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A THEORETICAL STUDY OF GENERATION OF VORTICITY

DUE TO CHEMICAL REACTION

by
Patrick A. Arbeau
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fulfillment of the requirements for the degree of Master of Science.

ABSTRACT

The possible generation of vorticity by combustion is studied,
for different models of turbulent flames. Examination of the
viscous, compressible vorticity equation shows that the effect of
combustion might be of two kinds; viz., a 'density effect,' due to
the change of size of the eddies by change of density, and a ''pressure-
density effect,' due to simultaneous occurrence of non-parallel
gradients of pressure and gradients of density.

For the "wrinkling laminar flame' model, an expression has been
found for the change in vorticity for a particle crossing a flame
front, assumed the combustion zone to be very thin, and the flame
locally laminar. It is found that the change in vorticity depends
strongly on the mean square pressure gradient at the flame front.
Two mechanisms are considered, whether the intensity of the
turbulence in the low upstream is weak or strong, and the influence
of the relevant parameters is discussed, in each case.

For the case of ''volume combustion,' an analysis similar to
Karman and Howarth's analysis for isotropic homogeneous turbulence
has been performed, leading to a mean-square vorticity equation
valid when combustion occurs. New correlations in this equation
indicate the averaged effects of chemical reaction on vorticity.
Examination of the term corresponding to ''pressure-density effect"
shows that it results from the second order interaction between the
sound and entropy modes. Experimental measurements of the new
correlations could determine the magnitude of combustion generated
turbulence.

Interaction of sound waves with occurrence of chemical reaction
as a possible mechanism of generation of vorticity is then examined.
An homogeneous stagnant, chemically reacting medium, and two
travelling waves are considered. Numerical resolution of the
governing equations shows the influence of some of the relevant
parameters, and estimates the order of magnitude of the generated
vorticity.
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CHAPTER I INTRODUCTION

The phenomena occuring in turbulent combustion,
though studied for many years, are still poorly
understood, except in some simple cases., One way to
look at the phenomena is to extend the well known
decomposition in three "modes", sound, entropy and
vorticlty (10), established in the non-reacting
case, and to see how phenomena are coupled, through

the interaction terms, when combustion occurs,

The sound and entropy modes and the interaction
between them have been studied theorically and
experimentally (16, 17, 19). The purpose of %his
thesis is to investigate  how vorticity could be
related to the entropy and sound modes, when combus=-

tion occurs.

The generation of vorticity can be studied
apalytically by means of the "vorticity eguation”,
which is a transport equation with source terms on
the right hand side. The compressible vorticity
equation differs from the incompressible one by two
terms which take inbto account the specific effects

of combustion., If these terms lead to an increase



in vorticity , then we can consider that tubu-

lence has been generated by combustion.

To the knowledge of the author, no such analysis

has been performed in this field.

This theéis examines how vorticity could be
generated in the case of "surface combustion”,
"yolume combustion", and interaction of sound waves,
showing the different processes involved, and the

significant parameters of the system.



CHAPTER II , THE VORTICITY EQUATION

The vorticity equation is obtained by taking the
curl of the momentum equation, and can be put under the
form (1) :

I
dt

valid in combustion ( neglecting however the effects

4.v0 = Q.Vu -QVuw —V(%)xVP-I—A)VzQ_

of the variations of klnematic viscogity due to tempe=-
rature change ). This equation, which is remarkable for
its simplicity gives valnahle informations about the
processes that are occurring in turbulent flows.

IT.A Study of the different terms in the vorticlty
equation, phenomena involved.

The vorticity equation can be considered as a
transport equation for the vorticity, with different
source terms in the right hand side. This point of view
is supported by the fact that in 2-dimension, incompres-
sible, inviscid case, the vorticity equation becomes:

A.g' + L.V =0

ot = -

which physically means that each particle in the fluid
"keeps"its vorticity. The four terms composing the right
hand side are each connected with a phenomenon that affects

vorticity ¢
Q.vu is known as representing the change in
vorticity due to the stretching of the

vortices (2)

N TS is the viscous dissipation term



-Q V. u corresponds to the effect of a change in
density for the vortices, which rotate
slowerif their size increase, by conser-
vation of momentum.

~V7(i)xiﬂf) is the increase in vorticity due to the
S existence of pressure gradients in a medlium

of varying density.

The two first terms and the phenomena they represent
have been extensively studied in the case of incompressible
turbulence, since they are related with the major features
of turbulence : the decay of eddlies into smaller and smaller
eddies, and the viscous dissipation in a very small scale
range.

It is our purpose to study the influence of the two
other terms in the case of combustion, and to the knowled=-

ge of the author, little work has been done in this field.

IT.B Other forms of the vorticity equation

In the case where vortex stretching and viscous dissi-
pation could be neglected, the vorticity equation can be
put under the so=-called Vazsoyi equation (1) :

I;§%£==.-c' (VG‘><VF)
o = 4/?
with the help of the contimiity equation. There are other
forms of the vorticity equation, when the varlations in

density could be neglected, but we shall not use them here.



CHAPTER III GENERATION OF VORTICITY IN A SURFACE

COMBUSTION MODEL

INTRODUCT ION

A class of turbulent flames seoms to correspond
very well to the wrinkling laminar flame model (3,L),
except for some discrepancies between the calculated
ahd the measured turbulent burning velocities,
discrepancies which have been explained by flame
generated turbulence (5). No physical explanation or
betfer evidence of the phenomenon has been given since,
and even some recent experiments (6) have shown that
the velocity fluctuations in burning jets were compa;
rabte with those of.hot jets, and no increase:-mwas
found in the flame brush. It is important to note,
however, that the mean square velocity fluctuation
is not the only measure of the turbulence, and that
it is probable that the vorticity is of major impor-
tance in diffusion processes. Therefore, it has seemed-
important in this sbudy to examine the possible

generation of vorticity in such flames,



I Description of the model

In order to give the largest extent of validity

to our theory, we shall state here the only assumptions

that will be necessary further on. These assumptions are:

(a) The thickness of the combustion zones can be consi-
dered as very small compared with any other characteris-

tic lengbh of the model,

(b) The flame is locally laminar, and the normal veloci=-
ty of the flame front relative to the unburned gas is

constant, equal to the characteristic burning velocity.

Note that we do not assume the flame front to be
continuous. On the other hand, assumption (b) might
be restrictive in certain cases, since the laminar
burning velocity is known to depend upon the velocity
gradient ( when the velocity gradient is too high,
the flame is quenched ) and on the radius of curvature
of the flame front, But it seems to the author that it

is not necessary to introduce corrections for these

phenomena at this point of the study.

6



II Change in vorticity for an unburned particle crossing

a {lam Tront,

Consider a turbulent flame satisfying the assum=-
tiong of the last section. If there is generation of
vorticity by combustion in the whole process, it can only
occur within the flame front, since upstream and down-
stream the density of the particles can be assumed
constant, and the usval processes of incompressible
turbulence take place, stretching and viscous dissipation,
no generation is expected, Note that, when no recircu-
lation of the unburned gas occurs, the vorticity gene=-
rated by the flame is unlikely to diffuse upstream,
since this process of diffusion is very slow. We shall
therefore restrict our study to the change in vorticity

in the flame front dve to combustion.

Now, since we have assumed the thickness of the
flame front to be smaller than any other characteristic
length of the system, the stretching and viscous effects
are negligible as compared to the "density" and "pressure
density" effects., With the help of the Vazsonyl equation
(IT=-1) valid in that case, an expression for the change

in vorticity through the flame front has been derived :

~J
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50 -0 0 =T (Goa) | £ K
Su ~ (I11-1)
0,03, 2, Q2 specific volume and vorticity
upstream and downstream the flame front
Sew ¢ characteristic burning velocity

éﬁ : component of the gradient of pressure tan-
3

~

gent to the flame front.

K : unit vector tangent to the flame

front and orthogonal to [gf]
The demonsbtration of (TII-1l) is given in appendix T.

This relation has several remarkable features :
(1) The increase in vorticity is independant of the
flame thickness, and how density varies within the
flame.
(2) It is also independant of the angle upon which the

particle reach the flame front,

It has not been possible to go further and express
the gradient 5f pressure in function of the parameters
of the turbulence upstream, for reasons that will appear

in the next sectlon.



