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Abstract

1. Introduction

In this paper, we use the direct
numerical simulation (DNS) approach to carry
out fundamental studies that compare the
performance of an eight-step/seven-species
chemistry model and a model consisting of
twenty-five steps and twelve species. The basic
Hz - Air reaction is used, because of the
relevance to combustion in turbomachinery and
the scramjet engines, and results are presented
for MC = 0.8, where MC is the convective Mach
number. Various definitions of the layer growth
rate are used in an attempt to differentiate
compressibility effects of high-speed from those
of chemical reaction. The standard vorticity
thickness definition, which is biased toward the
hydrodynamic part of the flow, shows a similar
evolution for both chemistry models and the
case. However,
three other
non-reacting
definitions, which depend on the extent of
chemical reaction, show considerably different
temporal evolution for the two chemistry
models. In general, the twenty-five step model
shows more vigorous reaction. Also observed for
the 25step system is the extraction of energy
from the system, which is manifested as lowerthan-upstream temperatures away from the
centerline of the layer. We attribute this to the
endothermic nature of some of the reaction steps.
Examination of the anisotropy tensor shows no
effect of chemistry or its modeling. However, no
particular attention was paid to the integral
initial
length scale, i.e., the normalized
correlation between scalar values in adjacent
nodal points of the grid.

In comparison to detailed chemistry,
reduced chemistry models have the advantage of
computational efficiency and are therefore
preferred in situations where they could produce
acceptable results. Some chemistry models for
H2 - Air combustion in non-premixed situations
have been investigated in our work, using direct
numerical simulation (DNS), with the objective
of determining the acceptability of the simpler,
but affordable, models. The interest is in
convective Mach numbers, MC, in the range 0.2 <
MC < 3.0, with Arrhenius-type relations for
chemistry models which vary from the simple
one-step/three-species type to the twenty-five
step/twelve-species reactions. Each of the steps
in these reactions possesses its own effective
Damkholer number and the various species, in
general, have different diffusivities (Schmidt
numbers). These parameters were not varied in
our simulation. Studies on high speed and nonreactions
include
chemical
premixed
and
the
review
article
by
Drumrnond ’

* Associate Professor, Associate Fellow, AIAA
’ Research Assistant
# Professor

Dimotakis ‘. However, these studies included
neither direct numerical simulation nor the effect
of different chemistry models. Givi et al. 3 used
DNS to investigate compressibility and heat
release effects in a high-speed mixing layer but
considered only a single step reaction.
Chakraborty et al. 4 calculated reacting mixing
layers with multi-step chemistry models but only
a 7-step, g-species chemistry model was
considered.
Evans and Schexnayder’ studied the
influence of the same chemical kinetics as in this
paper and of unmixedness on burning in
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supersonic hydrogen flame. However, the
Reynolds-averaged approach was used, with
some turbulence and chemistry closure models.
This differs from the rather fundamental
approach in the present work, where DNS
obviates the need for closure models.
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in the evolution equations for the Reynolds stress
tensor,
as well as those in the evolution equations for the
probability density function description for the
mass and mixture fraction. Although fuels such
as N-heptane could easily be used in our code,
we have chosen hydrogen. The oxidant is
oxygen, with the overall reaction

2. Model Details
The mixing layer is considered here as a
prototype of the scramjet engine, with a focus on
compressible flows, turbulence and chemical
reaction. Linear stability analysis for the nonreacting system shows that, for convective Mach
numbers, M,, greater than 0.6, the oblique shock
wave modes of excitation have the growth rate
advantage to dominate the flow and make the
flow three-dimensional at the onset of instability.
However, in this paper, we will beg this issue
with confinement and heat release arguments,
which tend to make reacting mixing layer flow
two-dimensional (2D). Moreover, we are forced
to use a 2D model by virtue of the resolution
requirements for DNS and the shear number of
partial differential equations for a multi-species
reaction model. Comments supporting 2D
models for reacting flows have been made by
Higuera and Moser 6.
The DNS procedure in the present work
is based on the EN0 schemes, which we have
demonstrated to be suitable for compressible
turbulence (Ladeinde et al. 7’* ; Cai et al. 9”o).
The versions of our codes that run on parallel
machines are particularly of interest (Ladeinde et
al. ” and Cai et al. 9~‘2). The calculations were
done on the parallel SP/2 system under the NSFsupported NPACI program at the San Diego
Supercomputing Center (SDSC). We calculate
instantaneous values of density, p. mass flux,
PUi, pressure, p, total energy, E, and the species
mass fractions, p+r. We also calculate the terms

