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Due to unique physical and chemical properties: low density
(0.08 kg/m3 at 300 K and 1 atm), wide flammability limits (from 4
to 75 %(vol.) in air), high laminar flame velocity (2.3 m/s at normal con-
ditions), and very low ignition energy (0.02 mJ), hydrogen is considered
as a candidate for partial or complete replacement of hydrocarbon fuels
in power plants and transportation engines [1]. Despite spontaneous ig-
nition and combustion characteristics of hydrogen and many individual
hydrocarbons are fairly well studied, there is not much relevant data for
hydrocarbon hydrogen blends. As a matter of fact, only limited data
are available on blended fuel combustion (e. g., methane hydrogen [2],
propane hydrogen [3], kerosene hydrogen [4, 5]) and spontaneous ig-
nition (methane hydrogen [6]). Surprisingly, the fact that hydrogen
reactivity in air is not always higher than that of hydrocarbons, in par-
ticular, at low temperatures, is not discussed at all in the literature.

The objective of this paper is the theoretical study of the effect
of hydrogen admixing on spontaneous ignition (self-ignition) of homo-
geneous and hybrid mixtures of heavy hydrocarbons (n-heptane and
n-decane) in air based on the well-validated detailed reaction mecha-
nism of n-hexadecane oxidation.

1 Chemical Reaction Mechanism

For modeling the effect of hydrogen additives to homogeneous and hy-
brid (with liquid droplets) mixtures of heavy hydrocarbons (n-heptane
and n-decane) with air on self-ignition, a well-validated and relatively
compact detailed reaction mechanism of n-hexadecane oxidation de-
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veloped at N.N. Semenov Institute of Chemical Physics [7] has been
used. This mechanism contains 2380 elementary processes that gov-
ern the reaction rate and the formation of basic intermediate and final
products represented by 162 species. The mechanism has two essential
features: (i) reactions of so-called double addition of oxygen (first, to
the alkyl radical; then, to the isomerized form of the formed alkylper-
oxide radical) are lacking because the first addition is considered to be
sufficient; and (4¢) isomeric compounds and their derivative substances
as intermediate species are not considered, because these means of ox-
idation are slower than through molecules and radicals of the normal
structure. This mechanism was systematically validated for propane [8],
n-butane [9], n-pentane [10], n-hexane [11], n-heptane [12], Cg Cjg alka-
nes [13], C11 Cie alkanes [14], and hydrogen [15]. The major feature of
this mechanism is the appearance of stages, viz., cool and blue flames
during low-temperature self-ignition of alkane hydrocarbons and their
blends.

Figures 1 and 2 show the performance of the mechanism on the
example of homogeneous stoichiometric n-decane air mixture. The
calculations were made using the kinetic code KINET developed at
N.N. Semenov Institute of Chemical Physics [16]. The code solves zero-
dimensional time dependent equations of chemical kinetics coupled with
the energy conservation equation for isobaric conditions.

Figure 1 presents typical calculated time dependences of temper-
ature during spontaneous ignition of alkane hydrocarbons, which are
characteristic for low and high initial temperatures. The first stepped
increase for the relatively low initial temperature 7p = 588 K at
t ~ 1.27 s is related to the appearance of the cool flame. The blue flame
then appears after a lapse of about 0.28 s; the hot flame then appears
at approximately 1.57 s and the temperature increases to 2500 K and
higher. The stages of spontaneous ignition, i.e., stepwise appearance
of cool, blue, and hot flames, occur as follows. The acceleration of the
reaction in the cool flame is the consequence of branching during decom-
position of alkyl hydroperoxide (here, alkyl hydroperoxide C19Hz; OoH)
with the formation of hydroxyl and oxyradical. The appearance of the
blue flame is the consequence of branching because of the decomposition
of hydrogen peroxide HoO3. These stages result in the phenomenon of
the negative temperature coefficient (NTC) of the reaction rate; the
overall self-ignition delays at a higher initial temperature appear to be
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Figure 1 Spontaneous ignition of
stoichiometric n-decane air mixture:
predicted time histories of tempera-