IV Discussion

Examination of equation (III-1l) leads to the
conclusion that the variation of vorticity for a parti-
cle through the flame front is due to two effects :

(a) A density effect, which tends to decrease the
vorkicity of the particle, for exothermic reactions,
(b) A "pressure density effect" , by means of the right

hrnd side term.,

Let us call”specific vorticity" the quantity ouL
Although he has no proof of it, the author thinks that the
pressure density effect leads to an increase in mean
square specific vorticity fluctuation * consider a great
number of particles, crossing a flame zone, We shall |
denote by <> the average on this ensemble of experi-
ments, and by ( )' the fluctuation relative to the
average value. Equation (ITI-1) is equivalent, with some
algebra

o' 0> - ol 21> =~ %gm-w;g-g; 5-9?>+(?,)?%-’>2<!§’JI'>
- (ITT-2)
Now, the pressure gradient fluctuations, and the vorti-
city fluctuations are both random guantities, with zero
mean values, Since the local pressure gradient should

not be strongly correlated with local vorticity a priori,
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) (%")2 (0'2-6"1}7’<'%§]2> ] »/%1:(0’2-07) ((%EYK.Q’:> }

2 2
and therefore : 62<,> > 05L&, >

Thus, it is concluded, from equation (IIL 2),
that the pressure density effect should lead to an

increase in specific vorticity fluctuations,

Now, the magnitude of this effect depends mch
on the pressure gradient that appear in the right hand
side of (IIT 1), Gradients of pressure in turbulent
combustion, compatible with the surface combustion model,
could be assoclated with turbulence, propagation of the

flame, and pressure drop across the flame,

a) Turbulence

Rotating flows induce pressure gradients ( to
balance centrifugal forces ). Higher pressure gradier“~
occur in the smaller scale of the turbulence ( where
the radius of curvature of the trajectory of a particle
is smaller ), that 1s to say within the microscale or
Kolmogorof range, according to the Reynolds mumber.
Different expressions for the mean square pressure

gradient have been derived in litterature :
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—_— 1/2

1 [gqadp) - 39 (£/W) (7)
52

’ . 2 = E—b ﬁg ((;\I
o ! ned S RS (8)

& rate of energy dissipation
A * kinematic viscosity
A : microscale
u* : root mean square velocity fluctuations
Ra ¢ JZ;)/OV
But no comparison with experiments has been performed
to the knowledge of the author, which is understandable
since 1t is very difficult to measure local pressure
gradients in turbulent flows, especially when they occur

in the smaller scale,

b) Propagation of the flame

The flame front can induce pressure gradients
by a modiffication of the flow upstream and downstream,
due to the fact that it propagates normally, As an
example, the calculations made by Landau (8) on the sta-
bility of a plane laminar flame front relates the pres-
sure gradient with the disturbance at the flame front,
but no general relation has been derived, since the am=
plitude of the disturbance of the flame front is expected
to increase with time, and cannot be related with any

characteric parameter of the flame.



12

We could also wonder 1f the pressure gradient
is not relatedbtio the pressure drop across the flame
{ by dimensionnal consideration ). But it seems to the
author that there is no direct connection between both,
according to the following reasonning : let us consider
a flame front, far from boundaries, Out of the flame
zone, the pressure and velocity fields are governed by
the contimiity and momentum equations, and the pressure
appear only under the form of a gradient, Regarding the
flame front as a surface of discontinuity, the equations
stating that the normal velocity to the surface is unchan-
ged, and the pressure drop is constant all along the flame,
will give a complete set of equations and boundary condi=-
tions. The point is that the pressure drop accross the
flame front has no influence on the pressure gradients
and on the flow field, and only the mean pressure upstream
and downstream will be changed, It results that the pres-
sure drop across the flame seems not to be related with
the velocity and pressure fields ouside the flame zone,
and therefore gz .

To be complete we should mention here the genera-
tion of pressure waves by turbulent flames, (12, 13, 1i)
This process seems to the author harly compatible with
the surface combustion ( Strahle (15) has recently attem-

ted to extend the explanation of combustion noise given
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given by Bragg (1)) to the wrinkling laminar flame
model, but his arguments are not very convincing ).
The study of generation of vorticity by pressure waves
will be the object of the two next chapter.

Which pressure field is dominant depends certain-
ly on the type of combustion. Both (a) and (b) seem pos-
sible. It is to be noticed that if the pressure gradient
is related to turbulence, (process (a) ), the mean square
pressure gradient should increase with the mean sguare
vorticity, ( pressure gradients balance centrifugal for-
ces ), and. therefore the variation of density through
the flame front could be an increasing funchion of the

vorticity upstream (according to (III 1) ).

This raises the question of recirculation of vor-
ticity : suppose that a particle has burned and possesses
a certain vorticity, By turbulent mixing, 1t happens to
cross a flame again, together with fresh mixture., Its
vorticity will not increase through the previouly des-
cribed process, since its density will not change signi=
ficantly compared with unburned particles, bul one might
think that, before ignition occurs, the burned particle
has diffused its vorticity to unburned particles. If the
overall effect is an increase in vorticity, higher with
higher vorticity upstream, one could forecast an accele-
ration process, leading to a strong increase of vorticity

in turbulent flames,



1

However, 1t seems bto the aubthor that this 1s unli-
kely to occur, since a burned particle cannot transmit
vorticity to an uoburned particle without transmitting
also heat and probably active specles. As these processes
are all diffusion processes, and as all the coefficients
are of the same order of magnitude, 1t is probable thatl
the unburned particle begins to burn before 1t has receilved

vorticity from the unburned particle,
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SONCLIUSION

It has been shown that vorticity can be generated
in a surface combustion process, and that the root mean
square pressure gradient 1s of major Imporiance, Further
work could be done in this field, either by computer
similation of simple bturbulent flames, and experiments
could perhaps attempt to measure pressure gradients in

turbulent flows.



CHAPTER IV GENERATION OF VORTICITY IN A VOLUME

COMBUSTION MODEL

INTRODUCTION

As compared with the surface combustion pro-
cesses, the volume combustion processes and the gene-
ration of vortlcity are a more difficult theorical
problem, since now the energy equation has to be taken
into account, as well as 1ts coupling with the momentum

and continulty equations.

In this chapter, an attempt will be made to
estimate the overall effects of combustion on turbu-
lence, a new KArmin-Howarth equation will be derived,
involving new termsthat take into account the specific
effects of combustion. Experiments, if possible, could
then determine the magnitude of these new terms, and

show whether or not combustion generates turbulence.

Now, although overall effects of combustion
might be known by experiments, we do not expect this
theory to give us detalled information about the pro-
cesses themselves, The reason is that we shall use the
meﬁhod of averaging , which destroys most of the infor-

mation concerning the local, instantaneous processes.

16
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Let us take an example, and consider the "ordinary
vorticity equation” and the "mean square vorticity
equation" derived from the Karmin-Howarth equation,

both 1in the case of incompressible turbulence.

= + LVE . Q.v4 + v (a)
da 5 _ 26y g% (b)
t 573( s R»> 2

Q. vorticity

W Vvelocity

. -TEET
dx, X,
o (Bu [32F
f(éu, /32’137']1

Y)Y
u

)
)

It is possible, by examining the different terms
of the ordinary vorticity equation (a) to know what
prccesses are involved in the generation or destruction
of vorticity. For instance, it can be shown that =0 ;vg,
corresponds to the increase in vorticity due to the
stretching of the vortices (2), Now, the stretching
of the vortices has been shown experimentally, but it
has not been possible to determine the relative magni-
tude of the stretching term as compared with the other

terms.



On the contrary, the mean square vorticity equation
(b) does not give any information about the processes
themselves, but the skewness and flatness factor can be
shown to represent the overall effects of the stretching
and viscous terms, and by experimental determination of
these correlations, it 1s possible to determine the

relative magnitude of these effects.
Both approaches of the problem are complementary,
We shall study in this chapter the overall effects

of combustion on turbulence, and some of the processes

involved in the next chapter,

18



1) Fornmilation of the problem

We consider a very large enclosure, filled
with an homogeneous mixture, able to be lgnhited by some
external means, such as a mixbture of hydrogen and chlori-
ne irradiated by U.,V., light. Before reaction begins to
occur, the enclosure has been shaken by some means, so
that turbulence inside can be considered as statistically
homogeneous and isotropic, far from boundaries. Since the
volume of the enclosure is constant, and reaction assumed
to occur homogeneously, no mean” flow, no mean temperature
gradient is expected Lo occur, Therefore, the turbulence
can still be considered as isotropic and homogeneous

during the reaction, in average.

To be still more precise, we have to consider
a small volume far from boundaries, so that the radlation
and acoustic fields could be considered as isotropic .

The walls could reflect light and sound indifferently,

s 1. " . .
*  “mean” in the sence of averaged over a great number of

experiments,

19
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2) Outline of our method.

Our analysis will follow quite closely the
now classical theory of hcmogeneous isotropic turbulence,
(7,8). We shall first summarize some results of this

theory, and then show how these results canh be extended
Y

in the combustion case.

First of all, a differential equation invol=
ving velocity correlation tensors is derived From the

Navier=-Stokes equation :

d
S Rilr) < 8y(0) 4 2w Vi Ry (1) (IV 1)

with : () : averaged over a great number

of experiments,

Rij(e) = wi(x) uj(x+r)
)

W : u
5 5 (X) Uj(x+1) k(f)}

)
g w: (xW.[x~ x)
Then, each of the tensors of {IV 1) can be

expressed in function of only one scalar, by use of

homogeneity, isotropy and incompressibility conditions,

For instance :

R;J'([‘) = -~ Dy % a'-'f[r) r;g + (r'zD,. +2> Z’- (I"f[r) S‘J
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D= 4
r P

(Y]

r

:r(f‘) s ul({) ul{)_("'f) / al({‘}z
for rs(ro,0)

rozr]

With some algebra, equation (IV 2) can be shown
to be equivalent to a scalar equation, involving two

velocity correlation : ( Karm&n-Howarth equation )

2 2 -
N _- > Lkl B
%l: u.’f(r) = ( g.r-k f";)[“'] &(")"' 24’(5‘,:"' r ar) )fr
*(p) s U((g)u,(f*{)/ul.(’f)
b = @0 wixen /fuo]™

For r =(r,0,0)

A development in power series of the different
terms of this equation can be shown to lead to a "kinetic

energy equation” and a "mean square vorticity equation" :

d u

r=0



2z

There is no development at order one, since f[»
and 'ﬁ&) are even functions, and the coefficlents of r

in the development are zero.

Now, in the case of occurence of combustion, new
terms will appear in equabtion (IV 1) since terms invol=-
ving the velocity divergence are no more zero, We shall
firgt derive snch an equation, It will be shown that
each of the correlation tensors can be expressed in
function of two scalars, instead of one in the incom=-
prescible case. One of the two scalars will take into
account the specific effects of combustion., We shall
then show that the tensorial equation (IV 1) is equiva-
lent to two scalar equations, instead of one. By combi-
ning these two equations, a new Kdrman-Howarth equation
will be derived,

We shall denote by (..fmthe expression of (..)
when no combustion occurs, and by (..f)the part of (..)

due to occurence of combusition.
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3) Differential equation for the two points correlation

tensor

We shall generalize here the relation :

%t de- ()= S;&-(_r;) + 2 M7 R’cj ()

to the case of combusbion, using the same steps as in
the incompressible case, but with new terms, since the

velocity divergence 1s no more zero.

