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Effect of chemical reactions on decaying isotropic turbulence
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There have been many studies of turbulent combustion flows, however the interaction between
turbulent motion and the chemical reactions that occur in hypersonic flows has not been studied. In
these flows, the rate of product formation depends almost exclusively on the temperature, and small
temperature fluctuations may produce large changes in the rate of product formation. To study this
process, we perform direct numerical simulations of reacting isotropic turbulence decay under
conditions typical of a hypersonic turbulent boundary layer flow. We find that there is a positive
feedback between the turbulence and exothermic reactions. That is, positive temperature
fluctuations increase the reaction rate, thereby increasing the heat released by the reaction, which
further increases the temperature. Simultaneously, the pressure increases causing localized
expansions and compressions that feed the turbulent kinetic energy. The Reynolds stress budget
shows that the feedback occurs through the pressure-strain term. We also find that the strength of the
feedback depends on how much heat is released, the rate at which it is released, and the turbulent
Mach number. The feedback process is negative for endothermic reactions, and temperature
fluctuations are damped. ©1998 American Institute of Physics.@S1070-6631~98!00307-9#
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I. INTRODUCTION

The interaction between turbulent fluid motion a
finite-rate chemical reactions has not been studied under
ditions typical of a high-temperature, hypersonic bound
layer. These flows are significantly different than turbule
combustion flows, which have been studied extensively
hypersonic flows the dominant chemical reactions are
dissociation and recombination of nitrogen and oxygen m
ecules. These reactions are different than combustion r
tions for several reasons. First, the equilibrium composit
of reacting air depends strongly on the temperature. Thi
contrasted with a combustion process, where the equilibr
composition is determined by the initial fuel-oxidizer rati
Another important feature of air reactions is that they hav
large activation energy, and therefore the reaction rate
typically temperature limited. In this situation, the reacti
rate depends exponentially on the temperature, and sma
creases in the temperature result in large increases in
reaction rate. This is contrasted with non-premixed comb
tion flows where the fuel-oxidizer mixing rate determines t
rate of product formation, and the reaction process is r
tively insensitive to the temperature. In premixed comb
tion flows, the flame speed is primarily determined by t
diffusive transport of reactive radical species and heat, ra
than by the reaction rate itself.1

The surface of a hypersonic vehicle is typically cool
below the adiabatic wall temperature. Thus, the maxim
temperature in a hypersonic boundary layer occurs some
tance from the surface where there is significant shear h
ing and the wall cooling is not important. In this region, t
air molecules dissociate, and the reaction products diff
toward the surface where they recombine due to the c
wall. Therefore, hypersonic boundary layers, unlike comb
1711070-6631/98/10(7)/1715/10/$15.00
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tion flows, have regions of endothermic~dissociation! reac-
tions and exothermic~recombination! reactions.

Thus, it is the purpose of this paper to study how turb
lent temperature fluctuations interact with the finite-ra
chemical reactions that occur in hypersonic boundary lay
We numerically solve the compressible Navier–Stokes eq
tions that have been extended to include the effects of fin
rate chemical reactions and heat release. We study
changes in the reaction rate, heat release, and turbulent M
number affect the decay of isotropic, homogeneous tur
lence. Isotropic turbulence is the most fundamental turbu
flow, and it is a useful idealized test case. It also serves a
approximation of the small-scale turbulent motion in
boundary layer.

Many direct numerical simulations of reacting turbule
flows have been reported for combustion applications.2–14

However, as mentioned above, these simulations focus
different issues than the current paper. For example, Gao
O’Brien6 and Javeryet al.14 consider the interaction o
chemical reactions with homogeneous turbulence, but the
action rate is taken as constant and the effects of heat rel
are not considered. Picartet al.3 consider a concentration
dependent reaction rate to simulate the exponential de
dence of the reaction rate on temperature, but their sim
tions do not include heat release effects. Several simulat
of reacting shear layers have been performed including
effects of heat release. McMurtryet al.5 and Grinstein and
Kailasanath8 use a constant reaction rate, and Giviet al.7 and
Miller et al.,10 consider both constant and temperatu
dependent reaction rates. These simulations show a sig
cant effect of heat release on the structure of the mix
layers studied. Therefore, the previous simulations h
5 © 1998 American Institute of Physics
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some similarity to those presented here, but they focus
different, combustion-related issues.

In the remainder of the paper, we introduce the equati
of motion and relevant non-dimensional parameters fo
mixture of reacting gases. We then discuss the formula
of our direct numerical simulations and present the resu
Finally, we analyze the chemistry–turbulence interact
process and summarize our findings.

