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A time-dependent, two-dimensional, detailed-chemistry computational fluid dynamics model, known as

UNICORN (unsteady ignition and combustion using reactions), is used for solving complex flame problems. The

unique features incorporated in UNICORN for handling extremely large chemical kinetics with ease and efficiency

are discussed. A submixture concept that is used for evaluating transport properties is described. This concept

increases the computational speed by a factor of five for a 208-speciesmechanism and is expected to have even higher

efficiency with larger mechanisms. An implicit treatment for certain reaction-rate terms applied during the solution

of species-conservation equations is described. Moving the reaction-rate source terms to the left-hand side of the

partial differential equations eases the stiffness problem that is typically associated with combustion chemical

kinetics. Computational speeds are further improved in UNICORN by completely integrating the chemical-kinetics

mechanisms with the solution algorithm. A software-generated computational fluid dynamics approach is used to

avoid the tedious and near-impossible task of manually integrating a large chemical-kinetics mechanism into a

computational fluid dynamics code. Several calculations demonstrating the abilities of the UNICORN code are

presented. Chemical-kinetics mechanisms up to 366 species and 3700 reaction steps are incorporated, and

simulations for unsteady multidimensional flames are performed on personal computers. Making use of the

robustness and efficiency of theUNICORNcode, detailed chemicalmechanisms developed for JP-8 fuel are tested for

their accuracy, and a parametric study on the role of parent species of a surrogate mixture in predicting flame

extinguishment is performed. Ease of changing chemical kinetics in theUNICORNcode is demonstrated through the

investigation of effects of additives in JP-8 fuel.

Nomenclature

Ci = chemical symbol for the ith species
Dij = diffusion coefficient in a binary mixture of the ith

and jth species
Di;mix = binary-diffusion coefficient of the ith species in a

mixture
f�Yi� = first variable used in the modified species-

conservation equation
g�Yi� = second variable used in the modified species-

conservation equation
Iji = availability of the ith species in the reactants of the

jth reaction
Jji = availability of the ith species in the products of the

jth reaction
kj = rate of the jth reaction
Mi = molecular weight of the ith species
Ns = number of species in the chemical kinetics
NR = number of reactions in the chemical kinetics
p = pressure
r = radial distance
T = temperature
t = time

u = axial velocity component
V = velocity
v = radial velocity component
Xi = mole fraction of the ith species
Xmin = minimum mole fraction in submixture
Yi = mass fraction of the ith species
z = axial distance
�fjT = flame thickness based on temperature distribution
�fjOH = flame thickness based on hydroxyl-radical

distribution.
�i = error in the ith species in percent
@=@t = differential operator with respect to t
� = simulation time
�0 = simulation time when Xmin � 0
�i, �mix = thermal conductivity of the ith species and mixture,

respectively
�i, �mix = viscosity of the ith species and mixture, respectively
�0i;j = stoichiometric coefficient for the ith species

appearing as reactant in the jth reaction
�00i;j = stoichiometric coefficient for the ith species

appearing as product in the jth reaction
� = density
�, �0 = functions
�st = scalar dissipation rate at stoichiometry
��1;1�� = reduced collision integral
! = production rate
r = Laplace operator

I. Introduction

D ETAILED chemical kinetics for describing combustion of
aviation fuels involves several hundred species and several

thousand elementary reactions. The need for more accurate and
presumably larger chemical-kinetics mechanisms is strongly driven
by the escalating cost of petroleum-based fuels and the need to
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develop alternative and Fischer–Tropsh fuels. Indeed, new fuel
mechanisms are being developed at a rapid pace. Traditionally, such
newly developed mechanisms are validated through the simulations
of zero- and one-dimensional flames using codes such as RUN1DL
[1], OPPDIF [2], and CHEMKIN [3] and comparing the results with
available experimental data. Extensive experimental data for the
intermediate species concentrations are required for obtaining a
reasonably calibrated kinetics mechanism. However, in many cases,
it is not feasible to obtain concentrations of the numerous
hydrocarbon intermediates that are generated during the combustion
of complex hydrocarbon fuels such as JP-8. As a result, newly
developed, complex chemical-kinetics mechanisms can be only
validated partially using traditional approaches.

One of the risks in using partially validated mechanisms is that the
simulations for a reacting flow under one set of conditions may
appear to be reasonable, whereas under a different set of conditions
they may be poor. This was demonstrated by Katta et al. [4] using
recently developed mechanisms for JP-8 fuels. Three JP-8
mechanisms were investigated: one from Ranzi’s group at
Politeccnico di Milano, the second from the University of Utah,
and the third from the Propulsion Directorate of the Air Force
Research Laboratory (AFRL/RZ). These mechanisms were
developed independently and validated using the limited experi-
mental data on ignition delay times and flame speeds. The Violi
mechanism (Ranzi’s group) [5] has 161 species and 1538 reactions,
including some global-type reactions; the University of Utah
mechanism [6] has 208 species and 2186 reactions, and the Mawid
Mechanism (AFRL/RZ) [7] has 216 species and 3000 reactions.
These three mechanisms were incorporated in UNICORN [8]
(unsteady ignition and combustion using reactions), and calculations
were performed for a variety of two-dimensional flame systems. It
was found that the flame structures predicted by these mechanisms
were radically different and, more important, that the blowout
characteristics of a nonpremixed flame varied significantly from
mechanism to mechanism. Disappointingly, the partially validated
chemistry models were found to be of only limited use in the
simulation of multidimensional flames.

Thus, a second-level validation must be performed on partially
validated chemistry models through the simulation of two- or three-
dimensional flames and by comparing the global features such as
flame shape, size, and liftoff height. As these global quantities can
easily bemeasured in the laboratory, a second-level validation for the
detailed-chemistry models can be performed if computational fluid
dynamics (CFD) codes that can incorporate large-chemical-kinetics
mechanisms and perform simulations for multidimensional flames
are available.

