivechain chemical reaction
mechanisms in the mixture under the conditionsof a partly reacting
mixture.

Evaluation of Radical Concentrations in Gaseous
Mixtures Under Different Initial Conditions

As was shown before, the input of radicals is a very effectiveway
of achieving combustion intensi�cation. However, in practice, it is
necessary to choose correctly the place where the radicals should
be put into the combustor. Intensive gasdynamic computationswill
eventually be required to solve for the gasdynamic � ow properties,
degreeof mixing, etc.Nevertheless,in the frameworkof Eqs. (1) and
(2), it is possible to evaluate the kinetics part of the problem and,
consequently, to demonstrate the possibility of reaching the com-
bustion zone by the use of radicals.

First, a comparative evaluationof the extra radicals’ in� uence on
decreasing the maximum heat release rate time tq at their forming
in either the air or gaseous fuel ducts was performed. Conditions
for these calculations were Ta D T f and P D 0:05 MPa, with stoi-
chiometric mixtures and O, OH, and H radicals chosen as the most
effectiveones. The resultinganalysis shows that the additionof rad-
icals into the fuel is less effective than the addition of radicals into
the air.This couldbe explainedin the case of the same initialRC, but
different initial RCs in the mixture. Comparison of the combustion
intensi� cation by radical saturationof air or by a premixed stoichio-
metric mixture shows only small differences. In general, the inten-
si� cation depends mainly on the RC under equivalent conditions.

Based on the data in Fig. 9, it is important to note two results as
applied to this section’s tasks:

1) Self-ignition under the considered levels of air and fuel tem-
peratures is realized even at a very low RC level.

2) At high RC, � rst a sharp decrease along the ignition time is
realized,which is limited by the process of radicals creation during

the pre� ame phase. It follows that the radical creation processes are
most important during the pre� ame phase.

The state of the mixture [temperature T (900–1200 K), pressure
P (0.05–0.5 MPa), and fuel/air equivalenceratio Á (0.7–0.1)] on RC
was also characterized.The initial RC of O, OH, and H is accepted
as equal to 10¡3 . Based on resultsof the calculations,it is possibleto
conclude that the RC in the mixture always decreases, approaching
the equilibriumvalue at the given state of the gaseous mixture. This
process takes only parts of a millisecond. During this process, the
RC decreases and becomes equal to intermediate stationary state
values, and, if self-ignition is possible under these conditions, an
RC increase is then observed.For all consideredmixture states, the
equilibriumactive RCs are much lower than the initial level. Hence,
in the case of low intensive pre� ame processes, the positive effect
caused by the input of radicalswill decrease as a mixture of low RC
is supplied to the combustor.

The effect of mixture temperatureand pressureon OH concentra-
tion vs time is presented in Fig. 13 at Á D 0:1. At a constantpressure
P D 0:05 MPa, a decrease of temperature causes a sharp increase
in the pre� ame process duration (Fig. 13a). Variation of pressure at
T D 1200 K (Fig. 13b) does not have a noticeable effect on the pre-
� ame process duration. However, the intensity of radical creationat
low pressures is increased.

The effect of Á on radical OH, O, and H concentrations is
presented in Fig. 14 for P D 0:05 MPa and Tmix D 1200 K. The
duration of the pre� ame process is decreased for the leaner mix-
tures, and the creation of radicals is slowed because of combustion.
The behavior of the O and H radicals is qualitatively the same. A
more accurate analysis is possible when all radicals are taken into
account.

Thus it is possible to conclude, at the considered conditions,
that Rcs are not constant and mostly depend on the temperature
of the air/fuel mixture. Also, the position of any radical source
should be chosen to be immediately before the combustion zone
if the mixture temperature at the combustor entrance does not ex-
ceed 1000–1100 K. This will prevent a decrease in the radical

a)

b)

Fig. 13 Effect of a) temperature and pressure and b) temperature
on change of OH concentration from superequilibrium level for
air/propane mixture at fuel/ air equivalence ratio Á = 1.0.
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a)

b)

Fig. 14 Changes of a) mass OH concentration and mass O and H
concentration and b) mass OH concentration vs fuel/air equivalence
ratio Á.

concentration from initial superequilibrium level. If Tmix or Ta is
large (>1200 K), then the position of radical source will be lim-
ited by the kinetics performance of the pre� ame process, but not
the initial level of RC. At the same time, an increase in Tmix will
accelerate combustion even without any added radicals, and the
combustion zone can be attached to the radical source in spite of its
productivity.

Conclusions
Numerical research of the thermal decomposition process of

propane in the frame of one-dimensionalmathematical models un-
derparametersT D 900–1400K and P D 0:05–3 MPa demonstrates
the following:

1) Thermal decomposition takes place at T ¸ 900–950 K with
the products of composition consisting mainly of C3H6 , C2H4,
C2H2, CH4 , and H2 depending on P , T , and the degree of de-
composition Z . Increases in pressure provide an accelerationof the
decomposition.

2) Mass fractions of more reactive H2 species and H radicals,
which comprise the majority of radicals in the FTDP, do not exceed
(3–4) £ 10¡2 and 2 £ 10¡6 , respectively, for the considered values
of Z and process parameters.

3) The reactivity of C3H8 thermal decomposition products is
greater than that of pure C3H8, and, for example, at T < 1000 K,
the reference time tq is less by anywhere from two to three times in
comparisonwith C3H8 fuel. Increases in speci� c ef� ciency 1.RT/d

in the case of thermal decomposition products does not exceed
2–3%.

4) The addition of radicals to the original fuel (C3H8/ or to the
thermal decomposition products has a strong effect on the self-
ignition time in comparison with the time for the original fuel if
the RCs injected are comparable with the � ame front RCs. In this
case, the decrease in tind can be reduced by from one to two orders
of magnitude in comparison with the original fuel.

5) Injection of active radicals into the air provide a greater effect
at the same fuel/air equivalenceratios comparedwith the case when
radicalsare injectedinto the fuel. The initialRC is not conserved,but
reaches an equilibrium state corresponding to the thermodynamic

propertiesof the � ow with subsequentchangesin RC de� ned by the
kinetics of the pre� ame phase of combustion.
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