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1 Introduction

Improvements in understanding of combustion processes for fuel sprays in nonuniform flows are needed for
advancing engine technologies that employ liquid fuels. Comprehension can be enhanced by identifying
different combustion regimes on the basis of appropriate nondimensional parameters and studying how
the combustion occurs in each regime. The Stokes number of the droplets in the spray is a key parameter
affecting the combustion process. By focusing on nonpermixed counterflow configurations as representative
of sprays for many applications, it has recently been shown that, in addition to the known regime at small
Stokes numbers, in which nonpremixed spray combustion occurs in the mixing layer between an oxidizer
gas stream and a stream of inert gas carrying the fuel droplets, there is a vaporization-controlled inertial
regime at Stokes numbers of order unity and larger, in which the droplets penetrate into the oxidizer stream
because of their higher inertia and vaporize there, leading to the combustion occurring well into the oxidizer
stream [1]. Since the combustion characteristics are poorly understood for that regime, the present work
employs numerical methods to help to clarify flame structures that may arise there. It will be shown that,
perhaps unexpectedly, when the Stokes numbers reach values on the order of St ' 3 or greater, a cold fuel
stream impinging on a hotter air stream may exhibit two very different types of steady-state combustion
behavior, depending on how the interaction process is initiated. The characteristics of each of these will be
shown, as well as the characteristics of combustion in the vaporization-controlled inertial regime at Stokes
numbers below those at which the dual solutions are obtainable.
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It is widely accepted that canonical problems are useful in understanding the interplay of the physicochemi-
cal processes that arise in spray–combustion applications [2, 3]. The counterflow configuration investigated
here, which serves as a local model for investigating strained diffusion flames in turbulent environments [4],
has been widely used by the combustion community, in both experiments [5, 6] and numerical investiga-
tions [7–13]. The present numerical study then will focus on analysis of influences of droplet inertia on
the resulting spray flames, with particular attention given to the recently discovered vaporization-controlled
inertial regime [1], which currently is the least understood regime.

2 The model problem

The specific problem addressed concerns the axisymmetric flow arising from the collision of two large-
Reynolds-number gaseous jets, one of hot air and the other of an inert gas (e.g. nitrogen) carrying a
monodisperse spray of fuel droplets, as may model processes that occur in liquid-fueled gas-turbine or
internal-combustion engines, for example. Attention is focused on the region near the stagnation point of
two opposed potential-flow streams, where the gas velocity is determined by the uniform strain rate found
on each side of the stagnation plane. On the spray side the velocity field v = (u, v) is given by

u = −Asz and v = Asr/2,

where u and v are the axial and radial velocity components, and As is the spray-side strain rate. The
corresponding strain rate on the air side is, in general, different, with a value AA = As(ρs/ρA)

1/2 dictated
in terms of the spray-to-air density ratio ρs/ρA by the condition of a negligible axial pressure jump.

The formulation used in the numerical integrations, omitted here because of space limitations, parallels those
given earlier [1,3]. Besides addressing the limit of infinitely fast chemistry, with use made of chemistry-free
coupling functions that allow for a general nonunity Lewis numberLF of the fuel vapor [1, 3], a one-step
irreversible Arrhenius reaction between the oxygen in the air and the fuel vapor is considered, with an
activation temperture Ta and a characteristic inverse chemical time B, this rate being proportional to the
product of the gas-phase fuel mass fraction YF and the oxygen concentration YO2

, the value of which in the
air stream is YO2A

= 0.232. Important quantities for the analysis are the mass of air needed to burn the unit
mass of fuel S typically lying between five and twenty, and the amount of heat released per unit mass of
fuel consumed Q, which can be normalized by the product of the specific heat at constant pressure for the
gas, cpwith the boiling temperature TB of the liquid fuel. Droplet vaporization rates are related to YF and
the droplet radius a by the classical formula, with the fuel-vapor mass fraction at the droplet surface related
to the droplet temperature Td by the Clasius-Clapeyron relation involving the heat of vaporization per unit
mass Lv an the fuel gas constant per unit mass, RF . In the computations, the initial droplet temperature
is set equal to that of the carrier gas, Ts = 300 K, which is also used to scale the boiling temperature.
Calculations were performed for both methanol and dodecane, with properties given in Table 1.