The complete Navier=S%hokes equation is, neglec-
ting however the effect due to change in kinematic

viscoslity with btemperature :

: " 9 [ OUy(x

O wilx) 4 Ul QLY _ 4 2Py w9 4 (A.) - ( ™ ’))

ot Cdx, St 9%, Ax, 9%, X\ oxy
with : Y = 4“/§ : kinemabic viscosity

. - R4 1t 1" - ..
4% - rw/g :+ kinemabic "bulk" vigcosity.

We multiply this equation by.uyayx)and-add to

the same equation at point X+r , for the component é ,

miltiplied by m. (x), and we derive :

o . . ) i _ 4 Dp( )
S W)U+ + OZ;MK()_c)ud[gg-g)S;K(&)}— 0, f- PU) 4

St 5, 4"
2
+0 0 { ity “J(’S*‘f)} « (Wy+ 5 W) Dzj 2 (bu«os))ué(a*t)}
- BxK aIK oX; Iy

0§ eijmy = Cij(x) + ¢ji(=n
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- This equation can be simplified :

As in the incompressible case :

1

0, 5 o (%) M}(E‘.*!‘)k - 2 v L £x) u,d. (x+r)
dxyp Oxg

Also :

- dui ~ - 3 . ~
02{ Wy (X) Uy (X+5) '5&«(2()}“ Oz§ 3. u«(x)udlzﬁr)m(go}

—+ 0, { (LI Y Mé()ﬁ-&-r) ,u..'(x)]-
. 00Xk -
We set for convenience :

Rij(ry = Ml ujlx+r)
Tiju(x) = A(x) Wi(x+r) Ly ()
wilx) = 4w(X)
dxk

g o } 0 T

zd‘(‘:): O, {5r‘« 'd"(r)}

P

sﬁ (r)z -0, { W(Z‘)u'j (x+r) u,;(zf)}
?‘d (r)z O, S"‘ = g - {x+r)}

g(x)  ox,

¥ = 0 oW (x) . e

Q= 0 [ Wo b xee) b

So that the equation for the two-points

correlation tensors become :



d g.. « A 2o .
S, Rile) = S, (v) + S"'J (r) « P,%-(E)'f' 209 F?.-d(r)+(//.,+;l’)Q+J(~:)

(1IV 2)
We shall now express the different Lensors involved
in this equation in function of measurable scalar

correlations.



s Y4
P&l

¢ P
li) Expression of the correlation tensors R (r) S;;('.‘),S..-,-(f)

IL(EL Q. (r) in function of scalar correlations

All the tensors involved here are isotropic,
since there is no preferred direction at any point in
the medium, in average. it has been shown (18) that
an isotropic tensor can always be expressed in function

of two scalar quantities, and put under the form :

H‘J(C') = H‘("T rt'rd' + Az(”‘ S‘J
r= (1)
r\.-,t] - components Qf n

So, the five correlation tensors can be expressed

in function of ten scalar correlations,

Now, these ten scalar correlations are not inde-
pendant, but can be expressed in function of a smaller
set of correlations, The reduction of the number of
scalars involved will greatly simplify the the final

Karman-Howarth equation.
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a) Exprsssion of RU(C)

We shall express the correlation tensor R‘J'(r‘)
in function of the ordinary correlation {h) and of a
function W, (x), that will be expressed later on In

function of the velocity divergence only.

()]
Let us call R{jQ)the expression of Rﬁ(c)in

the incompressible case :

) _ -
R".J' (r)= - D, 'é. u_'z_r(ﬂ) ",-fd‘ + (onp +Z> z‘ u.“ﬁr) S‘J

2

—

with : D, =

4
'\
@ © .
And let R, (r)- R;J.(!-)-?;J[f) to be determined.

<&

By definition of Ry(r) ana f(r) :
Ru (.C) = /&‘./2)((") Where : r = (r, 0,0)
Now, by "construction" :

(© -
Ru (f) = b(,z-r(f‘)

n
So tras R, (r) should satisfy :

R”m(':) - o For [:(r,o,o)(IV 3)

In the incompressible case,

dRuln - , :
aR,—’m: witg 2460, stnce 2
f dx; 0%;

d



oR:; (p)
ar;
which depends only on r. By isotropy (as there is no

Now, in %the compressible case, is a vector,

prefered divection), _i__U)Iszt be parallel tec Pr .

‘dr'
Ve can therefore define W[c)b
ARy (t) -
a’\d_ = WV ¢
Now, by "construction"
0)
e, (o)
0
Br

Therefore, R"’( r) should also satisfy :

DRIl wier, (TV 1)
ard
The two conditions (IVl) and (IV5) are sufficient

@«
to determine R;.(_r), and it is easily found that :

R“’ (£)~ Yl rp . Wl 3,
©4d Y d
meets all the regquirements.

So, R;J'(t_')can be expressed in function of two scalars,

:r(o) and W,(r):

Ry () = (- 3 Dr 2t 4 BL) ritj ¢ ([ FDe2) 3 ot - £ "’"”) ) 3

Now, W.(9can be expressed in function of the
velocity divergence only, and we shall now derive a rela=-

tion between W()and W({), for further purpose.



Ry definition of W, (r):

W, () ¥ %q AL (%) W (X41)

W (x) W(x+r)

n

we (x-r) wW(X)

We now take the divergence of boih sides :

3 W)+ rW ) = —W-DW(E) 1y g

Therefore :
'.
W, (r) = ~ 4_3 jrz W(XIW(x+r) dr 4 Const.  (Ty 7)
P
o
The constant can be found by looking at the
1imits of W,(r) when r goes to zero, in equation (IV 6):

assumed a development of W (r) in power series of r :

Wile) = A 4 B + o (rY)

! 2
it is easy to see that e W, () = O(r?)
Therefore, the limlbt, when r -0 of equation (IV 6)
is : 3 W (o) = —w(x)*

Now, if we assume a development of W(X)W(X+r) in (IV 7)

and integrate, we find that :

Wi(t) = - w[g]" + congt + o(r?)

4
3

Therefore, the constant is zero,
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% d T
b) decomposition of S..(v* Oz{j_‘g, Tijntr) }

As an isotropic tensor, ndu(r)i M (KU (%40 U (D) can
be pub under the form : (18)

Tiete)= T Eyr + Tl [ ch fe + 8ju rJr Tl

Y '; (a)

K

t(,)ln(.)l‘r;(,) being three scalar functions of pr = [P)
We shall first express these functions in terms of ﬁ(r),
the ordinary triple correlation, and two other functions
W,(9, W3(r) that will be introduced. Then we shall derive

o,

In incompressible turbulence,

2 Tty = EZ(OWIEED KD
J

is zero, since W(l()i.s zero, In the case of occumence of

combustion, aér T.'J'“(g)is a second order isotropic tensor,
J

and we have set

L WIREDU (X) = Wy () Rl + Wal) din o 8)

which defines two new scalar functions Wa(v) and Wa(r) .

By identificatlon of the coefficients of Rf, and &ix 1n

%. TLJK(P)(from equation (a) ) and uc’[f)v/(xt")“,,(aj}(from

equation (IV 8)),one gets two differential equations

involving T. (v, 7:(") , )



rT« 5T+ T /P =Wy (r) (TV 9)

Ws (1) (IV 10)

h

3 Talw + FTa(o +3 Ta(n)

A third equation can be obtained by writting the
definition of R(r) :

31
&(r) ((l.. -rm (rlo'o) (IV 11)

Equations {(IV 9), (IV 10) and (IV 11) can be

¥
solved by sebling the auxiliary Munctions 'I¥KO, T, ﬁg,

*¢) vy :

— 3o p¥ !
T - (i) e g
2r3 '
-3 : ¥
T (m = (m2) ”‘T&* + Ts (IV 12)
r

T = (@) (- B

Equation {IV 9) and (TV 10) veduce then to @

4
( & vanisaes )
l */
T + 5 TR + T/ = w ()

{ 2T,* ~wy(n)

whiich can be solved easily :
n
—_ %
rs
o

T %= Walo
20 2=

S 32
I\'OW’ -r,-“ (r' 0, 0)= “*(u—i) + r&-,:*(r) +z"-rz'-"(r)
- ﬁ (ﬂ")yz .
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Therefore :
¥ | "4 W3 | — e
(- f(n-{ —‘-,J" (wy - W3)de & "Ws}(u.’)
r A 2r
) . (IV 13)
The calculation of Sg{ﬂis straightforward

- now, and it 1s found :

oL
S‘:J‘ (r) = (~ ; Df‘ K*(I") - .zw’.) r':rd
+ (£ (PDe+2)K¥ () 4 4 Wy 4 rwh) 3y

- 3
with : K ¥(v) = gr + % )(u}) &%*[r) (TV 1)
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¢) Decomposition of SZ ()= - 0, § wiX)uy (xer) ki (x)}

W[_i_f) Wj (x+r) Ui (x)

cannot be connected with :

L Wi W (] = We Kb+ Wy &

and therefore, we have to introduce two new correlation

functions, by the defining relation :

w(x) U-J(Xi-") u«:(X) = W6 V‘.I"J' -+ W7 5‘1'

It follows :

R
S .id'(f)= - O, { We ity « W, S..J}

=~ 2 W Y -2 W, &'j (IV 15)

d) Decomposition of Py (r)

We have set : P;-J (r)= 0, ; Welr) riry + Wg () fg’}

PJ;J'(r) = 2 W, rry +2Ws 5:('/' (IV 16)

' 2
e) decomposition of V Rs}i (r)

From the expression of R;J(f), already found,
we derive :

2 T ,@ " ! . n ..

VRl =¥ R.c;j (f)*'(v'/z" * ?.:‘!‘)r'.'r; + (- L‘;’ 0= 3rw, - 2w) 9y

(IV 17)



3L

v* p:d (r) = - "—2- D, F(ryrirg + ’lz(v‘zDr+2)F(r) 39
(Vv 171)

2 —_
with : Fim o= %h,_+ 4 2) ufm (1v 18)

whe e

as in the ipcompressible case.

