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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. @998 American Institute of Physids$S1070-663(98)00307-9

I. INTRODUCTION tion flows, have regions of endothermidissociation reac-

. . . . tions and exothermi¢recombinatioh reactions.
The interaction between turbulent fluid motion and @ "

. ; . X Th it is th r f thi rt how turbu-
finite-rate chemical reactions has not been studied under copém us, itis the purpose of this paper to study how turbu

. ; g ; temperature fluctuations interact with the finite-rate
ditions typical of a high-temperature, hypersonic boundary hemical " that inh ic boundarv |
layer. These flows are significantly different than turbulentceMical reactions that occurin Rypersonic boundary 1ayers.

combustion flows, which have been studied extensively. V& numerically solve the compressible Navier—Stokes equa-

hypersonic flows the dominant chemical reactions are thdons that have been extended to include the effects of finite-

dissociation and recombination of nitrogen and oxygen molfate chemical reactions and heat release. We study how
ecules. These reactions are different than combustion reaghanges in the reaction rate, heat release, and turbulent Mach
tions for several reasons. First, the equilibrium compositioumber affect the decay of isotropic, homogeneous turbu-
of reacting air depends strongly on the temperature. This ilence. Isotropic turbulence is the most fundamental turbulent
contrasted with a combustion process, where the equilibriurflow, and it is a useful idealized test case. It also serves as an
composition is determined by the initial fuel-oxidizer ratio. approximation of the small-scale turbulent motion in a
Another important feature of air reactions is that they have aoundary layer.

large activation energy, and therefore the reaction rate is Many direct numerical simulations of reacting turbulent
typically temperature limited. In this situation, the reactionfiows have been reported for combustion applicatfons.
rate depends exponentially on the temperature, and small inyowever, as mentioned above, these simulations focus on
creases in the temperature result in large increases in thefterent issues than the current paper. For example, Gao and
reaction rate. This is contrasted with non-premixed Comb“SO’Brien6 and Javeryet al’ consider the interaction of

tion flows where the fuel-oxidizer mixing rate determines the . ical reactions with homogeneous turbulence, but the re-

r_ate O].c pmdL.'(.:t formation, and the reaction pr.ocess IS relaactlon rate is taken as constant and the effects of heat release
tively insensitive to the temperature. In premixed combus- . . 3 . .
. . ) . . are not considered. Picaet al”° consider a concentration-
tion flows, the flame speed is primarily determined by the ependent reaction rate to simulate the exponential depen
diffusive transport of reactive radical species and heat, ratheg P . P N P
ence of the reaction rate on temperature, but their simula-

than by the reaction rate itsélf. , , . .
The surface of a hypersonic vehicle is typically coolegtions do not include heat release effects. Several simulations

below the adiabatic wall temperature. Thus, the maximunPf reacting shear layers have been performed including the
temperature in a hypersonic boundary layer occurs some diffects of heat release. McMurtit al® and Grinstein and
tance from the surface where there is significant shear heakailasanatfiuse a constant reaction rate, and Gival.” and

ing and the wall cooling is not important. In this region, the Miller et al,'® consider both constant and temperature-
air molecules dissociate, and the reaction products diffusgependent reaction rates. These simulations show a signifi-
toward the surface where they recombine due to the coatant effect of heat release on the structure of the mixing
wall. Therefore, hypersonic boundary layers, unlike combustayers studied. Therefore, the previous simulations have
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some similarity to those presented here, but they focus on 9Cq

different, combustion-related issues. psvsi=—pD =, (6)
In the remainder of the paper, we introduce the equations !

of motion and relevant non-dimensional parameters for avherecs=ps/p is the mass fraction, and is the diffusion

mixture of reacting gases. We then discuss the formulatiogoefficient given in terms of the Lewis number

of our direct numerical simulations and present the results. pDPr

Finally, we analyze the chemistry—turbulence interaction Le= , @

process and summarize our findings. K

where Pr is the Prandtl numbet, is the viscosity, and Le is

taken to be unity, so that the energy transport due to mass

diffusion is equal to the energy transport due to thermal con-
The equations describing the unsteady motion of a reacduction.

