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CHAPTER 3

Method for

Direct Numerical Simulation

Two-dimensional and three-dimensional direct numerical simulations are performed
using an extension of the code of Poinsot and Lele (1989) (Poinsot-Lele’s code, PLC)
for diffusion flames, and an extension of Sandham’s code (SC) to allow for reacting
flows. The 2-D temporal and spatial simulations using the PLC were run on the Cray
Y-MP, while both 2-D and 3-D temporal simulations using the SC were run on the
hypercube and on the Cray Y-MP. The 2 codes are written in Vectoral (Wray 1988)
and have been implemented at NASA-Ames.

3.1. Equations

The conservations equations for mass, momentum, energy and species are written in
term of (p*, p*u}, p*e}, p*Y:), where p* is the density, u} the three velocity components,

e} 1s the total energy per unit mass defined by
e = e + ujui /2 (3.1)

where e* is the internal energy per unit mass, and Y, and Y; are the oxidizer and fuel
mass fractions. Using an Eulerian formulation and the Cartesian tensor notation,

these equations are

gf: + ag;?; =0 (3.2)

vt O(ptutut + p*ois *
agt:z, (p u.t(;,x ;—p i) _ %%:_ (3.3)
Bg;::;' + 8[14{(/?;;;;+P')] - _gi; + ﬁgi‘;*: +AH (3.4)
Rk
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where the superscript * denotes a dimensional quantity. =z}, i = 1,2 and 3 are the
streamwise, normal, and spanwise direction respectively. The heat flux is g, 7J; is the

viscous stress tensor.
The chemical scheme is single step and irreversible: F +nO — (n+ 1)P, where n is the

mass of oxygen per mass of fuel. The reaction rate (fuel consumption rate) is

Wt = Arp* Y Yoe TeT, (3.7

Ze = Ta* /Ty is the Zeldovitch number and AH? is the enthalpy of reaction per unit

mass of fuel. Denoting the heat release by ©*,

._ 1 n r*y0*
a1 = (570 * i) o (3:8)

We assume a perfect Newtonian gas and Fourier heat conduction, which gives three

additional constitutive equations

p* = ptr T (3.9)
aT*

==X 1
Ouf  Ouj duy,

Y i —9/3 %5, 3.11

T = H (63:}‘ + oz} 2/3 oz}, 6”) (3.11)

where p* the viscosity and r* the gas constant, D} the diffusivity of the i** species,
c; the specific heat at constant pressure, and A} the conductivity. In what follows,
the subscripts ; and , refer to the fast and the slow streams, respectively. The Lewis
number and the Prandt]l number are defined as

A i’

Pr=

A . 3.12
S 2t (3.12)

Le; =

In the present application, Sc = Pr = Le = 1, p = prey(T/Tres)* 7. Other important
parameters in the simulation are the Reynolds numbers and Damkhéler numbers,
defined as

_ ok Sk o 4 ,—Ta® [T} ¢4
Rel = B-I—,—,(j—l;—‘!— Dal = -“l’-‘—p-l-f——;‘;——-——l-é—“—" (313)
1 1
*w C * v ,~Ta” [T] cx
Re, = ﬂc_l:‘gt_v_ Da, = _A_rﬁlf___r_.___‘ze'. (3.13)
31 a

where & is the vorticity thickness. We also define the Reynolds number and the

Damkholer number as

T *) £k L ~Ta®[T; cx
Re= A=W AV TG (3.14)
I (u] — u3)
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The nondimensionalization of the above equations is different in PLC and SC. In PLC

(p*,T*, p*,u}) are divided by (o}, (v —

DT7, 13, c;) where pt, pt and ¢} are the density,
1 %1 1» F1 1

viscosity and sound speed in the fast stream. The vorticity thickness 6, is chosen as

the reference length. The PLC normalization gives

After substitution, the non dimensional conservation PLC equations become

uj g
U; == -—-: I_[ = —
' 1 7
T e*
G-Df; ‘T
P‘ P*
P=-5 P= .
Pl l"f‘?l2
t* * *
1= fl Ti = .'L‘_:
6(4) 6UI

@ _ __3pu,~

ot = Oz;
Opu; 6(/’“:“] + pdij) 31',-,-
a Ox; Ba:_,-

Oper _6[u.(pet + p)] _ 3‘1: a(“: Tij)
o Oz; 62.‘ 8
oY) _ _dpw¥p) 8 0%
5 =7 ox +az,("D )

0pY, _ 6(pu,Y) 3
o Ox; azz
with
ok OT
% = "B Re, oz;
Ou; au,- 3uk
W = (gt g~ g t)

W = Da.p®Y;Y,e”Ze(/T- 1/T;)

b= {Y;(ioo) ¥ y,,(foo)]@-

+ fw

(8.15a)

(3.16a)
(3.17a)
(3.18a)
(3.19a)

(3.20a)

(3.21a)

(3.224a)
(3.23a)
(3.24a)

The nondimensionalization of equations (3.2) to (3.6) in SC is made by dividing

(p*,T*, u*,u}) by their respective value in the high speed stream (pf, Ty, ut, u},) and the

vorticity thickness 63 is chosen as the reference length. The SC normalization gives

U B
Ug =2 e = —
’ uj # Hy



T-F eTim
‘= tT:_l_ 2 = :_w (3.15b)
After substitution, the non-dimensional SC conservation equations become
%te - _679% (3.16b)
62;1,- _ _3(puiig;c:' pbij) + _Z%JJ (3.17b)
Bap:: _ _Bluz-(gf:i+ P _ g_:i 5(;:’“:) + Bib (3.18b)
ag? _ _6(;;1;‘}’;) + i( DQE’L) — (3.195)
ag:’o _ 6(;;;?) ol DBYo) — (3.200)
with
"= A;;zmel g;T: (3.21%)
Tij = Rel(%‘f + %‘if- 2/3%65;) (3.22b)
W = Dalpzyfyoe-—Ze(l/T—l/T;) (3.23b)
p= [YJ(-1+00) * Yo(ioo)] ST (3240

All the quantities (velocity, vorticity, baroclinic term, vorticity production, etc) pre-
sented in chapters 4 and 5 used the PLC nondimensionalization. The only exception
(unless otherwise mentioned) is the time ¢ since we believe the convective time is more
meaningful than the time based on c. The time based on ¢ is simply equal to the time

based on u; multiplied by M;.
3.2. Time advancement

The time advancement is the same in PLC and SC. It is based on the third-order
compact-storage Runge-Kutta method of the family derived by Wray (1986). It is
fully explicit, requires three substeps per time step and two memory locations per

dependent variable. For the reacting mixing layer the number of variables per grid
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point is seven (p, pu, pv, pw, pe:, pYy, pY,) in 3-D. At each subset, the two memory

locations are updated simultaneously using
Qnew =a Athld + Qold and Qnew — a2Athld led (325)

with (a1,a2) = (2/3,1/4),(5/12,3/20),(3/5,3/5) for the first, second and third time sub-
steps respectively. Note that @, is used at each substep to store the right hand side
of equations (3.16) to (3.20), while Q. is only updated at the end of the substep. At
the beginning of each full time step the value in Q; is set equal to the value in Q;.

As described by Sandham (1989), the maximum time step is determined by stability
considerations on a model convection-diffusion equation where spatial derivatives are
calculated using spectral method in all directions. For simplification, constant fluid

properties are assumed in the stability analysis. The model equation

o  0p 8¢ ¢ 8%¢
ot T Ve ey Ve T Y52 (3.26)

is Fourier transformed and rearranged to give

o¢ kou | Ry k2 kRS
£=_[12(L:+—3+ =Y ta 47:2(-——+-L—”5+L‘2)¢. (3.27)

Once the equations for momentum, species and energy have been written under
this canonical form, and using the stability diagram of the third-order Runge-Kutta

method, it is possible to find the maximum possible time step. This leads to

CFL
ity = ——— 2
Aty = 57 D, (3.28)

where CFL is the Courant-Friedrichs-Levy number and D, and D, are defined as

= _}__ 1 l“l lvl lw]
De = mel3 )+ Az +57) (3.29)
ﬂ/P 1 1 1
Du = Re min(Pr, Sc¢;, 1)(Az2 taat Azz) (3.30)

This criteria is computed at every grid point, and the time step is chosen as the
minimum of all the computed values. The value of the CFL number is taken equal
to 2. Another time-step limitation arises from the reaction term. In both PLC and
SC the chemical terms are treated explicitly and the maximum chemical time step is
arbitrarily defined as

cie:

Ate= 22 (3.31)
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where ¢, is a constant chosen equal to 0.001, meaning that the maximum relative
variation of the total energy due to chemical reaction is less than 0.001 in one time
step. For the range of Damkhéler numbers considered, this criteria was usually less

stringent that the limitation based on the CFL number.

3.3. Evaluation of the partial derivatives and boundary con-
ditions in the streamwise and spanwise directions

The main difference between the SC and PLC code is in the methods they use to com-
pute spatial derivative in z. SC, which is specific to the computation of compressible
shear layers, assumes that the flow is periodic in z and uses spectral derivatives in
those directions. PLC, which is more general and can be used to calculate confined
flow with inflow and outflow, uses the same high order Pade scheme as in the cross-
stream direction and non-reflecting boundary condition (at inflow and outflow) of the
type derived by Poinsot and Lele (1989).

For temporal direct numerical simulation (SC), the flow is assumed to be periodic in
z and z directions, which allows the use of spectral methods and eliminates the need
for boundary conditions in those directions. Spectral methods are highly accurate so
a large range of length scales can be captured with a minimum number of grid points.
For compressible flows, the use of spectral methods may cause problems if shocks
appear, since it is well known that spectral methods lose their exponential convergence
when steep gradients are present. In particular, Gibbs phenomena appear and the
exponential rate of convergence is lost. For spatial simulations (PLC), the flow is not
assumed to be periodic in z. Alternative differentiation schemes must be used, and
additional boundary conditions must be provided at inflow and outflow. The PLC
is based on the high order Pade finite difference schemes developed by Lele (1990).
They have accuracy similar to that of spectral methods, and constitute an alternative
to spectral methods, especially for problems with non-periodic boundary conditions.
These Pade methods, which artifically damp a narrow band of high wavenumbers,

may have less difficulty in capturing shocks than spectral methods.

3.3.1. Evaluation of the partial derivatives in z and : using spectral
methods in SC

A quantity to be differentiated is Fourier transformed using a real fast Fourier trans-

form, then multiplied by ik, and then inverse Fourier transformed. As shown in
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Sandham (1989), the “oddball” wavenumber should be zeroed out at each substep of
every time step to eliminate the round-off error which accumulates at this wavenum-
ber as one goes back and forth between Fourier space and physical space and as data
are packed and unpacked when stored to or. read from the solid state disk (SSD).
This process (Blaisdell et al. 1991) amounts to replacing the flowfield by a filtered
flowfield, defined as

N,
#e —¢.k-(;z)k2( 1)¥ i

( 1)' i( 1)1 ¢3’k

N, N,

( 1) +E ik
o 2 2D b (3.31)

kl kl
This replacement vectorizes efficiently and is substantially cheaper than performing

a three-dimensional Fourier transform of the data, setting the appropriate Fourier

coeflicients to zero and inverting the transform.
3.3.2. Evaluation of partial derivatives in = and > using PLC

The PLC is designed to perform both spatial and temporal 2-D simulations. The
non-periodicity of the boundary conditions in the spatial case prevents the use of
spectral methods, and so the high order Pade schemes with spectral-like resolution

are used. These schemes can be written as

Giya—Gi-3 ,Piy2 — Pi-2 Pit1 — di-1
ot p ot (BBl (3.83)

Bdi_o+adi_, + diadi, + Bdi . =c

In the particular case where g and c are zero, a one-parameter («) fourth-order scheme
is obtained with
a=§(0z+2) b_—.%(!lcv— 1), (3.34)

It may be noted that o = 0 corresponds to the fourth-order central difference scheme
and that o = 1/4 corresponds to the classical Pade scheme. For o = 1/3, the scheme
becomes accurate to sixth-order, and this is the value which was used in all of the
present work. The Pade approximation for the second derivative is handled in a

similar way, where one uses

ﬂd’ +a¢ -1+ ¢ ¢,+1 +ﬂ¢’x+2 =
c¢s+3 20i+ i_z |, bip2—20i + dic2 | Big1— 2¢i + di- g (3.35)

on? L a—Y ta B
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In the particular case where 8 and ¢ are zero, a one-parameter (a) fourth-order scheme
is obtained, where
o= %(1 —a) b= %(10a—~ 1) (3.36)

It may be noted that o = 0 corresponds to the fourth-order central difference scheme
and that o = 1/10 corresponds to the classical Pade scheme. For a = 2/11 the scheme

becomes sixth-order, and this is the value which was used in all of the present work.

The evaluation of the diffusion term requires the evaluation of successive derivatives
due to temperature dependent transfer coefficients, e.g.

6,60
3535 (3.37)
In a spectral method one would compute this quantity by forward transformation,
multiplication and inverse transformation. The Pade scheme attenuates a narrow
band of high wavenumber modes, which leads to a much worse representation of
the high wavenumber component of the solution when the second differentiation is
applied. To resolve this problem, diffusion terms like this are expanded as

Op Ou 0%u

hal sl — 3.38

yay " Moy (335)
and the Pade scheme is used to calculate the derivatives. Note that this formulation

for the diffusion terms is non-conservative.
3.3.3. Inflow and outflow boundary condition in PLC

The boundary conditions used are similar to the boundary conditions for spatial
simulation developed by Poinsot and Lele (1989). For spatial simulation of free shear
layer, the outflow boundary condition must simulate an infinite domain although
the computational domain is finite. The basic idea (Thompson 1987) is to consider
the characteristic form of the equations at the boundary. Outgoing characteristics,
which use information from the computational domain can be computed without
problems, whereas for incoming characteristic two situation may occur: (1) Some
information is known about the outside domain from which the characteristic variables
can be determined (given boundary condition); (2) no information is available and
we try to express the outgoing characteristic variables in term of the known ingoing

characteristic variables. The equation (3.16) to (3.20) can be rewritten as:
9 _ _g4 O (3.39)
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% = —ud; — pd — ag;" + %%’- (3.40)
0 — iy - pay - 2 ";;" 2, 6;;" (3.41)
%t- = —%dl(uf) - :/ﬁ—:z—l_ —- puda — pudy

_ M%t;ﬁ’_).l _ _g;’g ae;, 4 g (3.42)
?-%ty—f = -Y;d — pds — 9%’31 + 89:,( Dayf, ) - (3.43)
32:"’ = ~Y,d; — pds — a’;”;“ + 5‘3: Dg};‘: ~ nt (3-44)

in which all the terms can be calculated using information from inside the computa-
tional domain except d; to ds, which involves derivative normal to the boundary. The
viscous terms also involve derivatives normal to the boundary, but the characteristics
associated with diffusion are lines parallel to the boundary, which suggests that that
it is possible to use one-sided derivatives to calculate diffusion term. d; to d¢ can be

rewritten as

dy = %”“ (Ly+0.5Ls +0.5Ly)/c? (3.45)
dy = pcz-g—; + ug—e =0.5(Ls+ Ly) (3.46)
dy = ug; g/p =0.5(Ls — L1)/(pc) (3.47)
dy = ug—: = L3 (3.48)
ds = u%f;i = Ls (3.49)
ds = u%};" =Lg (3.50)
where L, to Ls are the characteristic variables defined by
L =0 - et (3.51)
Ly = Xs(c 27; - -g-g (3.52)
Ly = ,\3% (3.53)
Ly = )\4(2—2 + pc% (3.54)
Ls = ,\5%1% (3.55)
Ls = A 53‘;0 (3.56)

and the ; are the associated characteristic velocities
/\1=U—C /\2=u A3=u
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M=u+c Ay =u A =u. (3.57)

To each of the characteristics is associated a characteristic equation

0A;
B +Li=0 (3.58)

where the wave amplitudes A; are given by

Ay =p-—pcu Ayg=clp—p As=wv
Ag=p+pu  As=Yj As =Y, . (3.59)

We will now outline the application of this technique to three diffrerent types of

boundary conditions

Outlet: At all the points of the outlet, the convective speed u is compared to the
local speed of sound ¢. If u > ¢, all the characteristic velocities are positive and all
the terms 24 can be calculated using information from inside the computational flow
domain. If u < ¢, A, < 0 and 4; is set equal to 0. In this case, we also add to the right
hand side of equation (3.42) a term which tends to bring the pressure p towards the
pressure at infinity, po = 1/7. For each point of the outlet boundary

( Inew = (

where ¢ is a constant arbltrarlly chosen equal to 0.1, M; the local Mach number is

6pe¢ (')pe,

—Poo 2, ¢
Jota = ——5 (1= M; )-5: (3.60)

equal to M; = u/c, and & is the inlet vorticity thickness of the mixing layer. Note that
this pressure correction is the one proposed by Rudy and Strikwerda (1981).

Subsonic inlet: For a subsonic inlet, all the characteristic velocities are positive
but A, thus the amplitude 84 (except 24:) cannot be calculated using information
from inside the computational domain. Instead, all the L;, (i = 2,6) are determined
using equations (3.45) to (3.50). Five unknowns require five equations. In all the

simulations, we chose to keep v,Y; and Y, constant at the boundary, which leads to

Ly=0 (3.61)
Ls=0 (3.62)
Le=0. (3.63)

Two additional equations are obtained by setting du/8z = 0 and by algebric identity
between the L;,

L4 = Ll (364)
L2 = (7 - 1)L1 (365)
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where L, is determined using information from inside the computational domain. The
forcing of the inlet is done at the beginning of each substep as @, and Q, are updated
(see section 3.2). The value of (pu, pv, pe:, pY;, pY,) at each point of the inlet boundary

are imposed equal to

(pu)' = Myp*(T+ Z mCy R(Ggexp'@rt+90))) (3.66)
k=1
(pv)' = M1p°(§: mCyR(pexp'@ri+on))) (3.67)
k=1
(per) = LT+ mCR(Grexp@t+90)) + 22 ()2 4 () (3.68)
7(7 - 1) k=1 Pe

(V7)) = p'max(0,Z + Y mCiR(Zrexpxt+#r)y) (3.69)
k=1
n

(pYo) = —p°min(0,Z + ) mCyR(Zrexp'@r+4))) (3.70)

k=1

where nm is the number of modes used for forcing, C; is the amplitude of mode &,
and w; and ¢; are its frequency and phase. Both Q; and Q, are forced at the inlet.
t in the formula is the local time, equal to the time of @, and Q. at the beginning
of each substep. Note that, for a subsonic inlet, the density is not imposed and the

current value of p in @, (Q2) as @, (Q.) is forced.