OW (x) (-
£} Decomposition of Qij(r) = Oz‘f axi u‘(!+r)}

We shall now show that Q:;(r) can be expressed

in function of Wi(*)only,

W () w; (x~") }

since : 0, { Cq(!_‘)} = Oe,.; CJ.A'. ("f)}

.. " . — ] .
Qi (r) 02 § %—;d(x-:-r) WXy - 025 o W(x+r)u,(x)}

= 02§ g?,- W, ()r; Y

by definition of Wy(n){IV L)

: Lot ..
Hence : Qw.]'('.') = O ‘ W, -—"J + W 841 } (IV 19)

The decomposition of all the tensors involved
in (IV 2) is now complete, All the coefficients of rry

and 8‘-3 for each tepsor are given in table (T),

columns 1 and 2.



5) KarmaAn-Howarth equation

Equation {IV 2) can be put under Lhe form :

H(") f‘;r“ + .B(") S‘d = C(r) e + D¢r) S‘d

and la equivalent to the two scalar equations :
A(r)= C(r
B =D()

Therefore :

CAM + BH = rC+ D(P)

which is a new Karmin-Howarth equation. The terms
corresponding to the different correlations are given
in column (3). For instance, the terms correspondéing
to 2 Q;J'(g)are :

ot

3 4 " W‘ tci -r.
ot 5 -~ Dr §u,.F(r) + 3-} coeffic en"c of 0".':,

2 y L oo f). W M) coefficient of O
o {('u D‘,.‘_z)E u’-_r(r)“—z_} coefficient o o
ot 2 .
° E‘,f{r) in the Karmén-Howarth equation.
ot
Note that the term corresponding to P.:J' in the

Karmén Howarth equation is 2 W,,(r) +2Ws(daccording to

columns (1) and (2). Now,

2PRW, . tWs = "%tx) 2{(&) AL, (X +7)

for r = (r,0,0)

by an appropriate choice of i, and r in (IV 16)

We shall denote this correlation funchtion by :

Lo

Ui
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2 9 .
°P m, () for convenience.

S ?x,

The same remark applies to the term corres-
g -
ponding to S;i , which 1s ~2 W,(r) P 2W, (r), which can

be written :

~2 U (R)WIYIU(X+?) = —2 U WK, (P wi
re(r00)

The other terms involved come directly from

the decomposition of the correlation tensors, in sectlon l.
The new Karman-Howarth equation 1s :
d - 2 PRYE My , ¥ 2 f
) u“l«f(r)‘:(- + _.)(u,z) () A Wa +d Wynw,
ot or r _
YRR 4 9
—2UwWulr) + & -Z2Pulr
() S M

2 [(Z,42) @0 - 2w ]

ort
+(/v,‘3iv)[rw,'+w,] (IV 20)
x r 4 ! - -3/2
ORI I gr (W, - W2yde s vy ()
. r A 2r
with : (IV 13)
W)U OOW(Ker) = Wy Firj + Wy 8¢ (IV 18)
) r
Wiy = oA f r* WIOW(xeT) dr (v 7)

o
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Development in power series of r of the Xadrmidn-Howarth

equation, derivation of the mean square veloclity

equation and of a mean square vorticifty equaticn.

We shall first expand W, (v), Wolr), Wy(r) in

power series of r, then develop the whole Kérmin-Howarth

equation,
r 2
Stnce : Wi (1) = ~ %;K WOWOED r* dr
o
(Iv 7;
2 4
and : W(Y)W(x.f'r) - [W(g)]z.'.% W[Z:]u [x] + O(r’o)

with the notation :

.

wt = w(x)?

‘.
»

]
e
[~
I=
S’
F

Then :

Now, from the definition of W, and W3 (IV 8)

PPW, o+ Wy o uZW (N

Wz = U wir
with the notations :
wwim U (x) U)W (x+r)

USW(r) = U, (¥) Up (D)W (x+1)
for » = (r,0,0)




Thersfore :

Weine 4 ulw' _uiw')+ o) 1y o1y

2

Wi(= wiw « 5 ww’ . o(r*) (1y oo
Note that Urw < w'w by isotropy
but uw" # u:’W' in general

Now, all the coefficients of the Karmin-Howarth
equation can be expanded easily (see columns lp and 5

of the table )

As an example, consider the term corresponding

o
to S, 1in the K&rmaAn Howarth equation :

“§
K*(r) + 9r*W, + 4 Wy + rW.’;
- ( 2 + i) { (J)’/& a(r) ~1 ';'l'(W.. W;)dr.. rW. }
R L ' r X T 3

+ 20 Wo + & Wa + rW;',
by definition of K*(IV 1) and ¥ (IV 12)

b o p3 3 3
> - A O O T o ) Wi v
Bt R ) B TR

Fhuiw [ WEweidwe ] 4 oo(rY
by use of relations (IV 21) , (IV 22) and

k(r) = {_: k. + 0(r®

( as in the incompressible case (7) )



39

o
. r /
So, the term corresponding to Sij in the Kdrmhn-

howarth egquation is :

- ,zW -q-"z{ %(ﬁz)

”’ S ——— ——————
ﬁo + 3 utw" _ 4 ufW"}
10
which 1s found in column I and 5 of the table.

The developmeht of the Karman-Howarth equation at

the order zero gives the "mean square velocity equation"

IR

wo= = WW _2%u w0 @ Enw (Y V)W
L $ o, {o & 3 *("3‘)[3 )
Now, since the mean square vorticity is related to

the mean square velocity by :

—
—

2 _ /]
Qi =-5§ w

( as in the incompressible case (7) ;
the development at order two of the Karmén-Howarth
equation, miltiplied by =10, will give the "mean square
vorticity equation” :
d 23

_ 3l — =7
o - - e, () - ?Mfmu} + w2 w" -3 uw"
[

4 9 i '——1._ ) W
+ 10 uwu" +10 (-3 £, w') + 4w W -, L)€



S
=
[
ot
‘——-'

imation of W(p in the case of combustion

Until now, we have not made any assumption with
respect to the physical process of combustion., We shall
now show that with a reasonable hypothesis, the diver-
gence of the velocity can be connected to the local

heat release.

The density fluctuations are either due to
aconstic Ltravelling waves or {luctuations of reaction
rate., Tn the first case, the relative fluctuations of
pressure are usually very small compared to one ( for
a sound of 80 dB,I g’” 2.(0'6 )o It 1s then a good assum-
tion, when the combustion is not too weak, to neglect
the effect of the sound waves as compared to the effects
of combustion, on the density fluctuations. With this

assumption, an estimation of W, can be made.

From the contimiity equation :

4 oo V. = W
o Dt
o = 4/3

Now, the energy equation can be written :(10)

P be _ 1Dp ,yi D _(¥)R
R Dt T p YT (x '),o
(TV 23)

{(S: rate of heat release, per unit volume,

¢ s c, loglL ¥
a!”(«,,,)f
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At copstant volume, the mean pressure decreases

during the combustion, but the mean density 1s constant.

Therefore :

T RIEEy
nd : Y
SO T

(.. :

absolute fluctuations, relative to

the mean value,
m «
Therefore :

e O 1 2

With our assumption that the density fluctuations
are related with the heat released, and not with the acous-
tic fluctuations, the second term of the right hand side

is negligeable as compared to the first, so we can write

wiy) = & (9)'(5)

r (1v 2l)
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The Karman-Howarth equation generalized Lo the
case of combustion can be considered as a relation between
correlation functions, which is exact as far as the Navier-
Stokes equations are available, and the influence of the
kinematic viscosity variations negligible. New terms in
this equation take into account the specific effects of

combustion on turbulence.

Now, orders of magnitude of These phenomena
can only be given by experimental measuremenbts of the

pew correlations, and we do not expect to deduce orders of

=

agnitude from the theéry itself for several reasons,
First, we have used an averaging method which loses
information necessarily. Also, 1n the case of combus-
tion, a strong coupling between the flow and the chemical
reaction is expected, and it is not possible to-obtain
orders of maghitude by consldering only one of the three
governing equations, as we have done, In other words,

we have not introduced enough information about the pro-

cesses to get quantitative results.

Important conclusions may however be drawn

by examination of some of the correlation functions.