ing flow with no contribution of vibrational modes are given

by the species mass, mass-averaged momentum, and tofgl GOVERNING PARAMETERS

energy conservation equations

1. GOVERNING EQUATIONS

In this section, we introduce the nondimensional num-

% 7 _ bers governing the physical process. From a nondimensional
ot + X (pSuj+pSij)_WS! . . . . )
j analysis of the governing equations, the following param
eters are obtained: turbulent Mach numblgr,; Reynolds
ﬂJr i(puiu-ﬂ)ﬁi- —7)=0, (1)  number based on the Taylor microscale,, R®amkdler
at - Ix ] b number, Da; and relative heat releasd)®. The turbulent
JE o state of the flow gives rise to the first two nondimensional
EJF e (E+p)uj—ujm;+q;+ E psvsihs| =0, numbers; the second two are present if the flow is chemically
! s reacting. These parameters may be written as
wherew, represents the rate of production of specetue q N
to chemical reactiongis is the density of species u; is the M,=—, R%:p ,
mass-averaged velocity in thedirection;v; is the diffusion a M
velocity of species; p is the pressuret;; is the shear stress Aw|  —— Ah®
tensor given by a linear stress-strain relationskjpjs the Da=—-, Ah°=— ———, (8
heat flux due to temperature gradiertis;is the specific en- pu c, T+ 39°
thalpy of species; andE is the total energy per unit volume

whereq is the rms magnitude of the fluctuation velocigyis
the speed of sound’ is the rms turbulent velocity fluctua-
1 . tion in one directionAh°=hg,— hg; is the heat of the reac-
E=2 psCysT + Epuiui+2 pshs, 2 tion; andc, is the mixture specific heat at constant volume.
° ° The Damkdler number is the ratio of the turbulent time
wherec, is the specific heat at constant volume of spesjes  scale, 7;, to the chemical time scale,,, and represents a

given by

andhg represents the heat of formation of spedes nondimensional reaction rate; herg=\/u’ and 7= p/|w|.
To derive the expression fows, consider a reaction Ahe is the ratio of the chemical energy released or absorbed
where species S1 reacts to form species S2 to the sum of the internal and kinetic energy. A negative
S1+ M=S2+ M, (3y  value indicates an endothermic reaction, and a positive value

o S denotes an exothermic reaction.
where M represents a collision partner, which is either S1 or

S2 in this case. The source terms for S1 and S2 can be
written using the law of mass action IV. NUMERICAL EXPERIMENTS
It is the purpose of this paper to determine how turbulent
WSl:—|\/|51ka— Mo M_) motion interacts with the chemical reactions that occur in
snvis1 52 hypersonic boundary layers. A logical reaction to consider is
psa| Psi Ps2 the dissociation and recombination of nitrogen,, N
( ) : (4 +M=2N+M. However, we have found that it is difficult to
analyze the effects of this reaction on the decay of isotropic
and wg;= —Ws;; Ky andk, are the forward and backward turbulence because many parameters change simultaneously

P51( Ps1 = Ps2

+ —_— — —_—
MSlkszz Mgy Mg

reaction rates respectively. These are written as during the reaction. For example, consider a case where we
K start with pure nitrogen atoms, and let them recombine ac-
ki=C; T7e T ky=—r, (5) cording to the reaction rate and equilibrium constant expres-
Keq sions given by Guptat alX® Figure 1 plots the nitrogen mol-
where K¢, is the temperature-dependent equilibrium con-ecule mass fraction for simulations with initial temperatures
stant. between 2000 and 7000 (orresponding to values of rela-
For a two species mixture, the diffusion velocity can betive heat release between 33 and\@e see that the equilib-
accurately represented using Fick’s law rium mass fraction depends on the initial temperature be-
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~ | where(T) is the ensemble average of the temperatire,
\Of 0151 JPUEE =T—(T) is the temperature fluctuatio@, is a constant, and
i /,/;_/./-— ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 7 # is the activation temperature given (). If for both reac-
0.1 T T tion rate expressions we compute the ratio of the reaction
-/ T e T T T T T T T T TS rate at temperaturé&, to that at the ensemble-average tem-
oosl-/, " -~ ] perature(T), we obtain
//I 7
nl s _ ~
v,
0 > L ! L 1 L 1 1 kf(T) =~kf(T) =e7(0/T7 HI(T)). (10)
0 0.25 to/.st 0.75 1 k() k((T)
t