II. GOVERNING EQUATIONS

The equations describing the unsteady motion of a re
ing flow with no contribution of vibrational modes are give
by the species mass, mass-averaged momentum, and
energy conservation equations

]rs

]t
1

]

]xj
~rsuj1rsvs j!5ws ,

]rui

]t
1

]

]xj
~ruiuj1pd i j 2t i j !50, ~1!

]E

]t
1

]

]xj
S ~E1p!uj2uit i j 1qj1(

s
rsvs jhsD 50,

wherews represents the rate of production of speciess due
to chemical reactions;rs is the density of speciess; uj is the
mass-averaged velocity in thej direction;vs j is the diffusion
velocity of speciess; p is the pressure;t i j is the shear stres
tensor given by a linear stress-strain relationship;qj is the
heat flux due to temperature gradients;hs is the specific en-
thalpy of speciess; andE is the total energy per unit volum
given by

E5(
s

rscvsT1
1

2
ruiui1(

s
rshs

° , ~2!

wherecvs is the specific heat at constant volume of species;
andhs

° represents the heat of formation of speciess.
To derive the expression forws , consider a reaction

where species S1 reacts to form species S2

S11 M
S21 M, ~3!

where M represents a collision partner, which is either S1
S2 in this case. The source terms for S1 and S2 can
written using the law of mass action

wS152MS1kf

rS1

MS1
S rS1

MS1
1

rS2

MS2
D

1MS1kb

rS2

MS2
S rS1

MS1
1

rS2

MS2
D , ~4!

and wS252wS1; kf and kb are the forward and backwar
reaction rates respectively. These are written as

kf5Cf Th e2u/T, kb5
kf

Keq
, ~5!

where Keq is the temperature-dependent equilibrium co
stant.

For a two species mixture, the diffusion velocity can
accurately represented using Fick’s law
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wherecs5rs /r is the mass fraction, andD is the diffusion
coefficient given in terms of the Lewis number

Le5
rDPr

m
, ~7!

where Pr is the Prandtl number,m is the viscosity, and Le is
taken to be unity, so that the energy transport due to m
diffusion is equal to the energy transport due to thermal c
duction.

III. GOVERNING PARAMETERS

In this section, we introduce the nondimensional nu
bers governing the physical process. From a nondimensi
analysis of the governing equations, the following para
eters are obtained: turbulent Mach number,Mt ; Reynolds
number based on the Taylor microscale, Rel ; Damköhler
number, Da; and relative heat release,Dh°. The turbulent
state of the flow gives rise to the first two nondimension
numbers; the second two are present if the flow is chemic
reacting. These parameters may be written as

Mt5
q

a
, Rel5

ru8l

m
,

Da5
luwu
ru8

, Dh°52
Dh°

cvT1 1
2q

2
, ~8!

whereq is the rms magnitude of the fluctuation velocity;a is
the speed of sound;u8 is the rms turbulent velocity fluctua
tion in one direction;Dh°5hS2

° 2hS1
° is the heat of the reac

tion; andcv is the mixture specific heat at constant volum
The Damko¨hler number is the ratio of the turbulent tim

scale,t t , to the chemical time scale,tc , and represents a
nondimensional reaction rate; heret t5l/u8 andtc5r/uwu.
Dh° is the ratio of the chemical energy released or absor
to the sum of the internal and kinetic energy. A negat
value indicates an endothermic reaction, and a positive va
denotes an exothermic reaction.

IV. NUMERICAL EXPERIMENTS

It is the purpose of this paper to determine how turbul
motion interacts with the chemical reactions that occur
hypersonic boundary layers. A logical reaction to conside
the dissociation and recombination of nitrogen,2

1M
2N1M. However, we have found that it is difficult to
analyze the effects of this reaction on the decay of isotro
turbulence because many parameters change simultane
during the reaction. For example, consider a case where
start with pure nitrogen atoms, and let them recombine
cording to the reaction rate and equilibrium constant expr
sions given by Guptaet al.15 Figure 1 plots the nitrogen mol
ecule mass fraction for simulations with initial temperatur
between 2000 and 7000 K~corresponding to values of rela
tive heat release between 33 and 9!. We see that the equilib
rium mass fraction depends on the initial temperature
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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cause the equilibrium constant is a function of temperatu
More importantly, the rate of reaction differs in each sim
lation. The differences between the simulations make it
ficult to compare the effects of turbulent motion on the ev
lution of the chemical reactions. Therefore, we must devis
simplified chemical model that captures the key features
air reactions, yet makes it possible to compare simulatio

There are several issues that we must consider. Firs
the average molecular weight of the gas changes when
reaction occurs, then the mixture-averaged gas constant
specific heats change. Therefore, changes in the pressur
internal energy will not only be due to the heat released
the reaction, but also due to the changing properties of
gas mixture. To circumvent this issue, we let the reactant
product have the same molecular weight and the same n
ber of internal degrees of freedom; thus the mixture gas c
stant and specific heats do not change as the reac
progresses. For the same reason, we use the simple b
reaction given in~3!, rather than a dissociation reaction
which the average molecular weight of the gas changes
result of the reaction.