Advances in computer hardware technology and the need to
improve the understanding of combustion phenomena such as
flame stability, pollutant formation, and lean blowout have led to
the development of CFD codes with detailed chemical kinetics [9–
11]. However, due to the fact that computational time increases
significantly with the size of the chemical-kinetics mechanism
used, CFD code developments are limited to either simple fuels,
such as hydrogen [12], methane [13], and ethylene [14], that are
described with smaller detailed mechanisms (less than 100
species) or to complex fuels such as propane [15], heptane [16],
and JP-8 [17] that are described with reduced mechanisms (tens of
species).

A two-dimensional numerical model known as UNICORN [8],
which has the capability to incorporate detailed chemical-kinetics
mechanisms, has been developed at AFRL/RZ for the simulation of
dynamic, nonpremixed, and premixed jetflames. Thismodel is being
used for studying flame systems and evaluating large chemical
mechanisms and soot models on programs sponsored by theU.S. Air
Force Office of Scientific Research and the Strategic Environmental
Research and Development Program.

The present paper describes extension of the UNICORN code to
incorporate very large chemical-kinetics mechanisms and to
simulatemultidimensionalflames efficiently and accurately. Various
simulations that were performed for demonstrating the capabilities of
the modified UNICORN code are discussed.

II. Mathematical Model

The UNICORN code [8,18] is a time-dependent, axisymmetric
mathematical model that is used for the simulation of unsteady
reacting flows. It is capable of performing direct numerical
simulations and has been developed over a 10-year period. Its
evolution has been in conjunctionwith experiments conducted to test
its ability to predict ignition, extinction, stability limits, and the
dynamic characteristics of nonpremixed and premixed flames of
various fuels. It solves for u- and v-momentum equations, and
continuity, and enthalpy- and species-conservation equations on a
staggered-grid system. The body-force term due to the gravitational
field is included in the axial-momentum equation for simulating
vertically mounted flames. A clustered mesh system is employed to
trace the large gradients in flow variables near the flame surface.
Detailed chemical-kineticsmodels for various fuels are incorporated.
Thermophysical properties such as enthalpy, viscosity, thermal
conductivity, and binary molecular diffusion of all of the species are
calculated from the polynomial curve fits developed for the
temperature range 300–5000 K. Mixture viscosity and thermal
conductivity are then estimated using the Wilke [19] and Kee [20]
expressions, respectively. Molecular diffusion is assumed to be of
the binary-diffusion type, and the diffusion velocity of a species is
calculated using Fick’s law and the effective-diffusion coefficient of
that species [21] in the mixture. A simple radiation model based on
the optically thin-media assumption is incorporated into the energy
equation.

The finite-difference forms of the momentum equations are
obtained using an implicit QUICKEST (quadratic upstream
interpolation for convective kinematics with estimated streaming
terms) scheme [18,22], which is fourth-order accurate in space and
third-order accurate in time. The species and energy equations are
descretized using a hybrid scheme of upwind and central
differencing, which is second-order accurate in both time and space.
At every time step, the pressure field is accurately calculated by
solving all of the pressure Poisson equations simultaneously and
using the lower and upper diagonalmatrix-decomposition technique.
The overall accuracy of the calculations made by the UNICORN
code is estimated to be second-order or better in both time and space.
As demonstrated in the past [23], it is possible to simulate two-
dimensional turbulent flows (where no significant variation in flow
variables exists in the third dimension) using UNICORN. However,
for brevity, the scope of the present paper is limited to steady and
unsteady laminar flames. Different types of boundary conditions
such as adiabatic wall, isothermal wall, symmetric surface, outflow,
and inflow can be applied to the boundaries of the computational
domain [24].

III. Computational Procedure

In theory, the mathematical model described previously is
sufficient for the simulation of multidimensional flames using large
chemical kinetics. However, because of limitations on computational
resources and difficulties associated with incorporating chemical-
kinetics models, to obtain a multidimensional-flame solution using a
large chemical-kinetics mechanism within a reasonable amount of
time is a daunting task. Four computational techniques have been
incorporated in UNICORN to make it efficient and robust in
simulating multidimensional flames on personal computers.

A. Nonuniform Grid System

The accuracy of a simulation performed using a finite-difference
scheme depends on the grid resolution. Typically, one obtains a grid-
independent solution by performing calculations on increasingly
finer meshes until the solution attains quasi-steady state (mesh
independent). The finite-difference forms of the governing equations
in the UNICORN code are obtained on a nonuniform, orthogonal
mesh system and are solved using semi-implicit procedures [18].
These procedures, due to fewer restrictions on the time step, allow the
use of rapidly expanding grid sizes in both the axial and the radial
directions. Because the reaction-zone of a flame is confined to a
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narrow region within the high-temperature zone, grid distribution
must be sufficiently fine in that region. Variable grid systems are
constructed a priori while enforcing clustering of grid points in the
neighborhoods of the reaction zones, while allowing the grid spacing
to expand rapidly as the grid points are located away from these
regions. This facilitates the use of a minimum number of grid points
for the simulation of a given flame. Calculations are made first on a
coarse-grid system and then on a fine-mesh system, using the
previously obtained solution as the initial conditions. The implicit
procedures used in the UNICORN code permit stable calculations,
even when large variations in grid spacing are present between the
coarse- and fine-mesh systems. Overall, fewer grid points and
systematic progress toward a fine-mesh solution allow the
UNICORN code to perform multidimensional simulations with
large chemical kinetics efficiently.