Figure 2 Spontaneous ignition of
stoichiometric m-decane air mixture:
comparison of measured (points [17

ture at Top = 588 (1), 625 (2), 714 (3),
833 (4), and 930 K (5), at initial pres-
sure Pp = 1 atm

19]) and calculated (curves) self-
ignition delays at different tempera-
tures and pressures: 1 — P =1 atm;
2 —12; 3 — 13; 4 — 50; and 5 —
P =80 atm

greater than at a low temperature. This effect is clearly seen in Fig. 1.
Note that in the calculations, the overall self-ignition delay time iz,
was determined as the time taken for the temperature growth rate to
attain the value of 107 K/s. Other possible definitions (106 K/s and
max(dT'/dt)) were proved to give very similar results for ¢;,. Figure 2
compares calculated (curves) and measured (points) overall self-ignition
delays tign of n-decane air mixture for various initial temperatures and
pressures. The points on the graph correspond to the experimental data
of [17] for pressures of 12 and 50 atm, [18] for pressures of 13 and 80 atm,
and [19] for a pressure of 1 atm. It follows from Fig. 2 that the detailed
reaction mechanism of n-decane oxidation provides satisfactory agree-
ment with available experimental data on overall self-ignition delays in
wide ranges of initial temperature and pressure.

2 Model of Droplet Self-Ignition and Combustion
The liquid droplet (index d) is assumed to be a sphere of diameter

d = 2rs and occupy the region 0 < r < r, at time ¢ (index s relates
to drop surface). The droplet size is allowed to vary in time due to
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thermal expansion and liquid vaporization processes. Therefore, 7 is
treated as the moving boundary.

The gas phase (index g) is assumed to occupy region rs < r < R
where R is the effective half-distance between droplets in gas droplet
suspension. This parameter can be found based on the simple for-

mula [20]:
Pd 1/3 Pd 1/3
R=ryg|— =7rs | ———— 1
0(77) O<pgq)¢st) o

where index 0 denotes the initial value; 7 is the mass content of liquid in
the unit volume of droplet suspension; p is the density; ® is the fuel air
ratio; and ¢ is the stoichiometric fuel air ratio (¢4 = 0.06 for heavy
hydrocarbon fuels).

The set of governing equations includes [20] the continuity and en-
ergy equations for liquid, and continuity, species continuity, and energy
equations for gas, supplemented with the equation of state, initial and
boundary conditions, and the internal boundary conditions at r = r for
tailoring the temperature fields in liquid and gas. Molecular transport
processes in liquid and gas as well as the corresponding specific heats
were taken from [21].

The set of equations was integrated numerically using DROP code
developed at N.N. Semenov Institute of Chemical Physics. Applied
in the code is a nonconservative finite-difference scheme and adaptive
moving grid. The computational error was continuously monitored by
checking balances of C and H atoms as well as energy balance at each
time step.

The model described above was thoroughly validated against exper-
imental data on droplet self-ignition and combustion for various liquid
hydrocarbons using the detailed reaction mechanism of n-hexadecane
oxidation [7]. Asan example, Fig. 3 compares the calculated (curve) and
measured (points [22, 23]) dependences of the overall ignition delay time
tign for n-heptane droplets. The definition of iz, was the same as for the
homogeneous mixtures but the criterion 107 K/s for the temperature
growth rate was applied to the maximum gas temperature Ty max(t).
As can be seen, the overall self-ignition delay time increases sharply at
low pressures. Furthermore, Fig. 4 compares the calculated (curves)
and measured (points from [24]) ignition delay times of cool flame ap-
pearance (tof) and overall self-ignition delay time (fijgn) for n-decane
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Figure 3 Predicted (curve) and
measured (points) self-ignition delay
time tign vs. pressure for n-heptane
droplets with do = 700 um at Tp
=1000 K: 1 — do = 700 750 pm
and Tp = 1000 K [22]; and 2 — do
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Figure 4 Predicted (curves) and
measured (points [24]) delay times of
cool flame (tct) and hot flame (tign)
appearance vs. initial temperature for
a single n-decane drop in air: do
=700 pm and Py =1 atm