As discussed above, the equilibrium constant is a fu
tion of temperature, which implies a different chemical eq
librium state for simulations with different heat releas
Therefore, we takeKeq to be constant, so that the equilib
rium chemical state is fixed. This allows us to systematica
compare simulations with different initial conditions and va
ues of heat release.

The reaction rate is also a function of temperature. Wh
the temperature increases the reaction rate grows expo
tially, which presents similar problems with comparing o
simulation to another. Therefore, we must modify t
Arrhenius form of the reaction rate given by~5!. It is desir-
able that the modified reaction rate be constant when th
are no temperature fluctuations, and that the rate vary e
nentially when there are temperature fluctuations. One s
reaction rate expression is given by

FIG. 1. Time evolution of the average N2 mass fraction for simulations o
recombining nitrogen atoms at initialMt50.519, Rel534.5, andDh°5 33,
16, 13, and 9, corresponding to initialTo5 2000, 4000, 5000, and 7000 K
respectively.
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k̃f~T!5C
e2u/T

e2u/^T&
,

5CS 11
u

^T&

T8

T
1

1

2S u

^T&

T8

T D 2

1 . . . D , ~9!

where ^T& is the ensemble average of the temperature,T8
5T2^T& is the temperature fluctuation,C is a constant, and
u is the activation temperature given in~5!. If for both reac-
tion rate expressions we compute the ratio of the reac
rate at temperatureT, to that at the ensemble-average te
perature,̂ T&, we obtain

kf~T!

kf~^T&!
5

k̃f~T!

k̃f~^T&!
5e2~u/T2u/^T&!. ~10!

Note that we have neglected the preexponential factor in
reaction rate,Th, because for the reactions that occur in h
personic flows,h<21. Thus, at large temperatures, this fa
tor has a weak, sublinear variation with temperature. The
fore, the two rate expressions give the same variation of
relative reaction rate for any temperature fluctuation. T
only difference is that the modified reaction rate express
gives a constant rate when the temperature is equal to
ensemble-average temperature. Thus, the modified rea
rate has the important features of the Arrhenius rate exp
sion, yet allows us to systematically compare simulations

V. NUMERICAL METHOD AND INITIAL CONDITIONS

In this section we present the numerical simulations
three-dimensional, compressible, homogeneous, isotro
reacting turbulent flow. The numerical method used is ba
on the method of Leeet al.16 We use a sixth-order accurat
finite-difference method based on a compact Pade´ scheme
and fourth-order accurate Runge–Kutta time integration. T
simulations were performed on grids with 963 points follow-
ing the criteria given by Reynolds17 and a resolution ofKh
51 at the end of the simulation, whereK is the maximum
wavenumber resolvable on the grid andh is the Kolmogorov
scale. The computational domain is a periodic box with no
dimensional length 2p in each direction. The velocity field is
initialized to an isotropic state prescribed by the followin
energy spectrum,

E~k!;k4expF22S k

ko
D 2G , ~11!

wherek is the integer nondimensional wavenumber, andko

is the most energetic wavenumber.
As Ristorcelli and Blaisdell18 show, in a physically con-

sistent initialization of compressible homogeneous, isotro
turbulence, there are finite density, temperature, and dil
tional fluctuations. Therefore, we use their initial conditio
and have compared and validated our flow initialization w
that of Blaisdell and Ristorcelli.19

We let the turbulence evolve to a realistic state bef
allowing the reaction to progress. Because the initial field
weakly compressible, we use mean values of velocity der
tive skewness,Si , to predict the onset of realistic turbulenc
Experimental data presented by Tavoulariset al.20 and
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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Orszaget al.21 show thatSi is in the range@20.6:20.35# for
Rel near 50. With this criterion, the turbulence has dev
oped to a realistic, isotropic state att/t t50.35. The reaction
is started at this time, and we measure the evolution of
turbulence relative to this time.

We run cases with combinations ofDh°520.5, 1.0,
1.5, and 2.0; Da50.5, 1.0, and 2.0;Mt50.173, 0.346, and
0.519; and Rel525.0, 34.5, and 50.0. We use nitrogen ato
for both species S1 and S2, with initial mass fractions
cS151 andcS250. We chooseKeq51, so that the chemica
equilibrium is reached whencS15cS250.5.ko is set to 4. To
simplify the comparison of different simulations, we free
m at its initial value, and we use Pr50.72. We specify the
initial density asro51.0 kg/m3. To be consistent with the
physical N2 dissociation rate, we useu5113,200 K.