B. Calculation of Transport Properties

As described previously, the transport properties for the mixture
are calculated using Wilke’s [19] and Kee’s [20] empirical
expressions. Mixture thermal conductivity �mix and viscosity �mix

can be calculated as follows for a mixture with Ns species:
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Here, �i and �i are thermal conductivity and viscosity of the
individual species, respectively, andMi andXi are species molecular
weight and concentration, respectively. Similarly, the effective-
diffusion coefficient of the ith species in a mixture [21] is calculated
using the empirical expression

Di;mix �
1 � XiPNs
i≠j Xj=Dij

with

Dij �
2:628 	 10�3

p�2��1;1��i;j

�
T3�Mi �Mj�

2MiMj

�
1=2

(3)

Dij is the binary-diffusion coefficient between species i and j, and

�
�1;1��
i;j is the reduced collision integral. Calculation of the mixture

transport properties for systems with a large number of species is
laborious and requires farmore computational time than that required
for solving the conservation equations or the reaction rates.
Examination of Eqs. (1) and (2) suggests that, in a system havingNs
species, � and �0 must be evaluated (N2

s -Ns) number of times at each
grid point. For example, in a systemof 300 chemical species,� and�0

must be evaluated 89,700 times each, which is nearly 18 times more
than the number of calculations required for evaluating reaction rates
for 5000 reactions. As Ns increases, evaluation of �mix and �mix

becomes increasingly time consuming. However, in multidimen-
sional-flame calculations, most of the species will be present in trace
amounts in regions away from the flame zone and only in parts per
million levels in the flame zone. Because trace concentrations of
species do not affect the thermal conductivity or viscosity of the
mixture, it is possible to increase the speed of the calculations by
considering only those species that are in significant concentrations.
This can be accomplished by creating a submixture at every grid
point through elimination of all species that are below a specified
concentration in the entire mixture and then evaluation of transport
properties using only the submixture. Note that diffusion coefficients

Di;mix are evaluated by usingEq. (3) and considering all of the species
in the mixture, because the benefit of using the submixture in this
case is minimal.

In the simulation of a two-dimensional nonpremixed jet flame,
increasing the speed of the calculations through use of the
submixture concept is demonstrated in Fig. 1. A 208-species, 1093-
reaction, chemical-kinetics model for JP-8 fuel is used for this
demonstration. Calculations for the flame are repeated by changing
the minimum concentration allowed in the submixture. The
computational time for each simulation is normalized with that
required by the original simulation that considered all of the species
while evaluating the transport properties. The minimum concen-
tration allowed in the submixture is shown in log scale on the
horizontal axis. For each simulation percentage error, �i is obtained
first by calculating the difference in the concentration of the ith
species predictedwith the submixture concept and that of the original
simulation and then by normalizing this difference to the original
value. Errors estimated based on the peak H radical and byphenyl
poly-aromatic-hydrocarbon concentrations at a flame height of 4 cm
are shown in Fig. 1. Note that errors in the concentrations of major
species, temperature, and velocity are negligible.

A dramatic reduction in calculation time (by a factor of five) is
achieved by considering species whose concentrations are>10:0�03

for transport-property evaluation purposes, whereas the errors
introduced are<1% in minor- and trace-species concentrations. It is
important to note that the reduction shown in Fig. 1 is for the entire
flame simulation (not just for the transport-property calculation)
which gives some indication of the large percentage of
computational time required for calculating mixture transport
properties alone. Because the increase in speed of calculation is
proportional to the square of the number of species, the benefit of
using submixtures becomes more pronounced as the number of
species in the chemical-kinetics model increases.

C. Handling Stiff Equations

Species-conservation equations can be written as following using
Fick’s law of diffusion for binary mixtures and the effective-
diffusion coefficient Di;mix for the ith species in the mixture.

@�Yi
@t
�r 	 ��YiV � �Di;mixrYi� � _!i (4)

Here, the source term _!i is the rate of production of the ith species
that must be calculated from the adopted chemical-kinetics
mechanism, which is written in the following form:

XNs
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Fig. 1 Computational time required and associated errors for different

minimum concentrations allowed in submixture domain.
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Here, Ci represents chemical symbol for the ith species and NR
represents the total number of reactions in the chemical-kinetics
mechanism. Note that all reactions in the mechanism are written as
forward reactions.

In general, because of the high reaction rates (and, hence, large _!i
values) associated with the combustion processes, species-
conservation equations become very stiff; traditionally, small time
steps are used in solving Eq. (4) to overcome this stiffness problem.
However, such an approach places severe restrictions on
multidimensional-flame simulations because the flow time scales
associated with certain domains such as recirculation and coflow-
entrainment regions are several orders of magnitude larger than the
chemical time scales. Therefore, special techniques are required for
solving Eq. (4) with larger time steps in multidimensional-flame
simulations. After expanding the source terms into destruction and
production terms, Eq. (4) can be rewritten as

@�Yi
@t
�r 	 ��YiV � �Di;mixrYi�

� �
XNR
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�
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(6)

and then as
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�
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�
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(7)

where Iji � 1 if the ith species is a reactant in the jth reaction,

otherwise Iji � 0, and where Jji � 1 if the ith species is a product in
the jth reaction, otherwise Jji � 0.

Because the mass fraction of the ith species explicitly appears in
the destruction terms (first set of terms on the right-hand side) of
Eq. (7), they can be shifted to the left-hand side of the equation for
treating them implicitly. Species-conservation equations are then
rewritten, after linearizing the destruction terms with respect to Yi,
as
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which then takes the following implicit form in terms of Yi:

@�Yi
@t
�r 	 ��YiV � �Di;mixrYi� � f�Yi� 	 Yi � g�Yi� (9)

Here, f�Yi� and g�Yi� are functions of chemical-kinetics parameters
and species mass fractions. Values of these functions are calculated
from the data available after the previous time step’s solution.