Supersonic inlet: For a supersonic inlet, all the characteristic velocities are positive,
thus all the L; are set equal to zero meaning that we keep u,v,e;,p,Y; and Y, constant

at the boundary,

Li=0 (3.71)
Ly=0 (3.72)
Ls=0 (3.73)
Ls=0 (3.74)
Ls=0 (3.75)
Le=0. (3.76)

The forcing of the inlet is done at the beginning of each substep as in the subsonic

case, but now the density is also forced. We get

P = (/T +) mCiR(prexp’@t+er)y) (3.77)
k=1
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n
(pu)' = Mip'(@+ D mCiR(igexp'“r*#+)) (3.78)

k=1
(pv) = Myp' (D mCiLR(brexp'“rt+ér))) (3.79)
k=1
J id a3 > . . .
(pee)' = L (T + Y mOR(Trexp'®rt+0))) + 93 ((pu)'? + (p)2) (3.80)
Y- o pi
(pY;) = p'max(0,Z + Y_ mCyR(Zpexp'“x*19+))) (3.81)
k=1
(pYo) = —p'min(0,Z + Y mCyR(Zyexp'“rt+94))), (3.82)
k=1

3.4. Evaluation of the partial derivatives and free stream
boundary conditions in the cross stream direction

In the cross-stream direction, the flow is non-periodic, which prevents the use of
spectral methods based on FFT. The sixth-order Pade scheme presented in section
3.3.2 is used both in SC and PLC to calculate partial derivatives in y. To keep the
vast majority of points in the vortical region of the layer, the grid is stretched in y.

The mapping function is a sinh function, which concentrates points around y = 0. We

get
_ Ly sinh(by7)
T 2 sinhby, (383)
v _Lyby cosh(byn)
V=7 sinh b, (3.84)
L, b2sinh(byn)
(Rl y
Y= 2  sinhb, (3:85)

where the mapped coordinate is 5 and b, is the stretching parameter in the y direction,
typically equal to 1 or 2. The partial derivative in y is related to the partial derivative

in 7 calculated using the Pade scheme by

8 18
5% - ;7’% (3.86)
%4 1 8%

The non-reflecting boundary condition are identical to the non-reflecting boundary

conditions presented in section 3.3.3. Equations (3.39) to (3.59) can be rewritten to

74



evaluate the characteristic in the y direction by switching = and y and switching u
and v. In particular, d;, to ds and L, to Ls become

d = %%'i = (Ly +0.5Lq +0.5L,)/c? (3.88)
dv  Op
= pc? = — =, .
dy = pc 3 + vay 0.5(Ls + Ly) (3.89)
_.0v 08p, _
d3 = Y3y + 6y/p = 0.5(Ls — L1)/(pc) (3.90)
dy =02 = L, (3.91)
9y
d5 = vaﬁ = L5 (392)
Oy
ds = ’U?--E = La (393)
dy :
with
_ ., /0p v
Iy = h(5E - o) (3.94)
dp Op
— 2-F ZF
L = X5~ 5 (3.95)
Ls = A% (3.96)
Oy
dp v
= = el 97
Ly /\4(ay + pcay (3.97)
Yy
= As—— 3.
Ls = X o (3.98)
Y,
= . 3.
Le = Ao (3.99)

The ); are the associated characteristic velocities

AM=v—~c¢ Ao=wv Aa=vw

M=v+c As = Ae = v. (3100)

No wall: In the absence of wall, the absence of forcing makes the calculation of the
non-reflecting boundary condition easier than in the streamwise direction (section
3.3.3). The outgoing characteristic, which use information within the computational
domain, are calculated with no problem. The incoming characteristic are handled by

setting the time derivative of their amplitudes equal to zero.

With walls: In the presence of a wall, 8pcv/dy = 0. The only non-zero characteristics
are L, and L. For the bottom wall, L, is calculated using information from within

the computational domain and Ly is set equal to L,, which ensures dpcv/8y = 0. For
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a top wall, the opposite is true: L4 is calculated using information from within the

computational domain and L, is set equal to Ls.
3.5. Initialization of the temporal simulation

The initialization of the entire flowfield is done at the beginning of the simulation by

defining all the flow variables (p,pu,pv,pw,pe:,pY;,pY,) as

n
p = (1/T+ zka?)?(ﬁkexp‘(°*’+p*‘+“’*))) (3.101)
k=1
n
pu = Mlp(ﬁ + Z ka%(ﬁkexp‘(°*’+ﬁ"z+¢"))) (3.102)
k=1
1
pv = M p(Z mc,,%(akexp"@*”ﬁ””k))) (3.103)
k=1
n .
pw = Mlp(z mCj R(ti)kexp'(““”"'ﬁ"”‘“"‘))) (3.104)
k=1
n
p — A N
€y = T+ mC % T ex ’(akx+pkl+¢k) )
pe 7(7—1)( kzﬂ HTherp )
+0.5(pu® + pv? + pu?) (3.105)
n
pY; = pmax (0,7-{— Z ka%(Zkexpi(a*”+p*‘+¢*))) (3.106)
k=1
n
pY, = —pmin (0,7+ E ka%(Zkexp"(“"""ﬁ“”‘ﬁ“))). (3.107)
k=1

Here@, T and Z are the mean flow variables calculated in chapter 2 using self-similar
solution, and @ to z are the complex eigenfunctions calculated in chapter 2. Ci, o,
B and ¢ are respectively the amplitude, complex wavenumber in z and z, and phase

of the kt* eigenmode.

Figures 3.1 and 3.2 show the growth rates and the phase velocities of the fast and
slow instability modes of the non-reacting incompressible mixing-layer with M. = 0.05.
2-D modes and 45° modes are presented. As seen in chapter 2, for large wavenumbers
the two outer modes are decoupled and the convective speeds of each instability mode
is close to the speed of its associated free stream. At small wavenumbers however,the
convective speed of each mode is close to the average speed of the free-streams. The
slow outer mode becomes the central mode and its amplification curve exhibits a

local maximum corresponding to this instability mode. Note finally that the 2-D
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modes are more amplified than the 45° mode at all wavenumbers, suggesting that
the incompressible reacting mixing layer will be dominated by two layers of two-

dimensional large-scale vortices (the colayers).

Note on figure 3.1 that the maxima for the fast and the slow outer modes do not
correspond to the same wavenumbers. For temporal simulation, the size of the com-
putational domain determines the maximum wavelength of the eigenmodes. The
wavelength used in the temporal simulation must therefore be chosen arbitrarily be-
tween the two wavelengths corresponding to the two peaks. Note also that, since
the two eigenmodes have unequal phase velocities, the computational domain cannot

follow both structures in time.

The fundamentals and subharmonics used to initialize the simulations have the
wavenumbers o, temporal amplification rates w; and velocities ¢, as shown in Ta-

ble 3.1.

Figures 3.3 and 3.4 show the same information for the compressible mixing layer.
Here, compressibility effects reduce communication between the two sides of the layer,
and the low wavenumber domain where the two regions of the layer interact is reduced.
The local maximum at the left of the slow amplification curve (which corresponds to
the central mode) is almost absent. The fast outer mode has a fast subharmonic and
the slow outer mode a slow subharmonic. Some compressibility effects can be seen:
(a) The amplification rate of the 3-D outer modes relative to the amplification rate
of the 2-D outer modes is higher than in the incompressible case and (b) the oblique
central mode is more amplified than the 2-D central mode. However, these effects
are still too small for the oblique outer modes to become dominant. M;; and M;,
are here equal to 0.3, less than the value of 0.6 which was shown by Sandham and
Reynolds (1990,1991) to correspond to the the onset of three-dimensionality and the
oblique outer modes remain less amplified than the 2D outer modes, whereas M, = 0.8
is higher than 0.6 and the oblique central mode is more amplified than the 2-D central
mode.

The fundamentals and subharmonics used in the simulations have wavenumbers o,

temporal amplification rates w; and velocities ¢, as shown in Table 3.2.

Note that the difference between the phase speeds of the fast and slow subharmonic is
higher in the compressible case than in the incompressible case: the fast and the slow

compressible outer modes have fast and slow subharmonics, whereas the fast and the
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slow incompressible outer modes have a more central subharmonic. This difference
may slightly affect the transfer of energy from the fundamental to the subharmenic,

as will be shown in chapter 4.

Table 3.1. wavenumbers a, temporal amplification rates w; and

velocities ¢, of the 2-D incompressible eigenmodes used in the simulations

incompressible M.L. a w; r

slow fundamental 0.970 6.39 x 10~2 0.628
slow subharmonic 0.485 4.47 x 10~2 0.685
fast fundamental 0.970 5.42 x 1072 0.878
fast subharmonic 0.485 3.42 x 10~2 0.822

Table 3.2. wavenumbers o, temporal amplification rates w; and

velocities ¢, of the 2-D compressible eigenmodes used in the simulations

compressible M.L. o wi cr

slow fundamental 1.750 5.91 x 10~2 0.592
slow subharmonic 0.875 3.81 x 102 0.620
fast fundamental 1.750 4.78 x 102 0.914
fast subharmonic 0.875 4.50 x 102 0.885

3.6. Implementation of SC on the Hypercube

The simulations were performed on the iPSC860 using a modification of SC. Some
modifications were required. However, since the special language Vectoral was in-
stalled on the iPSC860 by Allan Wray (1991, private communication), and since SC
already featured a management of data using the SSD (solid-state device) the imple-
mentation was straightforward and represent a very small fraction of the overall code
(less than 10%), mostly the input-output and the management of data (replacing the

SSD by node-to-node communication).
3.6.1. Motivation

The simple geometry of the flow under investigation also simplify the implementation
on the hypercube. It also leads to a high level of parallelism synonymous with high

performance, since the number of points and the number of partial derivatives or
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operation to be performed are the same for all processors. The only non-parallel
tasks are the input-output and the transposition which involves transfer of information
from processor to processor. Communication overhead constitutes less than 15% of
the CPU time depending on the size of the problem. An initialization program was

also implemented on the hypercube.

The hypercube has 128 processors, each of them having 2Mw of core memory. All the
data must be resident in memory, which strongly limits the size of the simulations.
Two 2-D simulations were run at Re = 5,000 using 256 x 1024 points. Typical 2-D
runs on the Hypercube require 16 or 32 processors. Between one and eight instability
modes were included in the 2-D initial field. The 3-D simulation was performed using
up to 64 x 300 x 128 points. Eight instability modes were included in the 3-D initial
field. We started with a 64 x 256 x 64 grid and 32 processors. After some time, large
scale structures generated small scale structures and we had to increase the number
of gridpoints to 64 x 320 x 128 and the number of processors to 64. Starting with 32
processors, each processor contains two z — y planes (or 8 z — » planes) stored in its

resident memory.
3.6.2. Management of data on the Cray Y-MP

The memory requirement of a 3-D simulation exceed the Cray Y-MP core mem-
ory and only portions of the variables field (Q,[Nz, Ny, Nz, Nq],Qo[Nz, Ny, Nz, Nq]) can
therefore be loaded in memory at any instant of time. To overcome this limita-
tion, the SSD is used where data are stored on an auxiliary memory as pencils of size

(Nz,Nys, Nzp, Nq). Npyx Npz pencils are used where Npy = Ny/Ny, and Npz = Nz/Nz,

At each time substep, the right hand sides of equations (3.16) to (3.20) must be
evaluated, which involves computing z,y, z partial derivatives. Each substep is divided

into three passes:

1. By loading the appropriate pencils, the first Ny, z — z planes are loaded in central
memory. All the partial derivatives in z and z appearing in the right hand sides of
equations (3.16) to (3.20) and an estimate of the time-step are calculated for these
planes. The computed partial derivatives are stored on the SSD using pencils, and

the same operation is repeated for the following z — z planes.

2. By loading the appropriate pencils, the first Nz, = — y planes are loaded in central

memory, as well as the partial derivatives in = and » calculated in these planes. All
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the partial derivatives in z,y and z appearing in the right hand sides of equations
(3.16) to (3.20) and the non-reflecting boundary conditions are calculated for these
planes. The computed partial derivatives are stored on the SSD, and the same

operation is repeated for the following = — y planes.

3. By loading the appropriate pencils, the first Ny, z — z planes are loaded in central
memory as well as the partial derivatives in z and z calculated in these planes. The
right hands side of equations (3.16) to (3.20) and various statistics are calculated
in these planes. The new values of @, and @, are computed using equation (3.25)
and stored on the SSD.

3.6.3. Management of data on the iPSC860

The implementation is very similar and is as follows. The hypercube is based on a
single instruction multiple data (SIMD) architecture, meaning that each of the 128
processor has its own memory and that any instruction in the code applies to all of
the 128 processors. The input-output is slow on the Hypercube, and all the data
must be resident in memory to achieve high performance. The maximum number of
processors is 128 and the core-memory of each processor is 2 Mw (single precision)
which limits the total available memory to 256 Mw. The computational domain is
decomposed in an array of size Pen[Np, Np] of pencils, where Np is the number of
processors. Each pencil has a size [Nz x N¢ x Nyn x Nzn] where Nyn = Ny/Np and
Nzn = Nz/Np. For a 64 x 256 x 64 calculations with 32 processors and 7 variables per

grid point, each pencil has a dimension of 64 x 7 x 8 x 2.

1. At the beginning of each time substep, the node i contains all the pencils Penli, j], (j =
1,32), which correspond to 8 z — z planes of size 64 x 64. Similarly, each processor
contains Ny, ¢ — z planes as decribed in figure 3.5. Using a FFT in z and z,
we compute all the  and z partial derivatives we need in those 8 planes. These
derivatives are stored in a work array using the same system of pencils. Note that
all this first step is 100% parallel since all the processors contains the same number

of planes and do not exchange data with other processors.

2. The second step is to calculate all the partial derivatives in z and y needed to
calculate the right hand sides of equations (3.16) to (3.20). To do so, each processor
must contain a certain number of z — y planes. The method is as follows (Wray
private communication): We synchronize and transpose pencils between processors.

The j pencil of the processor i is sent to processor j, and the i pencil of processor j

80



is sent to processor 7, for all pairs (3, ) of processors. Each pencil is then transposed
into itself. At the end of this transposition, the node i contains all the pencils
Penlj,i],(j = 1,32) which correspond to 2 z — y planes of size 256 x 64. Both the work
array and the data array are transposed this way. This portion of the code was the
only one that needed to be changed when the code was transported from the Cray
Y-MP to the iPSC860, and its efficiency is critical in the overall performance of the
code. All the instructions involving the SSD are replaced by instructions to transfer
information from processor to processor. (Wray 1992 personal communication;
see fig. 3.6). All the z,y,zy,zz,yy derivatives are computed using the sixth-order
Pade scheme and the data array. All the yz partial derivatives are computed using
the sixth-order Pade scheme for differentiation, and the work array, which already
contains the z partial derivatives. We also calculate the boundary conditions on y

for these two z — y planes. Except for the transposition, this step is 100% parallel.

3. We again transpose the data to go back to the initial configuration, where one
processor contains 8 z — z planes. We use the z,y and z partial derivatives to march
in time. The right hand sides of equations (3.16) to (3.20) and various statistics
are calculated in these planes. The new value of Q; and Q. are computed using
equation (3.25).

These steps 1 to 3 have to be repeated three times per total time step, when the RK3
method is used. Finally, some extra tasks are performed which involve communication

between processors:

1. Initialization of the runs: All the run parameters are read on node 0 and shared
to the other nodes. The restart file is read z — y plane by z — y plane, each node
successively receiving 2 planes. The data are transposed once (as in step 3 above)

to prepare the data for step 1.

2. Computation of certain flow statistics “on the fly” (maximum reaction rate, total
reaction rate, maximum pressure, etc). These statistics are computed at the end of

each time step, z — z plane by z — z plane.

3. Synchronization and determination of time step. Synchronization is only done
before each transposition, which is twice per time substep. The maximum time
step for numerical stability is determined in step 2 during the first time substep
of each time step. The maximum time step authorized is determined in each z —y

planes and the minimum of all of them, define the new time step.
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2-D implementation The same implementation is used as in 3-D. Instead of con-
sidering pencils, we only consider tiles of size Nzn x Ngx Nyn. The schematic is shown

in figure 3.7 for a 256 x 1024 calculation using 16 processors.
3.6.4. Performances compararison between Y-MP and iPSC860

Table 3.3 shows the performance of the hypercube for a 2-D calculation with 256 x 1024
points using 8, 16, 32 and 64 nodes. Displayed there are the time required to perform
various tasks: the partial derivative in z of an Nz x Ny variable field (t Dx); the partial
derivative in y of an Nz x Ny variable field (t Dy); read data from disk (t read); save
data on disk (t save); transpose the variable field (t Q) and the work array (t W)
back and forth; calculate the time step (t t-step). The total time per time step is (t
step) and t statl and t stat2 are the time required to compute the statistics on the
flight.

Table 3.3. Hypercube activity costs (seconds) for a 256 x 1024

2.D simulation vs. number of processors used

table 3.3 8 nodes 16 nodes I 32 nodes | 64 nodes !
t read 21.375 23.255 22.155 32.969
t save 25.039 36.584 63.247 121.74
t DX 0.0878 0.0443 0.0229 0.0115
t DY 0.6596 0.3411 0.1650 0.0825
t tstep 0.2962 0.1445 0.0711 0.0357
t trQ 2.7450 1.4697 0.9510 0.8172
t trW 6.2625 3.3846 2.1045 1.4151
t trt 9.0075 4.8543 3.0555 2.2323
t statl 0.2653 0.2380 0.0704 0.0515
t stat2 0.3121 0.2088 0.1473 0.1844
t step 92.154 46.137 23.043 12.645

The results indicate the extent of parallelism. The CPU time per time step (t step)
is almost inversively proportional to the number of processors used. The transfer
of information per processor, though not inversively proportional to the number of
processors, is decreased by a factor of 4 when the number of processors is increased
by a factor of 8. This time represents between 10 and 20% of the total CPU time
per timestep and varies slightly from run to run, which might be caused by the total
load on the machine. The time spent to read and save the data increases with the
number of processors. All the input-output are done on node 0, and increasing the

number of nodes increases the communication overload.
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As a comparison the same results are shown for a Cray Y-MP 1024x256 2-D simulation
using the same code. We show the result for different sizes of pencils (32 x 8, 64 x 16,
128 x 32 and 512 x 64) which corresponds to the 32, 16, 8 and 4 nodes on the hypercube.
Here, the total time per time step strongly depends on the size of the pencils, and
large pencils enabling longer vectors help increase the overall efficiency. The speed
of the Cray is equivalent to the speed achieved on the hypercube using a 32 or 64
nodes. The time spent in input-output is strongly reduced on the Cray and the SSD
represents roughly 5 to 10 % of the total CPU time. The complete table of the
activity cost for a 64 x 256 x 64 calculations on the Cray Y-MP and on the hypercube
is not presented here. Note however that the costs per time step are 95s/timestep
for the Cray Y-MP using one processor and 40s/timestep on the Hypercube using
64 processors. This represents a speed-up of about 5 between the full iPSC860 (128
processors) and a Cray Y-MP mono-processor. The program runs on the Y-MP at
120 Mflops, which leads to a predicted speed on the full iPSC860 of 600 Mflops.

