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A major concern in the numerical study of turbulent nonpremixed flames is the accurate prediction of trace
species. The production of pollutants such as NOx during unsteady combustion needs to be understood and
predicted accurately so that the design of the next generation's combustion systems can meet the forthcoming
stricter environmental restrictions. Numerical studies using steady-state methods cannot account for the unsteady
phenomena in the mixing region, and therefore, fail to accurately predict the NOx production that could occur.
A novel unsteady mixing model is demonstrated here that accounts for all the length scales associated with
mixing and molecular diffusion processes. Finite-rate kinetics in the form of a reduced mechanism have been
used to study hydrogen-air nonpremixed jet flames. NOx production in these jet flames was also predicted.
Comparisons with experimental data and pdf calculations show good agreement, thereby, providing validation
of the mixing model.

I. Introduction

T O develop the next generation of high-speed civil trans-
port (HSCT) aircraft, a significant reduction in pollutant

emissions from the engine must first be demonstrated. Emis-
sions that must be reduced include, NOx emissions into the
stratosphere during supersonic flight, and the NOx, CO, and
unburned hydrocarbons emissions near urban areas during
idling and takeoff/landing operations. Extensive investiga-
tions have been carried out by various researchers1-2 to iden-
tify and evaluate various advanced combustor designs that
could result in reduced pollutant emissions. Various low-NOx
combustor concepts—i.e., lean-premixed-prevaporized (LPP),
rich burn/quick quench/lean burn (RQL), and direct injection
(DI) are being studied,2 and their NOx emission character-
istics have been determined over a wide range of inlet tem-
peratures, fuel-air ratios, and pressures.

For aircraft such as the HSCT, which will have a wide range
of operating conditions, the RQL combustor configuration
has good potential for significantly reducing NOx emissions.
In such a configuration, the primary combustion occurs in a
fuel-rich environment. Downstream, air is injected to rapidly
dilute the fuel-rich mixture exiting from the primary stage so
that a uniformly mixed fuel-lean mixture burns in the sec-
ondary stage. This concept, although more complex than the
LPP and the DI concepts, attempts to minimize (if not com-
pletely inhibit) NOx formation in the hot primary stage by
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limiting or eliminating free oxygen atoms, and in the fuel-
lean secondary stage by reducing the combustion tempera-
ture. NOx will form in regions where the secondary air mixes
with the hot fuel-rich mixture exiting from the primary zone
(in the quench region), especially in regions where the fuel-
air ratio becomes locally close to stoichiometric. However,
the exact mechanism of NOx production in the highly un-
steady mixing zone has not yet been clarified. The RQL con-
cept has good stability characteristics due to its fuel-rich zone
and can be used with current jet fuels, as well as, alternative
fuels containing large amounts of fuel-bound nitrogen.2 Thus,
if an effective (low NQx producing) technique to rapidly mix
the secondary air with the fuel-rich primary mixture can be
determined, then this concept may become practically feasi-
ble.

At present, there is an extensive experimental program
underway to evaluate low-NOx combustors such as the LPP
and the RQL.3 Detailed measurements inside and immedi-
ately downstream of the quench zone will be required to
determine the efficiency of the rapid mixing concepts. Ex-
perimentally studying various types of rapid mixing concepts
such as swirl jets and jets in crossflow can be expensive, and
unless the characteristic length and time scales involved in
these unsteady mixing concepts are determined and their rel-
evance to NOx production quantified, experiments alone may
not provide the necessary guidelines to build production en-
gines. Typically, numerical prediction methods are used to
complement experimental studies, both to understand the dy-
namics and to extend the experimental results to unmeasured
or unmeasurable operating conditions. However, most nu-
merical schemes currently used for prediction purposes are
based on steady-state schemes4"6 and are unable to account
for the highly unsteady phenomena occurring during rapid
mixing. Some earlier attempts to include the effects of un-
steady mixing7 have resulted in somewhat improved predic-
tions. In principle, simulation techniques such as large-eddy
simulations could be used to understand and predict more
accurately the unsteady mixing processes, but they are im-
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practical for engineering design analysis due to the substantial
computational resources required. Therefore, there is a crit-
ical need to develop a more accurate yet simple model for
unsteady mixing processes that can be used to model the
unsteady processes occurring in the mixing region.