Special caremust be takenwhen the ith species appears in both the
reactants and the products of a reaction. Implicit treatment of the
destruction terms significantly enhances the stability of the
numerical scheme [25] and allows time steps much larger than those
allowed by Eq. (9). However, because f�Yi� and g�Yi� in Eq. (9) are
temporarily treated as constants based on the previous time step’s
data, the solution procedure previously described for the species-
conservation equations represents a semi-implicit algorithm. Note, a
fully implicit algorithm can be derived by constructing Jacobian
matrices for all of the species involved in the production and

destruction terms in Eq. (6), but such procedures become memory
and computational-time intensive and may become restrictive in
performing multidimensional-flame simulations [26]. Because the
primary goal for the development of the UNICORN code is to
simulate multidimensional flames using large chemical-kinetics
mechanisms, memory-intensive fully implicit algorithms were not
used.

D. Incorporating Large Chemical Kinetics

Detailed chemical-kinetics for describing combustion of aviation
fuels could involve hundreds of species and thousands of reactions.
Such large mechanisms can be used for performing multidimen-
sional reacting-flow simulations by either calculating the reaction
rates _!i in Eq. (4) at each grid point, through calling a mechanism
subroutine (such as CHEMKIN) [27] or integrating the mechanism
with a CFD code [28,29]. Because the former approach does not
require any manipulation of the chemical-kinetics mechanism that
has been supplied in a standard format (for example, CHEMKIN
format [3]), it eliminates any possible errors in using the chemical-
kinetics mechanism for a multidimensional-flame simulation.
However, such a calling-mechanism approach puts a significant
burden on computational resources. Also, it may become an
impractical approach for even amoderately largemechanism,mainly
due to the fact that general-purpose codes such as CHEMKIN
perform a number of overhead calculations each time they are called.
Furthermore, the calling-mechanism approach requires the chemical
source terms to be treated explicitly, as in Eq. (4), which is known for
its limitations in handling stiff reactions.

Incorporating large chemical-kinetics mechanisms in a CFD code,
either through Eq. (4) or Eq. (9), is a formidable task and highly
susceptible to typographical and programming errors. Moreover, the
implicit treatment of the reaction-rate terms in Eq. (9) and the need
for continuous evaluation of functions f�Yi� and g�Yi� (as and when
new information about a species is available) to ensure a stable-
solution procedure make the large chemical-kinetics mechanism
incorporation extremely difficult. Because of these difficulties,
scientists/engineers rarely use large mechanisms for performing
multidimensional reacting-flow simulations. As described in the
previous subsection, theUNICORNcodewas developed based on an
implicit algorithm for chemical reactions, and the reaction
mechanism must be integrated with the code.

UNICORN uses an innovative approach to achieve efficient
calculations for reacting flows with large chemical-kinetics
mechanisms. This approach involves the development of a logic
program that “reads” a chemical mechanism of any size into
UNICORN and automatically configures it in such a way that the
calculations run efficiently. To understand this approach, one must
realize that UNICORN is optimized for each kinetic mechanism to
ensure that reacting flows using the mechanism can be computed
efficiently and accurately. Some background is required to
understand, in general, how this is accomplished. The UNICORN
code is developed based on an implicit algorithm for chemical
reactions, which requires that the reaction mechanisms be integrated
with the code. During the early development stages of UNICORN,
small chemical mechanisms for fuels such as hydrogen and methane
were incorporated manually: a very cumbersome and time-
consuming task. For example, the total time required for
incorporating a 21-species, 81-reaction mechanism into UNICORN
was about amonth, including the time for debugging and finding and
correcting typographical and programming errors. Such devel-
opmental time was expected to increase to several months for
medium-size mechanisms with less than 100 species. This seemed to
be an impractical approach for largemechanismswithmore than 200
species. To circumvent this problem, a special logic program has
been written that directly reads the chemical-kinetics data that are
prepared and distributed in standardCHEMKIN format andwrites an
efficient, robust version of the UNICORN code for that chemistry.
With this approach, a UNICORN code that is optimized for a specific
chemical-kinetics model can be developed in a few hours,
independent of its size.
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The logic program that generates a new UNICORN code in
FORTRAN language for the given chemical-kinetics model directly
reads the kinetics data prepared in standard CHEMKIN format. This
logic program has been rigorously tested on smaller mechanisms to
ensure that it generates an error-free UNICORN code for the given
chemistry. In this way, human involvement in preparing the CFD
code is minimized; hence, errors associated with it are eliminated.
Using this software-generated CFD strategy (i.e., accurate
development of a modified UNICORN code), a number of
reacting-flow simulations have been performed. These include
1) ethylene flames with 99 species and 1066 reactions [30],
2) propane flames with 105 species and 1200 reactions [31],
3) methane� halon flames with 92 species and 1644 reactions [32],
and 4) heptane flames with 366 species and 3698 reactions [33].

IV. Results and Discussion

Multidimensional-flame simulations using UNICORN can be
performed on a personal computer with 2.0 GB of memory.
Execution times depend strongly on the number of species
considered in the chemical-kinetics model and the grid size. The ease
of use and efficiency of the UNICORN code in handling stiff and
large chemical kinetics are demonstrated in the following
subsections.

A. Studies on Flame Thickness

The opposing-jet flame shown in Fig. 2 is formed between
hydrogen and air jets and represents a weakly stretched laminar
flame. The fuel and air jet velocities used are 0.4 and 0:3 m=s,
respectively. A 13-species, 74-reaction H2-O2-N2 chemical-kinetics
model is used for simulating this flame. As the velocities of the fuel
and air jets increase, the flame becomes thinner and its temperature
decreases. The flame extinguishes for a critical set of velocities (or
strain rates or scalar dissipation rates). Two theories are used to
describe the flame-extinction process. According to laminar-flamelet
theory [34], the reaction layer of a flame becomes infinitely thin
before the flame is extinguished. On the other hand, the distributed-
reaction-zone theory of Bilger [35] suggests that the reaction layers
are broadened because of chemical equilibrium and that flames
cannot be stretched to infinitely thin surfaces. Let us consider the
opposing-jet flame shown in Fig. 2 for understanding the flame-

extinction process and, particularly, the limits, if any, for flame
thickness.