Table 3.4. Cray activity costs (seconds) for a 256 x 1024

2-D simulation vs. pencil size used

table 3.4 32 x 8 64 x 16 [ 128 x 32 ] 256 x 64
t read 0.7094 0.5999 0.5721 0.5664

t save 0.5372 0.4905 0.4823 0.4810

t DX 0.0657 0.0510 0.0494 0.0479

t DY 0.1578 0.1194 0.1036 0.0946

t tstep 0.5628 0.3210 0.2015 0.1404

t SSD 14.057 7.0350 3.7350 2.1030

t statl 0.4218 0.2360 0.1577 RoRRAAK

t stat2 1.2045 0.8332 0.6749 Kok KA A

t step 30.210 20.338 16.431 14.393

3.6.5. Conclusions

Going from the sequential code to the parallel code involved modifying about 10% of
the code. Only the input and output of restart files and the SSD calls needed to be
modified. The simple geometry used in DNS (channel flows, isotropic turbulence in
a box, reversed step, etc) and the use of an explicit time advancement method (here
RK3) enable one to fully use the capacity of parallel processing. In particular, the
possibility of having an efficient transfer of data from processor to processor, and the

reduction of the synchronization to only twice per time substep, makes the iPSC860
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a very suitable machine for DNS.

However, the main limitation arises from the limited memory size of the iPSC860,
which limits computation to roughly 256 x 256 x 256 gridpoints on the whole machine.
This limitation could be removed either by increasing the number of processors or by

increasing the memory per processor.
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CHAPTER 4

2-D Temporal Direct Numerical Simulation

In this chapter, 2-D temporal simulations of compressible and incompressible react-
ing mixing layers are presented. Although the Reynolds number is low, we believe
that the general flow structures found are characteristic of what would be found for
the large scale structures of high Reynolds number turbulent reacting compressible
mixing layers. The purpose of these simulations was to study the development of two-
dimensional reacting mixing layers and in particular to investigate several aspects of
the evolution of the layer, including: (1) the non-linear effects associated with the
growth of a single outer mode, (2) the possibility of interaction between the fast and
the slow outer modes and its consequences on the mixing process, (3) the interaction

of a mode with its subharmonic and (4) the overall growth mechanism of the layer.

The results confirm the linear stability analysis and the existence of the outer modes
for compressible and incompressible shear layers. It is found that (1) with heat release
and at large Mach numbers, the fast and the slow outer modes develop without
interacting, forming two independent colayers. Thus, (2) the mixing of fuel and
oxidizer by large-scale engulfment of fluid from both sides is not likely to occur.
Instead, fluid from each of the free streams is first entrained, and then mixed with
product before diffusing to the reaction zone. (3) The flame zone is shown to remain
between the fast and the slow outer eddies and to occupy only a small extend of the
layer. Little or no flame surface appears to be created by the large-scale instability
modes. (4) Even when strong subharmonics are present, no pairing was observed in

either colayer, which has large effects on the growth mechanism.
4.1. Survey of previous DNS of reacting mixing layers

One of the central issues in combustion is to realize efficient molecular mixing of
fuel and oxidizer. A fundamental understanding of the coupling between heat release

and fluid dynamics in simple flows is a necessary step towards improving the overall
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combustion efficiency of more complex flows. Direct numerical simulations have been
used to gain insight into the dynamics of mixing and heat release in subsonic and

supersonic mixing layers.

Key previous work on the influence of compressibility and heat release on mixing
layers will now be discussed. Direct numerical simulations of Givi et al. (1986) for
2-D spatially-developing constant-density reacting shear layers focused on how the
flowfield affects the chemical reaction. Their results indicated that, for sufficiently
slow chemistry, quenching occurs between large-scale vortices in what would be called
the “braids” in a 3-D flow. McMurtry et al. (1989) carried out low Mach number
simulations including chemical heat release to study the coupling between chemical
reaction and fluid dynamics caused by non-homogeneous density distribution. Their
results indicated that the amount of mass entrained into the layer and the quantity
of product formed decrease with increased heat release. This result was in agreement
with the experimental findings of Hermanson and Dimotakis (1989). Heat release
was also shown by McMurtry et al. (1989) to decrease the vorticity at the center of
the vortex structure, resulting in a more diffuse vorticity field. Menon and Fernando
(1990) studied numerically the effects of compressibility on the large-scale structure
of reacting mixing layers. They confirmed that, at low convective Mach numbers,
heat release reduces the growth rate and the amount of product formed, but they
demonstrated that, at high Mach numbers, heat release increases the growth rate of
the layer. Their simulations also showed the absence of vortex roll-up and pairing
for reacting compressible mixing layers. Finally, Sandham and Reynolds (1991) used
3-D temporal simulations, to show that the large-scale structures of the compressible

mixing layer become oblique above a convective Mach number of 0.6.

For most of this chapter, we restrict ourselves to a given heat release and position
of the reaction zone. 2-D direct numerical simulations are presented for a compress-
ible reacting mixing layer with M; = 3.2 and M, = 1.6, a free-stream temperature
ratio equal to 1, and a flame temperature equal to 3. This yields values of the flame
convective Mach numbers M;, = My, = 0.29. Thus, even at M, = 0.8 for this case, com-
pressibility effects on the reacting mixing layer are weak and linear stability analysis
suggests that the large-scale structures are two-dimensional. This justifies the use of
2-D simulations. Simulations are also presented for a reacting mixing layer having
the same heat release, free-stream temperature ratio and flame temperature as the

previous one, but with M, = 0.05. These simulations show the persistence of the outer
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modes to very low M., but suggest that the existence of a central subharmonic may

destroy the colayers as pairing occurs.

In the last part of this chapter, 2-D simulation of the Stanford experiment, which is
characterized by strongly unequal free-stream temperature and low heat release, are
presented. These simulations confirm the linear stability analysis and indicate that
the flame temperature ratio and the position of the flame have strong effects on the
mixing layer structure. For this strongly unequal temperature case (T, >> T;), we
observe that two zones of mixing exist but that the chemical reaction only occurs
in the fast-speed side of the layer. This result appears to be in agreement with the
experimental findings of Miller et al. (1992, 1993).

4.2. Review of the low Mach number, low heat release insta-
bility mode

In order to provide a useful reference for comparison a direct numerical simulation
initialized with a central mode at low Mach number and low heat release has been
performed. Contours plots of several pertinent quantities are shown, as well as their
evolution during the merging of fundamental vortices. The results presented in this
section review the main characteristics of the central modes, which will not be seen
for the outer modes:

(1) a highly convoluted flame surface with large strain rate, yielding possible extinc-
tion;

(2) large-scale structure entraining and wrapping fluid from both sides;

(3) mean temperature and reaction profiles having a width comparable to the vortic-
ity thickness of the layer;

(4) mean vorticity profile having only one maximum. An explanation for the appear-
ance of the outer modes at high heat releases or high Mach numbers is also proposed,

based on the vorticity dynamics (baroclinic torque and dilatation).
4.2.1. Overview of a low Mach number, low heat release mode

For later comparison, figure 4.1 shows the typical large-scale structure of an incom-
pressible mixing layer (M, = 0.2) with very low heat release (© = 0.1) at low Reynolds
number (Re = 200). The contours of (a) mixture fraction, (b) vorticity, (c) baroclinic
term, (d) dilatational term, (e) vorticity production, (f) density, (g) pressure and

(h) reaction rate are shown. In this and all other contours and maps in this thesis,
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solid lines represent positive values and dotted lines negative values. The large-scale
rollers, similar to the large-scale rollers seen in experiments, entrain and wrap fluid
from both sides, increasing the interface between the fuel and oxidizer. Thus, the
total flame surface is increased, which augments the total reaction rate. The flame is
subject to an intense straining in the region between large-scale vorticies in what is
called the “braids” in a 3-D flow. We call this the “web” in a 2-D flow. For this low
Zeldovich (Ze) case, this straining increases the local reaction rate, and indeed the
reaction rate is maximum in the webs (fig. 4.1). For higher Zeldovich cases, this large
straining may lead to local extinction as seen in the simulations of Givi et al. (1986).
The temperature is maximum in the large-scale rollers where hot reacted fluid accu-
mulates, as seen in experiments (Mungal and Dimotakis 1984). The pressure field
(fig. 4.1) shows reduced pressure in the vortex core (as expected from the Euler n-
equation) and maximum pressure at the isentropic stagnation point in the webs. For
M. = 0.2, the pressure at the stagnation point is 2.8% higher than the pressure in the
free streams, which agrees well with the familiar formula

ps/poo = (1+ z—;—IME)””‘“. (4.1)
The vorticity is maximum in the large-scale structures at the centerline. We have
plotted the baroclinic and dilatational terms for this case with very low (but non-
zero) heat release, to see the linear effect associated with the existence of a flame.
The vorticity production, defined as the sum of the baroclinic and dilatational terms,
is also shown (fig. 4.1). A negative contour (dotted) indicates production of negative
w, and enhances the development of the large-scale structure. As seen on figure 4.1,
the baroclinic term is roughly one order of magnitude larger than the dilatational
term and plays therefore a major part in the creation or destruction of vorticity.
It exhibits a quadrupole structure, as reacting fluid is wrapped into a centrifugal
pressure gradient. The dilatational term reaches its extrema inside the large scale
structure. It is non-zero in the webs where the large heat release compensates for the

low vorticity.

The baroclinic and dilatation terms have also been plotted by Sandham (1989) for
a compressible mixing layer without heat release. In the present case, the density
gradients associated with compressibility are much smaller than density gradients due
to reaction, and despite a higher Mach number, the dilatational term dominates the

baroclinic term. However, the baroclinic and dilatational terms surprisingly exhibit
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similar contours in the low heat release incompressible case and in the no heat release
compressible case. This suggests that the physical mechanism proposed by Sandham
(1989 p. 61) to explain the elongation of the large-scale structure at high M, can
be extended to the reacting compressible case: the vorticity production in the upper
left-hand side of a structure is positive and fluid approaching the structure from
this side experiences a destruction of vorticity w, both by baroclinic and dilatation
effects. A similar process affects fluid approaching from the lower right hand side.
The overall effect is to decrease the vorticity in the second and fourth quadrants, and
to increase vorticity in the first and third quadrants. At high heat releases or high
M., the magnitudes of the baroclinic and dilatation terms strongly increase and this
mechanism is enhanced. The large-scale structure can eventually break apart, leading

to two vortex structures, one in the fast stream and the other in the slow stream.

4.2.2. Interaction between a central mode and its central subhar-
monic

In the incompressible no-heat release case, the transfer of energy from the fundamen-
tal to the subharmonic can occur through pairing or tearing. Pairing is forced by
imposing a phase difference between the fundamental and its subharmonics (¢ = 7/2
and ¢s = 0 in equation 4.6), whereas tearing (where one vortex is trapped in the
strain field of its subharmonic and pulled apart) occurs for a different phase relation-
ship (¢r = 37/2 and ¢s = 0 in equation 4.6). Figure 4.2 shows at three instants of
time the (a) mixture fraction, (b) vorticity, (c) vorticity production and (d) reaction
rate during the transfer of energy from the fundamental to the subharmonic when
the initial phase difference is 180°, intermediate between pairing and tearing. Note
that the two fundamental structures are initially strained before rotating around each

other and forming a single large-scale vortex.

Sandham (1989) analyzed the effect of Mach number on pairing and showed that both
linear (growth of the subharmonic) and non-linear phases of pairing were damped by
compressibility. Several reasons were proposed for the reduction in growth rate in
the non-linear region: (1) More elongated structures may be less inclined to pair; (2)
Due to the finite sound velocity, the delay in the Biot-Savart induction process may
make the pairing less efficient; (3) Baroclinic and dilatational terms increase with
compressibility and may be slowing the rotation of the two fundamental structures
around each other. Lele (private communication 1988) has also shown in the non-

reacting case that tearing may be more common at higher Mach numbers. Both these
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first and third explanations can be extended to the low heat release incompressible
case of figure 4.2. In our simulation, both the dilatation and baroclinic terms are
initially positive (destruction of w,) in the region between the two merging vortices
(fig. 4.2 a), and the merging of these vortex is first preceded (fig. 4.2 b) by a reduction

of the baroclinic and dilatational terms in this region.

For central modes, the subharmonic and the fundamental have the same convective
speed and the phase difference between them is constant in time. Note that the
positions of the fundamental and of the subharmonic (large-scale structure at the
right of the computational domain) are fixed in time as seen on figures 4.2 (a) to 4.2
(c). A phase lock is possible and the transfer of energy from the fundamental to the
subharmonic which is long (Between fig. 4.2 (a) and fig. 4.2 (c), At =10 based on )
can be achieved. If the convective speeds of the fundamental and its subharmonic
were different, their relative phase would vary in time and a distinct pairing or tearing
mechanism would not be observed. As shown in section 4.7, the outer modes and
their subharmonics have unequal convective speeds, which prevents a phase lock from
occuring. This is one of several possible explanations for the absence of pairing in

reacting mixing layers (section 4.7).

4.2.3. Mean profile and time history of various quantities for a
typical central mode

Figures 4.3 and 4.4. show at various instants of time the mean (averaged over z)
profiles of vorticity and vorticity production. Initially and during the linear growth
of the central mode, the mean vorticity profile only has one maximum. As the two
fundamental large-scale structures start to rotate around each other, the thickness of
the vorticity profile suddenly increases, reach a maximum when the one lies above the
other (Sandham 1989) before slightly decreasing when the structure on top begins to
move downwards. We also observe that two symmetric peaks of vorticity are present
when one the two fundamental structures lies above the other (fig. 4.3). At ¢ =41,
the mean vorticity production is negative at the centerline (y = 0) and negative w, is
created in the middle of the layer as the two structures start merging. Simultaneously,
positive vorticity production at the location of the two symmetric vorticity peaks
yields a reduction of these peaks. At later times, the two peaks have disappeared and

a mean vorticity profile similar to the initial mean vorticity profile is obtained.

The mean temperature profile of a central mode is symmetric and its width is com-

parable with the width of the layer (fig. 4.5). Initially, the average temperature is
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around 1.04, intermediate between 1.1, the temperature in the cores, and 1.0 the
temperature of the free streams. During the merging of the two vortices, the web
regions disappear and only hot wrapped fluid remains present in the center part of
the layer (fig. 4.2a). Although the maximum temperature is unchanged, the average

temperature increases at the centerline (y = 0).

The mean reaction rate profile is also symmetric (fig. 4.6) and extends across the
total width of the layer, indicating that for central modes, mean chemical reaction is
occuring at every cross-stream location of the layer. It will be shown below (section
4.3) that this is not the case for the outer modes. Note that the merging of the
fundamental structures (between t = 35 and ¢ = 41) is accompanied by a reduction of
the reaction rate. We believe that this reduction arises from the disruption of the webs
when the two large-scale structures start merging: with the disapperance of the web
region between large-scale structures (fig. 4.2b), the straining and wrapping of pure
fluid from both sides become less efficient which yields a decrease of the local reaction
rate and a diminution of the total flame surface. As a result, the total reaction rate

is sharply reduced.

Figure 4.7 shows the variation of the vorticity thickness versus time for the simulation
of figure 4.1 (dotted line). The vorticity thickness history is similar to the curve obtain
by Sandham and Reynolds (1991) and it exhibits the distinct bump around ¢ = 20,
when the fundamental grows and saturates, and the kink around t = 35, when the two
structures lie one on top of the other. The solid line shows the same quantity for a
laminar mixing layer having the same Reynolds number and, by comparison with the
dotted line, shows the major role of the central modes in the transfer of species and

momentum for incompressible mixing layers.

Finally, figure 4.8 shows the variation of the total and maximum reaction rates versus
time for the simulation of figure 4.2 (dotted) and for a laminar mixing layer having
the same Reynolds number (solid). In the absence of instability modes, the total
reaction rate decays approximately like v/ as can be estimated for the Burke-Schuman
flow assuming infinite reaction rate (Kuo 1982). With the existence of the central
instability mode, the total reaction rate strongly increases both by an increase of
the flame surface and by an increase of the reaction rate by unit flame surface area
(straining effect). The pairing process, which disrupts the intense straining and the
creation of an interface between fuel and oxidizer, leads to a strong decrease in total

and maximum reaction rates. However, as the fundamental develops, the total and
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maximum reaction rates again increase.
4.3. Overview of one slow compressible outer mode

This simulation is intended to study the non-linear growth rate of a single outer
mode and to evaluate the influence of the Reynolds number on a slow outer mode.
The simulations show that the slow outer mode develops on its respective side of
the reaction zone without spreading across the whole layer. The Reynolds number
required for a slow outer mode to develop is large (Re > 500). We found that the
behavior of the slow outer mode becomes qualitatively independent of Re for Re >
4000. A similar simulation for a fast outer mode yielded the same conclusion. The

simulation at Re = 4000 used 201 x 801 points.
4.3.1. Reynolds number effects

Five simulations have been run corresponding to five different values of the Reynolds
number (Re = 500, 1000, 2000, 4000,8000). Figures 4.9 and 4.10 show the time history
of the vorticity and vorticity thickness for these five Re number cases. The vorticity
thickness for the three lowest Re is almost unaffected by the presence of the slow
outer mode and grows like v/% as it would in laminar flow. In the two high Re cases,
however the vorticity thickness levels out or decreases due to the existence of the slow
outer mode. In the highest Re case, the vorticity exhibit a damped oscillation in time
as the outer mode completes two cycles of growth, saturation and decay. The short
lifetime of the outer modes may explain why the compressible reacting mixing layer
spreads more slowly than their incompressible counterparts. Namelly, the absence of
roll-up, the decay of the outer modes (accompanied by the transfer of their kinetic
energy back to the mean flow) suggests that these outer modes will less efficiently
transport momentum (and thus enhance the growth rate) than the central modes of

the incompressible mixing layers.