Accurate simulation of turbulent mixing and chemical re-
actions must take into account the physics of the mixing pro-
cess. Studies of molecular mixing have shown that the mixing
process generally consists of two steps: 1) the entrainment of
the fluid from the two streams into the mixing region, and 2)
the mixing of the fluids at the molecular level as they come
into contact. Classical modeling of turbulent mixing in high
Reynolds number flows typically assumes that turbulent con-
vection dominates over molecular diffusion processes, i.e.,
the first step is the crucial one. However, experimental studies8

have revealed that for flows at the same Reynolds number,
both the mixing rates and the distribution of the mixed fluids
are quite different in fluids of widely different molecular dif-
fusivity. This clearly indicates that besides turbulent convec-
tion, molecular diffusion effects are important at the small
scales. In terms of nondimensional parameters, this implies
that the effects of both Reynolds number and Schmidt number
on the mixing rate need to be taken into account. When
chemical reactions are also occurring, then the Damkohler
number effect will also need to be included.

Kerstein9"11 took into account these results and developed
a novel model called the linear-eddy model, which treats sep-
arately the effects of both turbulent mixing and molecular
diffusion at the small scales. The motivation for these studies
was to develop a configuration-invariant approach to study
turbulent flows. Kerstein's results showed that a set of laws
or models governing the processes of entrainment, turbulent
mixing, and thermochemistry can be developed to provide a
self-contained picture of the overall fluid mechanical and ther-
mochemical structure of turbulent reacting flows. In the
present study, this mixing model has been extended to include
finite-rate kinetics, including NOx production, characteristics
of realistic nonpremixed combustion in turbulent jet flames.

II. Formulation of the Mixing Model
In this section, the various elements that constitute the

stand-alone mixing model are identified and described. The
stand-alone mixing model contains three major elements: 1)
the basic unsteady mixing model that simulates the small-scale
processes, 2) the application-specific processes that models
the physical configuration, and 3) the finite-rate kinetics
mechanism that models the combustion process in the small
scale.

A. Unsteady Mixing Model
The basic idea is to treat separately, two different mech-

anisms acting to describe the evolution of a scalar(s) (chemical
species) in a specified domain. These two mechanisms are 1)
molecular diffusion, and 2) turbulent convective transport.
For flows in which finite-rate kinetics are occurring, an ad-
ditional mechanism is incorporated, as discussed in Sec. II.C.

L Molecular Diffusion
The first mechanism is molecular diffusion, which is im-

plemented by the numerical time integration of the diffusion
equation

where Yk is the /cth species mass fraction, Wk is the chemical
production/destruction term for the /cth species, and Dk is the
/cth species diffusion coefficient. Note the absence of the con-
vective term in this species diffusion equation. The turbulent
convection is carried out separately by the second mechanism
described in the next section. The strategy here is to resolve
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Fig. 1 The geometry of the jet and the computational domain.

all the relevant length scales involved in the local diffusion
and transport processes. Since it is in the small scales where
mixing and chemical reactions occur, resolution of the small
scales is important. Therefore, to resolve all the small-scale
processes taking part in the unsteady mixing, and to keep the
computational cost reasonable, the domain is restricted to one
dimension.

Consider the configuration shown in Fig. 1, which shows a
fuel jet exiting into a mixing zone. This is a test geometry
that corresponds to the mixing zone in the RQL combustor
and to geometries in many jet flame experiments. If the
streamwise x direction is chosen as the linear-eddy domain,
and if that domain is further subdivided into small cells, then
each cell would represent a control volume, which is deter-
mined by the cell width A*, and a radial zone extending from
the centerline to the nominal jet radius ry. The volume of each
cell of width AJC is then given by V(x) = TTTJ Ar. For the case
shown in Fig. 1, the jet radius is given by the relation: rf(x)
= Cs(x — jc0), where x(} is the virtual origin and Cv is an
empirical constant which ranges from 0.07 in the forced-con-
vection limit to 0.10 in the natural-convection limit.11 The
choice of Ax is dependent on the smallest characteristic length
scale (or eddy size) that needs to be resolved. We choose
AJC — L(x)/n, where L(x) is the integral length scale, which
is given by L(x) ~ 2ry(jt), and n is the resolution factor, which
is constant for a given computed realization. Using this def-
inition of L(x), the volume of each cell becomes V(x) =