Numerical experiments are performed through increasing the
reaction rates in an attempt to approach asymptotically infinitely thin
reaction zones. Increasing the reaction rates renders the species-
conservation equations stiffer and challenges the numerical
algorithm in handling stiff equations. Four sets of data with
modified reaction rates are shown in Fig. 3. The results of flame-
thickness estimates based on the full width of the temperature profile
at various scalar dissipation rates�st are shown in Fig. 3. Thicknesses
of the flame at the time of extinction are marked with open circles.
Flame thicknesses obtained after reducing the rates of the 37 forward
reactions by one-half are shown with dash-dot lines, whereas that
obtained after doubling the rates of the forward reactions is shown
with a broken line. Note that increasing or decreasing the forward
reaction rates alone (without changing the reverse reaction rates) in a
chemical-kinetics mechanism could alter the equilibrium character-
istics of the chemical system; hence, such studies should be strictly
limited to evaluating the stability of the numerical scheme. Results
obtained after doubling the rates of the forward and reverse reactions
are shown with thin lines, and those obtained after increasing the
rates of both the forward and reverse reactions by an order of
magnitude are shown with dotted lines. Changes in reaction rates
affect not only the maximum scalar dissipation rate (or stretch rate)
that can be applied on this flame, but also the temperature at which
extinction takes place. In general, temperature and heat release rates
at extinction are higher with faster reactions. At a given scalar
dissipation rate �st, the temperature and heat release rate of the flame
increases with the reactivity of the system. The increase is more
pronounced at higher�st. This behavior can be explained considering
the chemical-nonequilibrium state of the flame. An increase in the
reaction rates enhances the reactivity in the flame zone and, thereby,
shifts the flame more into equilibrium.

Figure 3 suggests that the thickness of the steady opposed-jet
flame decreases, as described by the laminar-flamelet theory, when
the stretch rate is increased.However, contrary to the assumption that
stretched flames become infinitely thin before extinction, flame
thicknesses at extinction obtained with normal, reduced, and
enhanced kinetics are all within the range of 1 and 2 mm. More
interestingly, the thickness vs�st plot suggests that flame thickness is
asymptotically approaching a finite value (
1 mm).

One could argue that the temperature profile might not necessarily
represent the reaction-zone thickness because it is influenced by the
thermal and molecular diffusive transports. Typically, intermediate
radical species such as OH, O, and H that have a short life span are
confined to reaction zones. Variations of flame thicknesses obtained
from the full width of OH radical distributions are shown in Fig. 4.
For a given scalar dissipation rate, reaction-zone thicknesses
obtained from OH radical distributions are about one-half of those

Fig. 2 Opposing-jet nonpremixed flame subjected to strain rates up to

extinction limit.
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obtained from temperature. Figure 4 suggests that the radical-based
reaction-zone thicknesses are also asymptotically approaching a
finite value as the scalar dissipation rate on theflame is increased. It is
important to note that even the smallest thickness of 0.5 mm
represents a radical profile that has been resolvedwith a large number
(25) of grid points; hence, the asymptotic thicknesses shown in
Figs. 3 and 4 are not limited by the grid distribution.

Calculations made with different reaction rates suggest that a
minimum thickness exists for the reaction zone of a flame that is
aerodynamically stretched. For the hydrogenflame considered in this
study, the minimum reaction-zone thickness is in the range 0.5–
1.0 mm, depending on the radical species used for obtaining the
thickness. A similar study of methane flames also suggested that the
minimum reaction-zone thickness (based on OH distribution) for
those flames is also 
0:5 mm.

B. Studies on Ethylene–Air Jet Nonpremixed Flames

Calculations for an inverse diffusion flame (IDF) were made with
UNICORN using three chemical-kinetics models for ethylene–air

combustion. Thefirstmodel is proposed byWang andFrenklach [36]
and consists of 99 species and 1066 elementary-reaction steps; the
second is developed by the National Institute of Standards and
Technology (NIST) and consists of 225 species and 1634 elementary
reactions [37]; the third is a more comprehensive mechanism
assembled by NIST and consists of 366 species and 3698 reactions
[37]. Note that all of these mechanisms for ethylene–air combustion
are well validated for high-temperature chemical processes, and one
should expect similar flame shapes and temperature and major-
product-concentration distributions. Larger mechanisms contain
additional chemical kinetics required for predicting pollutant
formation. The simulated IDF burner consists of a 1-cm-diam central
air jet and a 3-cm-diam coannular fuel jet [31,38]. The air and
ethylene flow velocities are 35 cm=s and 7 cm=s, respectively.
Axisymmetric calculations were made on a physical domain of
200 � 50 mm using a 401 � 121 nonuniform grid system. The
steady-state flames obtained with the threemechanisms are shown in
the left halves of Figs. 5a–5c in plots of isotemperature gray-scale
distributions. The three mechanisms predicted the same flame height
and peak temperature (2440 K). Typical execution times for these
calculations are 30 s=time step with the Wang–Frenklach
mechanism, 65 s=time step with the NIST smaller mechanism,
and 114 s=time step with the NIST larger mechanism. Steady-state
flames were obtained in about 2000 time steps, starting from the
solution obtained with a global-chemistry UNICORN code.