Figure 4.11 show the time variation of logarithm of (twice) the kinetic energy o of

the fundamental, where

+Ly 2 2
2By 0= / B(3? + )y, (42)
—Ly

Initially, the growth rate of the two highest Re cases are similar and match the growth
rate expected from linear stability analysis. As viscosity is increased, the amplification

rate of the slow outer mode is reduced, and for Re < 500 the growth rate of the slow
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outer mode becomes negative. A similar observation has been made for the central
mode of the compressible non-reacting mixing layer (Sandham 1989). However, the
minimum Reynolds number above which the outer modes develop is higher in the
reacting case than in the non-reacting case. This difference may arise (1) from the
large temperature variations with heat release, yielding higher average viscosity, or
(2) from the size of the outer modes, which have shorter wavelengths than the central
mode and only develop on one side of the layer. At high Re, the energy of the slow
outer mode increases, saturates and decays. As shown in section 4.2.3, this decay may
arise from the modification of the mean profile when the slow outer mode convects
hot fluid from the reaction zone to the slow colayer. In the highest Re number case,
the modification of the mean profile also leads to the slow outer mode decay, but in
this case, the growth of a new and distinct slow outer mode (see section 4.3.5) leads

to the observed damped oscillation in time.

Figure 4.12 shows the time variation of the maximum pressure gradient versus time.
The initial pressure gradient is caused by the pressure waves generated at the ignition,
when an infinite reaction rate self similar solution is used to initialize a fast or mod-
erate Damkholer number simulation. At time ¢ = 25.6 (t. = 8) these pressure waves
leave the domain and this initial pressure gradient disappears. As the large-scale
structure of the slow outer mode develops, the maximum pressure in the web region
and the minimum pressure in the core of the slow outer mode respectively increases
and decreases, yielding growing pressure gradients. Indeed, in the two highest Re
cases, the pressure gradient exhibits a local maximum at the time of the slow outer
mode saturation. At latter times, a second large maximum is observed. This second
maximum corresponds to the transient steepening of the pressure waves in the fast
stream. These transient high pressure gradients leave the domain at ¢ ~ 140 and the
maximum pressure gradient decays until new maxima appear due to the develop-
ment of a new slow outer mode in the two highest Re cases. Note that, although the
maximum pressure gradients have different amplitudes in the two largest Re cases,
their time history is qualitatively similar, which supports the use of Re = 4000 in the

following simulations.

The mixture fraction and reaction rate contours for the Re = 2000 and Re = 8000 cases
are presented on figures 4.13 and 4.14 at time ¢t = 64. The thickness of the layer is

larger at low Reynolds number since the layer spreads faster. Also, as the Reynolds
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number is increased, the gradients of the mixture fraction in the web between large-
scale structures get higher and the number of points necessary to resolve the flow
increase. Nevertheless, the appearance of the layer remains unchanged from Re = 2000
to Re = 8000. In both cases, only the slow part of the layer is affected by the slow
outer mode. In both cases, the reaction zone remains flat and the reaction rate is
maximum at the top of the large-scale structure. Also, the large-scale structure is
located at the same z position, implying that the convective speed of the slow outer
mode is not affected by viscosity. Qualitatively, the results are the same at these two

Reynolds numbers.

Based on this observation and unless otherwise specified (e.g. section 4.3.7), the
Reynolds number defined with the mean velocity difference, the vorticity thickness
and the free stream viscosity will henceforth be kept at Re = 4000. As we have shown

the results should be characteristic of higher Re cases.
4.3.2. Two-dimensional structure

Figure 4.15 shows the contour plots of (a) mixture fraction, (b) vorticity w., (c) vortic-
ity multiplied by density (pw. ), (d) reaction rate, (e) baroclinic term, (f) dilatational
term, (g) vorticity production, and (h) reaction rate for a typical developed slow outer
mode of the reacting compressible shear layer with equal free stream temperatures,
M, = 0.8 and Ty = 3. Only the vortical region of the computational domain is shown
here (y € [-2,2]) but the computational domain extends further (y € [-8,8]). The
Damkéhler number is equal to 6 and the Zeldovich number is 2. Here, fuel is almost
undisturbed and must diffuse into the reaction zone, while oxidizer and hot product
are mixed by the slow mode large-scale structure. No direct engulfment of fluid from
both sides is observed. The chemical reaction occurs at the interface of the fuel and
the hot mixture of product and oxidizer, and no additional flame surface is created.
The reaction rate is maximum at the location of the large-scale structure where the
straining is maximum. However, the variation of the reaction rate along the flame
surface is less than 30%, and the persistence of a hot temperature region in the middle
of the layer makes quenching unlikely to occur even for this large M. and for higher

Ze numbers.

The maximum vorticity region appears as a thin elongated region located in the
slow speed region close to the centerline and does not cross this centerline (fig. 4.15
b). This strongly elongated shape, to be compared to the tubular shape of the high
vorticity region for the central mode (fig. 4.1), suggests that the roll-up and the
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engulfment of fluid will not be as efficient for the outer mode as for the central mode.
The high vorticity region is located precisely where the magnitude of the vorticity
production (baroclinic + dilatation) is high. The baroclinic and dilatation terms
are large, representing 10% of the vorticity values, which suggests that these terms,
and not the convective terms, control the vorticity dynamics. The baroclinic term is
negative at the left of the large-scale structure where it contributes to the creation
of vorticity. It is positive at the bottom right of the structure and thus prevents the
high-vorticity region from spreading to the right. The dilatation term is lower than
the baroclinic term by a factor of 3 to 4 and the vorticity production contours are
similar to the baroclinic term contours. The dilatation term attains its extremum

values along the webs.

Note that the vorticity production is non zero in the high speed side of the layer. In
particular, it is positive at the top of the slow outer mode, which prevents the high
vorticity region of the slow mode from spreading into that side: the slow outer mode
keeps developing into the slow stream. The existence of regions in the high speed side
where the vorticity production is negative does not contribute further to the creation
of large-scale structure into that stream. Due to the unequal velocities between the
two sides of the layer, each fluid element in the fast stream is alternatively subject to
positive and negative vorticity production. As a result no net creation or destruction

of w, is observed into the high speed side of the layer.

Figure 4.16 show the pressure contour in the full computational domain for the slow
outer mode of figure 4.15. The slow outer mode generates radiating pressure waves
in the fast stream, when the fast stream flow accelerates as it travels around the
large-scale structure of the slow outer mode. A rarefaction wave is issued from the
leading edge of the structure and a compression wave is issued from the trailing edge
of the structure. Simulations initialized with only the fast outer modes show the
same system of Mach waves developing into the slow stream. Note that the pressure
fluctuations are small. The magnitude of those wave slowly decays in the fast stream
with no evidence of shocks present during this phase of linear growth. The maximum
and minimum pressure in the flows are pmae = 0.736 and Pmin = 0.695 to be compared
with the values reported by Sandham (1989 p60) for a typical central mode at M, = 0.8,
a pressure reduction in the core of 37.5% and a rise at the saddle point of 48.7% |,
yielding pmar = 1.062 and ppin = 0.446. As shown in section 4.7.3, the use of the flame

convective Mach numbers (equation 4.11) would produce values consistent with the
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simulation (section 4.7.3). The angle of those waves,

1
infx —— 4.
sin M, — i, (4.3)

and the absence of such pressure waves in the slow stream, confirms that the slow
outer mode approximately travels at the slow stream velocity. No radiating pressure
waves are seen in the slow-speed stream, where the pressure contours are very similar
to the pressure contours of the central mode of figure 4.1. In this stream, the pressure
fluctuations further decay exponentially fast, as indicated by stability analysis. Some
experimental evidence of these radiating pressure waves exist for compressible reacting
mixing layer (Erdos et al. 1992, McIntyre and Settles 1991) and Hall (1991) used these
radiating Mach waves to determine the convective speed of the large-scale structures,
either by looking at their angle or by measuring cross-correlation of guidewall pressure.
As seen at the end of this chapter, these radiating pressure waves are absent for

incompressible reacting mixing layers.

In the absence of walls, these Mach waves leave the computational domain without
reflection and therefore do not interact with the mixing layer. They carry away
energy from the layer, Ea,a, which can be estimated as the work of the force per
unit area exerted by the fluid into the computational domain on the fluid outside the

computational domain,
L:

Eaway (perunittime) = (P = Pavg)(¥ — Vayg)dz (4.4)
0
where pa,, and v, are the average pressure and cross-stream velocity at the top
and bottom walls. For the developed outer mode of figure 4.15 we found at times
t. = 15,20, 25,30 and 40 (t = 48,64,80,96,128). The values are given in table 4.1.

Table 4.1. Energy flux carried away by the radiating

pressure waves in the fast and in the slow free streams

te t By Eaway bot. Eqaway top
15 48 2.42410~4 1.49610~11 1.43610-°
20 64 4.90110~4 1.48610~11 6.48210~6
25 80 4.16810~% 2.37610~11 2.41410-%
30 96 1.967101 6.17710~ 11 4.741107%
40 128 4.326105 1.61610-10 2.22910-5

The total energy (integrated over time) carried away from the layer by the pressure

wave is negligible in the low stream but large in the fast stream and comparable with
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the kinetic energy of the developed slow outer mode. Egyay is maximum during the
decay of the slow outer mode as radiating pressure waves steepen (fig. 4.17). With
walls, these waves can reflect and interact with the layer (Ragab and Sheen 1990),
which suggests possible ways to increase the instability. Using DNS, Tam and Lele
(1990) investigated, in the non-reacting case, the possibility of driving these normal
acoustic waves mode into resonant instability by using a wavy outer wall. Their
simulations didn’t show any tendency for the mixing layer to roll-up and the mixing
characteristics remain unchanged, contrary to the linear stability predictions of Tam
and Hu (1989).

4.3.3. Surface plot and PDF of the mixture fraction

As shown by figure 4.15 a, the slow outer mode does not entrain fuel from the fast
stream and only mixes product and oxidizer. Figure 4.18 shows the surface plot of
the mixture fraction for the central mode of figure 4.1 and figure 4.19 shows the
same information for the slow outer mode of figure 4.15. On the figure, X designs
the streamwise direction and Y the cross-stream directions. The surface plot of the
mixture fraction conveys the same information as the contour plot but makes the

comparison with the PLIF images of Clemens (1991) easier.

For the central mode of the incompressible case (fig. 4.18), large-scale structures
separated by steep concentration gradients corresponding to the webs are seen on the
surface plot of the mixture fraction from DNS. It should be noted that the images
shown by Clemens (1991) were smoothed in order to increase the signal-to-noise
ratio. The PLIF images were averaged on pixels of about 1.5 mm, or about 13 times
smaller than the width of the layer. This may make the large-scale structure appears
more uniformly mixed than in reality. On the other hand, our simulation does not
contains small-scale turbulence and the mixture-fraction gradients in the core may
be overpredicted. Nevertheless, the PLIF images obtained by Clemens (1991) at
M. = 0.28 are similar to figure 4.18. They also exhibit Brown-Roshko structures
separated by the web regions, which are regions of steep gradients containing very
little mixed fluid. For the compressible slow outer mode (fig. 4.19), the surface plot
obtained from the DNS exhibits only one ramp and one zone of mixing in the slow

stream, with no structure wrapping the entrained fluid.

The PDF of the mixture fraction for the central mode of figure 4.1 and the slow
outer mode of figure 4.15 are shown on figure 4.20. These PDF were calculated on

the full computational domain, but the bins corresponding to pure fluid and pure
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oxidizer were truncated. For the incompressible central mode of figure 4.1, the PDF
is symmetric, broad and centered at Z = 0.5 (fig. 4.20). The PDF of the mixture
fraction at the centerline shown by Clemens (1991, fig. 5.16) at low M. = 0.28 is also
broad, quasi-symmetric and centered at Z = 0.5. For the slow compressible outer mode
of figure 4.15, the PDF of the mixture fraction is shown at three instants of time on
figure 4.20. In this case, the slow outer mode mixes fluids having a smaller range of

mixture fraction and the PDF is thinner, non symmetric and peaks at Z ~0.2.
4.3.4. Mean temperature and reaction rate profiles

Quantities averaged along the z direction at a given time are analogous to long time
exposure pictures from experiment at a given downstream position. Useful informa-
tion on the variations along y of the mean profile of species, temperature and reaction
rate at different instants of the simulation are presented in this section. For compar-
ison, the same quantities have been shown on figures 4.3 to 4.7 during the merging

of two typical central modes.

As seen previously (fig. 4.3), the mean temperature profile for the central mode simu-
lation has a width comparable to the width of the layer, a maximum half way between
the cold stream temperature and the adiabatic flame temperature and a shape signif-
icantly varying with time. The mean temperature profile for the typical compressible
slow outer mode of figure 4.15 is clearly different (fig. 4.21 a). It is almost invariant
in time and keeps a triangular shape, with the exception of a small step developing
in the slow stream due to the action of the slow outer mode. At the centerline, the
average temperature is very close to the adiabatic flame temperature, indicating the

absence of large temperature fluctuations and making quenching unlikely to occur.

Like the temperature profile, the reaction rate profile for the slow outer mode (fig. 4.21
b) is also almost invariant in time, and for this case with unity free stream temperature
ratio, it remains centered at y = 0. The mean reaction rate profile only extends in a
small portion of the layer (y € [-0.2,0.2]), contrary to what was observed in the central
mode DNS, where chemical reaction was shown to occur at any cross-stream location
(fig. 4.6). The fuel mean profile for the compressible slow outer mode (fig. 4.21 c) is
undisturbed by the slow outer mode, which only mixes product and oxidizer, yielding

the development of a small step on the oxidizer mean profile.

As the outer mode develop, it only entrains fluid from one side of the layer and

increases the transport of species, momentum and temperature from this side. Note
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that this large-scale transport is weak: in figure 4.21, we only observe a slight shift of
the mean reaction rate profile towards the low speed side and the developmexit of a
small step on the temperature and species mean profiles. For simulations initialized
with the fast outer mode, this step would develop on the fast-speed side. We believe
(as seen in section 2.5.2), that the asymmetry of the mean temperature profile and the
modification of its thickness, which has experimentally been observed for compressible
reacting mixing layers (Hall 1991, fig. 5.4), arises from the preferential development
of one or the other outer mode. For example, as the fuel equivalent ratio (¢;,) is
increased (decreased), the flame zone is shifted towards the slow (fast) free-stream
and at low M, the fast (slow) outer mode becomes more amplified (section 2.3.7).
Thus, decreasing ¢;, leads to the development of a step (longer tail) in the fast
stream, a result experimentally observed by Hall (1991, fig. 5.4).

4.3.5 Saturation and decay of the compressible slow outer mode

At Re > 2000, the slow outer modes complete the same cycle of growth which match the
linear stability analysis, saturation and decay. The saturation occurs while the vor-
ticity thickness is only equal to 6, = 1.3 (at Re = 4000). During the decay, the radiating
pressure waves steepen. In this section, the mean profile of vorticity, density-weighted
vorticity, vorticity production terms and vorticity transport terms are presented at
various instants of time. The modification of these profiles as the slow outer mode
convects hot fluid from the reaction zone to the slow colayer is shown to strongly
modify the linear stability of the layer and to destroy this slow outer mode. An ex-
planation for the steepening of the radiating pressure waves is also proposed and the
issues of the decay of the outer modes on the transfer of energy from these modes to

their subharmonic (pairing) are discussed.

Figure 4.22 shows the respective part of the dilatation and baroclinic terms in the
production of vorticity at time ¢ = 64 and t = 80. At ¢t = 64, the dilatation term is
positive on both sides of the flame zone and zero or slightly negative at y = 0 where the
density is constant or slightly increasing. The baroclinic term is on the average zero
on the high speed side of the layer where regions of positive and negative baroclinic
torque compensate each other. The dilatation term is positive on this side of the
layer and the vorticity diffused in this region tends to be destroyed. The dilatation
term is negative at the slow edge of the layer, where hot rotational fluid entrained by
the slow outer mode is mixed with product and cooled. A large negative baroclinic

peak exists at the location of the slow outer mode (large negative w,) and enhances
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the development of this mode, while a large positive baroclinic peak exist below the
slow outer mode and prevents this mode from spreading into the slow stream. The
transport of vorticity at Re = 4000 is governed by convection in the slow stream (at
t = 64, vorticity is convected from the high vorticity peak towards the slow stream)

and by diffusion in the fast stream.

The mean vorticity production profile is dramatically changed when the slow outer
mode starts decaying (¢ = 80). This modification does not arise from the dilatation
term, which is almost unchanged, but from the large changes in the mean baroclinic
profile as the the slow outer mode convects hot fluid from the reaction zone into the
slow stream. The large positive and negative peaks seen in the baroclinic profile of
¢ = 64 are both shifted towards the fast stream and the amplitude of the negative peak
decreases. A new negative baroclinic peak appears at the edge of the slow stream.
The vorticity production becomes positive at the location of the slow outer mode
(large negative w. ), vorticity is destroyed in this region and the high vorticity region

is shifted towards the fast stream.

The last plot of figure 4.22 shows the mean vorticity production profile at five instants
of time. At the latest time (¢ = 96), the negative vorticity production peak, located
slightly below y = 0 and which was large at ¢ = 64, has disappeared. The negative
peak, which appeared at the slow edge of the layer at ¢t = 80, has shifted towards
the centerline while its amplitude has increased. This new negative production peak
(located at y = —0.7) yields the development of a new slow outer mode. This new
slow outer mode will develop, transport hot fluid from the reaction zone to the slow
stream, saturate and decay as the previous one. As a result, the kinetic energy at

high Re numbers oscillates as seen on figure 4.12.

The time variation of the mean vorticity is shown in figure 4.23, whereas the mean
density-weighted vorticity which was shown to be the important profile to study linear
stability analysis is shown on figure 4.24. The variation of the mean vorticity profile
results from the balance of the production and convection terms shown in figure 4.22.
At t = 64, the development of the slow outer mode leads to the existence of a narrow
bump in the slow-speed side of the vorticity profile. When the negative baroclinic
peak shifts towards the centerline, the slow outer mode follows and this narrow bump
moves towards y = 0. At ¢t = 96, at the slow-speed edge of the layer (at y = —0.7, the
location of the new negative baroclinic peak appears) the mean vorticity profile levels

off, announcing the development of the new slow outer mode.
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The mean density-weighted vorticity (fig. 4.24) initially has two peaks which leads
to the existence of the two outer modes. As the mixing layer develops, its thickness
increases and the amplitudes of these two peaks are reduced due to viscosity. In
the slow stream, the slow outer mode convects hot and fast fluid from the reaction
zone into the slow stream and thereby modifies the mean density-weighted vorticity
distribution. In particular, the slow density-weighted vorticity peak is shifted towards
the centerline until ¢ = 80. At ¢ = 96, the slow peak moves to y = —0.7 (in the region

where the mean vorticity profile levels off).

Figure 4.25 shows the evolution of the mixture fraction and vorticity contours of
the slow outer mode of figure 4.15 at two instants of the decay (¢ = 80 and ¢ = 96).
The structure becomes elongated, indicating the loss of coherence between the top
and the bottom part of the structure which are travelling at different speeds. The
entrainment of product and oxidizer are disrupted and the kinetic energy of the slow
outer mode is transfered back to mean flow. The highest vorticity value in the flow is
strongly reduced and the high vorticity region splits in two, a top part reminiscent of
the high vorticity region observed on figure 4.15 which moves towards the centerline
and a second part below it travelling slower and located at y = —0.7, the new location

of the mean density-weighted vorticity peak in the slow stream.