b
2Hz + 02 #
b

The Arrhenius approach is used to model the
reaction rates for the steps and literature models
are used.
The grid size for the numerical
calculations is determined from the Kolmogorov
scales, not the Batchelor scales. The numerical
approach
is
used
in
the
capturing
implementation,
although it is particularly
suitable for resolving large gradients at flame
fronts, compared to other competing methods.
Most of the calculations are done on a 256’ grid,
with a few on 128’ and 5 12’.
The
following
eight-step/seven-species
reversible reaction model was analyzed using
DNS:
No.
1

Reaction

Hz+MmH+H+M

&
1.8X 10”

1

0
0

1.5 x lOI

8455
5586

3.0 x lOi

The seven species are: Hz. HzO, OH, H,
0, and NZ (inert). The Arrhenius reaction rates
are:

ki = 4

2

Bb

cb

-1.0
- ,l.O
- ,1.5
- .l.O
n
0
0
0

0
0
0
0

=E

I”

2.0 x 1oL3
3 I1 212x lOi
1
8 I 7.5 x 1o13 I

2HzO + Heat.

l

T Bi l exp(-C,

5n7

---

2600
0
4429
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where A;, B, and C; are listed in the above table
for forward (with subscript j) and backward
(subscript 6) reactions. Note that the units of the
constants in the table are such that the reaction
rate k is in [cm3/g-mole-see] or [cm6/(g-mole)‘set]. The equations for the twenty-five step,
twelve-species model are shown in the table
below.

aE
.at+
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a[<E+Pbjlaxj

-

where

Above, $I r is the r-th species mass fraction. The
expression for 0, can be obtained as fellows.
The following equation can be written for a
system involving N species and A4 reaction steps:

s = 1,2..... M.
17
18
19
20
21
22
23
24
25

Hz0 +
HzOtOHwHg+H02
O+N,eN+NO
H+NOwN+OH
O+NOmN+02
NO+OHc-H+NOI
NO+02eOoN02
NOz+HzwH+HNOz
NOz+OHwNO+HOz

where M, is the chemical symbol for species r,
v Ir, and v’ln are the constant stoichiometric
coefficients for species r appearing as reactant
arid product, respectively, in reaction s. For
species r, the contributions of all reactions can be
expressed as

The twelve species in this model are H, 0, HzO,
OH, 02, Hz, Nz, N, NO, NOZ, HO,, and HNOI.
The constants in the 25step reaction system are
shown in a table at the end of this paper.
The conservation equations (mass,
momentum, species, and total energy) can be
written in the following non-dimensional forms:

Here, Of is the mass rate of production per unit
volume for the r-th species by the s-th reaction
step, written as (Williams l3 ):
,- ___-- -__-__-_--__----__-_---

a~ui)
at

I

abUiUj

+P’ij)axj

I?4
0,=c wf.
s=l

1 “ij
Re axj

r = 1,2*..,N,
3
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are the overall order of the forward and
backward reactions, respectively.
Note that non-dimensionalization
is
done using reference length scale L, velocity
components by reference velocity I/ , density by
paer,time by LfU, energy, E and pressure, p, by
fi,rIJ2, temperature by Tn..r, and enthalpy by r/z.
E is the explicit internal energy, with the
corresponding enthalpy H = E + p/p,

where
s the heat release parameter, which is considered
a constant for the different species in our
calculation.
3. The Initial

and Boundary

Conditions

gH, = 0.4(1+ tanh(2y))#02 = O.8-&2,

The temporal mixing layer approach is
used in our study and is initialized by the
hyperbolic tangent mean velocity profile with
superposed perturbations. The parameter set in
the equations is: Re = 400, Pr = 1.4, Ce = 1.5, SC
= 0.5. The reference variables are: U = 272 m/s
(MC = 0.8, c = 340 m/s), L = 0.001 m, TRe.= 2000
K. her = 0.1765 kg/m3 (density of air at T&.
The initial mean velocity profile in all cases is
u = tanh (2y), where y is the traverse
coordinate. The streamwise coordinate is
denoted by x. The initial mean temperature
profile is calculated using the Crocco-Buseman
relation and, assuming unit Prandtl number:

where y is the ratio of specific heats and IV, is the
free-stream Mach number (or convective Mach
scaled,
Uniform,
nonnumber).
fluctuating pEssure is assumed for the initial
mean flow ( p. = 1) and the mean density profile
is obtained from:
--