Various studies of normal jet nonpremixed flames (i.e., with the
fuel jet at the center) suggest that when the annular airflow is low
(<40 cm=s), the flame tends to flicker with the development of
buoyancy-induced vortices outside the flame surface. Generally, the
flickering frequency for these flames is independent of or weakly
dependent on fuel-jet diameter, fuel type, and airflow velocity. The
low annular fuel velocity of
7 cm=s and the high-enthalpy ethylene
fuel (flame temperatures are about 2400K) used for the IDF create an
appropriate environment for flame flicker. To investigate the
possibility that the IDF oscillates naturally, unsteady calculations
were performed for the same flow conditions using all three
chemical-kinetics mechanisms. Surprisingly, the unsteady simu-
lations resulted in a flame with large vortices forming outside the
flame surface. Stably oscillating unsteady flames were obtained
within 10,000 time steps of the calculations. Instantaneous
temperature fields of the unsteady IDF that were simulated using the
three mechanisms are shown in the right halves of Figs. 5a–5c.
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Fig. 5 Steady-state (left) and unsteady (right) ethylene–air, inverse nonpremixedflames simulated using a)Wang–Frenklach, b)NIST, and c) enhanced

NIST mechanisms. Temperature distributions are shown.
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Whereas the phases of the flames in Figs. 5a and 5b are matched, the
phase of the flame in 5c is selected such that it is 180 deg from the
other two. The unsteady temperature field upstream of the flame tip
(0< z < 18 mm) plotted in Fig. 5c is similar to that of the steady-
state flames shown in Figs. 5a–5c. However, the large vortical
structure
30 mm in length that formed in the downstream location
distorted the temperature field of the unsteady flame. When this
vortical structure moved closest to the burner surface (z� 0), it
squeezed the high-temperature region and made the flame
temporarily shorter in Figs. 5a and 5b than the steady-state flame.
Calculation time for the unsteady simulation performedwith the 366-
species, 3698-reaction mechanism was 
128 s=time step, and the
solution in Fig. 5c was plotted after 15 days of calculations.

Benzene concentrations predicted by the three ethylene–air
combustion models (Wang–Frenklach, NIST, and comprehensive
NIST) are shown in Figs. 6a–6c, respectively. Steady-state and
unsteady solutions are shown on the left and right halves of these
images, respectively. Although nearly identical temperatures are
predicted by the Wang–Frenklach and the two NIST mechanisms
(Fig. 5), the benzene concentrations predicted by these mechanisms
are quite different. The Wang–Frenklach mechanism yielded only

50% of benzene that was predicted by the two NIST mechanisms.
Although peak benzene concentration in the steady-state flame was
established near the flame tip (z
 20) in the Wang–Frenklach
mechanism (left half of Fig. 6a), it was established near the flame
base in the NIST mechanisms (left halves of Figs. 6b and 6c).
Interestingly, the buoyant vortex formed outside the flame surface in
the unsteady simulation (Fig. 6b) has increased the benzene
concentration significantly near its leading edge (z
 45 in Fig. 6b).
Obtaining near identical solutions (Figs. 5 and 6) with different-size
chemical-kinetics mechanisms is as expected and demonstrates the
accuracy of the UNICORN code in incorporating large chemical-
kinetics mechanisms.

C. Studies on JP-8–Air Nonpremixed Jet Flames

Axisymmetric calculations were performed for the opposing-jet
JP-8 flame (similar to that shown in Fig. 2) using the UNICORN
code. Four detailed chemical-kinetics models, namely, Violi-small
[5], Violi-large [5], Zhang [6], and Mawid [7], were used for
representing JP-8–air combustion. The Violi-small mechanism

consists of 161 reactions and 1538 reactions (some of them are
lumped) [5] . The Violi-large mechanism consists of 216 species and
9654 reactions (some of them are also lumped). The Zhang
mechanism [6] consists of 208 species and 2186 elementary
reactions. The Mawid mechanism [7] consists of 226 species and
3230 elementary reactions. Whereas the first three mechanisms use
their own surrogate mixtures for representing JP-8 fuel, the Mawid
mechanism employs one of the three surrogatemixtures developed at
AFRL/RZ [39]. The chemical compositions of these surrogate
mixtures are given in Table 1. The physical domain between the two
nozzles (14 mm in the axial direction and 20 mm in the radial
direction) was represented using a 201 � 31 grid system, which
resulted in a uniform grid spacing of 70 �m across the flame. The
fuel=N2 ratio used in the calculations was 0.08. Experiments for this
flame were conducted by Holley et al. [40]. The temperatures of the
fuel and oxidizer streams were set to the measured values of 394 and
294 K, respectively. Initially, a stable flame was established for a
low-strain-rate case of 28:6 s�1. The corresponding fuel and oxidizer
velocities were 0.2 and 0:2 m=s, respectively. Calculations for this
flame were repeated by gradually increasing the strain rate
(velocities) until the flame along the centerline was extinguished.
The entire procedure, starting from establishing an initial flame to
obtaining an extinguished flame, was repeated with each chemical-
kinetics mechanism and surrogate mixture.

The flame response to an increase in strain rate predicted by
different chemical-kinetics models is shown in Fig. 7. Here, the peak
temperature along the centerline (r� 0) is plotted at different strain
rates. Because of chemical nonequilibrium, the temperature of the
flame decreased with strain rate. Data from each chemical-kinetics-
model calculation up to the extinction limit are shown in Fig. 7. The
measured extinction limit of 150 s�1 is shown with a vertical box.
The width of the box corresponds to the experimental uncertainty of
3.5% reported by Holley et al. [40]. Calculations with the Mawid
mechanism [7] were made using three surrogate mixtures identified
as surrogate 1, surrogate 2, and surrogate 3. JP-8 fuel represented in
the Violi mechanisms [5] is identical to surrogate 1. Among the four
chemical-kinetics models considered, the Violi mechanisms
predicted extinction strain rate more accurately than the other two.
The Violi-small and the Violi-large mechanisms yielded nearly the
same relationship between peak temperature and strain rate. A small
but gradual deviation in peak temperature at higher strain rates

Fig. 6 Benzene concentrations in ethylene–air, inverse nonpremixed flames shown in Fig. 5. Calculationsmade with a)Wang–Frenklach, b) NIST, and

c) enhanced NIST mechanisms.
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predicted by these two mechanisms should be noted. The extinction
strain rate of 136 s�1 predicted by these two mechanisms is within
90% of the measured value.