4.3.6 Effects of the evolution of the mean pdu/dy profile on the linear
stability of the layer

The mean density weighted vorticity was used to determine the instability charac-
teristics of the compressible mixing layer at ¢ = 0 and to calculate the eigenfunctions
used to initialize the simulations. As seen in the previous section, the mean profile
of density weighted vorticity (pdu /dy) is strongly modified when the slow outer mode
transports hot and fast fluid from the reaction zone to the low-speed side of the layer.
In particular, the slow peak of pdu/dy is reduced and moved towards the center-
line when the density distribution becomes more uniform on the low-speed side of the
layer. To investigate the resulting modification of the instability, we carried a new lin-
ear stability calculation based on the mean pdu /dy profile at time t = 64 (figure 4.24).
The results show that the evolution of the mean du/dy profile with time strongly

affects the shear layer stability characteristics and its downstream development.

The amplification rates and phase speeds of the 2-D and 45 degree instability modes

obtained at t = 64 are compared to the amplification rates and phase speeds of the
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instability modes obtained at t = 0 (figure 4.26). Figure 4.27 shows the same informa-
tion when the mean pdu /dy profile at time t = 64 is normalized to get é, = 1. Several
effects can be noticed: (1) First, the amplification rates of the fast and slow instability
modes are strongly reduced at t = 64, even when the normalized mean 7du /dy profile
is used. (2) Their frequencies are shifted to lower values and the size of the most
amplified instability modes increases. In particular, at w = 1.75 (the frequency of the
most amplified slow outer mode at t = 0) the amplification rates of the slow outer
modes are now negative and no slow instability mode can develop in the computa-
tional domain of length L, = 3.59. (3) The convective speeds of the slow outer modes
are shifted towards the average speed of the free streams, while (4) the convective
speeds of the fast outer modes are slightly increased. (5) The amplification rates of
the slow outer modes at 0° and 45° become equal and the obliquities of the instability
modes is increased, especially at low frequencies. (6) A distinct bump corresponding
to the underlying presence of the central mode is noticeable at the left of the fast and

slow amplification curves.

All these effects indicate a stabilization of a slow outer mode and a destabilization
of the central mode. They are consistent with the analysis we develop in chapter 2:
As the slow pd% /dy peak becomes less pronounced and moves toward the centerline,
the slow outer mode associated with this peak is stabilized and its phase speed tends
to the average speed of the two streams. Meanwhile, the amplification rate of the
central mode increases and M. becomes the proper correlating parameter. As M. is
larger than M;, compressibility effects get stronger and the obliquity of the instability

modes is increased.

The large variation of the compressible mixing layer instability characteristics as
the eigenmodes develop indicates that (1) diverse instability modes having various
obliquities, frequencies and phase speeds can be successively amplified. It also suggest
that, (2) at a given instant of time, some of these instability modes may be growing
while others are saturating or decaying. In contrast, the development of the non-
reacting incompressible mixing layers is much simpler. All the instability modes have
the same convective speed, equal to the average speed of the free-streams, and only
one vorticity peak is present. Non-linear effects do not affect the location of this peak
but do affect its width. As the central mode saturates, the amplification rate of its

subharmonic gets larger and pairing is enhanced.

102



4.3.7 Decay of the initial slow outer mode and growth of the new
slow outer mode at Re = 8000

In this section, it is shown that the decay of a slow outer mode is quickly followed
by the development of a new slow outer mode. We have seen in section 4.3.4 that
the decay of the initial slow outer mode is accompanied by the appearance of a new
negative peak of vorticity production, which yields the development of a new slow
outer mode and explains the kinetic energy oscillations seen on figure 4.12. Here,
the 2-D structure of the layer during the decay of the initial slow outer mode and
the development of the new outer mode is presented. It is shown that two separate
regions of vorticity, travelling at different speeds and separated by a region of high
positive baroclinic torque, exist inside the slow colayer as the new slow outer mode
develops. Figures 4.28, 4.29 and 4.30 shows the contours of (a) mixture fraction, (b)
vorticity, (c) baroclinic term and (d) vorticity production at three instants of time
(t =96, t = 112 and ¢ = 128). The figures show the evolution of the appearance of the
layer during the decay of the slow outer mode (Re = 8000). Similar information has
been shown on figure 4.25 for the same slow outer mode but at earlier times and at
Re = 4000.

At t = 96 (fig 4.28), the two regions of high vorticity are present and lie one on top
of the other. The top one corresponds to the decaying slow outer mode which has
shifted towards the centerline, while the second one arises from the development of
the new slow outer mode. This second region of high w, travels slower than the first
one (at t = 80, fig. 4.25, this second region of high w, was located at the right of the
first one) and the mixture fraction contours become elongated along z. The contours
of the vorticity production, which is the sum of the dilatational term and baroclinic
term, are similar to the contours of the baroclinic torque. The vorticity production
is positive between the two region of high w, and prevents the merging of these two
regions. The dilatational terms appears negligible, except in thin elongated layers
of hot product and cold oxidizer previously entrained by the developed slow outer
mode. In these regions, where the gradients of the mixture fraction are large, the
hot rotational products are cooled, which yields negative dilatational term, while the
cold oxidizer is heated which yields a positive dilatational term. At ¢ =112 (fig 4.29),
only the bottom region of high w, remains present in the flow, located closer to the
centerline than at ¢t = 96. The initial slow outer mode has relaminarized, but the

new slow outer mode starts entraining hot fluid from the reaction zone to the slow
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stream again. At the latest time, t = 128 (fig 4.30), the contours of mixture fraction
and vorticity become very similar to the contours of the slow outer mode, which

developed from the linear eigenfunction (fig. 4.15).
4.3.8. Recapitulation of section 4.3

Several observations can be made at this point. (1) First, the existence of outer
modes with finite amplitude is confirmed. Their 2-D structure is largely different
from that of the central mode, which has important consequences on entrainment,
mixing and chemical reaction. (2) These outer modes are fairly robust, since the
outer modes which develop after the relaminarization of the layer appear very similar
to the outer modes which develop from linear eigenfunctions. (3) Each outer mode
grows and decays rapidly; its lifetime is short. This result is in agreement with
the observations of McIntyre and Settles (1991), who noted the apparent burst of
regularly spaced structures and the existence of large-scale poorly organized turbulent
structures that evolved rapidly with downstream distance in their compressible mixing
layer experiment. This third point also suggests that a large distribution of modes

may be present in the layer at a given instant of time.

4.4. Absence of interaction between the fast and the slow
outer modes

In this section, it is shown that the two outer modes simultaneously develop on their
respective sides of the mixing layer without interacting. The pace at which the fast
and the slow outer modes develop is different. The appearance of the layer is shown
to vary quickly (estimated 30us in Clemens 1991 experiment), which may make the
structures hard to distinguish in experiments. The reaction rate is also shown to vary

in time when the relative positions of the fast and the slow outer modes vary.

A 2-D simulation of the compressible reacting mixing layers has been performed to
study the interaction between the fast and the slow outer modes. This simulation
is similar to that of figure 4.15 (Re = 4000 and 201 x 801 points are used), but was
initialized with both the fast and the slow outer modes. The outer modes used in the

initialization have the same amplitude, 4 = 0.001.

Figure 4.31 shows the contours of (a) mixture fraction, (b) vorticity, (etc.) at ¢ = 64
for a simulation initialized with the fast and the slow outer modes. By comparison

with fig. 4.15, where only the slow outer mode was used in the initialization, we note
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that the fast outer mode has no effect on the contours of mixture fraction or vorticity
in the slow colayer. The high vorticity region in each colayer remains located in the
high vorticity production region as seen on figure 4.15 for a single outer mode. This
suggests a two-step mixing process where fluid from each of the free-streams is first
mixed with product and then diffuses to the reaction zone. The fast outer mode
remains associated with the fast free-stream and only mixes fuel and product, while
the slow outer mode remains associated with the slow free-stream and only mixes

oxidizer and product.

Figure 4.31 also indicates that the slow outer mode develops faster than the fast
outer mode. This results is consistent with the linear stability results presented in
Chapter 2. We have seen in chapter 2 that the amplification rates of the slow and
fast outer modes were dependent on the position of the flame, on the free-stream
temperature ratio and on the flame temperature. In figure 4.31, with the parameters
used in this simulation, the amplification rate of the slow outer mode is higher than
the amplification rate of the fast outer mode, and the slow mode is almost at its

saturation point whereas the fast outer mode is still growing.

The reaction zone remains flat (fig 4.31), close to the stoichiometric line for this high
Dambkholer simulation, and little creation of new flame surface is observed. However,
the fast and the slow outer modes increase the local reaction rate by straining the
reaction zone. The slow (fast) outer mode convects a hot mixture of oxidizer (fuel) and
product into the reaction zone, which in turn augments the total reaction rate. The
hot temperature region located between the two colayers (which inhibits quenching)
is not distorted by the presence of the second outer mode. Each outer mode is shown
to generate radiating pressure waves in the opposite stream (fig 4.32), as seen for a

single outer mode.

Figure 4.33 shows the same simulation as the one shown on figure 4.31 at ¢ = 80.
It first indicates that (1) the decay of one (slow) outer mode is independent of the
existence of a (fast) outer mode in the opposite colayer. At t = 80 the slow outer
mode starts decaying and subsequently becomes elongated (along z) while the fast
outer mode saturates. The decay of one outer mode is not affected by the presence of
the other outer mode, and the mixture fraction contours in figure 4.33 and 4.25 are

identical in the slow colayer.

Comparison between figures 4.33 and 4.31 also shows the rapid variation of the ap-

pearance of the layer. The fast and the slow outer modes travel at different speed
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and their relative position changes in time. Figure 4.33 shows the mixture fraction
contours at time ¢ = 80, to be compared with the same information at ¢ = 64 (fig 4.31).
In At = 16, the slow and the fast outer modes approximately travelled distances of
d = 0.592At = 9.472 and d = 0.914At = 14.62, respectively, yielding the locations seen on
figure 4.33. Clearly, the appearance of the layer changes rapidly, which we believe
can make the large-scale structures harder to identify in experiments. As the relative
position of the outer modes changes, so does the intensity of the straining that they
exert on the reaction zone. At t = 80, the two outer modes lie one on top of the
other and the straining is maximal, yielding a maximum reaction rate (fig 4.33 right)
almost twice that at ¢ = 64 (fig 4.31 right).

Figures 4.34 and 4.35 show the PDF and the surface plot of the mixture fraction
for the simulation shown on figure 4.33 (at t = 80). The existence of two bumps on
the PDF of the mixture fraction Z (Fig 4.34) indicates the two-step mixing process.
One bump is located at Z ~ 0.75, corresponding to almost equally mixed fuel (Z = 1)
and product (Z = 0.5) and the other bump is located at Z ~ 0.25 corresponding to
almost equally mixed oxidizer and product. In contrary to the central mode of the
incompressible reacting mixing layer of figure 4.20, here almost no equally mixed
fuel and oxidizer are observed. The surface plot of the mixture fraction exhibits two
ramps (Fig. 4.35) similar to the PLIF images obtained by Clemens (1991) in the
non-reacting but compressible case at M, = 0.62. As stated by Clemens, these PLIF
images appear to be composed of two separate regions of mixed fluids, seen as two
parallel streamwise ramps, separated from each other by relatively steep gradients.
Those ramps (fig 4.35) are the direct consequence of the existence of the outer modes,
with the Clemens results therefore suggesting that outer modes might be present at

moderate convective Mach numbers, even in the non-reacting case.

4.5. Influence of Damkholer number on the structure of the
layer

In this section, the effect of the fast and slow outer modes as well as the influence of
Dambkhéler number on the structure of the layer are examined. The fast and the slow
colayers are seen to exist even at low Damkholer numbers (Da < 1). It is shown that,
unlike the central mode, the fast and slow outer modes do not effectively transport

species to the reaction zone and have therefore a weak effect on the total reaction
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rate in the layer.

Figure 4.36 shows the contours of (a) mixture fraction, (b) density weighted vorticity
and (c) reaction rate for the same slow outer mode than on figure 4.15, but for
Da = 1. The similarity of the contours between figures 4.15 and 4.38 suggest that
the existence of the two colayers can persist at very small Damkholer number, if
the flame temperature remains sufficiently high for the two mean pdu /dy peaks to
appear. The large-scale structure is located at the same position on figures 4.15 and
4.38, indicating that the slow outer mode travels at the same velocities in the two Da
cases. For Da = 1, the reaction rate is maximum at the top of the slow outer mode
as for Da = 6. The flame zone remains plane with the exception of a slight bump on
the slow-speed side of the layer, where reacting fluid is entrained by the slow outer
mode. The maximum reaction rate is twice smaller at Da = 1 than at Da = 6, and
the reaction zone thickness almost doubles, a result in agreement with the analysis of
Gibson and Libby (1972) showing that the reaction zone thickness varies like Da~1/3
(factor of 1.8 between Da = 6 and Da =1).

Figure 4.37 shows the total and maximum reaction rates for several simulations with
different Damkhdéler numbers, different instability modes (no mode, slow outer mode
or slow and fast outer mode) and different Reynolds numbers (Re = 4000, 8000). The
effects of the number of modes used in the simulations, of the Damkhdler number and
of the Reynolds number are examined. All the curves have Re = 4000 except the chain-
dashed one for Re = 8000. We refer to the mixing layer initialized without instability
modes as the laminar mixing layer, since it only develops by laminar diffusion. We
note that:

o In the absence of instability modes (laminar case, solid lines), the total and max-
imum reaction rates increase rapidly during the ignition before decaying slowly as

the thickness of the layer increases.

e The slow outer mode (dotted lines) causes only a small increase in the total and
maximum reaction rates. As noted in section 4.4, the slow outer mode increases the
reaction rate, not by creation of flame surface, but by straining as the outer mode
transports more reactant into the reaction zone. The reaction rate is maximum at
the time of saturation of the outer mode and decreases towards the reaction rate of

the laminar mixing layer (solid line) when the slow outer mode decays away.
o At low Damkhéler number (Da = 1), a similar behavior is observed with a longer
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ignition time and a slightly lower total reaction rate.

o At high Re number (Re = 8000) (chain-dashed line), a similar behavior is also ob-
served. We note a second maximum of the total and maximum reaction rates at

latter time as a new slow outer mode develops.

o The total and maximum reaction rates present an oscillatory behavior when the
fast and the slow outer modes are used to initialize the simulation. These periodic
oscillations arise from the unequal convective speed of the two outer modes. As seen
in section 4.4, the relative ébsition of these two modes constantly changes and the
straining of the reaction zone is maximum when the two outer modes lie one above
the other. The amplitude of these oscillations is large (the maximum reaction rate

doubles when the outer modes lie one above the other) and their period is given by
T = L /(57 — &) = 11.15 (4.5)

where ¢; and ¢, are the convective speeds of the fast and slow outer modes and L,

is their wavelength.

Note that the effects of the outer modes on the total reaction rate of the compressible
mixing layer (fig 4.37) are much smaller than the effects of the central mode on the
total reaction rate of the incompressible reacting mixing layer (fig. 4.9). Whereas
at Re = 200 the total reaction rate of the incompressible mixing layer was shown to
increase by five due to the presence of the central mode (fig. 4.9), at Re = 4000, the
total reaction rate is only 20 — 25% higher than the laminar reaction rate when only
the slow outer mode is present and only 35% higher when both the slow and the fast

outer modes are present.

4.6. Overview of the instability modes of the low Mach num-
ber reacting mixing layer

In this section the results of two simulations of a low Mach number (M. = 0.05)
reacting mixing layer are presented. The first simulation, which was initialized with
small amplitude (A = 0.001) fast and slow outer modes of the incompressible reacting
mixing layer (T; = 3, Re = 500 and M, = 0.05), confirms the results from linear stability
analysis. It exhibits developed large-scale structures very similar to the large-scale
structures seen in compressible reacting mixing layer. The second simulation shows

the transition from the central mode to the outer modes in incompressible reacting
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mixing layers. It was initialized by superposing on the parallel mean flow of a mixing
layer with Ty = 3, Re = 500 and M. = 0.05, the central mode of the same non-reacting
mixing layer at M, = 0.05. The results are shown at an intermediate time when the
developing central mode breaks apart into a fast and a slow outer mode. Interestingly
enough, the instability modes which are observed in the 2-D spatially developing
simulation of igniting incompressible mixing layers (Appendix B) are very similar to

the large-scale structures observed in this second direct numerical simulation.
4.6.1 Simulation initialized with the fast and the slow outer modes

Figure 4.38 shows the contour plots of (a) mixture fraction, (b) vorticity w,, (c) vortic-
ity multiplied by density (pw.), (d) reaction rate, () baroclinic term, (f) dilatational
term, (g) vorticity production, and (h) reaction rate for the incompressible reacting
mixing layer with equal free-stream temperatures, M, = 0.05 and 7y = 3. Only the
vortical region of the computational domain is shown here (y € [-5,5]) but the com-
putational domain extends further (y € [~10,10]). The Damkohler number is equal to
6, the Zeldovich number is Ze = 2 and the Reynolds number is Re = 500.

In this simulation, the slow outer mode has a larger amplification rate than the
fast outer mode, and the slow outer mode saturates while the fast outer mode is still
growing. As in the compressible case, no direct mixing of fuel and oxidizer is observed.
The slow outer mode only entrains oxidizer and product while the fast outer mode
only entrains fuel and products. The interface of fuel and oxidizer remains nearly
plane with little creation of new flame surface. The reaction rate is maximum on top
of the large-scale structure, and the existence of a high temperature region located
between the two colayers makes quenching unlikely to occur. As for compressible
outer modes, the high vorticity region associated with the slow incompressible outer
mode is a thin elongated region located on the low speed side of the layer and close to
the centerline. The same behavior is found for the fast outer mode. Here at M. = 0.05
the baroclinic torque is approximately 2 times higher than the dilatational term and
tends to dominate the vorticity production. The regions of high vorticity are located

in the regions of high baroclinic torque, as in the compressible case.
4.6.2 Simulation initialized with the central mode

Figure 4.39 shows the contour plots of (a) mixture fraction, (b) vorticity w,, (c) vortic-
ity multiplied by density (pw.), (d) reaction rate, () baroclinic term, (f) dilatational

term, (g) vorticity production and (h) reaction rate during the transition from the
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developing central mode to the outer modes. Here, the heat release is © = 3 which
yields T; = 4 but we initialize the simulation with Ty =3. Only the vortical region of
the computational domain is shown here (y € [-5,5]) but the computational domain
extends further (y € [-10,10]). Here, Da = 6, Ze = 2, and Re = 500.