Having introduced the modified reaction rate~9!, we
must specify an initial temperature that is representative
hypersonic boundary layer and consistent with the physic
correct reaction rate~5!. Using the law of mass action give
by ~4! and assuming that we initialize the flow with pure S
we can obtain an expression for the initial source term
combine it with~8! to derive the initial rate of reaction

kf5
1

3

g Mt
2 Da R̂ Tre f

n

m re f Rel
T12n, ~12!

where we have takenm from a power law @m

5m re f(T/Tre f)
n#, m re f from a Sutherland law,15 andR̂ is the

universal gas constant. In order to obtain realistic conditio
we choose the parameters in the modified reaction rate
pression,~9!, to be representative of the nitrogen dissociat
reaction. To do so, we use the N2 dissociation rate
expression15

kf53.7131021 T21.6 e2113,200/T ~cm3/mole s!. ~13!

We then set this expression equal to the reaction rate in te
of the nondimensional parameters,~12!, and find the tem-
perature that satisfies this relation. ForMt50.3, Da50.5,
Tre f5300 K, Rel550, andm re f52.10631024 kg/m s, and
nitrogen (n50.7722), we obtain an initial value ofT
59470 K. This initial temperature is characteristic of a hig
temperature hypersonic boundary layer.

VI. RESULTS

We first focus on how the chemical reactions affect
gas dynamics, leaving the discussion of the chemistry
turbulence interaction for the next section. During a typi
reacting simulation, the average concentration of species
decreases as the average concentration of species S
creases. It should be noted that as the chemical species
the equilibrium mass fraction,cS15cS250.5, the rate at
which energy is added to or removed from the fluid a
proaches zero.

A. Relative heat release

In this section, we illustrate the effect of variations of t
relative heat release at moderate Da,Mt , and Rel ~Da51,
Mt50.346, and Rel534.5). In all cases the nonreactin
simulation is shown for comparison purposes. As mentio
Downloaded 17 Oct 2007 to 128.112.37.161. Redistribution subject to AI
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earlier, the relative heat release is proportional to the ratio
energy released or absorbed in the formation of product s
cies. Therefore, an increase inDh° increases the energy i
the flow field. This is illustrated in Fig. 2~a!, which plots the

FIG. 2. Time evolution of~a! average temperature;~b! turbulent kinetic
energy; and~c! relative compressible kinetic energy showing the effect
Dh° for Da51, Mt50.346, and Rel534.5.
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temporal evolution of the average temperature. Figure 2~b!
shows the temporal evolution of the turbulent kinetic ene
for the different values ofDh°. WhenDh°51, there is an
initial period of time when the turbulence is enhanced.
further increase of the heat release considerably enhance
turbulent kinetic energy, maintaining and feeding the turb
lence for a longer period of time.

Turbulent motion is dissipative, and needs a supply
energy to keep from decaying. Moyal22 decomposed the ve
locity field in Fourier space,û, into the incompressible
~divergence-free!, ûI , and compressible~curl-free!, ûC, com-
ponents

ûI5û2
k•û

k2
k,

ûC5û2ûI . ~14!

The dissipation for isotropic turbulence can then be writ
as

e58pnE
0

`S EI~k!1
4

3
EC~k! D k2 dk, ~15!

whereEI andEC represent the incompressible and compre
ible components of the shell-averaged energy spectrum

EC5
ûC

•ûC

2 k
,

EI5
ûI
•ûI

2 k
. ~16!

From ~15! we see that as the compressibility of the flo
increases, the turbulence becomes more dissipative. This
plains the increased rate of turbulent kinetic energy decay
the higher heat release flows.

Figure 2~c! shows the evolution of the relative compres
ible energy ratio

x5

E EC~k! dk

E ~EC~k!1EI~k!! dk

. ~17!

Because the simulations begin with weakly compress
conditions, when the turbulence reaches a realistic state
initial values ofx are very low. For the endothermic rea
tion, x is very small throughout the simulation, and asDh°
is increased, the relative compressible kinetic energy
creases. For a relative heat release ofDh°52, x increases
rapidly andEC reaches about 20% of the total kinetic ener
at t/t t51.3. Also note that there are time-dependent osci
tions in x that increase with the heat release.

Consider the energy spectrum of the flow field deco
posed into its incompressible and compressible compon
at several different times during the simulations. Figure 3~a!
plots these spectra for the nonreacting simulation. We
serve that the compressible modes are about two orde
magnitude less energetic than the incompressible mode
all but the smallest scales. However, note that forkh.1, the
length scales are not resolved by the simulation; thus
Downloaded 17 Oct 2007 to 128.112.37.161. Redistribution subject to AI
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increase in compressible energy spectrum at large waven
ber ~small scales! is due to aliasing errors.~However, the
level of error is small.! As time evolves, the compressibl
energy spectrum decays slightly at all scales, whereas

FIG. 3. Three-dimensional incompressible,EI , and compressible,EC, shell-
averaged energy spectra for~a! nonreacting;~b! endothermic (Dh°521);
and ~c! exothermic (Dh°52) simulations for Da51, Mt50.346, and Rel
534.5.
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incompressible modes decrease at the large scales, an
crease at the small scales.