Table 1: Main dimensionless properties of methanol and dodecane fuels

S LF cp/RF TB/Ts Lv/(RFTB) Q/(cpTB)

Methanol 6.5 1.2 3.85 1.123 12.58 59.15

Dodecane 15 3.6 24.54 1.630 15.21 75.83
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3 Controlling parameters in counterflow spray diffusion flames

The droplets are assumed to be injected with a temperature Td = Ts < TB at distances from the stagnation
plane zI much larger than the mixing-layer thickness δm = (DTs/As)

1/2 (based on the thermal diffusivity
of the unperturbed carrier gas DTs), with the square of their ratio

Pe =

(
zI
δm

)2

=
z2IAs

DTs

(1)

defining the relevant Peclet number, a moderately large parameter in the description.

Attention is focused on dilute sprays, typically found in the main vaporization and combustion region of
practical liquid-fueled combustion devices [2, 3], where the interdroplet distances are significantly larger
than the droplet diameter and, for the counterflow configuration, smaller than the mixing-layer thickness
δm. The two main parameters describing the interphase coupling in counterflow sprays are the Stokes
number

St =
2

9

a2Iρl
µs

As (2)

defined as the ratio of the droplet acceleration time 2
9a

2
Iρl/µs to the mixing-layer strain time A−1

s , and the
spray liquid mass-loading ratio at the injection plane

α =
(4π/3)a3InIρl

ρs
. (3)

Here ρs and µs are the density and viscosity of the carrier gas, ρl is the density of the liquid fuel, and aI
and nI are the droplet radius and number of droplet number density at the injection plane. As discussed
in [1], in nonreacting spray flows the Stokes number measures the coupling of the droplets with the gas
flow, while the ratio α/St measures the coupling of the gas phase with the droplets, so that effective two-
way coupling occurs in the double distinguished limit St ∼ 1 and α ∼ 1. The coupling is more pronounced
in the presence of combustion, because the heat released by oxidation of the fuel vapor is enough lo lead
to flame temperatures several times larger than the spray feed temperatures. Since S is approximately
S = 15� 1 for typical hydrocarbon fuels, very dilute sprays with relatively small values of α ∼ S−1 � 1
may generate diffusion-flame temperatures of the order of the stoichiometric adiabatic flame temperature,
thereby producing a strong effect on the gas flow through the associated gas expansion.

4 Results and Discussion

For values of St below a critical value Stc, which is seen to be Stc = 1/4 for dilute sprays with small values
of the spray liquid mass-loading ratio α ∼ S−1 � 1, the droplets decelerate to approach the gas stagnation
plane with a vanishing axial velocity [1]. In this case, the droplets located initially near the axis reach the
mixing layer, where they can vaporize due to the heat received from the hot air, producing fuel vapor that
can burn with the oxygen in a diffusion flame embedded in the mixing layer. Th behavior at higher Stokes
numbers is quite different from that, as shown in Figs. 1 and 2, which represent results of computations
performed for α = 0.05 and Pe = 100, obtained as the steady solutions reached in transient computations
after a sufficiently long integration time. The droplets now cross the stagnation plane and move into the
opposing air stream, reaching distances of order zI � δm before they turn around. The vaporization of
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Figure 1: Profiles of reactant mass fractions, temperature, transverse velocity, and droplet radius obtained
for dodecane by numerical integration with infinitely fast reaction (thick solid curves) and with an Arrhenius
rate for Ta/Ts = 30 and B/As = 105 (thin dashed curves) and B/As = 106 (thin solid curves).

these crossing droplets, and also the combustion of the fuel vapor generated by them, occur in the hot air
stream, without significant effects of molecular diffusion, generating a vaporization-assisted nonpremixed
flame that stands on the air side outside the mixing layer [1].