The elementary-reaction-based model developed by Zhang [6]
yielded the most stubborn flame from an extinction point of view,
even though the flame itself was not as strong (based on peak
temperature) as the ones predicted by the semi-elementary-reaction-
based mechanisms of Violi [5]. The importance of an accurate
surrogate mixture for representing JP-8 fuel is evident from the
calculations made with the Mawid mechanism [7]. The three
surrogate mixtures yielded different temperature-strain-rate relation-
ships (Fig. 7). Surrogate 1 yielded the lowest flame temperatures,
which decreased further and rather rapidly with strain rate.
Surrogates 2 and 3 yielded nearly the same extinction limits, with the
latter mixture resulting in a slightly closer extinction limit when
compared with the measured value. Interestingly, the flame
temperature predictedwith surrogate 2was higher than that predicted
with surrogate 3 when the strain rate was low, and lower when the
stain rate was high. The major difference among the surrogate
mixtures is that surrogate 1 contains additional parent compounds
such as hexadecane (10.2%), cyclooctane (4.7%), methylnaph-
thalene (3.9%), tetramethylbenzene (4.4%), and butylbenzene
(4.6%). A numerical experiment was conducted by systematically
removing these compounds from surrogate 1. Calculations were
repeated for the opposing-jet flame for different stretch rates; the
results are shown in Fig. 8 and suggest that removal of hexadecane
from the surrogate 1 mixture significantly increases the flame
temperature (
108 K) and the extinction limit predicted by the
Mawid mechanism.

Calculations for a JP-8 coaxial nonpremixed jet flame were
performed using the four chemical-kinetics models. The simulated
burner has a central fuel tube of 0.6 cm radius and is surrounded by a
5 cm radius coflowing air. A preheated fuel–N2 mixture at 500 K and
with 90% fuel by mass was issued at a velocity of 2 cm=s. The
coannular flow consisted of room-temperature air andwas issued at a
velocity of 5 cm=s. A computational grid of 151 � 61 was used for
discretizing the physical domain of 10 � 5 cm in axial and radial
directions. Grid clustering was used for placing most of the grid
points in the flame zone. Initial conditions (flame) for the detailed
chemistry calculations were obtained from the simulation using a
global-chemistry UNICORN code.

Results for the coaxial nonpremixed jet flame obtained with the
Violi-small, Violi-large [5], and Zhang [6] models are shown in
Figs. 9a–9c, respectively. Here, isocontours of methylcyclohexane
(in dashes) and H2 (in solid lines) are superimposed on the
temperature distribution (in gray scale) on the left half of each figure.
Isocontours of benzene (dashes), OH (solid lines), and temperature
(in gray scale) are shown on the right halves.

In general, all three chemistry models predicted nearly the same
flame shape, with the base region burning hotter than the tip region.
Flames are slightly shifted from the inlet boundary as imposed by the
stability criterion of the nonpremixed jet flames. However, several
important differences exist in these predictions. The Violi-small and
Violi-large mechanisms [5] resulted in nearly the same flames,
except that the latter mechanism generated more H2 and benzene
inside the flame, and methylnaphthalene (MCH) was present in
locations slightly farther downstream in the core region (Figs. 9a and
9b). The thermal layer (flame thickness) is wider for the Violi-large

Table 1 Representation of JP-8 fuel in various chemical-kinetics models

Mawid mechanism [7]

Fuel components Violi-small
mechanism [5]

Violi-large
mechanism [5]

Zhang
mechanism [6]

Surrogate 1 Surrogate 2 Surrogate 3

n-decane (n-C10H22) 0 0 0 16.2 0 25
n-dodecane (n-C12H26) 30 30 73.5 21 30 25
n-tetradecane (n-C14H30) 20 20 0 15.6 20 20
n-hexadecane (n-C16H34) 0 0 0 10.2 0 0
i-octane (I-C8H18) 10 10 5.5 5.7 10 5
Cyclooctane (c-C8H16) 0 0 0 4.7 0 0
Methylnaphthalene MCH (C11H10) 20 20 10 5.1 20 5
1-methylnaphthalene (C11H10) 0 0 0 3.9 0 0
Tetralin (C10H12) 5 5 0 4.1 5 0
1, 2, 4, 5-tetramethylbenzene (C9H12) 0 0 0 4.4 0 0
Butylbenzene (C10H14) 0 0 0 4.6 0 0
m-xylene (C8H10) 15 15 0 4.5 15 0
Toluene (C7H8) 0 0 10 0 0 20
Benzene (C6H6) 0 0 1 0 0 0
Molecular weight 144.38 144.38 151.3 156.87 144.38 146.89
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flame, which resulted in a hotter core region in Fig. 9b. As expected
from the opposing-jet-flame calculations (Fig. 7), which suggested a
much higher extinction strain rate for the Zhang mechanism [6], the
coaxial nonpremixed flame predicted by this mechanism (Fig. 9c) is
much closer to the inflow boundary than those predicted by the other
models. Although there was 1% benzene in the surrogate mixture of
the Zhang mechanism, it was all being consumed quickly in the core

region and did not enhance the benzene produced in the flame region
(Fig. 9c).

D. Studies on Effect of Di-Tertiary-Butyl-Peroxide on JP-8 Flames

Di-Tertiary-Butyl-Peroxide (DTBP) additive is known for
improving the ignition characteristics of hydrocarbon fuels. It has

Fig. 9 Structure of JP-8 nonpremixed flame predicted using a) Violi-small, b) Violi-large, [5], and c) Zhang [6] mechanisms. Isocontours of MCH

(dashed) andH2 (solid) superimposed on temperature distribution on left half; isocontours of benzene (dashed) and OH (solid) superimposed on right

half.