Figure 3~b! plots the energy spectra for the endotherm
simulation. The compressible modes are still two orders
magnitude below the incompressible modes. As ti
evolves, they decrease further over all except the larg
scales. Figure 3~c! plots the energy spectra forDh°52. At
all scales, the energy in the compressible modes is about
orders of magnitude higher in this case than in the nonre
ing case, even surpassing the incompressible modes a
largest and smallest scales. We see that the compres
modes become more energetic asDh° is increased, but the
incompressible modes are essentially unaffected by the l
of heat release. This is shown in Fig. 4, which plots t
energy spectra att/t t51.5 for the non-reacting simulatio
and the case with the highest heat release. The incomp
ible energy spectra are nearly identical. It is also interes
to note that the compressible energy spectrum is increase
the same factor at all scales~except at small scales where th
aliasing error is important!. This is consistent with the argu
ment that because reactions are inherently a molecular-s
process, they must be scale independent.23

In Fig. 5, we observe a large increase in the rms mag
tude of the temperature fluctuations when the heat relea
increased. Recall that from~9!, a positive temperature fluc
tuation causes an exponential increase in the reaction ra
the reaction is exothermic, heat is released and the local
perature increases. This further increases the tempera
fluctuations, and the process feeds upon itself. However,
cause there is turbulent motion, the heated fluid may mov
a different location before the reaction progresses furth
reducing or eliminating the feedback process. Thus, the
teraction between the chemical heat release and the turb
motion should depend on the amount of heat released,Dh°,
and the rate at which it is released, Da. Note that as
reaction progresses toward completion, the rate of forma
of the products decreases. Therefore, the net rate of
release decreases as well, and there is less energy to driv

FIG. 4. Three-dimensional incompressible,EI , and compressible,EC, shell-
averaged energy spectra for nonreacting and exothermic (Dh°52) simula-
tions for Da51, Mt50.346, and Rel534.5 att/t t51.5.
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fluctuations, causing them to decrease in time. The oppo
occurs for the endothermic case:Trms8 decreases initially, and
then increases in time as the turbulent kinetic energy dec

B. Damkö hler number

The Damko¨hler number is the ratio of the chemical re
action rate to the rate of turbulent motion. For larger valu
of Da, chemical equilibrium is reached in a shorter tim
which causes more rapid heat addition or removal. To ill
trate the effect of the Damko¨hler number, we consider a cas
of moderate heat release, turbulent Mach number, and R
nolds number (Dh°51, Mt50.346, and Rel534.5). Note
that the total amount of energy added to the flow is the sa
for all simulations.

Consider Fig. 6~a!, which shows the temporal evolutio
of the average mass fraction of the reactant species. We
serve that as Da is increased, the reactants approach eq
rium at earlier times. Figure 6~b! plots the evolution of the
turbulent kinetic energy. Early in the simulations, the turb
lent motion is enhanced with increased Da. Accordingly,
relative compressible kinetic energy of the flow increas
with increased Da. As before, the compressible energy s
trum also becomes more energetic, whereas the incomp
ible spectra are nearly identical for all simulations. Figu
6~c! illustrates that increased Da also increases the rms t
perature fluctuations. This occurs because larger reac
rates cause the heat released to remain confined to a sm
volume of fluid, enhancing the subsequent effect on the
bulence. Thus, the localization of the heat release is imp
tant in maintaining the feedback process.

C. Turbulent Mach number

To describe the effect of the turbulent Mach number,
choose a case of moderate Damko¨hler number, relative hea
release, and Reynolds number~Da51, Dh°51, and Rel
534.5). For all cases, increasing the initial Mach numb
causes higher values of^T& since the higher turbulent kineti
energy is dissipated and converted into internal energy

FIG. 5. Time evolution of rms temperature fluctuations showing the eff
of Dh° for Da51, Mt50.346, and Rel534.5.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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the non-reacting simulations, the relative turbulent kine
energy,q2/qo

2 , decay rate depends weakly on the initialMt .
For the exothermic simulations, the turbulent kinetic ene
increases initially. This increase is proportional to the init
Mt .