Since we are interested in the downstream evolution of the
mixing region, the spatial evolution (spreading) of the jet
needs to be incorporated. From experimental data, the
spreading of the jet can be characterized by L/d6 = (1 + ex),
where de is the momentum diameter of the jet, which is de-
fined as de = d0Vp0/P« with d0 as the fuel jet nozzle diameter.
Here, x = x/dd is the nondimensional streamwise distance,
and c is a constant denoting the spatial spreading rate; typi-
cally, c = 0.14 for free jet. Also, p() and p(l are, respectively,
the density of the primary fuel stream at the fuel nozzle exit
(i.e., at x = 0) and the ambient (air) density. Note that with
this definition of L(JC), the cell width AJC and the volume V(x)
increases in the downstream distance. The increase in the
volume reflects the entrainment of air into the mixing region.

In addition to the specification of the spreading rate of the
mixing layer, it is also necessary to decide the total streamwise
extent of the mixing layer (the computational domain) that
must be modeled. Experiments12 suggest that a region of around
x/dQ ~ 200 needs to be modeled since the hydrogen flame
length can be in the range ofx/d0 = 100-140. In the present
calculations, the spatial extent of the mixing layer that was
modeled exceeded x/d0 = 200.

2. Turbulent Convection
The second mechanism in the mixing model is the turbulent

convection process. This is incorporated in the model by a
random process that rearranges the fluid element along the
linear direction and is carried out (subject to some constraints)
while the molecular diffusion process is going on. This process
causes a random walk of the fluid elements and introduces a
discontinuous (turbulent) fluid motion, representing small-
scale turbulent stirring. Each event involves permutation of
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a) b)

Fig. 2 The effect of mapping on the scalar field: a) original scalar
field before application of rearrangement and b) scalar field after
rearrangement process. The scalar rearrangement (turbulent stirring)
process carried out by the triplet map involves selecting a segment of
the linear domain for rearrangement, making three compressed copies
of the scalar field in that segment, replacing the original field by the
three copies, and inverting the center copy.

the cells of the spatially discretized concentration field and is
confined to a finite segment of the total computational do-
main. This finite domain may be viewed as the size of the
eddy that is causing the turbulent stirring. To bring the physics
of turbulent transport into this process, the frequency of these
events corresponding to a given range of eddy sizes is deter-
mined such that the principal scaling laws governing turbulent
transport are satisfied.

To implement this process of turbulent transport, a map-
ping procedure called the triplet map was developed by Ker-
stein.11 Figure 2 shows the effect of the triplet map in the
continuum limit. Essentially, the size of the eddy, character-
ized by its length / is first chosen from a probability distri-
bution of eddy sizes/(/). Then the scalar field (e.g., with a
linear gradient as shown in Fig. 2a) within the chosen segment
/is compressed by a factor of 3, thus tripling the scalar gradient
within the segment. The original scalar field within the seg-
ment / is then replaced by three copies of this compressed
field, with the middle copy reversed. The resulting scalar field
is shown in Fig. 2b. This discrete mapping is defined so as to
recover this rule in the continuum limit while satisfying species
conservation exactly in the discrete implementation. More
details of the theoretical considerations behind the triplet map
are given by Kerstein.10'11

To carry out the triplet map, the size of the eddy / must be
first determined. The sizes of eddies present in the flow
are assumed to range from the Kolmogorov microscale 17 to
the integral length scale L (i.e., 17 < I < L), and the eddy
size / is chosen randomly from a power-law distribution /(/)
within this chosen range. Using Kolmogorov scaling, Relo ~
(/o/rj)374, Kerstein derived an expression for /(/), which can
be written as

™ = 3L - 1 \L (2)

Once the range of eddy sizes is known, a single inversion
event involves first choosing an eddy size / from the pdf /(/)
[Eq. (2)] and carrying out the mapping described above. Note
that/(/) varies with both x and t. A sequence of such mappings
must be carried out so that all allowable eddies within the
chosen range take part in the process. The rate at which this
mapping takes place is determined based on the local values,
and therefore, varies both with time and with the spatial lo-
cation in the mixing region. This rate is specified by a rate
parameter A, which has the unit of (length x time)"1 and is
determined by first determining the turbulent diffusivity of
the random walk process for each eddy. Without going into
detail (see Kerstein9J() the value of A can be determined as

= 54 vReL [(L/T/)573 - 1]
5 L3 1 - (VL)4/3 (3)

The time scale associated with the stirring events rs is related
to A by the simple relation ry = IIXL.