Note that we have neglected the preexponential factor in the
FIG. 1. Time evolution of the average,Nnass fraction for simulations of reaction rateT”, because for the reactions that occur in hy-
recombining nitrogen atoms at iqiti_Mt:O.Slg, Re=34.5, andAh°= 33, personic f|owsﬂg —1. Thus, at Iarge temperatures, this fac-
rlfépt:’;’tiigg_g’ corresponding to initig} = 2000, 4000, 5000, and 7000 K, 15 hag 5 weak, sublinear variation with temperature. There-

fore, the two rate expressions give the same variation of the

relative reaction rate for any temperature fluctuation. The

A . . only difference is that the modified reaction rate expression
cause the equilibrium constant is a function of temperature

M . v th ; on differs i h si gives a constant rate when the temperature is equal to the
I tqre |r_:_1rp])or(tj§frflt y, the ritet 0 reatﬁtmn. ! le;s In eack S.'{ndu_f'ensemble—average temperature. Thus, the modified reaction
ation. the diierences between e simuiations maxe it tiy 40 hag the important features of the Arrhenius rate expres-
ficult to compare the effects of turbulent motion on the evo-

. . ; -~ sion, yet allows us to systematically compare simulations.
lution of the chemical reactions. Therefore, we must devise a

simplified chemical model that captures the key features of, \mERICAL METHOD AND INITIAL CONDITIONS
air reactions, yet makes it possible to compare simulations.

There are several issues that we must consider. First, if In this section we present the numerical simulations for
the average molecular weight of the gas changes when ttree-dimensional, compressible, homogeneous, isotropic,
reaction occurs, then the mixture-averaged gas constant afigacting turbulent flow. The numerical method used is based
specific heats change. Therefore, changes in the pressure a9 the method of Leet al'® We use a sixth-order accurate
internal energy will not only be due to the heat released byinite-difference method based on a compact Pscgeme
the reaction, but also due to the changing properties of thand fourth-order accurate Runge—Kutta time integration. The
gas mixture. To circumvent this issue, we let the reactant angimulations were performed on grids with*9goints follow-
product have the same molecular weight and the same nuring the criteria given by Reynold$and a resolution oK 7
ber of internal degrees of freedom; thus the mixture gas con=1 at the end of the simulation, whekeis the maximum
stant and specific heats do not change as the reactiodavenumber resolvable on the grid ands the Kolmogorov
progresses. For the same reason, we use the simple binggale. The computational domain is a periodic box with non-
reaction given in(3), rather than a dissociation reaction in dimensional length 2 in each direction. The velocity field is
which the average molecular weight of the gas changes asiaitialized to an isotropic state prescribed by the following

result of the reaction. energy spectrum,
As discussed above, the equilibrium constant is a func- 2
tion of temperature, which implies a different chemical equi- E(k)~k4ex;{ —2(k—) , 1y
(0]