Figure 7 plots the temporal evolution of rms temperat

FIG. 6. Time evolution of~a! average mass fraction of reactants;~b! turbu-
lent kinetic energy; and~c! rms temperature fluctuations showing the effe
of Da for Dh°51, Mt50.346, and Rel534.5.
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fluctuations,Trms8 , for the case withDh°51. This plot shows
that the level of the temperature fluctuations is proportio
to Mt

2 ; this is also the case in the nonreacting flows. Ho
ever, relative to the nonreacting flow, the heat release
creasesTrms8 by about a factor of 2 for allMt . Thus, the heat
release amplifies the kinetic energy fluctuations, resulting
higher temperature fluctuations.

D. Reynolds number

From the direct numerical simulations we conclude th
there is very little effect on the decay of reacting turbulen
due to initial Reynolds numbers over the narrow range tes
(25<Rel<50). We observe no variation in the rate of rea
tion. At higher Reynolds numbers the dissipation rate is
duced, and therefore, the temperature increases more sl
and the rms temperature fluctuations are somewhat lar
However, these effects are insignificant compared to
variation of the other parameters.

VII. INTERACTION AND FEEDBACK MECHANISM

The effects of the parameters that govern the interac
between the turbulent motion and the chemical reacti
have been described in the previous section. We find that
magnitude of the temperature fluctuations increases dram
cally with either increased exothermicity or increased rate
reaction. The incompressible energy modes are virtually
affected by the chemical reactions, whereas the compres
modes are strongly enhanced. The levels of compressib
increase with increased exothermicity and with increased
action rate. From these results we can conclude that the
a feedback mechanism between the turbulent motion and
chemical reactions.

The velocity decomposition~14! is unique, and the vor-
ticity is only a function of the incompressible velocity com
ponent. Thus, if the chemical reactions affect the inco
pressible component of velocity, the vorticity would also

FIG. 7. Time evolution of the rms temperature fluctuations showing
effect of Mt for Dh°51, Da51, and Rel534.5.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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affected. Therefore, let us consider the evolution of the v
ticity during the simulations. We can write the total chan
of vorticity as

Dv

Dt
5~v•¹!u2v~¹•u!1¹T3¹S, ~18!

whereS is the entropy and we have neglected the diffus
terms. These terms represent the production of vorticity
to vortex line stretching, compressibility, and thermod
namic changes, respectively. We can decompose the
term by noting that for a mixture of thermally perfect gas

S5cp ln T2R ln p1(
s

cs

hs
°2ms

°

T
, ~19!

wherecp is the specific heat at constant pressure of the
mixture,R is the gas constant, andms

° is the chemical poten
tial of speciess. The first two terms form part of the entrop
even when the gas is not chemically reacting, and the t
term is the entropy due to chemical reactions. Thus, we

FIG. 8. Normalized vorticity,uvtut t /vo , budget for nonreacting~empty
symbols! and ~a! exothermic (Dh°52) ~filled symbols!; and ~b! endother-
mic (Dh°521) ~filled symbols! simulations for Da51, Mt50.346, and
Rel534.5; (h), stretching production; (n), compressible destruction; (s),
nonreacting entropy production; (L), reacting entropy production.
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separate the production of vorticity due to thermodynam
changes into two components, and refer to them as the n
reacting entropy and the reacting entropy. Note that had
used a more complicated reaction, it would be more diffic
to make this decomposition because the mixturecp and R
would also change.

Figure 8~a! plots the budget of vorticity for a nonreac
ing simulation and an exothermic simulation withDh°52.
There is a large difference in the order of magnitude betw
the terms. The main contribution to vorticity production
due to the vortex stretching and turning term for both sim
lations. Whereas the compressibility term remains nearly
changed for the non-reacting case, it reaches the same o
of magnitude as the stretching term for the exothermic sim
lation. The thermodynamic effects due to the nonreact
entropy are larger for the exothermic simulation, althou
they are three orders of magnitude below the terms m
tioned above. The thermodynamic contribution due to
reacting entropy is initially zero for the exothermic simul
tion, but increases to a value that is about an order of m
nitude lower than the stretching and compressible ter
Thus, the main contributions to the vorticity budget are t
vortex line stretching and turning and compressibility e
fects.

Figure 8~b! illustrates the same vorticity budget for th
nonreacting simulation and an endothermic case withDh°
521. Again, the main contribution to vorticity productio
is from the vortex line stretching and turning term. For t
endothermic simulation, the compressible destruction
creases and the reacting entropy production is nonzero,
small.