At the beginning of the simulation, the central mode grows and the contours of the
mixture fraction shows the development of large-scale, quasi-symmetric structures
which travel at the average speed of the free-streams. Figure 4.39 shows the modi-
fication of these large-scale structures as they begin to break apart into a fast and
a slow eddy. The top part of the structure starts travelling faster than its bottom
part and the structure becomes strongly elongated along « and inclined towards the
fast stream. The regions of large mixture fraction gradients, which exist between the
large-scale structures, are the remnants of the webs of the developing central mode.
The flame straining is still large in these regions, and for this low Ze case the chemical
reaction is maximum there. Since the transition from the developing central mode
to the outer modes occurs before the roll-up of the central mode, we do not see the
large-scale engulfment and wrapping of fluid from both sides. The upper right-hand
side of the structure appears to entrain only fuel and product, while the lower left
hand side of the structure appears to entrain only oxidizer and product. As the top
and bottom parts of the structure move apart, the interface of fuel and oxidizer be-
comes flat, uniform and aligned with the mean flow, as seen for the developed slow
outer mode of figure 4.15. Similarly, the temperature, which was initially maximum
inside the large-scale structures of the developing central mode, becomes maximum

at the centerline.

The physical explanation for the transition from the central mode to the outer mode
has been proposed in section 4.2.1. We have shown, for the incompressible low-heat
release mixing layer, how the sign of the baroclinic and dilatation terms (positive in
the second and fourth quadrant and negative in the first and third quadrant) yielded
elongated large-scale structures which could break apart to give slow and fast outer
eddies at sufficiently high M, or heat releases. Here the heat release is large (7 = 4)
and two regions of high vorticity appear in each large-scale structure (one in the
fast stream and the other one in the slow stream). These regions of high w, are
strongly elongated in the = direction and are located close to the centerline as for the
outer mode of the compressible reacting mixing layer (fig 4.15). We note that these

two regions of high vorticity are initially located close to the webs, where the large
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pressure and density gradients yield the largest values of the baroclinic torque. The
baroclinic contours exhibit a quadrupole structure and, for this low Mach number
case, the baroclinic and dilatational terms have comparable magnitudes. At later
time, all traces of the central mode have disappeared and the observed developed

instability modes are very similar to the outer modes seen in section 4.6.1.
4.6.3 Conclusion of section 4.6

The two simulations presented above indicate that, with sufficient heat release and
even at low M., the central mode can break apart into fast and slow incompressible
outer modes. The non-linear rupture of the central mode, caused by the positive
baroclinic torque in the web region, yields the appearance of large-scale structures
elongated along z and inclined towards the fast stream. The reaction zone initially
located in the web region rotates and becomes aligned with the mean flow when the
outer modes develop. Identical results are obtained in the 2-D spatial simulations of
the igniting mixing layer presented in appendix 2. The simulations also suggest that,
with the exception of the absence of radiating pressure waves, the incompressible
outer modes are very similar to the compressible outer modes. In particular, other
simulations not shown here reveal that the low Mach number outer modes saturate

and decay like their compressible counterparts.
4.7. Interaction of the outer modes with their subharmonics

In this section, we examine the interaction of one outer mode with its subharmonic
for reacting compressible mixing layers. For low heat release incompressible mixing
layers, the usual mechanism of interaction can be pairing or tearing, where the energy
is transfered from the fundamental to the subharmonic as seen in section 4.1. Pairing
or tearing is a relatively long process (At = 10 for the slow outer mode of figure 4.1), but
for incompressible non-reacting mixing layers, the convective speed of the fundamental
and the subharmonic are the same and the phase lag between these two modes remains
constant. For compressible reacting mixing layers however, pairing does not occur.
Here, the fundamental and its subharmonic have unequal phase velocities and their

relative phase is constantly changing in time which inhibits pairing.

We believe, however, that other mechanisms presented in this section play a larger

part in the suppression of pairing in a compressible reaction mixing layer:

o The first and main mechanism is the large baroclinic torque in the regions between
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the two fundamentals, where pairing tries to occur (see figure 4.38). The rotation
of two adjacent structures in a colayer around one another is prevented by the

baroclinic torque.

e Other factors are the absence of roll-up and the elongated shape of the outer modes
(which also arise from the baroclinic torque) since elongated structures may be less

inclined to pair.

o A third factor is the short lifetime of the outer modes. In incompressible mixing lay-
ers, a central fundamental grows, saturates and rolls-up (keeping its kinetic energy
constant) until the subharmonic is large enough for pairing to occur. In contrast,
for the compressible reacting mixing layer, the outer modes and their outer sub-
harmonic usually grow, saturate and decay almost independently from one another
(section 4.7.1). Therefore, unless the amplitude of subharmonic is large (having an
amplitude larger than the fundamental) the fundamental decays before the subhar-

monic is large enough to cause pairing.

The fundamental (F) and the subharmonic (S) wavelengths are included in the ini-
tialization with amplitudes Ap and As and phases ¢r and ¢s. A second index is used

to differentiate the fast F and the slow S instability modes. We use:

U= + real[Ap,ﬁF,(y)e““"'”""”') + As,ﬁ_g,(y)e"(°5"+¢5')]. (4.6)

Here, the phase of the fundamental is always set equal to zero and different values of
the other parameters are chosen in an attempt to force the transfer of energy from the
fundamental to the subharmonic. In the first section (4.7.1), it is shown that because
the outer modes quickly grow, saturate and decay (as seen in section 4.3.3), no transfer
of energy can occur from the fundamental to the subharmonic if Ar is not of the same
order as As. The 2-D contours of the compressible reacting mixing layer are seen to
be laminar if the fundamental decayed before the development of the subharmonic.
In the second section (4.7.2), for a large amplitude of the fundamental, different
phase lags are tried to obtain the best transfer of energy from the fundamental to
the subharmonic. The results do not show any pairing where two structures start
rotating around each other, but certain phase lags are seen to increase the growth
rate of both the subharmonic and the fundamental. In this case, contour plots show
that the growing subharmonic “swallows” the decaying fundamentals on the same

side of the layer. This mechanism, which we denote by “gulping”, does not destroy
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the two colayers. The fast outer modes remain associated with the fast colayer and

the slow outer modes remain associated with the slow colayer.
4.7.1 Influence of the subharmonic amplitude

Figure 4.40 shows the kinetic energy of the fundamental and the kinetic energy of the
subharmonic for two different simulations initialized with two different amplitudes of
the subharmonic, As; = 0.0004 in the first case and Ag s = 0.001 in the second. The
amplitude of the fundamental and the phase of the subharmonics are the same in
both simulations, ¢s; = 180 and Ap; = 0.002. Figure 4.40 shows that, in both cases,
the fundamental decays before the subharmonic is strong enough for pairing to occur.
Its kinetic energy is transfered back to the mean flow and the kinetic energies of all
the Fourier modes having higher wavenumbers are temporary increased. As seen in
section 4.3.6, the decay of the fundamental is accompanied by a modification of the
mean 5 du /dy profile, which yields a reduction of the fast and slow outer modes am-
plification curves. Indeed, the growth rates of the subharmonics are strongly reduced
when the fundamental saturates. At ¢~ 120 the kinetic energy of the instability modes
is minimum (fig 4.40 top). After the decay of the fundamental, the fast subharmonic
outer mode resumes its linear growth rate, develops and then, at its turn, saturates
and decays (fig. 4.41).

Figure 4.41 shows the contours of mixture fraction, vorticity, baroclinic and vorticity
production for the simulation with ¢s; = 180, Asy = 0.001 and Ap; = 0.002 at three
instants of time, t = 80 (fully developed outer modes), t = 112 (after the decay of the
fast fundamentals) and ¢ = 176 (during the development of the fast subharmonics).
The simulation indicate that the appearance of the layer changes rapidly and that
after the decay of the fundamentals (but before the development of the subharmonics)
the mixing layer looks laminar with no evidence of large-scale structures present (fig.
4.41).

e At timet = 80, the vorticity production increases and eventually becomes positive at
the left of the high w, regions. The fast fundamental starts decaying. The contours
of the baroclinic torque and the contours of the vorticity production are similar,

implying that the dilatation term is negligible.

o At time¢ = 112, the fast fundamental has relaminarized. Despite the large amplitude
of the subharmonics used in the initialization (Ass = 0.5, Ap, = 0.002) the fundamen-

tals decay before the development of the subharmonic. Note that in this case the
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top edge of the layer is flat and we believe that no large-scale structures would
be seen in experiments at this stage. The mixture fraction and vorticity contours
reveals the presence of the developing subharmonic. We note that, as for the slow
outer mode of figure 4.25, the decay of the fast outer mode does not significantly
affect the slow colayer, which remains laminar. After the decay of the fundamental,
the vorticity production contours exhibit strongly elongated stripes of alternatively
positive and negative vorticity production. As already seen in section 4.3.7, these
stripes arise from the existence of large positive and negative dilatational regions
where hot product and cold fuel previously entrained by the fast outer mode are

respectively cooled and heated.

e Although the simulation was initialized with only fast outer modes, the decay of the
fast fundamental is accompanied by a small transfer of vorticity in the slow stream
which, due to the inflexional instability of the slow colayer, yields the development
of a slow subharmonic. Note that this small transfer of vorticity does not destroy
the two colayers. At t = 176, the presence of the developing fast subharmonic is
seen on the mixture fraction and vorticity contours, while the less developed slow
subharmonic is only seen in the vorticity contours. The dilatation term remains

negligible in the vorticity production.

The pressure contours shown in figure 4.46 convey the same information. At t =112,
the fundamental relaminarizes and the radiating pressure waves in the slow stream
steepen as seen for the slow outer mode of figure 4.15. At ¢ = 224, the wavelength of
the pressure waves in the slow stream has doubled. Radiating pressure waves appear

in the fast stream as the slow subharmonics develop.
4.7.2 Influence of the initial relative phase

As seen in the previous section, the fundamental can decay before the subharmonic
is large enough to interact with it. This suggests that, unless the initial amplitude
of the subharmonic is already comparable to the amplitude of the fundamental, no
transfer of energy will occur between an outer mode and its subharmonic. Another
difficulty is the non-constant phasing between one outer mode and its subharmonic,
which has a different phase velocity. Furthermore, we have seen that the phase speeds
of the instability modes varies in time. As shown in section 4.3.6., the development of
one outer mode modifies the mean 7 du /dy profile, which in turns modifies the linear
stability of the layer and the convective speeds of the outer modes. Thus, the relative

phase of the fundamental and subharmonic is difficult to predict. Here, we have used
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equal amplitude of the fundamental and the subharmonic Ap, = As, = 0.001 and have
tried different initial phase delays to force the interaction. The results show some in-
fluence of the initial phase on the history of kinetic energies of both the fundamental
and the subharmonic. 2-D contours do not show pairing (where two structure start
rotating around each other is not observed) but indicate that, for certain initial phas-
ing, the growing subharmonics can swallow the decaying fundamental in the same

colayer, hence the term “gulping”.

Figures 4.44 shows the variation of the kinetic energy of a slow compressible fun-
damental and of its slow outer subharmonics for various initial phase differences
(¢i = ¢si — ¢rs =, 0°, 90°, 180°, 270°). After an initial linear phase (up to t = 80), where
the behavior of the subharmonic and the fundamental is independent of ¢;, non-linear

effects appear and two different situations are observed:

1. In the first situation (for ¢; # 0) the fundamental saturates around ¢ = 100 and its
kinetic energy only slowly decays thereafter. In this case, the subharmonic pursues
its linear growth rate after the saturation of the fundamental until ¢ = 120 and keeps

growing slowly afterwards.

2. On the contrary, in the second situation (for ¢; = 0) the fundamental starts decaying
at t = 80 and completely relaminarizes at ¢t = 140. In this case the subharmonics also
saturates at ¢t = 80, decays and only resumes its growth after the kinetic energy of

the fundamental has been transfered back to the mean flow.

The effect of the initial phasing is large. At t = 140, the kinetic energies of the
fundamentals and the subharmonic for ¢; = 0 are more than two order of magnitude
higher than the kinetic energies of the fundamentals and the subharmonic for ¢; # 0.
Interestingly, in the ¢; # 0 case, the decay of the fundamental and its subharmonic is
followed by a new cycle of growth, saturation and decay. We note that at ¢ = 250 the
kinetic energies of the fundamentals and the subharmonics are both independent of

¢: (fig 4.43).

An explanation for the large ¢; effect will now be proposed. We have seen in section
4.3.2 that the vorticity dynamics of the outer modes was dominated by the baroclinic
torque. We have also seen in section 4.3.6 how the decay of one developed outer mode
was associated with a modification of the mean 5 @ /dy profile and with the appearance
of a positive baroclinic torque in the large w, region of this fundamental. In that sense,

the large effect of the initial phasing and the cyclic growth, saturation and decay of
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the fundamental (similar but stronger than what we observed in section 2.3.5) suggest
that the initial phase has strong effects on the baroclinic torque. In particular, we
believe that the reduced growth of the fundamental and the subharmonic in the ¢; =0
case corresponds to a situation of “mutual destruction” where the positive baroclinic

torque of the decaying fundamental is located where the subharmonic tries to develop.

Figure 4.44 indicates the influence of ¢; on the mixing layer growth. The time history
of the momentum and vorticity thickness is shown for the four simulations presented
above. Although the overall effect is small, the momentum thickness and vorticity
thickness appear to grow faster (= 20% after t = 80) for ¢; # 0 than for ¢; = 0. This effect
would become more obvious if the subharmonic of the subharmonic was also included
in the simulation. Note that the phase of the sub-subharmonic would however have
to be chosen so that the positive baroclinic torque region of both the fundamental,
its subharmonic and the subharmonic of the subharmonic do not overlap. ¢; also

influences the total reaction rate in the layer which is maximum for ¢; = 180.

If ¢; = 180, the contour plots of the mixture fraction (fig. 4.46) reveals that the growing
subharmonic swallows the decaying fundamental in the same colayer (“gulping”). We
have plotted (fig 4.46) the mixture fraction contours at three instants of the interaction
between the fundamental and the subharmonic for the 180° case, where the transfer
of energy from the fundamental to the subharmonic is optimal. Pairing, where the
subharmonic grows and two of the fundamental structures begin to rotate around
each other, is not oberved. Instead, the slow fundamental at saturation appears to be
swallowed by the growing fundamental (fig. 4.46). This gulping does not destroy the
two colayers. Note also, that during the “gulping”, the maximum vorticity becomes
positive (at t = 112, wnar = 0.134). As will be seen in our simulation of the Stanford
experiment (section 4.8), this positive vorticity occurs as a counter-rotating vortex is

generated below the large-scale structure during the gulping.

4.7.3 Simulation initialized with the fast and slow outer modes and
their fast and slow subharmonics

This last 2-D simulation with unity free stream temperature ratio was performed as a
model of the compressible reacting mixing layer. The fast and the slow outer modes as
well as their subharmonic were present in the initialization. We used ¢s, = ¢rs = 180°,
Ass = Asy = 0.0005 and Ap, = Ap; = 0.001. In this case, we will show that the slow
colayer exhibits gulping, while in the fast colayer the fast fundamental and the fast

subharmonics have a destructive interaction. Figure 4.47 shows the kinetic energies
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of the fundamentals and of the subharmonics versus time. The small oscillations on
these curves are caused by the varying relative positions of the fast and slow outer
modes as they slide one over the other. Similar oscillations were observed on figure
4.37. We note that the fundamentals develop, saturate and decay at t ~ 80. As seen
in section 4.7.1 the kinetic energy of the instability modes is minimum at t = 100 after
the decay of the fundamentals but before the development of the subharmonics. The
fast and the slow subharmonics then develop, saturate and decay independently from
one another. The slow subharmonic, which has a larger growth rate saturates and
decays first at ¢ = 170, whereas the fast subharmonic saturates and decays at ¢ = 300.

Figure 4.48 shows the contour plots of mixture fraction at four different instants of
time. Here, only the vortical region of the computational domain is shown (y € [-3,3])
but the computational domain extends further (y € [-6,6]). Here Da = 6, Ze = 2, and
Re = 4000. At ¢t = 80, four different structures are present in the layer and the fast and
slow fundamentals saturate. At t = 112, *“gulping” is seen in the slow colayer. In the
fast colayer the fast fundamental and subharmonics destroy each other. Consequently,
at t = 192, the development of the slow colayer is more advanced than that of the fast
colayer, and the slow subharmonic saturates whereas the fast subharmonic is just
starting to develop. In the last picture, at ¢ = 288, the thickness of the layer is
approximatly twice the initial thickness and the layer exhibits the developed fast and

slow subharmonics.

Figure 4.49 shows several thicknesses of the layer for the simulation of figure 4.48 ini-
tialized with the fast and the slow outer modes and their subharmonic. The vorticity
thickness 6,, momentum thickness §,,, temperature thickness 67 and visual thickness

6» plotted on figure 4.49 are defined as

b = (T — T )/(dT /dy)maz (4.7)
n = [(@ -7)@ - )iy (48)
br = / (T - Ti)dy (4.9)
by = (ya — w) (4.10)

with 7 (y,) = 0.95; +0.15; and T (w) = 0.9%; +0.17; . We also plotted for comparison
the vorticity thickness of a laminar (initialized without outer mode) mixing layer
having same Re, M., Ze, Da, etc. Since the Prandtl number is equal to unity, the
temperature thickness and the product thickness are equivalent and constitute (at

high Damkéhler number) a measure of the extent of molecular mixing. Figure 4.49
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shows the effect of the outer modes on the growth rate of the layer measured by these
four thicknesses. For comparison the growth rate of the laminar layer having the
same Mach number and same Reynolds number is also shown. The results indicate
that the growth rate of the layer is almost unaffected by the presence of the 2-D outer
modes (less than 10% at time t = 450).