=700 pm and Tp = 940 K [23] (the
vertical bar indicates the scatter in
experimental data [2])

droplets of initial diameter 700 pum at different initial temperatures and
pressure Py = 1 atm. The delay time of cool flame appearance (t.f)
was defined as the time taken for the maximum gas temperature T} ax
to attain the inflection point at the first stepwise temperature varia-
tion in the Ty max t plane. Clearly, the model predicts correctly not
only qualitative features of droplet self-ignition phenomenon but also
provides satisfactory quantitative information. Note that cool flames
during self-ignition of liquid sprays were first observed experimentally
long ago [25].

3 Spontaneous Ignition of Homogeneous
Hydrocarbon Hydrogen Air Blends

The reaction mechanism [7] was first used to study the effect of hydrogen
addition on the self-ignition delay time of homogeneous hydrocarbon
air mixtures. The calculations of mixture self-ignition and volumetric
combustion were performed using KINET code.

Figure 5 shows the predicted dependences of overall self-ignition
delays on temperature for homogeneous stoichiometric n-heptane air
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Figure 5 Predicted dependences of self-ignition delays on temperature for
stoichiometric homogeneous C7His H2 air mixtures with different hydrogen
content: 1 — 0%(vol.), 2—50,3—90, 4 — 95, 5 —99, and 6 — 100 %(vol.);
pressure Pp = 15 atm

mixtures with different content of hydrogen (from 0 to 100 %(vol.) at
pressure Py = 15 atm. At Ty ~ 1050 K, the self-ignition delays of
n-heptane air and hydrogen air mixtures are seen to be the same. At
Ty < 1050 K, addition of hydrogen to n-heptane air mixture increases
the self-ignition delay, whereas at T > 1050 K, decreases it. Note that
even in the mixtures with high amount of hydrogen (e. g., 99 %(vol.)),
the effect of NTC of reaction rate is clearly seen in Fig. 5.

4 Spontaneous Ignition of Hybrid Hydrocarbon
(Droplets) Hydrogen Air Mixtures

The reaction mechanism [7] was then used to study the effect of hy-
drogen addition on the self-ignition delay time of hybrid hydrocarbon
(droplets) hydrogen air mixtures. The calculations of ignition and
combustion of such mixtures were performed using DROP code.
Shown in Fig. 6 are the predicted time histories of the maximum
gas temperature at self-ignition of n-heptane (Fig. 6a) and n-decane
(Fig. 6b) droplet suspensions in air mixed with 7.5 %(vol.) hydrogen
(solid curves) and in pure air (dashed curves) at Py = 20 atm and
different initial temperatures. It is clearly seen that hydrogen addition
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Figure 6 Predicted time histories of the maximum gas temperature Ty, max
in the stoichiometric mixtures n-heptane (droplets) hydrogen air (a) and
n-decane (droplets) hydrogen air (b) at different initial temperatures and
different initial hydrogen content: 7.5 %(vol.) Ha (solid curves) and 0 %(vol.)
H; (dashed curves); drop diameter dp = 60 um and Py = 20 atm

affects not only the overall self-ignition delay time ¢z, but also the
duration of intermediate stages of multistage self-ignition (cool and blue
flames).

At a relatively low temperature (e.g., at Top = 800 K), the dura-
tion of cool and blue flame stages changes considerably. This indicates
that molecular hydrogen deactivates active intermediate radicals partic-
ipating in the channels of chain origination, propagation, and branch-
ing. Nevertheless, similar to homogeneous mixtures, at Ty < 1050 K,
the self-ignition delay time in the hydrogen-containing hybrid mixtures
increases as compared to the mixtures without hydrogen, whereas at
To > 1050 K, it decreases. Omne has to keep in mind that Fig. 6
relates to the self-ignition of hybrid rather than homogeneous mix-
ture. At self-ignition of liquid droplets, the temperature and fuel vapor
concentration in the vicinity of the droplet surface are highly nonuni-
form. Moreover, self-ignition of fuel vapor occurs in the region where
the gas temperature is lower than its value at a large distance from
the droplet surface and the fuel vapor air mixture is essentially fuel
lean [20].