librium state for simulations with different heat release.
Therefore, we také&., to be constant, so that the equilib- wherek is the integer nondimensional wavenumber, &pd
rium chemical state is fixed. This allows us to systematicallyis the most energetic wavenumber.
compare simulations with different initial conditions and val- As Ristorcelli and Blaisdelf show, in a physically con-
ues of heat release. sistent initialization of compressible homogeneous, isotropic
The reaction rate is also a function of temperature. Whenurbulence, there are finite density, temperature, and dilata-
the temperature increases the reaction rate grows exponetivnal fluctuations. Therefore, we use their initial conditions
tially, which presents similar problems with comparing oneand have compared and validated our flow initialization with
simulation to another. Therefore, we must modify thethat of Blaisdell and Ristorcelt?
Arrhenius form of the reaction rate given ). It is desir- We let the turbulence evolve to a realistic state before
able that the modified reaction rate be constant when therallowing the reaction to progress. Because the initial field is
are no temperature fluctuations, and that the rate vary expaveakly compressible, we use mean values of velocity deriva-
nentially when there are temperature fluctuations. One suctive skewnessS$; , to predict the onset of realistic turbulence.
reaction rate expression is given by Experimental data presented by Tavoulagsal®® and
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Orszaget al?! show thatS is in the rangd —0.6: —0.35] for 3 ——
Re, near 50. With this criterion, the turbulence has devel-
oped to a realistic, isotropic statetat,=0.35. The reaction L - -1 _
is started at this time, and we measure the evolution of the
turbulence relative to this time. o P I— — 2

We run cases with combinations afh°=—0.5, 1.0, o e
1.5, and 2.0; D&0.5, 1.0, and 2.0M;=0.173, 0.346, and
0.519; and Rg=25.0, 34.5, and 50.0. We use nitrogen atoms
for both species S1 and S2, with initial mass fractions of
Cs;=1 andcg,=0. We choos&,=1, so that the chemical 17
equilibrium is reached whetk;=c5,=0.5.k, is setto 4. To Tl
simplify the comparison of different simulations, we freeze - Tt
o at its initial value, and we use R0.72. We specify the
initial density asp,=1.0 kg/n?. To be consistent with the 0 s ! . | . ! .
physical N dissociation rate, we us¢=113,200 K.

Having introduced the modified reaction raf®), we
must specify an initial temperature that is representative of a
hypersonic boundary layer and consistent with the physically
correct reaction rat€s). Using the law of mass action given - - .
by (4) and assuming that we initialize the flow with pure S1, ’ )
we can obtain an expression for the initial source term and
combine it with(8) to derive the initial rate of reaction

e —
e—

—
. —

MIT

_1yMIDaRTL .
3 Mret R8,

where we have takenu from a power law [u

= ref(T/Trer)™], mres from a Sutherland lav? andR is the

universal gas constant. In order to obtain realistic conditions,

we choose the parameters in the modified reaction rate ex-

pression(9), to be representative of the nitrogen dissociation

reaction. To do so, we use the,Ndissociation rate

expressiofr

ki=3.71X 10?1 T~ 1671132000 (crdimole 3. (13

" 12

We then set this expression equal to the reaction rate in terms
of the nondimensional parametef42), and find the tem-
perature that satisfies this relation. Rgr,=0.3, Da=0.5,

______ -1 4

Tie=300 K, Rg=50, andue;=2.106<10"* kg/m s, and 021

nitrogen =0.7722), we obtain an initial value oT e
=9470 K. This initial temperature is characteristic of a high- :
temperature hypersonic boundary layer. e

/
e

VI. RESULTS P ]

We first focus on how the chemical reactions affect the g
gas dynamics, leaving the discussion of the chemistry and T T
turbulence interaction for the next section. During a typical 0.0
reacting simulation, the average concentration of species S1 ©
decreases as the average concentration of species S2 in-
creases. It should be noted that as the chemical species reaal. 2. Time evolution of(a) average temperaturéb) turbulent kinetic
the equilibrium mass fraction¢51: 052:0_5, the rate at energy; andc) relative compressible kinetic energy showing the effect of
which energy is added to or removed from the fluid ap-Ah® for Da=1, M;=0.346, and Rg=34.5.
proaches zero.