Figure 4.50 shows the maximum and minimum pressure (normalized by the free-
stream pressure) and the maximum temperature (normalized by the adiabatic flame
temperature) in the flow. The small oscillations on these curves are caused by the
varying relative positions of the fast and slow outer modes as they slide one over the
other. The temperature is maximum at the initialization (where infinite reaction rate
and adiabatic flame temperature are assumed) The maximum and minimum pressures
increase when the fast and the slow outer mode develop but remain approximatly
constant after. We note that the increased pressure gradient as the outer modes
decay (see figure 4.12) arise from a steepening of the pressure wave at constant pmas
and pmin. Pmaz & 1.06 and pmin ~ 0.94 which (for M; = 0.29) agrees well with the familiar

stagnation pressure relation,

-1
polpoo = (1+ 1 5 M=), (4.11)

Figure 4.50 shows the maximum and total reaction rates and also exhibits the oscil-
lations due to the changing relative position of the fast and the slow outer modes.
Note that, when the fast and the slow subharmonics become the dominant modes,

the period of the oscillation doubles.
4.7.4 Conclusion of section 4.7

For incompressible non-reacting mixing layers, the pairing process is a selective mech-
anism in which a subharmonic of the fundamental is amplified preferentially. Only
one large-scale structure naturally dominates the incompressible mixing layer at any
downstream distance (time in the simulation). In contrast, the absence of a similar
selection mechanism in the compressible reacting case suggests that (1) a larger dis-
tribution of instability modes can be present at a given time in the layer, all having
different growth rates, with some growing, some saturating and some decaying; (2)
the growth mechanism is not through pairing. It may result from the net growth

rates of all the instability modes present in the layer at a given instant of time.
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4.8. Comparison to experiment

In this section, the 2-D simulation of the compressible reacting mixing layer corre-
sponding to the experiment of Miller et al. (1992, 1993, thereafter referred to as the
Stanford experiment) is presented. The parameters of this simulation are (© = 0.142,
M. = 0.8, Re = 1200, U, = 0.11, T> = 0.21) and Ze is set equal to zero. The experiment
has the same values of heat release and free-stream temperature ratio but is at a
much higher Reynolds number. We note here that simulation with higher Ze would
tends to move the flame towards the hot fast stream. The purpose of this simulation
was to compare the DNS and linear stability analysis results with some experimen-
tal results shown at the end of this section. This simulation can also be viewed as
an extreme case with large free-stream temperature ratio and very low heat release.
Linear stability analysis suggests that only one of the two outer modes appears in

this case (chapter 2).

The 2-D simulation of the Stanford experiment presented in this section indicates
the persistence of the two colayers to very low heat release and large free-stream
temperature ratio. The chemical reaction is shown to only occurs in the fast colayer,
but tongues of hot reacting fluid from the fast stream are seen to penetrate deeply
into the slow stream. The PLIF images presented in section 4.8.3. agree suprisingly
well with the numerical results and support the existence of the two colayers with

chemical reaction only occuring at the inner edge of the fast colayer.
4.8.1 2-D structure from DNS

Figure 4.51 shows the developed slow outer mode corresponding to the lowest heat
release case (© = 0.142) analysed in section 2.4. In chapter 2 we showed that, for this
low heat release and high free-stream temperature ratio (T, >> T.) case, only one
density-weighted vorticity peak is present, which leads to the existence of a unique
instability mode. This slow instability mode develops in the slow stream and only
mixes fluid from that stream with product. The 2-D structure of the slow outer mode
which develops in this case (fig. 4.51) is very similar to the slow outer mode obtained
for unity free-stream temperature ratio (fig. 4.15). For example, the high vorticity
region shows the same thin elongated shape in the slow stream as the slow outer mode
of fig. 4.15. The region of high w, is located in the region of high vorticity production
and the baroclinic contours are very similar to the vorticity contours. The similitude

between the slow colayer of figure 4.15 and the slow colayer figure 4.51 arises from
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the independence of the two colayers. Here, the slow colayer between a reaction
zone at T; = 0.8 and the cold stream at T, = 0.21 is independent of the fast stream

temperature (and of the free-stream temperature ratio).

As in the simulation for unity free stream temperature ratio, the reaction rate remains
plane with the maximum reaction rate occuring on top of the large-scale structures
(fig. 4.51). At this early time, the flame is still located in the middle of the layer,
but as already mentioned at higher Ze this flame would be shifted into the fast
stream. The density is large into the slow stream and the density weighted vorticity
is significantly larger in the slow stream than in the fast stream. Although M. = 0.8,
the Mach number of the slow outer mode with respect to the fast stream (and based on
the Mach number in this stream) is less than 1 and the system of radiating pressure
waves seen on figure 4.16 is not seen here. We nevertheless can notice the slight

inclination of the pressure contours.

Figure 4.52 shows the appearance of the mixing layer during the interaction between
the slow outer mode and its slow subharmonic (¢ = 82). The small-scale wiggles on
the baroclinic and vorticity production contours are a plotting artifact. At t = 82,
the gulping (presented in section 4.7.2) is observed. The developing subharmonic is
seen to swallow the decaying fundamental. At this instant of time, three regions of
large vorticity exist in the flow (fig 4.52 b): a top one extending across the whole
computational domain which corresponds to the subharmonics and two smaller ones
below it, one in the middle of the domain corresponding and the other one inside the

large-scale structure at the left of the computational domain.

Compared to the simulation presented on figure 4.46, we note a large increase of
the magnitude of the baroclinic term. The existence of a strong positive baroclinic
torque below the large-scale structure of the subharmonics creates intense positive
w, vorticity. This creation of positive vorticity was also present in figure 4.46 but
was not as strong. We believe that in the present case higher compressibility effects
may explain the increased magnitude of the baroclinic torque and the creation of the
positive counter rotating vortices. As seen in section 2.4, at this low heat release the
slow outer mode is close to the central mode and the proper correlating parameter is

intermediate between M; and M. (suggesting obliquity).

Figure 4.53 shows the mixture fraction and pressure contours for the same simulation
at t = 102 and figure 4.54 shows the mixture fraction contours at two subsequent

times, t = 119 and ¢ = 120. These figures reveal two interesting features.
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e First, the existence of shocks in the fast stream is observed. These transient shocks
appear during the gulping and arise from the steepening of the weakly inclined
pressure waves observed at ¢ = 50.3. The mechanism is similar to the one observed
during the decay of the slow outer mode (fig 4.12). The transient shocks leave the
domain at the top boundary after ¢ = 102.

e Second, fluid from the fast stream is entrained inside the slow stream and yields the
creation of a tongue of burning fuel. The gulping creates a positive baroclinic torque
which produces a counter-rotating vortex at the bottom left of the subharmonic
large-scale structure. This counter-rotating vortex interacts with the large-scale
structure and entrains fluid from the fast stream into the slow stream. A tongue of
burning fuel is created into the slow-stream. At time ¢ = 130, this tongue of burning

fuel breaks apart and a pocket of fuel is seen in the slow colayer.

At ¢t = 119 (fig 4.54), the large-scale structure of the slow instability subharmonic is
intermediate between that of an outer mode and that of a central mode: (1) it spans
the whole thickness of the layer; (2) it travels at the average speed of the free-stream
(it is located at the left of the picture at ¢ = 130); (3) it exhibits roll-up; and (4) it
partially entrains fluids from both streams as would a central mode. We believe that
the modification of the mean pda/dy profile may explain this behavior. As seen in
section 4.3.6, the modification of the mean profile was shown to stabilize the slow
outer mode and to destabilize the central mode, resulting in more oblique instability
modes having a longer wavelength and a convective speed closer to the average of the
two free-stream speeds. For this low heat release case, the instability mode used in the
initialization is intermediate between a central mode and a typical outer mode. The
modification of the mean profile in this case yields the development of an instability
mode which travels at the average speed of the free-streams. However, we note that
the two colayers are to a large extend preserved and that the high-speed side of the
layer remains almost undisturbed in comparison with the low-speed side. At later
times (fig 4.55 and 4.56), the transient large-scale structure of figure 4.54 left is not

present and no large-scale structures are seen in the middle of the layer.

At t = 130 (fig 4.54) or t = 140 (fig. 4.55), the slow speed side of the layer appears
much more disturbed than in the simulation of the compressible reacting mixing
layer with equal free-stream temperature and large heat release (fig 4.46). Here,
the gulping process between the slow outer mode and its subharmonic (travelling

at the average speed of the freestream) has created multiple small-scale structure
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in the slow speed side of the layer. Several explanations can be proposed for the
absence of such small-scale structures in compressible reacting mixing layer with
large heat release: (1) The first and most likely one is that with large heat release,
only instability modes close to the outer mode and distinct from the central mode
can develop, even after the modification of the mean profile. On the contrary, if the
heat release is low, a subharmonic, similar to a central mode, travelling faster than
the fundamental can develop. In this case, the interaction between the fundamental
and the subharmonic creates small-scale structures. (2) The flame convective Mach
numbers are the proper correlating parameter with high heat release. These flame
convective Mach numbers are lower (M;; = M;; = 0.3) than the usual convective Mach
number M, = 0.8, the proper correlating parameter in low heat release compressible
reacting mixing layers (chapter 2, especially section 2.4). The pressure gradients seen
in the flow are proportional to M? if outer modes are present and to M? if central
modes are present. Increased compressibility yields higher baroclinic torque, the
mechanism for the generation of small scale structures. (3) Viscosity may also play a
part in the observed difference between the high heat-release and the low heat-release

cases.

At the latter time, the shear layer has a fast stream almost undisturbed and a very
convoluted slow colayer with multiple small-scale structures present (fig 4.56). Even
for this low Damkhéler number the reaction rate is high, suggesting an efficient tur-
bulent transport of oxidizer in the slow stream by the small scale structures. At
t = 180, the pressure field exhibits steep gradients in the fast and the slow stream

and is clearly less organized than for the slow outer mode having equal free-stream
densities (fig 4.16).

4.8.2 Time history and statistics

Figure 4.57 shows the variation of the kinetic energy of various Fourier modes. The
top line represents the mean profile. Initially, only the fundamental and the subhar-
monic have non-zero kinetic energy. The fundamental grows and saturates at ¢ = 80
and the subharmonic becomes then the dominant instability mode. Similarly, if the
computational domain was larger one could expect the second subharmonic to be-
come dominant around ¢ = 130. The pressure waves generated at the ignition leave
the domain at ¢, = 6 (t = 9) on the fast speed side of the layer and at t. = 14 (¢ = 20) on
the slow speed side of the layer, yielding the two discontinuities seen on the kinetic

energy of the Fourier modes with large wavenumber. At the end of the simulation

122



the turbulent kinetic energy appears distributed among several Fourier modes, indi-
cating the existence of small scale-structures and in agreement with the 2-D contours
of figure 4.56. Then the flow possesses a broad band spectrum. We note here the
importance of the interaction between modes and subharmonics for the establishment

of an enstrophy cascade.

Figure 4.58 shows the total and maximum reaction rates in the flow. Here, the
instability modes strongly increase the total reaction and maximum reaction rates,
especially around ¢ = 100 during the gulping. The reaction rate is maximum at
t = 130, when the entrainment of fuel into the slow stream increases the flame surface
and strains the flame. This confirms that the instability modes which develop in
compressible reacting mixing layers with low heat release are intermediate between
the slow outer mode of fig. 4.15 (with very little new flame surface created and no
large effect on the reaction rate) and the central mode of figure 4.1 (with a strong
increase of the total reaction rate due to both an increase in flame surface and an
increase of the reaction rate per unit flame surface area (straining effect)). The short-
time fluctuations at later times arise from the small-scale structures (figure 4.56)
which wrinkle the reaction zone and increase turbulent convection of oxidizer to the
reaction zone. The existence of a subharmonic at the later time would keep the total

reaction rate high.
4.8.3 Experimental results

The PLIF images presented in this section have been obtained by Miller et al. (1992,
1993) at Stanford. The visualization technique for simultaneous imaging of OH rad-
icals and unburnt fuel within a turbulent diffusion flame was developed by Yip et
al. (1992). The LIF fluorescence from OH radicals indicates the location of the reac-
tion zone while the LIF from acetone molecules seeded into the cold low-speed stream
indicates the location of unburnt fuel gases. With this technique, a visualization of
an instantaneous slice of the flow is obtained. The technique was used by Miller for

the experimental conditions given in table 4.2.

The results we presented in section 4.8.1 are now compared to figures 4.59 to 4.61,
where three PLIF images are presented. The first figure (fig. 4.59) gives the location
of the reaction zone and compares the location of the average OH emission with the
instantaneous PLIF images of OH. The first frame of the first picture shows the time
averaged OH emission from the full test section, where the splitter tip is at the left

hand edge of the image. The emission indicates that the average flame standoff is
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approximately 5 cm. The two bottom images contrast the averaged OH emission and
the instantaneous PLIF images, for the section indicated on the top image. Note that
the image is located 22 cm downstream of the splitter tip. The relatively flat OH

zone is consistent with the colayer model of fig. 2.70.

Table 4.2, Experimental conditions for the PLIF images

shown on figures 4.59 to 4.61. Stanford experiment

Stream 1 stream 2
Total Temperature [K] 1600 270
Mach Number 1.4 0.3
Static temperature [K 1250 265
Velocity [m/s 970 110
Molar Composition Xo2 =0.23 X2 =0.1
Xy = 0.25 Xn2 =09

Xno2 = 0.52
Mass Flowrate [Kg/s 0.60 0.45

The two upper frames of the second image (fig. 4.60) show the instantaneous acetone
(left) and OH (right) PLIF images. The acetone marks the location of the cool
unburned fuel and two shades can be seen in the layer, the lighter shade corresponding
to the lower free-stream. The boundary between the light and dark areas coincide
with the lower edge of the mixing layer. The OH image (right) marks the location of
chemical reaction and hot combustion products. The upper edge of the layer coincides
with the upper edge of the OH signal. The superimposed images (below) show clearly
that the area of OH and acetone do not overlap or intertwine, supporting the idea of
the two colayers, a hot colayer where combustion occurs and a cool colayer containing
only unburnt fuel. On the top left frame, the dark circular zone at the right of the

image suggests the existence of a large slow outer mode in this region.

The last image (fig 4.61) represents four independent pictures of the instantaneous
OH and acetone PLIF images taken at different instants of time. In those four images
the same evidence of the two colayers is seen with the combustion only occuring in the
upper portion of the mixing layer. The remainder of the mixing layer contains only
unburnt fluid. We note the existence of pockets of OH burning deep into the slow
stream. The bottom edge of the layer shows some evidence of large-scale structures,
with smaller scales imbedded (particularly evident on the right bottom frame). Also,

the appearance of the layer is seen to vary greatly over time.
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4.9. Summary of chapter 4

In this chapter 2-D temporal direct numerical simulations of compressible and incom-
pressible reacting mixing layers were shown. The linear stability analysis results were

confirmed. In particular, the following results were presented:

1. The existence of the fast and slow outer modes yields the existence of two colay-
ers inside the layer both at low and high convective Mach numbers. These colayers,
since observed in experiment, create a two-step mixing process where fluid from each
free-stream is first mixed with product and then diffuses to the reaction zone. No
direct mixing of fuel and oxidizer is observed and little new flame surface is formed.
The outer modes of the compressible reacting mixing layer have less influence on the
total reaction rate in the layer than the central mode of the incompressible reacting
mixing layer. The persistence of a hot temperature region in the middle of the layer
and the low straining exerted by the outer modes on the flame make quenching less
likely to occur in compressible than in incompressible reacting mixing layers (at

same Da and Ze).

2. The existence of large density and pressure gradients in compressible reacting mix-
ing layer generates large baroclinic torques which dominate the vorticity dynam-
ics of the compressible reacting mixing layers. We showed that, (1) for small heat
release, the baroclinic torque forces the large-scale structure of the central mode to
become more elongated in the z direction and inclined towards the fast stream. At
higher heat release, the baroclinic torque was identified as the main cause behind
the disappearance of the central mode and the appearance of the outer modes. Sec-
ond (2), the 2-D vorticity contours of the outer modes are similar to the baroclinic
contours. The baroclinic torque was shown to dominate the vorticity dynamics of
the outer modes, to prevent their roll-up and to prevent transfer of vorticity from
one colayer to the other. (3) Finally, the positive baroclinic torque located between
the two fundamental outer modes was proposed as an explanation for the absence
of pairing in compressible reacting mixing layers.

3. It was also shown that the outer modes have short lifetime: Each outer mode
having wavelength L, develops, saturates and decays in approximately 10 to 20
L;. The mechanism behind this decay was identified: The outer mode convects
hot fluid from the centerline to its associated freestream and thereby modifies the

mean density profile, the mean baroclinic profile and the mean density weighted
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vorticity profile. This affects the linear stability characteristics of the layer and
modifies the position of the high baroclinic torque region, which in turn results in
the relaminarization of the mixing layer. It was also shown that an outer mode
can relaminarize and then develop again in the same colayer, which suggests that
multiple modes having various obliquities, various amplification rates and various
wavelengths may develop simultaneously in the layer and that some of these modes

can be growing while the others are saturating or decaying.

. The fast and the slow outer modes develop on their respective sides of the layer
without interacting. The straining of the flame zone and the local reaction rate were
shown to be maximum when the two outer modes lie one on top of the other. The
2.D simulations also indicate that the appearance of the layer varies quickly
(6t ~ 30us for the Stanford experiment) due to the changing position of the two outer
modes with respect to each other. As a consequence, the large-scale structures may

be harder to identify in experiments.

. Pairing, where two fundamental structures start to rotate around each other was not
observed. Instead another mechanism of interaction (gulping) was suggested by the
simulation and shown to preserve the two colayers. Four principal explanations were
proposed for the absence of pairing: (1) The short lifetime of the outer modes
since the outer mode may decay before the subharmonic is large enough to interact,
(2) the unequal and varying phase speeds of one mode and of its subharmonics
which may prevents phase lock from occuring, (3) the shape of the large-scale
structures (since elongated w, region may be less inclined to rotate around each
other), (4) the baroclinic torque which destroys vorticity in the region between the

two fundamental outer modes, where the subharmonic trys to roll-up.
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CHAPTER 5

3-D Temporal Direct Numerical Simulation

At this stage of the discussion, the results of the linear stability analysis conducted
in Chapter 2 have been confirmed in Chapter 4 and the mechanism of interaction
between outer modes and their subharmonics has been discussed. In this chapter, a
3-D temporal direct numerical simulation is used to investigate the topology of the
large-scale structures, which is important in terms of its effects on the entrainment of
fuel and oxidizer and the subsequent mixing process. Experiments of Clemens (1991)
for non-reacting compressible mixing layers suggest an increased three-dimensionality
and the existence of large-scale streamwise structures at high M.. The first objective
of this chapter is therefore to address the following question: Does heat release causes
the large structures of the reacting shear layer to remain two-dimensional at high Mach
numbers as predicted by linear stability analysis? The simulation suggests that, after
an initial linear growth period during which they are two-dimensional, the large-scale

structures tend to become more three-dimensional at the end of their lifetime.