Figure 9 plots the temporal evolution of the average v
ticity magnitude for the nonreacting case and two react
cases. We see that the vorticity magnitude does not v
appreciably with increasing heat release. This occurs bec
the heat released by the chemical reactions does not pro
vorticity by itself. Rather, the reactions affect the turbulen
locally, enhancing compressions and expansions, which
distribute the vorticity, concentrating or diluting it. In flow

FIG. 9. Time evolution of vorticity magnitude showing the effect ofDh° for
Mt50.346, Rel534.5, and Da51.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp
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with turbulence-induced shock waves, the thermodyna
generation of entropy can be a major contributor to the g
eration of vorticity through baroclinic torques.24 However, in
the simulations considered here, there are no signific
shock waves, and the entropy is generated with no di
tional preference. Therefore, the baroclinic torques do
contribute to the average vorticity.~It should be noted tha
this conclusion depends on how the turbulence is initializ
If the approach of Blaisdell and Ristorcelli is not used, sho
waves will be present and the baroclinic torques can be
portant.! Another source of vorticity is due to the chemic
potential in~19!. This term also does not contribute to vo
ticity generation because the mass fraction gradients
closely aligned with the temperature gradients in the flo
under consideration; this observation was also made
Greenberg.25

The results also corroborate the theoretical work
Eschenroeder,26 who found that the turbulent motion is fe
from the external energy source provided by the chem
reactions. Our results show that the chemical energy p
duces local high temperature and pressure regions, w
then produce increased kinetic energy through the revers
work term,p¹•u, in the kinetic energy equation. We can s
the effect of this process on the Reynolds stress by con
ering the Reynolds stress budget

Ri j ,t52~Qi , j1Qj ,i !1nRi j ,kk2Ti jk ,k2ne i j 1P i j . ~20!

WhereRi j 5uiuj is the Reynolds stress tensor,Qi5pui /r is

the pressure–velocity correlation,Ti jk5uiujuk is the triple

velocity correlation tensor,e i j 52ui ,kuj ,k is the homoge-

neous dissipation rate tensor, andP i j 5p(ui , j1uj ,i)/r is the
pressure-strain term. The pressure transport and the turb
transport are statistically zero. Figure 10 shows the budge
the R22,t component for the nonreacting and exotherm
simulations. The pressure-strain term is nearly zero in
nonreacting case, but it is the dominant term in the exoth
mic simulation. Note that in this case, there are oscillatio

FIG. 10. Normalized Reynolds stress,R22 ,t /e° , budget for nonreacting
~empty symbols! and exothermic~filled symbols! simulations for Mt

50.346, Rel534.5, Da51, andDh°52; (L), pressure-strain; (,), vis-
cous diffusion; (n), dissipation.
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in the pressure–strain production term, whose nondim
sional period is approximately equal to the local Mach nu
ber. This indicates that these oscillations are a result
acoustic ~pressure! waves. This further illustrates that th
Reynolds stress generation is mainly caused by compress
ity effects in the reacting case.

VIII. CONCLUSION

In this paper we investigate the interaction of isotrop
turbulence and a chemical reaction at conditions typical o
hypersonic boundary layer. We use a modified reaction
that preserves the important features of the Arrhenius
expression, and makes it possible to perform a system
analysis. The flow is parametrized by four nondimensio
numbers: the turbulent Mach number, Reynolds numb
relative heat release, and relative reaction rate.

The direct numerical simulations show that the heat
leased by an exothermic reaction produces regions of h
temperature and pressure. This causes localized expan
which increase the compressible turbulent kinetic ener
This results in increased rates of kinetic energy decay, v
ticity production, and Reynolds stress production. Simu
neously, in regions of high temperature the reaction rate
creases, further increasing the heat release and
temperature. Thus, there is a positive feedback between
chemical reactions and the turbulent motion. The strength
the feedback process depends on the amount of heat rele
the reaction rate, and more weakly on the turbulent Ma
number. When the reaction is endothermic, the feedbac
negative and temperature fluctuations are damped.

ACKNOWLEDGMENTS

We would like to acknowledge support from the A
Force Office of Scientific Research Grant No. AF/F4962
98-1-0035. This work was also sponsored by the Army H
Performance Computing Research Center under the aus
of the Department of the Army, Army Research Laborato
cooperative agreement No. DAAH04-95-2-0003/contr
No. DAAH04-95-C-0008, the content of which does not ne
essarily reflect the position or the policy of the governme
and no official endorsement should be inferred. A portion
the computer time was provided by the University of Mi
nesota Supercomputing Institute.

1I. Glassman,Combustion,3rd ed.~Academic, New York, 1996!, Chap. 4.
2A. D. Leonard and J. C. Hill, ‘‘Direct numerical simulation of turbulen
flows with chemical reaction,’’ J. Sci. Comput.3, 25 ~1988!.

3A. Picart, R. Borghi, and J. P. Chollet, ‘‘Numerical simulation of turbule
reactive flows,’’ Comput. Fluids16, 475 ~1988!.

4W. H. Jou and J. J. Riley, ‘‘Progress in direct numerical simulations
turbulent reacting flows,’’ AIAA J.27, 1543~1989!.

5P. A. McMurtry, J. J. Riley, and R. W. Metcalfe, ‘‘Effects of heat relea
on the large-scale structure in turbulent mixing layers,’’ J. Fluid Me
199, 297 ~1989!.