This completes the description of the basic model. To sum-
marize, the unsteady mixing in a specified domain is modeled
by two processes that work together but which are modeled
separately. Molecular diffusion updates the concentration fields
deterministically based on Fickian diffusion within a linear
domain in which all the relevant small scales are resolved.
Chemical heat release within each cell in the linear domain
can also be included by solving the diffusion equations for k
species with the full chemistry model for Wk. However, the
hydrogen-air, finite-rate kinetics are a multispecies mecha-
nism with large production/destruction terms for Wk (and,
thus, small chemical times, rch). This can make the diffusion
equation numerically stiff. Therefore, the finite-rate kinetics
are implemented differently, as described in Sec. II.C.

While the molecular diffusion process is going on, it is
punctuated by randomly occurring rearrangement events rep-
resenting the turbulent convective stirring process. This stir-
ring occurs at a frequency A, as determined by the physical
scaling laws described above, and results in the rearrangement
of the species within each eddy of size /. Typically, the time
(frequency) at which the mapping events take place (ry) will
be different than the time-step required for integrating the
diffusion equation (rd). This is taken into account in the al-
gorithm.

B. Application-Specific Processes
The basic processes, molecular diffusion, and turbulent

mixing, must be further supplemented by application-specific
processes that characterize the type of mixing process being
studied. These application-specific processes are used to spec-
ify the boundary and the inflow/outflow conditions. By par-
ametrically varying the important parameters of the appli-
cation-specific process, the effect of different unsteady mixing
strategies can be studied.

For the stand-alone model developed here, there are three
application-specific processes that need to be modeled. These
are 1) the fuel inflow, 2) the air entrainment, and 3) the
streamwise motion and outflow of the jet. Each of these pro-
cesses is described below.

1. Fuel Inflow
Fuel enters the first cell of volume V(Q) at a constant mass

flow rate ra() from the upstream state. The state conditions—
e.g., the temperature, pressure, density, and the species mass
fractions in the fuel mixture at the entrance to the mixing
zone—need to be specified. In all the calculations described
here, this state is specified. For the RQL combustor, this state
may be the exit conditions from the primary zone.

2. Air Entrainment
Air entrainment process is determined based on the length

and time scales associated with the physical process. Thus,
by proper modification of the entrainment law, the effect of
different air injection strategies can be studied. Some prelim-
inary study of modifying the entrainment process was carried
out to identify the important time and length scales.13

From previous experimental observations of free jets, it is
clear that the air will be entrained throughout the flow do-
main; however, it is not entrained in a continuous manner.
Rather, air is entrained in finite parcels, and the size of the
parcel directly influences the mixing process. From earlier
experiments14-15 it appears that the size of the parcel is com-
parable to the jet diameter. This information is included in
the model by setting the volume of the entrained air parcel
to be VE(x) = (7T/4)L3(;c). Note that, since L(x) is an in-
creasing function with x, the volume of air entrained will
also increase with streamwise distance. The frequency of the
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entrainment events in the interval (;c, x + djc) is given by
\E(x) etc, and is determined from the local entrainment rate

= \E(X)PaVE(x) (4)

where m(l is the mass flux of the air crossing any x plane and
is obtained by using entrainment laws. Here we use an ex-
perimentally verified set of entrainment laws.16 It was shown
that the local entrainment rate can be modeled by16

dm,
djc- = CF (5)

where p = rh/V, and V and G are, respectively, the volume
and momentum flux crossing any x plane. Here, CE is an
empirical coefficient that ranges from 0.32 in the forced-con-
vection limit to 1.84 in the natural-convection limit.