In the Karman-Howarth equation, the correlation

taking Into account the "pressure density" effect is :

-2 o 2 u/(n
ox,

as 1t comes from the term.~w§7 of the Navier-Stokes
equation.
It is remarkable that this correlation is a
function of a component of the pressure gradient :

%ﬁ. and a component of the velocity 4, that.awe
parallel : in the terminilogy of Chu and Kovasnay (10),
the pressure gradient and velocity associated with the
sound mode are parallel, whereas they are orthogonal
in the vorticity mode (pressure gradients balance
centrifugal forces ), Trerefore, it seems that the
information concerning f%he velocity mode is elimipated
in this product, and that the pressure density effect

involves essen®tially the pressure and eniropy modes,

We now examine the qualitabtive influence of
the "pressure density effect" on the mean square

velocity., The correlation appearing in the mean sguare

velocity equation is: -4 0’%£‘u.
Now : -4 o-g_x{" M = _g: (’:‘; .{ G'(f)g.i;‘_(pc)u,;(é)}
- e {2 o9 Plx+r) uilx)
-7 % r-»o { —ar}_ - }
2 S 2 o(x-1 p(x¥) 4 (x-1) }
=" § rs>o P1V

43
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Hence : ?(—}7 a.f u,),_ %(po'W+- pl([a..a }
X,

0X;

——

Lets examine first the correlation PO’W . Assuming

perfact gas,

—

f¢w=‘?ﬁ

|
n
)

7 . .
= R Tw since :

Now, according to section 7,
¥ /.@_)’
¥ P ’
SRR A

The relative fluctuations of pressure are usually

w

i

very small compared to one", and it 1s a good assumption

ESEdE Y

to set @

@ p
Therefore :
W ¥-1 @
= ‘_X— -
P

and ¢

pew - 1= R QT
¥op
Consider now two point in our medium, with

temperature f_,. AT s T—aT,. For exobhermic reaction and

positive activation energy, the local heat released will

be 5)+AQ, and @-—Apzan instant later. In both cases,

(AT:)[AQ;))D and (-AT;)(-8Q.2°. Therefore, Q'T'>o and pows>0 |

Thig covrelation is expected to be important , since

: . !
#* For a noise of 80 an, 1 P I"’ 2 (0-°¢
F



reglons of higher heat released should also be regions

of higher temperature,

or

We now examire the other correlation P Uy, o
A

appearing in -1 af u, -
ox,

S

From the continuity equation,

o6 o6
— u, ¢ -
2t -+ Wy 3)(“ aTw

we derive

-a.f' T - pow
Pal.'-“f,l‘bln F

which is equivalent to : ( since o = const. )

N o0 3 - —= T
fa; +pu.(ﬁ“+puk3£ =-.,o0"W+/o<rw

!
We shall assume /@ [ very small compared to one. The

leading terms pow for the right hand side, and P U os

6.\’,(
for the left hand side. These two terms are however equal,
by average of the continuity equation., It is therefore

concluded that :

0
Pun i;n ) IOU'W

and that the correlation -%3.5«. is equal to fst pow

It follows as ~ powrg, that the "pressure density effect"

leads to an increase in mean square velocity fluctuations,



s
(o))

An increase in mean square velocity fluctuation
could related either to an Increase in turbulent kinetic

~energy, or generation of sound waves.

Now, 1in the mean square vorticity equation, the

correlation corresponding to the "pressure-density effect"
P ———e———

_2 o Ju
S B, M3

the sign of this quantity by physical considerations.

is ¢ . It has not been possible to determine

If the corrvelation function -.‘g 52 (*) can be measured
X,

ll-ﬁ

experimentally, the sign of the correlation -~ 23 L can
8 ox, ox?

be deduced from the curvature of the former function near
the polnt r = 0 , If the correlation decreases, then

.
e 2p 2u,
8 ox o2
ticity equation, this would mean that combustion

is negative and, according to the mean square

-

vor

n

generate vorticity by the"pressure density " effect.

Inverse conclusions may be drawn if the correlation

e p————

function -2% y(r) decreased near r =0 ,
ox.
It has not been possible unfortunately to make
such deductions for the other new terms appsaring in the
Karﬁan-Howarth equation, Ixperiments should determine
.whether orvndt these new terms balance the pressure-density

terms that we have just studied.
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Conclusion

A Karmadn Howarth equation valid in the case of
homogeneous l1lgotropic turbulence with occurence of
combustion has been derived. New terms in the zeroth and
second order expansion in r show the influence of the
chemical reaction on the mean square velocity and vorticity.
It is found that exothermic reactions should generate
turbulent velocity fluctuations or pressure waves, and
that additionnal vorticity might be generated, by
interaction of sound waves. The corresponding terms have
been expressed in function of theorically measurable
quantities, and, though difficult, an order of magnitude

might be glven by experiments,



CHAPTEZR V GENERATION OF VORTICITY BY INTERACTION OF

SOUND WAVES

INTRODUCT ION

In the last chapter, it has been shown‘that in
the case of homogeneous isotropic turbulence, with
occurence.of combustion, additionnal turbulence might
be generated, The source term in the statistical avera-
ged vorticity equation 1s a correlation, which repre-
sents the mean effect of the phenomenon associated
with VO x9p of the vorticity equation, This term
involves only the sound wave and entropy modes, in
the terminology of Chu and Kovasnay (10), not the
vorticiby mode, hence suggesting that the mechanism of
generation of vorticity in combustion involves essen-
tially chemical reactlion and sound waves, Thig is the
purpose of the present chapter to study how inter-
action of sound waves, with occurence of chemical
reactlon can generate vorticity, and what are the
significant parameters, A model 1s developed, and

numerical computations give orders of magnitude.
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ANALYSIS

A) The process of generation of vorticity by sound waves

If a gradient of pressure is applied to parti=-
cles of different densities, those of lower density will
acguire, in the same conditions, higher velocity than
the heavier ones, Now, if the gradient of pressure is
applied to a medium of varying density in the direction
orthogonal to the pressure gradient, a shear wave will
be induced, and therefore, vorticity. In the vorticity
equation, this process is taken into account by the

term : VP x VO

Now, it has been shown experimentally and
theorically (16, 17), that a sound wave propagating in
a reacting medium induces local fluctuations of reaction
rate, and therefore, extra-variations in density. So, we
have simltaneously gradients of pressure and gradients
of density. Now, as the effect of one sound wave isg
essentially one dimensionnal, the gradient of pressure
and the gradient of density induced by the process
mentionned before are always parallel, therefore the
cross product Vp x VG is zero everywhere, and no
vorticity is generated. So, two sound waves, at least,

are necessary to have vorticity : the pressure gradient



»n

of ope sound wave interacting with the density

gradient of the other and vice versa,

Wnen no reaction occurs, however, the two
interaction terms cancel out, and no vorticity is
generated :

f
S

I ]
' APy
P o

o

NIy ol

.

[ . s .
P‘ P’ c;JU;. pressure and specific volume fluctuations
)iz

" da op dc{
. . - K K(éP.__f__E.z.._.)
fmply @ VO x VP = RT3 3 T 5y o»

K, K, : wave number of the sound waves
When reaction occurs, the relation :
A
o P

do not hold any more, but, as it will be shown in the
next paragraph, the density fluctuation at a point depends
among other paramebters, on the frequency of the sound
waves. In other words, two sound waves, for the same
chemical reactlon, will induce fluctuations of density
that are not similar to each other. Therefore, the two

interaction terms do not cancel oubt generally, and

verticity 1s generated.



This quick approach shows that the physics of the
problem 1s not simple, and the development of a model, |
as a computed solution, will gilve more inslight and orders

of magnitude.
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) Our model

We shall consider an homogeneous stagnant
medium, in a very large enclosure, filled with a
mixiture of gas able %o react homogeneously by exbternal
means, such_és hydrogen and chlorine when Irradiated

by U.V. light.

Before reaction begins to occur, two sound
waves are travelling in the medium, and meet in a
sufficiently small volume, so that interaction sound -
sound could be neglected. The angle between the two

sound waves 1is 9 o



C) Governing equations

We shall call "mean" the averzge in space, at
a given time, Mean quantities will depend on time, except
for the density, since we assume constant volume reaction.
The fluctuations relative to the mean quantities will be

funtions of time and space.

Since our medium is initially at rest, and the
relative pressure fluctuations small compared to one,
the governing equations are the linearized Navier-Stokes
equations, exact to a good approximation, We shall neglect
the molecular effects, conductivity, viscosity, diffusion

of species. With a little of algebra : ( see appendix II )

W )
IPY gy vip® . 2 (_Q__ )
(v 1) ajm :( @, )(4)
u
with s P%=e L s pY_8¢Y  dw= ¥RT
70 g

Q : heat released per unit volume and time,

It is to be noticed that the relative fluctuations
of pressure arse with respect to the mean pressure, which is

here a function of time.
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(1
D) Chemical kinetics assumptions, expression of (ngT)

Since our main purpose is to show the
involvedin the generation of vorticity, and to
of magnitude, simple chemical assumptlons have
we shall consider the reaction: A + B - C
shall assume :

1) first order reaction rate in component A
2) the reaction rate dependance on temperature

an Arrhenius form,

processes
give orders
beepn chosen

+ D, and we

to be of

In fact, 1little is known about the kinetics of

chemical reaction when temperature, pressure, and specles

concentration fluctuate. In this direction, efforts have

to be done,

The mean temperature and concentration

neni; A are governed by :

ngQ_T = —AUWg -FV-%

Dt -
g DYa | Wg
Dt
with @+ Wa= -K Ya mP(__ E,ET)

Yq : mass fraction of component
Wg : mass rate of production of

per unil volume

of compo=-

A
Il

component A

-
-



AU heat of recactiop, per unit mass

of component A
K : kipetic constant

E : activation energy.

Taking the average, and neglecting the second

1 T, 0 0] )
order terms M.VpT, UL.VY, , P V.u as compared

with: the mean time derivatives :

dt

d¥a m

§CVJ—T = —AU“.;;
Z/ Wa

1}

dr
Hence

d -
&P(CVT+ AUYF;)"‘ 0

v Cv —
Ya = ﬁm+-aJﬁ'—T]

Changing Yg for its expression in function

of T

in the energy equation, we obtain a differential

equation involving only T

—

dT ¢ T 2
(v 2) SCV dT: = AU K [Yﬂ‘a + -A-'I}_[To"-r]] WP(— E‘?)