Fig. 10 Effect of DTBP additive on a) low-speed, nonpremixed jet flame, b) base flame, and c) flames with 10 and 15% additive added to fuel jet,

respectively. Temperature distributions shown on left half of each flame; phenanthreneC14H10 (gray scale) andOH (contours) concentrations shown on

right half.
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been shown experimentally that the addition of DTBP alters gas-
phase combustion [41] and, in some cases, soot production. Drop-
tube [42] experimental results indicated that adding DTBP to fuel
could reduce the amount of soot produced. For investigating the
effects of DTBP on a JP-8 flame, a detailed chemical-kinetics model
developed by Bozzelli [43], consisting of 98 species and 724
additional reactions, was added to the Zhang JP-8 mechanism [6].
The final Zhang–Bozzelli chemical-kinetics model derived for
studying the effects of DTBP on JP-8 fuel has 306 species and 2910
reactions. The flame chosen for this study was a pure nonpremixed
flame formed between gaseous JP-8 fuel and air. The velocity of the
fuel, injected from a 1.0-mm-diam tube at room temperature, was
0:2 m=s. The annulus air velocitywas 0:05 m=s. DTBP additivewas
added to the fuel jet by replacing an equal amount of JP-8, such that
the exit velocity of the fuel jet was not altered. Axisymmetric
calculations for this nonpremixed jet flame were performed for
various concentrations of DTBP on a nonuniform grid system of
151 � 71.

Results obtained for the base flame (without addition of DTBP)
are shown in Fig. 10a, and those for the flames with 10 and 15%
DTBP added to the fuel jet are shown in Figs. 10b and 10c,
respectively. Whereas gray-scale distributions of isotemperature are
shown on the left halves of these figures, gray-scale distributions of
phenanthrene (C14H10) are shown on the right halves. Distributions
of the OH radical are superimposed in the right halves of the
images. Phenanthrene was selected as a representative polycyclic-
aromatic-hydrocarbon species that traces soot inception and growth.
Figure 10a suggests that significant preheating of fuel before
entering the flame zone is taking place. The flame, in general, is
burning intensely in the tip region, with lower temperatures in the
shoulder region. The peak temperature is about 2000 K. Fuel at
room temperature exists for only a distance of 
5 mm in the fuel
jet, at which location low-temperature ignition is taking place.
Parent compounds of the JP-8 surrogate are decomposing into
lower hydrocarbon fuels (such as C2H4, CH4, and H2) between this
ignition location and the flame surface (peak-temperature location).
Almost all of the phenanthrene produced in this flame is located
upstream of the flame tip. Based on the phenanthrene distribution, it
is expected that soot in this flame will develop along the axis of
symmetry and in the neighborhood of the flame tip. The effects of
DTBP on JP-8 fuel appear to be marginal. Addition of 10% DTBP
reduced the flame size slightly (
2 mm in height), as shown in
Fig. 10b. As expected, DTBP improved the ignition characteristics
of the fuel. Note a decrease in the height of the room-temperature
fuel jet and an increase in the OH concentration when 10% DTBP
was added. Interestingly, phenanthrene concentration decreased by

50%. These effects became more pronounced, as shown in
Fig. 10c, when 15% DTBP was added to the fuel jet. To confirm
this, further studies must be conducted using DTBP chemistry along
with other JP-8 chemical kinetics (Violi-large [5], and Mawid [7]).
The robust UNICORN code is capable of performing multidimen-
sional calculations for a nonpremixed jet flame using these
mechanisms.

V. Conclusions

The multidimensional CFD model UNICORN has been
extensively validated in the past by simulating various steady and
unsteady opposing- and coflowing-jet premixed and nonpremixed
flames, and by comparing the results with experimental data [8],
lending confidence in the accuracy of the simulations made using
UNICORN for the structures of dynamic flames. To prepare for
current and future demands for simulations of multidimensional
flames established from commercial fuels, a robust and efficient
UNICORN code that could handle large chemical-kinetics
mechanisms with ease was developed. Following a software-
generated CFD approach, a separate UNICORN code for a given
chemical-kinetics mechanism was prepared. This approach virtually
eliminated the human errors that occur when incorporating large
chemical-kinetics mechanisms in a CFD code. The efficiency of the
UNICORN code has been improved through the use of a submixture

concept while evaluating transport properties and rapidly expanding
grid systems. The robustness of the UNICORN code has been
improved bymaking use of an implicit approach for solving species-
conservation equations with large chemical source terms. Several
sample simulations have been presented for demonstrating the
abilities of the UNICORN code in handling very large chemical-
kinetics mechanisms. Handling of stiffness, caused by the large
source terms associated with combustion chemistry, has been
demonstrated in the study on laminar-flamelet theory for stretched
laminar nonpremixed flames where limits on flame thickness were
examined through increasing the reaction rates by an order of
magnitude. Efficiency of the calculations was demonstrated by
conducting a parametric study on the role of parent compounds of a
JP-8 surrogate mixture in predicting flame extinguishment.
Retention of the accuracy of the UNICORN code while using very
large chemical-kinetics mechanisms was demonstrated by
simulating a naturally oscillating buoyant nonpremixed flame using
models with 99 species, 1066 reactions; 225 species, 1634 reactions;
and 366 species, 3698 reactions. Ease of incorporating large
chemical-kinetics models was demonstrated in a study of additive
effects on a JP-8 flame conducted by merging Zhang’s JP-8
mechanism [6] with Bozzelli’s Di-Tertiary-Butyl-Peroxide mech-
anism [43].
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