PO

=- @TO
I$

L

so that the mass concentrations of all species will
add up to 1 initially. For boundary condition,
periodicity is assumed streamwise and zero
gradient free-stream. This is the case for all
primary dependent variables in the governing
equations. Finally, no numerical “spark-plug”
was implemented
in these studies;
the
approaching streams seem to possess high
enough temperature (2000K) for “spontaneous”
reaction.

t,,
a

I,,
20

I',
40

tAU/S,

I,,
00

Fig.1: Evolution of the vorticity
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thickness.

4. Results and Discussion

a

initial
following
The
disturbances were superimposed
hyperbolic tangent profile:

where the amplitude Ai is chosen to be 0.05 and
Lx is the length of the domain in the x-coordinate
direction. Above, u’ is the x-component
(streamwise) of the fluctuating velocity, v’is the
y-component (transverse). The computational
domain is (x,y) in (0, 20) X (-50, 50). The v’
perturbation above, which decays to zero at the
free stream, has been chosen to resemble the
most-unstable eigenfunction from the linear
theory, while the u’perturbation is such that the
entire disturbance is divergence-free initially.
The initial conditions for the species are given by

velocity
on the

The result shown in Figures 1 through 6
illustrate the effect of chemical reaction and of
the chemistry model for I& = 0.8. In Fig. 1, we
show the layer growth rate for reacting and nonreacting flows, as a function of the eddy turn

I
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over time, t, = tA Wdo, where t is the nondimensional simulation time, AU is velocity
difference between the top and bottom streams,
and S0is the initial vorticiy thickness. First, it is
evident that chemical reaction affects the growth
rate by as much as 6% (8 reactions) and 13% (25
reactions). We also observe that prior to tc = 40,
chemical reaction causes a reduction in the layer
growth
rate, as in some reports for
incompressible flows. However, after this time,
we observe a higher growth rate with chemistry,
with the 25reaction system showing the most
activity. The intersection of the three curves in
Figure 1 at t<= 40 is evident. Because this is a
temporal simulation, it could be argued that this
point represents some type of stagnation. The
coincidence is consistent with the fact that the
downstream extent of the vortex structure is
identical for the three cases, which isn’t
surprising because the convective Mach number
is the same for the three cases. The figure also
shows superposed oscillations over the profile
for the non-reacting case. The oscillations appear
correlated for the two reacting cases, as shown
by the points A-B-C-D-E in the Sreaction
system and the corresponding points A’-B’-C’-D’E’ in the Z-reaction system. Obviously, the
details of the oscillations are different for the two
cases. The maximum
amplitude
of the
oscillations relative to the local vorticity
thickness of the non-reacting case is = 246,
suggesting that the oscillations observed in Fig 1
may not be important.
Both high-speed and chemical reaction
independently causes compressibility effects, so
it is not a simple matter identifying the precise
cause in a system as the present one where both
factors are present. The classical vorticity
thickness definition

& Astronautics

where we find at most 1% of the top
stream fluid (Hz),
4 (x ; t): the sum of the farthest ydistance on the top and bottom streams
where we find at most 1% of the
product (H,O),
& (x ; tJ: the farthest y-distance on the
top stream where we find at least 99%
of the top stream fluid (Hz) plus the
farthest y-distance on the bottom stream
where we find at least 99% of the
bottom stream fluid (02).
Obviously in the foregoing, distances are
measured from the center of the layer. S,,,, or
mixing thickness, is actually a measure of
mixing, or the extent to which the vortex
structure has been able to bring the bottom fluid
to the top layer and vice-versa. Obviously, S,,,
need to be significant for reaction to occur to any
significant level. 4, or the product thickness, is a
measure of the spatial extent of reaction. S;, the
visual thickness, is a measure of the layer
thickness in the sense of species distribution.

where the double overbar indicates averaged
quantity, doesn’t contain explicit
chemical
reaction dependence. We have defined three
other types of layer thickness, which depend on
reaction:

Fig. 2: Evolution
of various
definitions: (a) S-step, (b) 25step.