—

which gives T in function of time by integration.

o
e now wish to express (—___

“
= in function of S
(
and PU. 3 P



According to (V 2)

—

Q@ = aU.K [Yﬂ,o‘*‘" [T 'T]]uf’(" )(V 3)

valid for agll btimes,

Q can be considered as a function of T . Now, for

small fluctuations of tempervature, we shall assume :

) Q w
-]

Note that this expression does not take into account
. (D] 0
the difference of phase between Q and T  due %o
chemical induction times, and we do not assume any depen=-

1) |
P* . However, this expression seems

dance of Q
realictic to the author, as far as the induction times
are small compared with the characteristic acoustic
times, and that the pressure has no direct effect on

chemical reaction.

From relations (V 3) and (V L), an expression

()]
for { ?T) in function of Sm and Pm can be found :
S

0 “
) - 55 @ - V)
A

- “)
- 2 d(? ($®+(¥-0) PO) _(- )_?__ _P_:
$t dT p YP

= —2_ g—a S(‘, -+ (x ‘ __.é §
§G dT [ d7 ?]
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ot

We set for copvenlence @

4 49
§lr df
K aVv E (T To) E _ Cv
g CP (-’ﬁ) { (Yﬂ,o - CV AU )R-rz Z‘U’ }
A dq Q
— [(¥-1) & _ _—]
eCp [ dT T
KAV ﬂC(T-To] E _nCv
§Cr )S@ ) Yoo -G su ' RT* a I)Z—U
S0 that @
(Y
g—-f;—:—r) = W, S“) + Wq_ P(”
Our egquations becomne
g Gy 3{ = KoV [ Yoo =lco]esp(-£)
- 7-pm m )
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E) Constant wave number hypothesis and transformation

of the system of partial differential equations

into ordinary differential equations

Consider a one-dimensionnal travelling wave,
periodic in space,( wave mumber k ), and we suppose
that the speed of sound changes, due to chemical
reaction, Let's A,? two consecutive nodes ( 4B = 27 / k
at time +t =0 ), A and B travelling at the speed of
sound, Now, if the speed of sound is unifoﬁmely varying,
the distance AB will remain constant. That is to say the

wave humber will remaln constant,

When the sound wave is produced by a loudspeaker
emitting at constant freguency, the wave number of the
sound near the source will change, due to change in
temperature, but the disturbance will not be felt at

a digstance superior to :

b
S a(n)dn

o)
a(n) : speed of sound at time 7
t * duration of the chemical reaction

If we are far enough from the loudspeaker, the wave
number should remaln constant, equal to its value before

reactlion begins to occur.
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With this remark, the governing partial differential
equations can be transformed inbto ordinary diffrential

equations.

w 0]
Ir P (x,b)is periodic in space, then S (1{,5) is
perlodic too, according to the linearity of the equations.

So, we can set

POy - S BY (o) explin k.2)
{ SH(x,€) = 2 Smm(e) w/a(w k.x)

The partial differential equations are tranformed
into a set of ordinary differential equations, with bime-

varying coefficients :

-0 @
d*f + mdad) &z Eh‘

de?

n

(
ng-[W' 54«{.”"‘ W, Pn"

0] o) 0]
d“ W'S‘n +w2‘oﬂt

s —3

d
Now, if Eﬁgo at time £=0 | as well as all its
derivatives, it results that BﬁLO for all times., Tt is
therefore concluded that no new wave number will be

generated in this process.

This remark allows us b0 consider the effect of one

single harmonic wave, without loss of generality, We shall



G
O

AA
now use the complex notation P, S, with the follo-

wing meaning :

A
P =Re ( P¥)

A
3 Re ( 5%

il

Re () : real part of ()
Since the wave number k 1s constant, we can set:

P = PU(t) exp (1 k.x )

A

Va'd
s¥= s¥t) exp (1 k.x)
~0) w
where P (t) and S (t) are the complex amplitudes
of the fluctuation of pressure and entropy in space.

A () o
The equations for P (%) and S™(t) are, for each sound

wave <
val') ~ ~ ”n
By a2 p? = & (W s"a+ y ph
ate v at 19 2d
~hl ~, A
. 0, (]
By =y S; + m&g{
at '
(j=1,2)

which gives a system of four ordinary differential

equations,

On these equations, two remarks can be made :
2w 2w
1) We have included any phase difference between P " and S

T (0
in P and S, so that there 1s generally a phase



difference, in our system, between entropy and
pressure,
2) We have btaken into account the fluctualions of
concentrations of species A, which corresponds, in the
previous work by Pariseamu (16) to the case he stvdied

when m = 1,



. T") Expression of the vorticlty generated in functlon

4)
of S{ and Pkt

The complete vorticity equation is, neglecting

the viscous terms

12-%3 .:_-_Z‘VU. —_(_?.Vlé —-QC"XVP
Dt -

or : PR o vu ~IIV¢9——V¢meFW
Dt -7 -

—

since p and 0 are not functions of space.

Assumed some initial vorticity Qo , £ can
be decomposed into :

a . 9%. af

P —

_(_‘_Lol and statisfying :
" B (AN
(*(Za‘)oz Qo (QF)Ozo

glp represents the part of the vorticity which has been
o
generated by the pressure=~density effect, whereas 2

is due to presence of initial vorticity in the medium,

Now, in the terminology of Chu and Kovasnay, (10),
the density and pressure could be further decomposed

into their components for the sound and vorticity modes :



o~
o

How, when sound is

present in the medium, 1t Is
generally admitted that :

o8 [ < | p)|  ond

]cf: | « | cr:))

The reason is that the velocity associated with

the sound mode satisfies
dlW, A
—_ = . LV
at s FP

and therefore :

lig

n

P

0 (%)

where a 1s the speed of sound,
Tor the velocity assocliated with the vorticity mode

/U-_n,oV.bL.n_ RS i VF“’

hence : 1%?1,= O( (unf)

%]

2
Ua w
since (-— )<Z =f
o @

1t follows that :

lpal < | ppl

() o
v c _
x VP = ¥ G;

when sound 1s present In most cases,

and [T | < | o

xV P



The generation of vorticity by the pressure=~density
effect depends only on the sound mode, and not the
vorticity mode, There is no influence of Q% and {}ﬁ
on VG"(;L’VP": and we can assume £2,=0 without loss of

generality.

The vorticity reduces to :

3;&")_ - vo_(o . v P(I)
ot

or a.()- ' O
— = 03' VP” X VS)
ot

since ® S‘l" = p® g_m

In our model involving two sound waves, the vorticlty
is always orthogonal to the two sound waves. Since its
direction is well defined, we shall now consider 0 as

—

an algebric quantity.

If the subscript (..)k indicates the value of (..)

associated with the k-th sound wave,

) )]
oPP,vsl - VP,‘;&VS:)-}-VP

2

W)

X V S‘(‘J

wa AL A aen] Re (B30 EVP e (4 (ks B )

o 6 Rl BOS B mplithomo2) |

D : angle between the two sound waves,



G) Pattern of L1 (x,t) in space, at a given time,

If we wish to give orders of magnitude of the vorticity
at the end and during the reaction, it is necessary to know

how () (x,t) varies in space, at a glven tine.

A
We shall now take the complex notations for () (x,t), QL{4.
~
By integration of (V 6), with respect to t, Q (x,t) can be
put under the form :

A
£ (x,8) = Cy(t) exp( 1 I.x ) + Cyt) exp (1 J.x )

with :
I =k +ks
J = k) -k

First, we shall show that it i1s possible to change
our axis, at any given time, so that the new functions

Cl(t) and Cz(t) are real :

Let's x=x! -¢

X': new coordinates,

€ ¢ a vector to be determined,
Then :

A

Q (x,6) = Cy(t) exp (-1 I.g ) exp (1 I.x') + ...

We can chose ¢ so that @

I.

{e)

= arg ( C (%))

Iy
jo

= arg ( Cz(t))

It can be easlly verifled that the vector ¢ shown



by the figure fulfils all the

7
qlt) 5 ~

—

6

requirements :

We shall now consider that such a transformation

C

has been done, and consider 1

It is easy to verify that

periods” :
'

2r 1 2r J
and
3.1 1.3
1
I a vector
1
d : a vector

The  sense and length of the
have no influence on the periods.,

vorticity is shown by the figure @
A period for a function f(x)
v which satisfiles :

and all integer n.

and 02 as real guantities,

QL[%) has two spatial

orthogonal to

orthogonal to

1
vectors I and

ey

The pattern of

of space 1s a vector

f(x) = r(x + nv), for all x
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Definition of T and J

DIRECTION OF THE FIRST WAVE

-3

DIRECTION OF

THE SECOND WAVE

Pathern of the vorticity

N

]

2
9




68

Vorticity variations in gpace




H) Non dimensionnalization and numerical

69

computations

Let?! introduce :

non dimensionnal parameters :

o = AU Yao

+ 1

c T

v o

B- E_

RT
3%, ip
Wy = aofkl -
K
wz = g k2.‘5

non dimensionnal variables :

o
c-l:'

at

chemlical time

ratios
acoustic time

each of the sound waves.

T s Q
R Q'A =
T K¢ T
(¢] v O
1P {p
= VJ2 -IE nw - Q -
S (wEel gy Hp 0
aer 1 2
v W () L s O
Nl ST+ NZ P

( for each of the two sound waves )

for



-~
(@]

i -
—. = (o= T") exp (= =)
at’ T
Sx ” mw ~n ~{Da (1)
asy _ wh T Re((F, o‘u-P S,) exp ( 1 I.x))
d’(..x‘ ] 2 |

” N") c \

-He(((Pz)OS,- (S YY) exp (1 Jdex)) )

An order of magnitude of has been obtained by
mumerical computation.

e
* .
As we have seen,Il is a periodic function of space,

(at the end of the reaction)

and varies with the real amplitude :

oo

3% 8 T* Ny wDa ) 3%
T Re( P S = P S) dt
o
in the directlon orthogopnal to J =k, - k, , and wilh
the amplitude :
[ 4
M ~m w )
Re (B! 05 - F'(§))%) at™

n;hiu

o
in the direction orthogonal to I = Ky * 52 . By symetry
considerations, we do not expect one of these amplitudes
to be much higher than the other in any configuration.