A. Relative heat release

In this section, we illustrate the effect of variations of the earlier, the relative heat release is proportional to the ratio of
relative heat release at moderate D&, and Rg (Da=1, energy released or absorbed in the formation of product spe-
M;=0.346, and Rg=34.5). In all cases the nonreacting cies. Therefore, an increase &Ah° increases the energy in
simulation is shown for comparison purposes. As mentionedhe flow field. This is illustrated in Fig.(2), which plots the
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temporal evolution of the average temperature. Figul® 2 10° , ,
shows the temporal evolution of the turbulent kinetic energy

for the different values oAh°. WhenAh°=1, there is an N
initial period of time when the turbulence is enhanced. A <!:°1°

further increase of the heat release considerably enhances the ~

turbulent kinetic energy, maintaining and feeding the turbu- _¥°
lence for a longer period of time. w

Turbulent motion is dissipative, and needs a supply of
energy to keep from decaying. Mogatlecomposed the ve- ERTx
locity field in Fourier spacef, into the incompressible ;o
(divergence-free 0', and compressibléurl-free), (¢, com- %
ponents 10°

.. ked

u=u-— ?k, 101

(@
uc=a-1'" (14)
10° .

The dissipation for isotropic turbulence can then be written
as

e=87-rvfw(E'(k)+gEC(k))k2 dk, (15)
0

whereE' andE® represent the incompressible and compress-
ible components of the shell-averaged energy spectrum

nC nC
EC:u -u
2k '
a-aof
I:_
E'=— (16)

From (15) we see that as the compressibility of the flow
increases, the turbulence becomes more dissipative. This ex-
plains the increased rate of turbulent kinetic energy decay for
the higher heat release flows.

Figure Zc) shows the evolution of the relative compress-

(b) kn

ible energy ratio q 0107 .
2
f EC(k) dk <,
- 10 N
xX= : 17) w
J (ES(k)+E'(k)) dk Qo
2 10° .
Because the simulations begin with weakly compressible  °
conditions, when the turbulence reaches a realistic state, the 9, .
initial values of y are very low. For the endothermic reac- 10 ]
tion, x is very small throughout the simulation, and /&k°
is increased, the relative compressible kinetic energy in- 10710 L L
creases. For a relative heat releaseAdf =2, y increases ©) 10 kn 10

rapidly andE® reaches about 20% of the total kinetic energy

att/ = 1.3. Also note that there are time-dependent oscillaFIG. 3. Three-dimensional incompressidié, and compressibl&®, shell-

tions in y that increase with the heat release. averaged energy spectra f@ nonreactingi(b) endothermic gh°=—1);
Consider the energy Spectrum of the ﬂOW f|e|d decom_al’ld (c) exothermic Ah°=2) simulations for Da1, Mt=0.346, and Re

posed into its incompressible and compressible component_?s,34'5'

at several different times during the simulations. Figui@ 3

plots these spectra for the nonreacting simulation. We ob-

serve that the compressible modes are about two orders afcrease in compressible energy spectrum at large wavenum-

magnitude less energetic than the incompressible modes hér (small scalesis due to aliasing errorgHowever, the

all but the smallest scales. However, note thatkfgr>-1, the  level of error is smal). As time evolves, the compressible

length scales are not resolved by the simulation; thus thenergy spectrum decays slightly at all scales, whereas the
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10° , , 0.20 . . . , . , .
non-reacting
e -1 .
102 ~ -~ !
) 1 TN, ———— 15
5 0.15F /™~ -
~ | -~\\
Q —
Y4 o L RN PN
=, 10%+ - = ! e
Lu -
- | _
- §0.10 ’_/h\/’_\\
5 - I _
S 10°F . SN ~ B
o 'I — ——
X :
L 0.05H ~—-—- - §
10% non-reacting - }l/ ------- e
—————— exothermic 2
-10 | 1 \-__I___T-_—I_-_-|__-—I | )
10 10" 10° 0.005 0.5 1 1.5 2
kn t/x

. . . . S
FIG. 4. Three-dimensional incompressitiie, and compressibl&®, shell- £ 5. Time evolution of rms temperature fluctuations showing the effect
averaged energy spectra for nonreacting and exotheryhi€ € 2) simula- of Ah® for Da=1, M,=0.346, and Rg=34.5.

tions for Da=1, M;=0.346, and Rg=34.5 att/7,=1.5.

fluctuations, causing them to decrease in time. The opposite
incompressible modes decrease at the large scales, and ecurs for the endothermic cas¥;,, decreases initially, and
crease at the small scales. then increases in time as the turbulent kinetic energy decays.
Figure 3b) plots the energy spectra for the endothermic
simulation. The compressible modes are still two orders oB. Damkad hler number
magnitude below the ‘incompressible ‘modes. As time The Damkdler number is the ratio of the chemical re-
evolves, they decrease further over all except the largest

scales. Figure &) plots the energy spectra farh®=2. At action rate to the rate of turbulent motion. For larger values

. ) . of Da, chemical equilibrium is reached in a shorter time,
all scales, the energy in the compressible modes is about two, . . o .