Q (x ; t): the farthest y-distance on the
top stream where we find at most 1% of
the bottom stream fluid (02) plus the
farthest y-distance on the bottom stream

thickness

Figures 2a and 2b are plots of the
temporal evolution of the various layer thickness
definitions (S, &, 4, and &J, which show that

5
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for either chemistry model, the layer definitions
have different magnitudes. For the g-reaction
system profiles of the various thickness
definition are quite similar with the major
differences being in their relative magnitudes. As
expected, S, has the largest magnitude and,
because
of the convection pattern, this is
followed by 4 and then by &. Note that in the
outer regions of the layer, but away from the
free-streams, water formation is more likely than
fluid from the opposite side of the layer, which
would explain why $ 2 & after the initial
transients. The lack of correlation between 6,
and the other vorticity definitions is quite evident
for the 25-reaction system, where divergence in
between the various definitions
become
pronounced for te 2 75. For this chemistry model,
the vorticity thickness is mot an effective measure
of the spatial extent of mixing or chemical
reaction. We can only explain this in terms of the
more vigorous reactions leading to the
production of water. The relative reaction extent
for the two chemistry models as, depicted in Fig
3a and 3b shows that the 25-reaction system is
more vigorous than the g-reaction system.
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(a) (T-TJI(T,-TJ

for M,=O.e, 8-Step
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(a) Hz0 for M,=O.B, &Step

Fig. 4: Evolution
of the heat
parameter 8: (a) g-step, (b) 25-step.

’
release

To further isolate chemistry effects
from high-speed compressibility, we investigated
the normalized temperature profile.

(qy) = T(y)-K.
kd -TLJ
where T, is the temperature of the unreacted
mixtures and Tad is the adiabatic flame
temperature, for which we have used the
maximum temperature, which occurs around y =
0. Early in the transient, the profile of B(y) shows
a similar development for the two chemistry
models (Figure 4). However, for r, 2 20, we
notice a strange development in the 25-reaction
system, whereby energy is being drawn from the
system, manifested in temperature values which
are lower than the that in the unreacted streams.
Our first reaction was to attribute the observation
to numerical difficulties. However, a rigorous
diagnosis didn’t support a numerical artifact. So,
we conclude that the phenomenon, which didn’t
show up in the g-step reaction system, was
probably a true reflection of the physics of the
25-reaction system. Some endothermic reaction
steps are the likely cause of this phenomenon.

(b) H,O for M,=O.B, 25Stsp

Fig. 3: Evolution of mass concentration
water: (a) I-step, (b) 25step.

of
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Finally, note that, whereas, the peak 0 occurs at y
= 0 for all time for the 8-reaction system, its
position changes slightly with time for the 25
reaction system. The asymmetry in the 0 profile
for the 25-reaction system is also evident.
(a) Pm”k.

of H,. 0, and H,O .I t,=.¶S.300

-.-.---El(

10 -

forM,=O.I.
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integral length scale, i.e., the normalized initial
correlation between species in neighboring nodal
points. Recent studies seem to suggest that this
might be important in some incompressible
cases14.
case is
available
for flows

&Step

“,
0,
n,o

The situation with the compressible
less certain, and no information in
yet on the species integral length scale
with shock waves.

5-
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-10 -

-0s
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0.6
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(b)Pm”t..orH,,

I
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c
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Fig. 6: Evolution of the anisotropy tensor.
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5.0 x 10”
1.1 x 1016
5.5 x 10’s
7 3 x ida

Ab
8.0 X IO”
1.1 x lOI
1.8 X 10” ~~
dnx inI7
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5.8 X
3.7 x
2.0 x
1.2 x

0.5
0.5
0.64
0.5
0.21

21137
28686
27840
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398 15

6.0 X
3.0 x
1.o x
1.2 x
1.7 x

No.

1
2
3

10”
10”
10”
10”
lOI

8

lOI
10”
1o1’
lo’.’
lOI

Bb
0
0
-1.0
-1.0

-1000
-941
0
0

0
0
0
0
0

0
0
0
0
12582
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