Therefore, an order of magnitude can be obtained by

computing the integral :



@

~ ~ ~
SRR A ) [Y] w ~m
Wy Wo T iie(rz)Re(S‘) - Re(P, )Re(Sz) yoat

»
v

%

]
which 1s a linear combination of the two amplitudes

20 Tm T K

previously mentionned. P ,S,,F,5,, have been chosen

real by bthe appropriate set of initial conditions :

~, ~ (N

P =1 P, = 0
ar™ are’o
at” at”

~ ~

5% = o s¥ =0

K13
[a)

als
PAS

We have chosen, as numerical values for W, P,wl,w., d
o = 3,0 [5 = 6,0
wi : variable wé = 2,0

The choice of . relies on the curve T (%), as it

: "Characteristic chemical time"
corresponds to a ratio @

acoustic time
near to one, the "Characteristic chemical time" being
defined as the time at the inflection point of the

curve T (%

The results will be given and analysed in fthe next

paragraph.
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.I) Results and discussion

1) Interaction of the two sound waves and the chemical

reaction
a) Effects on the sound wave (Figures 1,2,3,4)

The curves obtained by computer of the pressure
versus btime show two important features, for any
configuration,
s+ As time goes on, the pseudo=period of the pressure

fluctuation decreases, which is easily cxplained by
the effect of temperature on frequency, at constant
wave number,

% The amplitude of the sound wave apparenly 1lncreases
before the inflection point of the curve T (&), and
decreases afbterwards. This is compatible with the
explanations of previous theories (1 ) where the
reaction rate was approximated by a polynomlal expres-

T \n
T/

wave should be amplified when n>»0 and damped when

sion : w = w_ (

o . It was shown that the sound

n<0 , Now, the inflection point of the curve T%(t)

occurs when w(T) reaches a maximum :

P C, = AV w(T)
dt
imply : P Cy g.%T_ = gl‘rg.) ar
a2 at 4t
=t 2- m

ak at2 at



7

(%}

When w(T) reaches a maximum, the polynomial approxi-
mation is w = W, ( or n=0 ) and it follows that

n» 0 before the inflection point and n <0 afterwards.

So, the results obtained by computer perfectly

agree with the previocus theories,



b) Effect on the entropy fluctuations (Figuresl, 2,3

The results obtained by computer show that
the entropy fluctuation versus time is a wavy curve
which depends upon the frequency of the sound wave,
In other words, for two different initial frequencies
of the sound wave are not similar to each other. And
this explains mathematically why the terms in the

crogs product VP «VS do not cancel out.

Now, the influence of the chemical reaction
is not simple, although some insight into the physical
process can be obtained by looking at the equations:
provided g%’( complex amplitude of the fluctuations
of pressure in space ) is a known function of time,
the variations of entropy can be expressed exactly

in function of the pressure fluctuations :

Nere ~ .. A
a8 "L i g 4o B
as® 1 2

~
S(U(o) = 0

is equivalent to :

- ol
) W

mn

[®) L
~ 2% o s
S (t'")=[exp(8 Wy (n)dn H o) P(n)exp(~| Wyln)dy)
0 o) o
T
The "weighting function" : exp ( W-{(n)dn) can be
0

h

1
g i)

:



be expressed in function of T {t), which will show
the influence of the chemical reaction on the entropy

fluctuationss

o aT
t\‘
2 m7 m
= (ug ai 7) since Q = &=
dt dt t
0
t-.c o
d gT
= - lo = d
[ an( 108, d{(q)) n
0
£ 3%
so, exp(g Wl(n)dn) = g% . const,
(6] ~ 1

In the expression of S (), the constant drops, and

. 1;93 .
N w o
-~ (" Y T -
S (%) = %%' Ws(m) P (n)(él) ldn
)

G

We see that S (t) can be expressed in function of
a "memory integral", depending on how the pressure, the
temperature, and the coefficlent W2 vary from the begin-

ning of the reaction, to the point considered.



2) Ceneration of vorticity (Figures 1,2,3,L,5)

The results obtained by mumerical resolution

of our equations show that, indeed, vorticity is
generated, However, for the choice of parameters we

have made , +the amplitude is very small : for

LW o A
fl = P2 =2, 10

which corresponds to a sound intensity of 80 dB, and

for a chemical time of 1 sec., the vorticity at the

-12 S

end of the reaction is of the order of L0, 10 e

which is very small,

The vorticily has also been computed for

d ifferent frequencies of the first sound wave ( with
the frequency of the second sound wave fixed ), and
it results that the effect is maximum when the two
sound waveshavefﬁequencies near to sach o?her.
However, when they are very near ( 0,9 9I< 1.1)
the vorticity decreases, which can be exp?zined oy
the fact that the the two entropy waves are nearly

0w
similar, and the two interaction terms V’Plsvsz

(] 0]
and V P21V81 cancel out, though each is important,

Besides this rangs, for 0.5¢%/<0,9 and
b wz

1.,1< =, ¢ 2, , the largest amplitudes are found. They
(OF 3

rapidly decrease for low and large frequencies,

7}

~]

(Oh]
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3) Flow field at the end of the reaction

In complex notations, the vorticity at the end

of the reaction can be wrilten :
A
Q(x) = C, exp( i I.x ) + C, exp( 1. J.x)

where Cl and 02 are complex constants,

It has already been shown that 1t 1s always
possible to change of axis, so that the new constants
are real., It is easy to see that by the same process,
the sign of C1 and 02 can also be chosen, For conve=

nience, we now suppose that C1 and C2 are real negabtive,

Due to incompressibility, there exists a

stream function Y (x), which satisfies :

oV

u (x) = ————
x b%
) oy
u, (x) == ——
Yy - ax
Hence :
2
VY (x) =Cyexp( 1Ix) + c, exp( i J.x )
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By integration :

Cq o
W (x) = = == eoxp( i I.x) - —~= exp( 1 J.x)
22 22
Let @
C C
A= - --]-2 B = - ._._2..
1° his

A and B are real positives,

The varlations of Y(%) in space are similar to the
variations of 1 (x):




Concluding remarks to the Vth Chapter

It has been shown that the interaction of sound
waves in a chemically reacting medium generated vorticity,
The effect, for the miumerical example we have chosen, was
the highest when both of the characteristic acoustic times
were near the characteristic chemical time, and decreases
rapidly when one of the two sound waves had a lower or a
higher frequency. The flow field at the end of the reaction
has been shown to be formed of regularely spaced eddies,
which scale are of the order of magnitude of the wave

length of the two sound waves,

The order of magnitude of the vorticity generated
at the end of the reaction is indeed very small, as expec-
ted, since this is a second order phenomenon, It seems to
the author however, that it is not possible to extrapolate
our results to the case of turbulent flames, since more

involved mechanism have to be considered.

A method has also been developed for the calculation
of the interaction of a travelling sound wave and chemical
reaction, assumed that the reaction rate can be expressed in

function of the temperature, even for small fluctuations,

The computed results for a first order reaction



rate expression correlate the conclusion of a recent
theorebical study (1é). More elaborate reaction rate
expression should lead to a good agreement with

experimental results,

()

0
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CONC LUSION

Generation of vorticity in both "surface"
and "volume" combustion is possible through’ the
"pressure-density" effect corresponding to the term

ticity equation,
V(‘%)*V P of the vortil y eq

In the case of surface combustion, the mean
square gradient of pressure seems to be the significant
parameter, It can be associated either with turbulence
or propagation of the flame front, depending on which
’type of flame is céhsidered. In the first case, the
generation: of vorticity should increase with vorticity
in the unburned gas. The scale of the vorticity gene-
rated should be of the order of magnitude of the tan-
gentlal disturbances of the flame front, and no increase

in turbulent transport in the flame brush is expected,

due to this process.

In the case of volume combustion, the term corre-
ponding to the average effect of Vﬁ%)pr in a modified
Kdrmén-Howarth equation shows that generation of vorticity
involves essentially the sound and entropy modes, not
the vorticity mode. Consequently, the generation of
vorticity does not depend on the vorticity in the

medium, but is due to interaction of sound waves in



the reacting medium, or ‘nteraction of "expanding
bubbles™ according to the plcture of turbulent volume
combustion smggested by recent studies in combustion
noise (1ll).The interaction of sound waves with occurence
of chemical reaction might generate vorticity, when the
periodsof the sound waves and the duration of the reac-
tion are of the same order of magnitude. The vorticity
generated should be negliglible when one of these times
is very different from the others, and also when the
periods of the sound waves are very near to each other,
The scale of the vorticity generated is of the order of
magnitude of the wavelengths of the sound waves. The
generation of vorticity by interactlon of"expanding
bubbles" has not been studied, but a measurable correla-
tion has been found, which could give an order of magni-
tude of the generation of vorticity by combustion, with

the help of experimenks,

Surface and volume combustion represent two
extremes, and it is presumable that real turbulent

flames involve featuresbelonging to both models.