. . o ) which causes more rapid heat addition or removal. To illus-
orders of magnitude higher in this case than in the nonreac&— - :
. . . . rate the effect of the Damkder number, we consider a case
ing case, even surpassing the incompressible modes at th moderate heat release, turbulent Mach number, and Rey-
largest and smallest scales. We see that the compressib?e S ' '
modes become more energetic/ls° is increased, but the nolds number 4h°=1, M,=0.346, and Re=34.5). Note

' that the total amount of energy added to the flow is the same

incompressible modes are essentially unaffected by the Ievr];ztl)r all simulations

of heat release. This is shown in Fig. 4, which plots the Consider Fig. 6), which shows the temporal evolution

Zzgr?gescp:scetr\?viiﬂ:rt; lh.i5 krg;ttP]ZaTorZI-;Z?rjlgheszlmg:)arﬂorr]es%f- the average mass fraction of the reactant species. We ob-
9 ' PreSServe that as Da is increased, the reactants approach equilib-

ible energy spectra are nearly identical. It is also interesting';ium at earlier times. Figure(B) plots the evolution of the
to note that the compressible energy spectrum is increased li) '

drbulent kinetic energy. Early in the simulations, the turbu-
the same factor at all scalésxcept at small scales where the S o :
T - L . : lent motion is enhanced with increased Da. Accordingly, the
aliasing error is important This is consistent with the argu-

. X relative compressible kinetic energy of the flow increases
ment that because reactions are inherently a molecular-scale,, . .

. with increased Da. As before, the compressible energy spec-
process, they must be scale independ@nt.

; : . .trum also becomes more energetic, whereas the incompress-
In Fig. 5, we observe a large increase in the rms magni-,

tude of the temperature fluctuations when the heat release ible spectra are nearly identical for all simulations. Figure
. P . &c) illustrates that increased Da also increases the rms tem-
increased. Recall that froit®), a positive temperature fluc-

tuation causes an exponential increase in the reaction rate RF rature fluctuations. This occurs because larger reaction
P ‘rates cause the heat released to remain confined to a smaller

the reaction is exothermic, heat is released and the local tem- . .
. . . volume of fluid, enhancing the subsequent effect on the tur-

perature increases. This further increases the temperatuBe o L

) ) Ulence. Thus, the localization of the heat release is impor-
fluctuations, and the process feeds upon itself. However, beE- . o

: ; . ant in maintaining the feedback process.

cause there is turbulent motion, the heated fluid may move to
a different location before the reaction progresses furtherC Turbulent Mach number
reducing or eliminating the feedback process. Thus, the in-"
teraction between the chemical heat release and the turbulent To describe the effect of the turbulent Mach number, we
motion should depend on the amount of heat releaséd, choose a case of moderate Daihles number, relative heat
and the rate at which it is released, Da. Note that as theelease, and Reynolds numb@a=1, Ah°=1, and Rg
reaction progresses toward completion, the rate of formatios=34.5). For all cases, increasing the initial Mach number
of the products decreases. Therefore, the net rate of heaauses higher values ¢f) since the higher turbulent kinetic