The detailed analysis of various physical and chemical processes in
the vicinity to the droplet surface reveals several interesting features
of hybrid mixture self-ignition. For example, Fig. 7 shows the time

S. M. Frolov et al. 9



TRANSIENT COMBUSTION AND DETONATION PHENOMENA

0.4 3 0.016 )
0.3+ ’% N0‘012* 3
S | "' // N “‘ ON L . ’ :
~ 02 "';// ] \\ ! = 0.008 //\\2’\ E
o1k e NN 0.004 - N :
P~ /' I

! ! ! | ! | N

0'00 1 2 3 0 0000 1 2 3 4

t/ ms t/ ms
(a) (b)

Figure 7 Predicted time histories of the normalized mass contents of
fuel vapor (a) and hydrogen peroxide (b) around a droplet in uniform sto-
ichiometric n-heptane droplet suspension at different initial volumetric Ho
content: 1 — 0%, 2 — 7.5%, and 3 — 14.5%; do = 60 um and Py = 20 atm

histories of the normalized mass content of fuel vapor I,, (Fig. 7a) and
hydrogen peroxide Iy,0, (Fig. 7b) in the sphere of radius R around the
fuel droplet in uniform stoichiometric n-heptane droplet suspension (R
is the effective half-distance between droplets in gas drop suspension,
see above). The normalized mass content of the ith species in the gas
phase is defined as

R
1) =my" [ angpie.o)de 2)
rs(t)

where mg is the initial mass of the fuel droplet and p; is the partial
density of the ¢th species.

The overall self-ignition delay time in Fig. 7 associated with a sharp
depletion of fuel vapor and hydrogen peroxide is seen to increase with
hydrogen content. Also, addition of increasing amounts of hydrogen to
the gas droplet suspension results in faster droplet vaporization (caused
by high hydrogen specific heat and diffusivity) and larger amounts of
fuel vapor and hydrogen peroxide accumulated near the droplet before
self-ignition occurs. Such a behavior of the overall self-ignition delay
time is caused by reactions of molecular hydrogen with the intermediate
products of n-heptane oxidation leading to the formation of less active
radicals like HO».
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5 Concluding Remarks

The detailed reaction mechanism of n-hexadecane oxidation in air was
used to simulate self-ignition of stoichiometric homogeneous
hydrocarbon hydrogen air mixtures and hybrid mixtures of hydrocar-
bon droplets with hydrogen and air at different initial temperature,
pressure and volumetric hydrogen content. Two hydrocarbons were
investigated: n-heptane and n-decane.

It has been shown that the reactivity of hydrogen-containing mix-
tures is not always higher than that of the pure hydrocarbon air mix-
ture. At approximately T, < 1050 K, addition of hydrogen to
hydrocarbon air mixture was shown to increase the overall self-ignition
delay time, i.e., hydrogen plays the role of self-ignition inhibitor. In
these conditions, with the increase of hydrogen content in homogeneous
and hybrid mixtures, the duration of the cool-flame and blue-flame re-
action stages was shown to change drastically and even to degenerate.
This phenomenon is caused by reactions of molecular hydrogen with
the intermediate products of hydrocarbon oxidation leading to the for-
mation of less active species like HO radical hindering chain-branching
processes. Nevertheless, at approximately 7 > 1050 K, hydrogen ad-
dition was shown to decrease the overall self-ignition delay time thus
indicating that hydrogen serves as self-ignition promoter. These find-
ings have to be taken into account when discussing the perspectives of
practical applications of fuels blended with hydrogen.
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