(9]

N



Coefficlent of

coefficient of

Karman=Howarth

Development at

Development at

n;q 5r sguation order O order 2
(1) (2) (3) () (5)
° 3 (4 p.afm s WilD D ((L (r2D +2) i Em W) -
° R () | 24-% Deurfm+ B2 2 (3 (r*D+2)urfim-22 2 wfi d & d'2
ot bh{ 2 { 2 } abg(z 2 dt ’f ) dj.' w '12' d-‘:({ou/l)

o * , L % . —_—
g;ém 4D, K0+ 2W0 | L (Dt POk erW)] K (M2 hOhOrw Gy : ﬁ’,”(@)"ﬂ% w1 utv!
Sa AW, (0 AW, (M [) ) 2

H(C ~ W, -2W, -2 Wi, -2 Ur'w - wwau,

Bt 2 Wy 2 Ws (1) 2% w 2%y _4 % yp
. ! S 22 S o,
9*R; () ) 2 (<Dp +2)F(0) '@ 1 pE
Jo) -0 3 (or Fer) 5¢ @ 1 gt
6 o
“R Wity 3w 3w, W
() Wity Wil Wil 2 _3ew, () -2W(r) ~ 2w (" 2 w? 4 2
= 2 r 2 3 -y w‘
5
w, () ‘ — —
Qaj(—) - W, (r) PW, )+ W, () -1 we 3 w?
3 5
T e a2 P = N N
shations 3;,‘\")= Ul u (xery [ H2(x) ) Wy (A rery Wy ) 3 = Uil )WL +T) LKy K?v')se'/fl J}(E)ﬁzﬁ*r\
L m— - r "z{ro,o) for l
o %y s Wugen /Laal™ [ Wy (Orr s w8y = o 9P L oaeey Flez(20 L4 Q)J?:F[r)
Dy 2 x> Wix)= 2Uu(xl Ws (W) er: 4+ W, (0) 8 S%) oz, ¢ \ "o
" — s(MTT+ Wa )0y = Wi p (x+0)ALTX]

b.ZK r
W4 {Y): ...'1
r3

jr‘ WX)W [x+¥) dr
-]

B = ™|

»

"
1 (o w'o-)} ]
r [Wzﬁ)-;’?_ dr V‘Ws(o)f




&




&

3

ny
O
nJ

Figure 2

-

10



&

Pignre 3

L.

W pmMm
Pt 10 Pz,o

10 12

)iy

pAS



Figure L

N
L/

10

1<






APPENDIX I

Change in vorticity for an nunburned particile

crossing a flame front

UNBUANED 414;unu5 BURNED
MIXTURE FRONT MIXTURE
4
~ ~ {A *;
[ 0
PARTICLE 8 J ~
PATH o
side view front view

We shall consider a particle crossing a flame front

from A to B, Letbt

AB  the particle path across the flame front

Ax axis tangent to AB in A

A the normal to the flame front in A

As the tangent to the flame front, in the same plan as Ax

(éf\ the component of the pressure gradient tangent to the
flame front

K unit vector orthogonal to gg and An

8  the angle between Ax and An-

€ the thickness of the flame front

X the abscissa of the particle on the axis Ax

D

0



N(x) its vorticity
o(*) its specific volume

nv(x) its veloecity in the axis An, As

Since the gradient of density along AB is parallel
to An, the only component of the gradient of pressure that
has to be ftaken into account in the cross product Vo » Vp
is ¢ (gf, . Now, the pressure gradient in the flame front
is expé;ted to vary in the An directlion, but not in any
direction tangent to the flame front., Therefore, we shall

agsume (g{) to ce constant from A to B :

s ) | 9
VO"x-VF =[ ;1':'_))]2{’5

The thickness of the flame front is very small,
so the stretching and viscous effects are negligeable
as compared with the"density" and "pressure density"

effects in the flame zone, and we can use the vorticity

under the form (T 2) ( Vazsoy! equation )

D(on) do(x)); d
De L ‘57))55} A

Now, the material derivative can be expressed
in any axis since 1f represents bthe derivative with
respect to time of a quantity associated with the par=-

ticles., Therefore :

90



0 X eatlt 0
098 | e 1TR | oy 9| K
bx m g

We can now inbtroduce two functions f and @ to

take into account the variations of o and o in

tne Flame front :

f(5) = ([comm-s2)/ (0 -an)
9 (5) = (o (x) -~ o) /(o3 ~o7)
£ = X
¢ cos ©

The vortliclty equation becomes :

—

o (x) ot o (>)Ced 0

g 992 @l (o.z_nl,qu_,)_f'(é)-_-—]%](U‘:-Gﬁ)a'[g)'ﬁ

The continuity equation leads to :

| a0 | Se

=

( indepondant of
G [x) cot O Ca

x and B8 )

Therefore :

£ 992 Su (g9, . Q)Ple). (2 '
om gt 2 (% _>f(é)--/é{//o:-m)3f§)+,<

If we now ilntegrate from $=0 to $=4 | we get :



I
' 92
Jon :
£ f—’ 2dE 4 (o - Q)= |2P)(05-0 )k
M1 o; - od
A oe
When ¢ - 0 , the first term vanishes, The two
functions f(§) and g (§) have now disappeared, and 8

too, which was not expected,

The final result is @

o R ~on Qi = - Lo-,-o.-)[éfj K
Su
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APPENDIX II

Derivation of equations (V 1)

The complete "entropy equation” is :

DE - . Zﬁ,wK
Dt T
with E = Emr . Gy %3 { %4'(5903}
r
Hence @ 1y DE _ Q .
Hence _C_F = é?F_T Q =z - 3hw,
0] (1) m —
and : Z'LF %EE ={§%'T') with : ( ) = ( )—( )
‘ oo g } Cv Ew—x im 0 gue
We set : S = E; Co { ; f } ! ;[P'lf
) —ﬂ) . im
Yp S
Then D_S{u: {__@_,_.)(U
Dt eCp T

Now, as we consider a stagnant medium, the convective
term 1s negligeagle as compared to the time derivative,
and :
35 (_9_)“’

ngT

We shall now derive the "sound equation'. From the
momentum and conbtinulty equations :

@ 0]
%S £ T VM =0
4
Y

vp? + 3 L o

Q



- “ az )
)
we get sz LA
ot*

() )
Another relatlon between Q and p can be derived,

- . “
by elimination of S between :

éé‘r“: Q )(‘)
dt gcpT
S0 _ bl 3(4)
which gives : ¥p 9” (1)
3 XAl ) g_ - 8

since § is nobt a function of time.

'Z
“
Now, 2 ¢ =2 v F(U as we have seen

g 3 ¢
_ b/—j vz[f:(jjj
s P
= g2 Vzpé‘)

since p is not a function of space,.

So, the "sound equation" becomes :

a-iP (d_. 2 va(I) _ é ( Q )(l)
dE> %kt T

)
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Notations for chapters I,II,IIT

{lp Ier

(-

)

velocity

vorticity

kinematic viscosity

rate of energy dissipation

Taylor mlcroscale

unit vector, normal to the flame front
component of the gradient of pressure, tangent
to the flame front,

unit vector, orthogonal to n and gﬁ

laminar burning velocity. )

density

specific volume

angle between the path of a particle and the

normal to the flame front,

average over a great number of particles
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Notations for chapter IV

Subscripts and superscripts

—

(..) averége over space of [ )

, | —
( fflucbuating quantity ()@’5 (.)— ()
( ) denotes a vector

Theimodynami¢ properties of ' the mixture
density

§

o specific volume

p pressure

¢ heat release per unit volume of the mixture
§ entropy for a perfect gas

CV;CP specfic heats

Y ratio of specific heats
Kinematic notations

velocity

vorticity .

’slb IQE

17

= |

\v

B\

Y
sla
N

S Skewness factor

G flatness factor



{@) double
&0 triple
Rii(» double

Tige(r) tri

velocity correlation function
velocity correlation function

velocity correlation”tensor

ple veiocity correlation tensor

gzd'(tJ see equation IV 1

w(x) divergence of the velocity

& p .
54',;(':)/ S;J- (r),ﬁj(t),%[r)see section 3

Wi(r) see
W, (), Wy(r) see
W, (v}, Wsf) S©©
Welr) Wy (1) see

2% sece

KX see
F(*) see

AW (v

W

equation
equation
pquation
equatlion
equation
equation

equation

WO Wxtr)

IV L

IV 8

IV 16
IV 15
IV 13
v 1L
IV 18

For

W, Wi, (1)

w2

"

L2

th

w'?

U Wi Uilx+r)

Wix)?

[?ﬁ(z

2

|

r= (rlolo)

For 1= (r,o0,0)
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Notations for chapbter V

Subscriphts and superscripts

(_) average over space of ( )

J —
( )Pfluctuating quantities ( ) 2 ()-()
Re(.) veal pari of ()

4

() complex conjugate of (..
) argument of (..)
), refers to initial values
), refers to the first sound wave

)z refers to the second sound wave
dimensional quantities

-T pressure
[ density
o

specific volume o

L]}
-,
R

T temperature
CF,CV gpecific heats
Q healt release per unit volume of the mixbture
AV heat of the reaction, per unit mass of
component A
Wy mase rate of production of component A,

per unit volume

o~ )
S0



K kinetic constant

E activation energy

ﬁk wave nmumber of the k-th sound wave
& speed of sound

® angle of the two sound waves

M velocity

£ vorticity

non=dimensional quantities-

P(ﬂ -

N

P® pressure (real)

!
v X
>

\

A

S® entropy  (real) s 5
/[3(4) pressure (complex)

Sw entropy (complex)

P complex amplitude of the pressure
g“’complex émplitude of the entropy
aoF vorticity (real)

Q¢ vorticity (complex)

“)Z frequency of the k-th sound wave

Y ratio of specific heats

V. Ya
« - LYV, 0 '
: CoTo *
P £ E
RTo
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