The first figure has three parts, the first for a Stokes number at which only one solution exists, and the second
and third for a value at which two solutions exist, showing each of these solutions. Fig. 1a corresponds to
a dodecane flame for St = 2. As can be seen in the profile of droplet radius, vaporization occurs primarily
near the flame, with the droplets disappearing abruptly soon after turning around. The solutions shown
here for different values of the reaction rate indicate that, as expected, the results with finite-rate chemistry
approach for increasing Damköhler numbers B/As those obtained with infinitely fast chemistry.

The two solutions shown for the higher value of the Stokes number are quite different. Instead of a robust
flame with a pronounced temperature peak, combustion occurs in a flameless mode, with the fuel vapor
generated from the vaporizing droplets burning in a distributed manner with the surrounding oxygen. The
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structure of this solution is illustrated in Fig. 1b. Because of the relatively low temperature, the droplets
cross the stagnation plane a number of times before vaporizing completely. The comparison of the different
curves in Fig. 1b reveals that the fuel vapor appears in decreasing amounts for increasing values of the
Damköhler number B/As, and it disappears altogether in the limit of infinitely fast chemistry.

(a)

(b) 0 0.5 1 1.5 2 2.5 3 3.5
2

3

4

5

6

7

8

9
Tmax/Ts

St

o From non-flame i. cond.

x From flame i.cond

0 0.5 1 1.5 2 2.5 3 3.5
0

0.5

1

1.5
Yf,max/α

St

o From non-flame i. cond.

x From flame i. cond

0 1 2 3 4 5 6
2

3

4

5

6

7

8

9

10
Tmax/Ts

St

o From non-flame i. cond.

x From flame i.cond

0 1 2 3 4 5 6
0

1

2

3

4

5

6
Yf,max/α

St

o From non-flame i. cond.

x From flame i. cond

Figure 2: The variation with the Stokes number of the peak temperature and peak fuel mass fraction of the
steady solution for methanol (a) and dodecane (b) obtained by initiating the integration from a chemically
frozen state (circles) and from a flame (crosses).

While thin flames are the only combustion solution found for St below a limiting value (e.g. St < 3.2 for
dodecane) and flameless combustion is the only solution found for St sufficiently large (e.g. St > 6.0 for
dodecane), there exists an intermediate range of Stokes numbers in which the spray-flame problem admits
both types of solutions, which can be described in the transient numerical integrations by appropriately
selecting as initial condition either a Burke-Schumann flame or a chemically frozen vaporizing spray. For
instance, for St = 4.5, in addition to the flameless solution of Fig. 1b, there exists a thin-flame solution,
shown in Fig. 1c.

Figure 2 summarizes results for both fuels, showing the ranges of multiplicity as functions of the Stokes
number, obtained with the formulation for infinite reaction rates. Since the multiplicity appears even for
infinitely fast chemistry, its existence can be attributed to the pronounced nonlinear effect associated with
the strong temperature sensitivity of the vaporization rate through the large value of the dimensionless latent
heat of vaporization Lv/(RFTB). Since the initial droplet temperature is assumed in the computations to be
Td = Ts, the effect can be expected to be more pronounced for large values of TB/Ts, for which the droplet
vaporization rate in the carrier stream is found to be exponentially small. This claim seems to be supported
by the numerical integrations, which reveal that the range of St for coexistence of the two solutions is larger
for dodecane TB/Ts = 1.63 than it is for methanol TB/Ts = 1.123.
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5 Conlusions

These results reveal that a surprising variety of different kinds of combustion behavior can exist in the
vaporization-controlled inertial regime. Future work may better categorize the ranges of parameters over
which these various types of combustion behavior may be encountered and the experimental conditions
needed to produce them.
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