release decreases as well, and there is less energy to drive teergy is dissipated and converted into internal energy. In
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(a) t/ t/ 1,
' ' ' ' ' ' FIG. 7. Time evolution of the rms temperature fluctuations showing the
10 . effect of M, for Ah°=1, Da=1, and Rg=34.5.
i \}\‘\\\\ ———— non-reacting
0.9 N 0.5
L fluctuationsTs, for the case wittAh°=1. This plot shows
T o8l that the level of the temperature fluctuations is proportional
~ to M?; this is also the case in the nonreacting flows. How-
T I ever, relative to the nonreacting flow, the heat release in-
0.7 creased |, by about a factor of 2 for aM,. Thus, the heat
- release amplifies the kinetic energy fluctuations, resulting in
0.6 higher temperature fluctuations.
0.5, : D. Reynolds number
(b) From the direct numerical simulations we conclude that
0.08 there is very little effect on the decay of reacting turbulence
L ' ' due to initial Reynolds numbers over the narrow range tested
L1 non-reacting 1 (25<Re,=<50). We observe no variation in the rate of reac-
,' \\ ------ 0.5 tion. At higher Reynolds numbers the dissipation rate is re-
006 \__ - ; 7 duced, and therefore, the temperature increases more slowly
. ,' /T~ /-\\\N,\ | and the rms temperature fluctuations are somewhat larger.
- I/ DR i N Ny However, these effects are insignificant compared to the
Tpo0al] 7T T — .4 variation of the other parameters.
= ,' - e~ T
l_n: T'./ /// T
I/ VIl. INTERACTION AND FEEDBACK MECHANISM
0.02 .
The effects of the parameters that govern the interaction
" A between the turbulent motion and the chemical reactions
0.00 , | , | , | , have been described in the previous section. We find that the
0 0.5 1 1.5 2 magnitude of the temperature fluctuations increases dramati-
(c) t/ cally with either increased exothermicity or increased rate of

, _ _ reaction. The incompressible energy modes are virtually un-
FIG. 6. Time evolution ofa) average mass fraction of reactarits); turbu- ffected by the chemical ti h th ibl
lent kinetic energy; andc) rms temperature fluctuations showing the effect anrected Dy the chemical reactions, whereas the compre_ss_l_ e
of Da for Ah°=1, M,=0.346, and Rg=34.5. modes are strongly enhanced. The levels of compressibility
increase with increased exothermicity and with increased re-
action rate. From these results we can conclude that there is
the non-reacting simulations, the relative turbulent kinetica feedback mechanism between the turbulent motion and the
energy,qzqu,, decay rate depends weakly on the inifidy . chemical reactions.
For the exothermic simulations, the turbulent kinetic energy  The velocity decompositiofil4) is unique, and the vor-
increases initially. This increase is proportional to the initialticity is only a function of the incompressible velocity com-
M;. ponent. Thus, if the chemical reactions affect the incom-
Figure 7 plots the temporal evolution of rms temperaturepressible component of velocity, the vorticity would also be
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(a) t/ t/
10" T . ; . . ; , FIG. 9. Time evolution of vorticity magnitude showing the effectdf® for
M,=0.346, Rg=34.5, and Da1.
100!Ililllllllillllll_lil]l]l]!
% MM AAAAAAAAAAAR separate the production of vorticity due to thermodynamic
S 10" Abanng changes into two components, and refer to them as the non-
3 reacting entropy and the reacting entropy. Note that had we
= 102} Levtte se0000090y used a more complicated reaction, it would be more difficult
S ’0’ to make this decomposition because the mixteyeand R
'g 10°L2 | would also change.
> A PYsprsral=rer Figure 8a) plots the budget of vorticity for a nonreact-
Pl ing simulation and hermic simulation with® =2
108 99@0 i ing simulation and an exothermic simulation w =2.
> There is a large difference in the order of magnitude between
. the terms. The main contribution to vorticity production is
1055 o5 o075 — 1 due to the vortex stretching and turning term for both simu-
(b) t/ 1 lations. Whereas the compressibility term remains nearly un-