The momentum flux G(x) is determined from the local
momentum balance according to the relation

(6)

where g is the gravitational acceleration, Cg — 11.8 is an
empirical coefficient, and b = ry is the nominal jet radius
defined earlier. Equation (5) is integrated with the inflow
condition, G(0) = G0, where G() = (7r/4)p0Wo^o, where sub-
script 0 denotes the fuel state at the inlet (x = 0). This result
is combined with Eqs. (4) and (5) to obtain the entrainment
rate AE(JC).

The entrainment events occurring at the frequency AE are
taken to be statistically independent (similar to the mapping
events), and the process is implemented similar to the tur-
bulent stirring process described earlier. Thus, the epochs and
locations of the entrainment events are selected by an algo-
rithm that parallels the stirring algorithm.

3. Streamwise Motion
When fuel enters the first cell, it must displace fluid in

subsequent cells to maintain constancy of the cell volume.
This displacement induces a stream wise flow. In some re-
spects, this reactant-feed mechanism resembles earlier plug-
flow studies (e.g., the coalescence-dispersion model).17 How-
ever, there are two major differences. First, the radial spread-
ing of the jet is included in the present model by virtue of
the streamwise increase of the cell volumes (Fig. 1). Second,
although the fuel enters at only one location the air is en-
trained throughout the streamwise direction, as shown in Fig.
I. Both these realistic mechanisms are included in the present
model, whereas they are missing in the plug-flow mixing models.

Two other physical processes contribute to the streamwise
motion: 1) the air entrainment process (described in Sec.
II.B.2) and 2) the thermal expansion due to heat release. The
effect of both these processes are similar to the effect of fuel
inflow and induces a streamwise fluid displacement. There-
fore, streamwise motion is a result of three processes. More
details of the implementation of the streamwise motion are
given elsewhere.11-13

C. Finite-Rate Kinetics Within the Mixing Model
As noted above, conceptually, full finite-rate kinetics can

be included within each cell of the computational domain
during the molecular diffusion process. However, this can
make the time-step very small and increase the overall com-
putational cost. An approach that reduces the computational
effort is to use reduced reaction mechanisms. This has been
carried out using a hydrogen-air, nonpremixed jet flame as a
test problem. More complex reduced mechanism for meth-
ane-air combustion will be studied in the future.

The hydrogen-air jet flame has been experimentally studied
extensively.12-18 Numerically, a reduced mechanism model was
recently used with a pdf method to predict the flow proper-
ties.19-20 The primary advantage of using the reduced mech-
anism approach is the reduction in the number of scalar equa-
tions that must be solved. For the hydrogen-air problem, only
two scalars—the mixture fraction f and a progress variable
n—need to be solved to obtain all other properties. Also,
the reaction mechanism can be solved first to generate a "look-
up" table that can then be used to interpolate for the species
information whenever required. This clearly reduces the amount
of computation required.

In the hydrogen-air, nonpremixed jet flame considered here,
the total number of scalars is 10, which are the seven active
chemical species (i.e., H2, O2, H2O, O, H, OH, HO2), plus
temperature, pressure, and density. If we assume equal dif-
fusivities for species and enthalpy, the mixing process can be
described by a conserved scalar £. The mixture fraction is
defined as the normalized mass fraction of an atomic species
originating in the fuel stream. With this definition, the con-
centrations of atomic species are linearly related to £.

A partial equilibrium model approach is used here,19 which
assumes that some of the reactions are relatively fast com-
pared to the three-body recombination steps. The total num-
ber of moles per unit mass n is chosen as the reactive scalar,
which is given as

n =
(7)

The details of the reduced mechanism has been described
extensively,19 and therefore, it will not be described here.
Two types of hydrogen-air combustion process have been
studied: 1) a pure hydrogen-air case and 2) a 22% argon +
78% hydrogen-air case.