6F. Gao and E. E. O’Brien, ‘‘Direct numerical simulation of reacting flow
in homogeneous turbulence,’’ AIChE. J.37, 1459~1991!.

7P. Givi, C. K. Madnia, C. J. Steinberger, M. H. Carpenter, and J.
Drummond, ‘‘Effects of compressibility and heat release in a high sp
reacting mixing layer,’’ Combust. Sci. Technol.78, 33 ~1991!.

8F. F. Grinstein and K. Kailasanath, ‘‘Chemical energy release and dyn
ics of transitional, reactive shear flows,’’ Phys. Fluids A4, 2207~1992!.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp



-
h

g

a

re
u

-
h

-

of
1

on

ss

dy

e

e
s

w-
uid

ee-

dy

o-

J.

re-

1724 Phys. Fluids, Vol. 10, No. 7, July 1998 M. P. Martı́n and G. V. Candler
9C. J. Montgomery, G. Kosa´ly, and J. J. Riley, ‘‘Direct numerical simula
tion of turbulent reacting flow using a reduced hydrogen-oxygen mec
nism,’’ Combust. Flame95, 247 ~1993!.

10R. S. Miller, K. Madnia, and P. Givi, ‘‘Structure of a turbulent reactin
mixing layer,’’ Combust. Sci. Technol.99, 1 ~1994!.

11Y. Y. Lee and S. B. Pope, ‘‘Nonpremixed turbulent reacting flow ne
extinction,’’ Combust. Flame101, 501 ~1995!.

12N. Swaminathan, S. Mahalingam, and R. M. Kerr, ‘‘Structure of nonp
mixed reaction zones in numerical isotropic turbulence,’’ Theor. Comp
Fluid Dyn. 8, 201 ~1996!.

13C. J. Montgomery, G. Kosa´ly, and J. J. Riley, ‘‘Direct numerical simula
tion of turbulent reacting flow using a reduced hydrogen-oxygen mec
nism,’’ Combust. Flame109, 113 ~1997!.

14F. A. Javery, R. S. Miller, F. Mashayek, and P. Givi, ‘‘Differential diffu
sion in binary scalar mixing and reaction,’’ Combust. Flame109, 561
~1997!.

15R. N. Gupta, J. M. Yos, R. A. Thompson, and K. Lee, ‘‘A review
reaction rates and thermodynamic and transport properties for an
species air model for chemical and thermal non-equilibrium calculati
to 30,000 K,’’ NASA RP-1260~1990!.

16S. Lee, S. K. Lele, and P. Moin, ‘‘Eddy-shocklets in decaying compre
ible turbulence,’’ Phys. Fluids3, 657 ~1991!.

17W. C. Reynolds, ‘‘The potential and limitations of direct and large ed
simulations,’’ Lect. Notes Phys.357, 313 ~1991!.
Downloaded 17 Oct 2007 to 128.112.37.161. Redistribution subject to AI
a-

r

-
t.

a-

1-
s

-

18J. R. Ristorcelli and G. A. Blaisdell, ‘‘Consistent initial conditions for th
DNS of compressible turbulence,’’ Phys. Fluids9, 4 ~1997!.

19G. A. Blaisdell and J. R. Ristorcelli, ‘‘Consistent initial conditions for th
DNS of compressible turbulence,’’ APS Division of Fluid Dynamic
Meeting ~1996!.

20S. Tavoularis, J. C. Bennett, and S. Corrsin, ‘‘Velocity derivative ske
ness in small Reynolds number nearly isotropic turbulence,’’ J. Fl
Mech.88, 63 ~1978!.

21S. A. Orszag and J. S. Patterson, ‘‘Numerical simulation of thr
dimensional homogeneous isotropic turbulence,’’ Phys. Rev. Lett.28, 76
~1972!.

22J. E. Moyal, ‘‘The spectra of turbulence in a compressible fluid; ed
turbulence and random noise,’’ Proc. Cambridge Philos. Soc.48, 329
~1951!.

23P. Moin, ‘‘Progress in large eddy simulation of turbulent flows,’’ AIAA
Paper No. 97-0749~1997!.

24T. Passot and A. Pouquet, ‘‘Numerical simulation of compressible hom
geneous flows in the turbulence regime,’’ J. Fluid Mech.181, 441~1987!.

25R. A. Greenberg, ‘‘Non-equilibrium vortex flow in a dissociating gas,’’
Aerosp. Sci.29, 1484~1962!.

26A. Q. Eschenroeder, ‘‘Intensification of turbulence by chemical heat
lease,’’ Phys. Fluids7, 1735~1964!.
P license or copyright, see http://pof.aip.org/pof/copyright.jsp