_ N _ changed for the non-reacting case, it reaches the same order
FIG. 8. Normalized vorticity |ex| 7/wo, budget for nonreactingempty  of magnitude as the stretching term for the exothermic simu-
symbol$ and (@) exothermic (h*=2) (filed symbolg; and (b) endother- |atinn " The thermodynamic effects due to the nonreacting
mic (Ah°=—1) (filled symbolg simulations for Da&1, M,=0.346, and . - .
Re.=34.5: (). stretching production:/§ ), compressible destruction), entropy are larger for the exothermlc simulation, although
nonreacting entropy productionX), reacting entropy production. they are three orders of magnitude below the terms men-
tioned above. The thermodynamic contribution due to the
reacting entropy is initially zero for the exothermic simula-
. . tion, but increases to a value that is about an order of mag-
affected. Therefore, let us consider the evolution of the VOrLitude lower than the stretching and compressible terms
ticity d.uring the simulations. We can write the total ChangeThus, the main contributions to the vorticity budget are the
of vorticity as vortex line stretching and turning and compressibility ef-
Dw fects.
ﬁ:(w‘v)u_w(V'UHVTXVS’ (18 Figure 8b) illustrates the same vorticity budget for the
) .. nonreacting simulation and an endothermic case Wittt
wheresS is the entropy and we have neglected the diffusive_ _y again, the main contribution to vorticity production
terms. These terms represent the production of vorticity dug; from the vortex line stretching and turning term. For the

to vortex line stretching, compressibility, and thermody-enqothermic simulation, the compressible destruction in-

namic chan_ges, respective_ly. We can decompose the thirde,ses and the reacting entropy production is nonzero, but
term by noting that for a mixture of thermally perfect gasesgy 4.

h;—M; Figure 9 plots the temporal evolution of the average vor-
T (190 ticity magnitude for the nonreacting case and two reacting
cases. We see that the vorticity magnitude does not vary
wherec, is the specific heat at constant pressure of the gaappreciably with increasing heat release. This occurs because
mixture, R is the gas constant, and, is the chemical poten- the heat released by the chemical reactions does not produce
tial of speciess. The first two terms form part of the entropy vorticity by itself. Rather, the reactions affect the turbulence
even when the gas is not chemically reacting, and the thirdbcally, enhancing compressions and expansions, which re-
term is the entropy due to chemical reactions. Thus, we cadistribute the vorticity, concentrating or diluting it. In flows

S=c,InT-RIn p+zS Cs
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in the pressure—strain production term, whose nondimen-
sional period is approximately equal to the local Mach num-
ber. This indicates that these oscillations are a result of
acoustic (pressurg waves. This further illustrates that the
Reynolds stress generation is mainly caused by compressibil-
ity effects in the reacting case.

* *
04 <
AR VIIl. CONCLUSION
a A
A

-1+

Reynolds stress budget

0 025

In this paper we investigate the interaction of isotropic
turbulence and a chemical reaction at conditions typical of a
hypersonic boundary layer. We use a modified reaction rate
that preserves the important features of the Arrhenius rate
expression, and makes it possible to perform a systematic
analysis. The flow is parametrized by four nondimensional

4 numbers: the turbulent Mach number, Reynolds number,
relative heat release, and relative reaction rate.

The direct numerical simulations show that the heat re-
leased by an exothermic reaction produces regions of high
temperature and pressure. This causes localized expansions
which increase the compressible turbulent kinetic energy.

_ _ _This results in increased rates of kinetic energy decay, vor-
with turbulence-induced shock waves, the thermodynamigicity production, and Reynolds stress production. Simulta-
generation of entropy can be a major contributor to the genpeously, in regions of high temperature the reaction rate in-
eration of vorticity through baroclinic torquéHowever, in creases, further increasing the heat release and the
the simulations considered here, there are no significaRgmperature. Thus, there is a positive feedback between the
shock waves, and the entropy is generated with no direcchemical reactions and the turbulent motion. The strength of
tional preference. Therefore, the baroclinic torques do nofe feedback process depends on the amount of heat released,
contribute to the average vorticitylt should be noted that the reaction rate, and more weakly on the turbulent Mach
this conclusion depends on how the turbulence is initializednymper. When the reaction is endothermic, the feedback is

If the approach of Blaisdell and Ristorcelli is not used, shockyegative and temperature fluctuations are damped.
waves will be present and the baroclinic torques can be im-

portant) Another source of vorticity is due to the chemical ACKNOWLEDGMENTS
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