The NO production mechanism in the H2-air flame modeled
here is primarily from the thermal pathways. Thus, for now,
the prompt NO formation and the formation of NO involving
intermediate N2O are neglected. This is considered accepta-
ble, since, in general, the majority of NO formed in hydrogen-
air combustion is from the thermal NOx pathways. The ther-
mal NO reactions are described by the well-known Zeldovich
mechanism, and a steady-state assumption for the N atom
and (NO)/(NO)equi, « 1 are assumed. This results in a re-
duced Zeldovich mechanism: N2 + O2 = 2NO and the NO
formation rate (gm/cm3-s) can be approximated as20

- 2&/,7/,(N2)(0)MN (8)

where (C) denotes the concentration of species C (mole/cm3),
MNO is the molecular weight of NO, and kfnrl = 1.84 x 1014

exp( - 38370/T) cm3/mole-s.
The diffusion problem analogous to Eq. (1) for this hydro-

gen-air case is the solution of three equations for the mixture
fraction f, the progress variable n, and the NO moles JZNO:

dt ~ edx~

dn ^ 82n

dt

(9)

(10)

(11)

Here, the source term in Eq. (10) is obtained from the look-
up table for the reduced mechanism, and the NO production
term is determined from Eq. (8). Also, for this study, we
assumed that D^ = Dn + D,INO = vISc, where v(T) is deter-
mined using the Sutherland's law, and Sc is the Schmidt num-
ber taken to be unity.
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HI. Implementation of the Stand-Alone Mixing and
Reaction Algorithms

The implementation of the mixing and reaction algorithms
as a stand-alone model is relatively straightforward. The ele-
ments of the model described in Sec. II involves six separate
mechanisms: 1) the fuel feed into the mixing zone; 2) the air
entrainment throughout the mixing zone; 3) the molecular
diffusion; 4) the turbulent stirring and 5) the finite-rate ki-
netics within each cell; and 6) the streamwise motion resulting
from the effects of fuel feed, air entrainment, and thermal
expansion due to combustion. The implementation of these
mechanisms is outlined below.

First, molecular diffusion and chemical kinetics are simu-
lated by time integration of the diffusion Eqs. (9-11) within
the computational domain using a standard finite-difference
(central difference) approach. Typically, the time-step for the
numerical integration is rd = C&x^JD, where A*min is the
size of the smallest cell and C < 0.5 for stability.

The other main mechanism, i.e., the rearrangement events
that models small-scale turbulent stirring, is also carried out
whenever the epoch for the mapping event is reached during
the time integration of the diffusion equations. Typically, the
epoch of the mapping event is randomly selected based on
the overall rate, R = AL, of such events. When this time is
reached, the location of the eddy is selected with uniform
likelihood within the cell, and an eddy size is chosen by ran-
domly sampling the pdf/(/). Then the mapping process is
carried out as described earlier. This exchange is assumed to
occur simultaneously and instantaneously so that no time elapses
during this process. After this event, the epoch of the next
event is determined based on the new value of the event
rate R.

Similar to the turbulent stirring events, the entrainment of
the air parcels into each cell is determined based on the en-
trainment laws and the entrainment frequency AE; also, the
epochs and locations of the entrainment events parallel the
previously described turbulent stirring process.

0 20 40 60 80 100 120 140 160 180 200 220 240 0 20 40 60 80 100 120 140 160 180 200 220 240

i—'—i—'—r

c)
100 120 140 160 180 200 220 240

x/d0

Fig. 3. Instantaneous axial variation of the flow properties in the jet flame for a jet speed of 222 m/s and a jet diameter of 0.52 cm: a) mixture
fraction (£) as a function of axial location, b) temperature (K) as a function of axial location, and c) NO emission index as a function of axial
location.
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Fig. 4 Axial variation of the mean flow properties for a jet speed of
225 m/s and a jet diameter of 0.52 cm. All variables have been nor-
malized by their maximum value.

Fig. 5 Axial variation of the NO emission index for various jet speeds.

The fuel feed, air entrainment, and thermal expansion due
to combustion, all induce stream wise fluid displacement, which
represents the stream wise flow. This displacement process is
implemented as a distinct computational step that incorpo-
rates all three contributions. After the fuel feed, air entrain-
ment, and combustion during a time-step have been com-
pleted, the deviation of the cell densities from their equilibrium
values is used to determine new equilibrium values using per-
fect gas law and a streamwise adjustment (which essentially
incorporates the downstream flow motion) of the fluid prop-
erties in the cells carried out to adjust the properties in each
cell. More details of the implementation of the streamwise
motion are given by Kerstein.11

IV. Results and Discussion
For the hydrogen-air problem, the initial values of f and n

in the fuel jet are specified depending upon the type of fuel
used and the ambient conditions. The fuel jet enters the mix-
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Fig. 6 Scatter plot of temperature vs mixture fraction at xld^ = 30
for a fuel jet speed of 150 m/s: a) present calculations, b) pdf calcu-
lations,19 and c) experimental results.18

ing domain with f = 1 and n = 0.496 (for the 22% Ar +
78% hydrogen case, n = 0.0965), and with a temperature of
300 K. The entrained air is at a state given by £ = 0 and n
= 0.03466, and a temperature of 300 K. The combustion
process is assumed to occur at the standard atmospheric pres-
sure condition. The stoichiometric conditions for the H2-air
flame are: £st = 0.028 and /ist = 0.0412, with a flame tem-
perature of 2193 K, while for the 22% Ar + 78% H2-air flame
the stoichiometric conditions are: fst = 0.1636 and «st =
0.0388, with a flame temperature of 2303 K.

During the computations, the spatial distribution of the
scalar fields will continuously evolve, and eventually the flow
will reach a statistically steady state. The instantaneous re-
alizations obtained over a long period of simulation were then
Favre-averaged to obtain the statistically steady-state flow-
field. To obtain the steady-state field, the total number of
grid points (1250 in the present case) is divided into blocks
each containing 50 cells; each block is then further divided
into bins containing 10 cells each. Favre-averaging of the flow
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Fig. 7 Scatter plot of temperature vs mixture fraction at x/d0 = 30
for a fuel jet speed of 225 m/s: a) present calculations, b) pdf calcu-
lations,19 and c) experimental results.18
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Fig. 8 Variation of the NO emission index as a function of jet speed.
Circles and curve fit: pdf results,20 square: present results.

variables is then carried out over each bin (10 cells) to obtain
the averaged property. The effect of grid resolution on the
accuracy of the data was also addressed by repeating some of
the calculations with twice the above noted resolution. It was
determined that for the conditions studied here, a resolution
of 1250 cells was sufficient. Most of the results presented here
are in terms of these Favre-averaged properties, since these
are typically the properties required for design and prediction.

Although simulations for a variety of flow conditions and
fuel types were carried out, here we will concentrate on the
results obtained for the 22% argon-hydrogen jet flame case.
Figures 3a-3c show an instantaneous realization of the flow
properties in the jet flow. Figure 3a shows the axial variation
of the mixture fraction £ for a fuel jet speed of 225 m/s. Figure
3b shows the temperature variation in the jet and Fig. 3c
shows the axial variation of the instantaneous NO emission
index (defined as gm of NO/kg of fuel) for the same case.
These profiles show the characteristic fluctuations due to the
turbulent mixing process modeled by the linear-eddy mapping
procedure. Figure 3a shows that the mixture fraction de-
creases from the fuel jet inflow conditions at x/d(} = 0 to very
low values in the far field, while the temperature field shows
a distinct peak at around x/d(} = 40. At around the same axial
location, the NO emission index (NOEI) (Fig. 3c) increases
rapidly from negligible value to a large value that eventually
levels off in the far field. The axial variation of NOEI observed
here is similar to that observed in the experiments.

The Favre-averaged, steady-state results also show similar
results. Figure 4 shows the time-averaged properties com-
puted for the same case as in Fig. 3. The mean temperature,
the mean species fraction for H2, O2, OH, and the mean NO
moles per unit mass are plotted (normalized by their maxi-
mum value) in the same figure to facilitate comparison. It can
be seen that the fuel (hydrogen) mass fraction decreases
rapidly in the downstream direction, while the oxygen mass
fraction increases downstream due to air entrainment. The
hydroxyl radical peaks at the same location of the peak tem-
perature (at around x/d0 = 40); however, it is interesting to
note that the maximum value of NO occurs further down-
stream (at around x/d0 = 70) of the peak temperature loca-
tion.

Figure 5 compares the axial variation of the NO emission
index for three jet speeds. These results clearly show that the
NO emission index increases rapidly near where peak tem-
perature occurs and then asymptotically levels off at a value
that is typically considered the NOEI of the jet. It can be
seen that as the jet speed increases, the NOEI decreases. This
trend of decrease in the emission index with increase in jet
speed agrees with experimental observation.12

Figures 6a-6c show, respectively, the present computa-
tions, the experimental data,18 and the earlier pdf computa-
tions19 in terms of the T-£ scatter at x/d0 = 30 for the fuel jet
speed of 150 m/s. Figures 7a-7c show, respectively, these
three plots for the jet speeds of 225 m/s. Clearly, the present
computations are capable of reproducing quite accurately the
experimental and pdf predictions. Both the magnitude of the
peak temperature and its location (as a function of f) agrees
with both the experimental and pdf data. The solid line in
the experimental and the pdf calculations shows the equilib-
rium temperature-mixture fraction relation. As expected, all
the computed results fall below this line and clearly show the
effect of finite rate kinetics. The scatter in the experimental
data above the adiabatic temperature is due to the noise in
the measurement.

Finally, Fig. 8 shows the variation of the NO emission index
as a function of fuel jet speed for a given jet diameter. Also
shown in this figure is the pdf predictions.20 The present pre-
diction also shows the same trend, i.e., the NO emission index
decreases with increasing jet velocity for the same fuel jet
diameter. This result is again consistent with past observations
and is consistent with the notion that as the jet speed in-
creases, the characteristic residence time in the jet decreases,
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resulting in lower NO production. The trend predicted by the
present calculations is in good agreement with the pdf cal-
culations. Direct comparison shows that there are differences
in the value of NOEI predicted by these two methods. This
could be attributed to the differences in the modeled con-
figurations. For example, the pdf computations employed a
surrounding coflowing air at a velocity of around 9.2 m/s (the
present study assumes that there is no coflowing air). Also,
the specific geometry used in the experiments (coaxial tubes
with a pilot flame) was different from the geometry modeled
in the present study. Regardless of these differences, the
present one-dimensional model simulations demonstrate a ca-
pability to predict important features such as the NO emission
of a jet flame. Since the method is quite general, other types
of reacting jets, such as a methane-air and propane-air jet
flows can be easily investigated by incorporating proper re-
duced mechanisms.

V. Conclusions
In this article, a new mixing model is described that takes

into account the fundamental features of turbulent mixing.
Both turbulent mixing and molecular diffusion in the small
scales have been identified in experiments to be important in
flows with chemical species. By specifically separating these
two effects and modeling them in the small scales, the mixing
model developed here has a capability that all previous mixing
models have lacked. This mixing model was used to study
hydrogen-air, nonpremixed flame combustion using a reduced
reaction mechanism, and the NO production in such flames
due to the thermal mechanism (the Zeldovich mechanism)
was also calculated.

The results show that finite-rate kinetics in the form of a
reduced mechanism can be easily incorporated within the
framework of the mixing model. Comparison of the present
results with experimental data clearly demonstrate the strength
of the stand-alone mixing model. This mixing model can be
utilized to carry out parametric study to understand the im-
portance of the various parameters that govern the mixing
between fuel and entrained air. For example, the method of
air entrainment can be modified to simulate different mixing
strategies. The effect of different operating regimes, such as,
high pressure on the NO production can be determined by
using different look-up tables (which can be easily generated).
Such studies may be able to identify the critical parameters
that govern the NO production in mixing regions character-
istic of the RQL quench zone. Once such parameters are
identified, they can be parametrically varied to determine
their effect on the NO production. There may exist certain
ranges of these parameters where NO production is mini-
mized. This information could be utilized to design physical
mixing methods that could then be evaluated experimentally
to determine its applicability to the RQL combustor. A point
to be noted here is that the present approach is computa-
tionally very efficient (all simulations can be easily performed
on desktop PCs or workstations in a matter of a few hours);
thus, parametric studies can be carried out economically.

Another potential application of this mixing model is its
use within steady-state codes so that the steady-state predic-
tions take into account the unsteady small-scale processes that
govern scalar mixing and combustion. Recently, a modified
version of the present model was implemented as a subgrid
model to study turbulent premixed combustion21 and turbu-
lent diffusion flames.22 In this approach, the mixing model
described in this article (with some minor modifications) is
implemented within each of the computational grid cells. A
similar approach is currently being studied for implementation
in steady-state codes.
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