Our second objective is to address the question: What is the mechanism of the tran-
sition to small-scale turbulence and is there an associated increased mizing of the
reacting species (mizing transition)? In incompressible, non-reacting mixing layers,
the onset of three-dimensionality and the associated mixing transition are known to
occur at Re > 3000 and to have large effects on molecular mixing with the effects
on other properties of the flow (momentum transport or layer growth) being less
pronounced. In this chapter, the 3-D dynamics of vorticity in each colayer and the
interaction between the ribs and the 2-D rollers are investigated. It is found that, if
the flow is sufficiently three-dimensional, the braids can collapse into discrete round
vortices which interact with the large-scale spanwise rollers (translative instability).
The simulation indicates the existence of turbulent spots, which spread into the layer.
It is shown that the flow first becomes turbulent in each colayer, and that the turbu-
lence then invades the central part of the layer. Despite the absence of roll-up and
pairing, the beginning of the mixing transition is shown to occur and to increase the

total and maximum reaction rates.
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In the present 3-D simulation, eight instability modes were included in the initial field:
one fast and one slow outer mode, their subharmonics, one fast and one slow 45° mode
and their 45° subharmonics. The amplitudes of the 2-D and 45° fundamentals were
0.002 and the amplitudes of their subharmonics 0.001. The initial phases of the 2-
D and 45° fundamentals were chosen equal to 0 and the phases of the 2-D and 45°
subharmonics were chosen equal to =. The topology of the flow is sensitive to initial
phasing between the 2-D and 45° waves (¢2p-45), and one may expect that the non-
linear growth rate of the 2-D and oblique modes can be significantly affected by their
relative position. For instance, the Chen et al. (1989) simulations of the wake indicate
that if ¢op_45 = 0 the streamwise vorticity is convected in the core, creating wavy
rollers, whereas if ¢op_4s = 7/2 (the streamwise vorticity is initially in phase with the
pressure maximum) the vortex stretching mechanism causes streamwise vorticity to
interact with the large-scale rollers to form closed vortex loops. We did not investigate
the effect of the initial phasing on the mechanism of the transition to turbulence, and
our simulation (initialized with ¢,p_s5 = 0) exhibits wavy rollers as in the simulation
of Chen et al. (1989) for ¢2p-45 = 0.

Our simulation of the compressible reacting mixing layer was partly run on the Cray
YMP and partly on the Hypercube. The turbulence spectrum was monitored during
the run and the initial 32 x 192 x 32 points used in the simulation were increased to

64 x 320 x 128 points as smaller scales were generated.

In the discussion below, the appearance of the layer is shown at three different instants
of the simulation: ¢ = 709, t = 105.6, and ¢t = 145.3. The first time (¢t = 70.9) (see
figures 5.2 to 5.16) corresponds to the end of the linear range where the fast and slow
fundamentals are fully developed but before their decay. The results are very similar
to those presented in the previous chapters. In particular, the two colayers remain
independent and the large-scale structures appear two-dimensional. The second time
(t = 105.6) (see figures 5.19 to 5.31) corresponds to the saturation of the outer modes
and the onset of turbulence. The large-scale rollers have become slightly oblique
and small-scale structures are observed. The third time (¢t = 145.3) (see figures 5.32
to 5.41) shows the existence of thin elongated streamwise vortices inside the layer,
superimposed on large-scale outer modes. The maximum and the total reaction rates

are strongly increased, but the creation of new flame surface remains small.

Planar cuts in the planes indicated on figure 5.1 are used to investigate the structure

of the layer. Planes Y; and Y, give top views of the layer in two z —z planes. The first

128



one is located close at the centerline in the hot, reacting portion of the layer and gives
useful information about the uniformity of the reaction zone as the layer develops.
The second is located in the middle of the slow colayer to show the obliquity of the
large-scale structure of the slow outer mode. The planes X; and X; are two end views
of the layer, one located into the braids and the other cutting the large-scale structure
of the slow outer mode. Finally, Z;, Z, and Z, are three side views of the layer, one
located on the side of the computational domain, the second in the middle of the
computation domain and the third one through the braids of the slow outer mode

fundamental.

Before discussing in more detail the topology of the large-scale structures and the
mixing transition mechanism in compressible reacting mixing layers (sections 5.2 to
5.6), we present for comparison purposes (section 5.1) a brief review of the known

results for incompressible non-reacting mixing layers.

5.1. Survey of previous results concerning the transition in
incompressible mixing layers

The secondary stability theory of Pierrehumbert and Widnall (1982) constitutes a
major contribution to the analysis of the transition to turbulence. In essence, the
theory assumes that the mean flow has evolved due to the development of the pri-
mary instability and sets up a new eigenvalue problem in which the eigenfunction
is dependent upon both the streamwise and normal coordinates. Their base flow
consists of a hyperbolic tangent profile with superposed Stuart (1967) vortices. In
addition to the subharmonic instability (responsible for pairing), two other instability
modes were found: the translative mode (spanwise antisymmetric) and the bulging
mode (spanwise symmetric). They both have the same z wavelength (equal to the
spacing of the Stuart vortices), but only the translative mode shows appreciable in-
stability. As the translative instability develops, a loop of the Stuart vortex tube is
lifted up in the free streams and stretched up. As a result, a wavy pattern is observed
on the large-scale spanwise vortices. The tilting of the spanwise vortices yields the
formation of pairs of counter-rotating streamwise vortices with regions of upwelling
in between. The analysis of Pierrehumbert and Widnall also indicates the possibility
of helical pairing as may have been observed in the experiments of Chandrsuda et
al. (1978).
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Corcos and Lin (1984a) investigated the dynamics of streamwise vorticity in the
incompressible mixing layer. They showed that (1) streamwise vorticity (w;) stops
being sustained by the mean flow wherever in the layer the spanwise vorticity (w.)
disappears. The resulting streamwise vorticity present in the braids after the spanwise
vorticity has migrated to the cores is strained without any change in circulation. (2) If
the streamwise circulation is small, they showed that streamwise vorticity is found in
a continuous layer which has a simple structure between the large spanwise rollers (ws
lies along the layer and the circulation associated with it does not continue to increase
with time) and which is folded within the primary spanwise vortices. (3) Corcos and
Lin (1984b) indicated that strained vortex sheets are fundamentally unstable and
yield a redistribution of vorticity towards the region of maximum strength by self-
induction. Applying this result to the mixing layer, they proposed that, even at low
Reynolds numbers, streamwise vortices whose size is the Taylor microscale are far
more typical than vortex sheets. If v, is the mean rate of strain in the braid region and
v the kinematic viscosity, the collapsed vortices in planar strain were shown to reach,
in a time of order 77, a well-defined structure, that of an axially symmetric Burgers
vortex. The strair tends to generate a vorticity layer with thickness (v/y,)!/2? but
wherever the strength of such layer is substantially larger than 2(v7,)!/?, the vorticity is
caused by self induction to be concentrated into well segregated round vortices whose
radius is asymptotically (v/7,)!/2. Vorticity is intensified by a factor proportional to
v=1/2, (4) Corcos and Lin also showed that the effect of the streamwise vorticity on the
diffusion of a scalar is slight until the layer has collapsed. Elongated vortices whose
circulation is insufficient to cause collapse are also incapable of wrapping material
surfaces around their center. They only merely distort the interface (of fuel and
oxidizer) into an approximately sinusoidal shape with a small increase in diffusion
rate. On the other hand, the analysis indicates that if the streamwise vortex sheet
concentrates into Burgers’ vortices, a material surface which initially coincides with
the streamwise vortex sheet is wrapped by the round vortices and the diffusion of the

scalar occurs far more rapidly.

Buell and Mansour (1989) investigated the spanwise vorticity topology. Their results
revealed the existence of cup-shaped regions of strong spanwise vorticity inside the
large-scale rollers. They showed that the vortex lines inside the large-scale vortices
become wavy and inclined to the flow direction. The combined effect of the rib

vortices and core streamwise vorticity was shown to create alternating (in z) regions
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of strong extensional and compressive spanwise strain in the roller between the rib
vortices. This strain stretches and compresses the spanwise vorticity in the roller,
creating cup-shaped regions of strong w, alternating with regions of nearly zero w,.
The increased waviness of the large-scale rollers was seen in turn to enhance the

streamwise vorticity, and the mechanism is therefore self-sustained.

All simulations presented in Moser and Rogers (1991) are for an initial Reynolds
number based on the vorticity thickness and the velocity difference of 500, with no
background small-scale velocity fluctuations included in the initialization. The first
result of Rogers and Moser is that, as the mixing layer rolls up, the streamwise vor-
ticity sheet present in the braid region is stretched and eventually collapses into thin,
nearly elongated vortices if the circulation of the initial three-dimensional streamwise

vorticity is strong enough. The criterion of the collapse of streamwise vortices is
L=T%A%>131 (5.1)

with T =T, /(y,22), p = 0.68 and A = 4,)?/v, where ), is the spanwise wavelength and
I, the initial circulation. The second result from the Roger and Moser simulation is
that the transition to turbulence requires two essential ingredients: (1) a sufficiently
high Reynolds number or a sufficiently strong set of streamwise rib vortices and (2) a
pairing (a result consistent with the observations of Huang and Ho 1990). Pairing was
shown to have two effects: first, the ribs between the pairing rollers are engulfed into
the large paired roller and second, the cups of strong w, are brought together so that
they interact directly. At the end of the first or second pairing, the spanwise vorticity
presents many small-scale regions of both signs suggesting the onset of turbulence.
Rogers and Moser noted that the small-scale structures in the cores appear first in

the rib planes of the spanwise rollers.

We will show in this chapter that the transition to turbulence in compressible reacting
mixing layers has some similarities with the transition to turbulence in incompressible
mixing layers. In particular, we will show that the initial circulation of the streamwise
vortices is sufficient (the amplitudes of the oblique modes included in the initialization
is large) for the braids to collapse in round Burgers vortices. Adapting the expression
for the strain rate proposed by Corcos and Lin (v, =~ (3AU)/ (2X;)) to each of the

colayers, we get
Vo1 R (3/2) (_ﬁl — Uy )//\; =0.334
o2 & (3/2) (By ~T3)/As = 0.334 (5.2)
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where X, = A, = 3.59, v = 4 x 10~* and T, = 0.15, which yields: T* = 0.034, A® = 1.07 x 10*
and L = 19.01, higher than the 13.1 criteria suggested by (5.1). The initial circulation
of the streamwise vorticity and the Reynolds number used in this simulation therefore
appear sufficient for the streamwise vortices to collapse, as seen in the end views of
the layer at (¢ = 145.3) (see section 5.5.3). As in the case of incompressible mixing
layers, the central role of the translative instability in the transition to turbulence

will also be demonstrated.

The simulation also reveals several marked differences between the transition to tur-
bulence in compressible and incompressible mixing layers. Some of these differences,

which arise from differences in the dynamics of the spanwise vorticity, are as follows:

o The dynamics of the spanwise vorticity is governed by the vorticity production terms
(baroclinic torque), and vortex roll-up does not occur. Some spanwise vorticity
(w.) remains present in the braids, where it interacts with w,. On the contrary, for
incompressible mixing layers the spanwise vorticity migrates to the cores and then,

the w, present in the braids can only be strained without any change in circulation.

e The large baroclinic torques present in the flow affect both the spanwise and the
streamwise vorticity. For example, due to the baroclinic torque in the z direction,

the braids are wrapped around the outer mode large-scale structures.

e In the compressible reacting mixing layer, the transition to turbulence occurs in the
absence of pairing. The existence of the two colayers causes the mixing transition to
occur in each colayer independently. Finally, the simulation indicates that gulping

may enhance the creation of small-scale structures.
5.2. Pretransition structures at early time

At the end of the linear growth (¢ ~ 70) the two colayers are present and no interaction
is observed between the fast and the slow outer modes. The large-scale structures are

two-dimensional and the results are similar to those presented in the fourth chapter.

Figure 5.2 shows the vorticity and mixture fraction contours in the plane 2, (z = 3.6)
and Z, (z =0) at ¢t = 70.9. The flow is from left to right. Here at t = 70.9, the fast
and slow outer fundamentals are completely developed. The contours plots indicate
the presence of the two colayers separated by a hot flame region where reaction

occurs. Eddies in the two colayers travel at two very different speeds, and hence the
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appearance of the layer changes rapidly. The contours are very similar in the planes
Z, and Z,, indicating that the large-scale structures are two-dimensional at this time.
Although the amplitudes of the 2-D and 45° modes are equal at ¢t = 0, we note that
the 2-D modes have grown significantly faster than the 3-D modes (as predicted by

linear stability analysis) and dominate the flow.

In 3-D, the vorticity equation (2.81) becomes (neglecting diﬂ'usion)
Dw; Ou Ov Odw Opdp 9pdp Ou du

Dt =""’(a_+a_y+ ) 2(ayaz a:09) T o5 +“"’a tuigs)
Dwy v Ow 1 dpbp dpdp v v
Dt ”(az 6y+ 62) 2 8z:0z 0Oz 0z 5.t Y2 5z + ”a +w162)
Dw, fu Ov Ow 1 8pbp Oplp ow dw

~5:35) T W5y + wy gy T (5.3)
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where the first term on the right is the dilatational term, the second is the baroclinic

32)

term and the third is the straining term. Figures 5.2 to 5.11 shows the 2-D contours

of these terms for the z-vorticity, y-vorticity and z-vorticity in several planes.
5.2.1. Streamwise vorticity before transition

For compressible reacting mixing layers, the existence of two colayers yields the exis-
tence of two system of braids (fig. 5.3a), one in each colayer. As seen in 2-D (section
4.4), the slow outer mode develops faster than the fast outer mode and the braids
are stronger in the slow stream than in the fast stream. In the braids, the straining
term is the dominant production term of w, and we note that the magnitude of w,
is large (approximately half the magnitude of the w, fluctuations of figure 5.8). The
contours of w, coincide with the contours of w, production, indicating that initially,
due to the high shear rate in the braid region, w, is governed by the production terms
and not by the convection terms. The baroclinic torque destroys w, at the centerline
(top left of the slow outer mode large-scale structure) but enhances w, in the braid
region and at the top right of the slow outer mode large scale structure. As a result,
the streamwise vorticity is wrapped around the top of the slow outer mode (and the
bottom of the fast outer mode), a result not seen for incompressible central modes.

Figure 5.4 shows the streamwise components of vorticity and vorticity production in
the plane X;(z = 0) through the slow outer mode large-scale structure. The mean
flow is into the page. The z vorticity contours clearly show the two colayers and,
in each colayer, the braids connecting to the top and the bottom of the large-scale
structures. The braids appear as four juxtaposed counter-rotating flat vortices. The

sign of the streamwise vorticity is the same in the braids connecting to the top or the
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bottom of a large-scale structure but is opposite inside the large-scale structure. The
streamwise vorticity in the large-scale structures is apparently secondary vorticity
driven by the strong streamwise vorticity in the braids through viscous coupling, and
thus the vorticity has opposite sign in the braids and in the large-scale structures.
For example, at the left of figure 5.4 (a) and in the slow colayer, the z vorticity is
negative inside the large-scale structure and is positive on top and below it, in the
braids. The straining term is larger than the baroclinic terms and, even in the cores

of the large-scale structures, dominates the production of w;.

Figure 5.5 shows the contours of cross-stream and streamwise vorticity and vorticity
production in the plane X, (z = 1.79) through the slow outer mode braids and the fast
outer mode large-scale structure. Here (fig. 5.5), the contours of w, are much simpler
than in the core (fig. 5.4). The braids in the slow colayer appear as the juxtaposition
of four counter-rotating and flat vortices. The straining term (which dominates the
production of w.), the streamwise vorticity and the streamwise vorticity production
are higher in the braids than in the cores. The baroclinic torque on the contrary is
smaller in the braids (where the density gradient and pressure gradient are aligned)

than in the core.
5.2.2. Cross-stream vorticity before transition

The y vorticity and vorticity production contours in the plane Zs (fig. 5.6) also exhibit
the two system of braids. At ¢ = 70.9, the streamwise and cross-stream vorticity behave
similarly. We note that the y vorticity and the z vorticity have the same sign in the
braids, and the magnitude of w, is about half that of w,. The y baroclinic term is
small, since the mean density gradients are zero in the z and z directions. We do
not observe (as in the streamwise direction) creation of w, at the top (bottom) of the
slow (fast) outer modes. As a consequence, the contours of w, do not overlap with
the contours of w, production in the plane X,(z = 0) through the slow outer mode

large-scale structure (fig. 5.7).

The y straining term, which is more than one order of magnitude larger than the
baroclinic term, dominates the y vorticity production in the braids (fig. 5.6). Like
the streamwise vorticity, the cross-stream vorticity in the large-scale structures is
driven by the strong cross-stream vorticity in the braids through viscous coupling.
As seen in figure 5.6, the vorticity has opposite sign in the braids and in the large-scale

structures.
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We note that: (1) the cross-stream vorticity is larger in the braids than in the core,
(2) the baroclinic term is small and the straining term dominates the cross-stream
vorticity production, (3) the straining terms tends to enhance vorticity in the braids

whereas the baroclinic term tends to destroy vorticity in the braids.
5.2.3. Spanwise vorticity before transition

In this section, the dynamics of the spanwise vorticity before the transition is investi-
gated. At t=70.9, the spanwise vorticity remains strongly 2-D. However, it is shown
that since the outer modes do not roll-up, a large fraction of w, remains present in the
braids where it interacts with w;, yielding increased large-scale rollers and enhanced

wy in the braids.

Figure 5.8 shows the spanwise vorticity and spanwise vorticity production in the plane
Z1(z = 3.59), located between two counter-rotating streamwise vortices, which exert a
compressive spanwise strain rate on the spanwise vorticity. As in the 2-D simulations,
the regions of high w, appear thin, elongated and are located close to the centerline.
They do not cross the centerline. We saw in section 4.3.2 how this strongly elongated
shape (to be compared to the tubular shape of the high vorticity region for the central

mode) was suggesting a less efficient engulfment of fluid by the outer modes.

In 2-D, the high vorticity region was shown to be located in the large baroclinic
torque region, suggesting that the baroclinic torque, and not the convective terms,
was controlling the vorticity dynamics. In the current 3-D simulation, at ¢ = 70.9,
the straining term becomes important. Although, the baroclinic term is still larger
than the straining term, the latter starts to modify the contours of spanwise vorticity
production. We note that the straining term has opposite signs on top and bottom
of the large-scale structures. The straining effect is largest in the region where the
braids connect to the large-scale structures. Note that the spanwise vorticity remains
large in the braids and that the straining term is non-zero there. This constitutes an
essential difference from the dynamics of spanwise vorticity in incompressible mixing
layers, where w, migrates to the core and therefore does not interact with w, in the
braids.

Figure 5.9 shows the contours of the spanwise vorticity and spanwise vorticity pro-
duction terms in the plane X, through the slow outer mode large-scale structure.
At t = 70.9, the contours of w, and of the baroclinic torque exhibit parallel lines due

to the quasi two-dimensionality of the large-scale rollers. As in the 2-D simulations,
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the baroclinic term is negative inside the large-scale structure where w, is created.
Note that the baroclinic term and the straining term have comparable magnitudes
inside the core but that the straining term is strongly non-uniform in the spanwise
direction. The combined effect of the ribs vortices and core spanwise vorticity is
to create alternating (in z) regions of strong extensional and compressive spanwise
strain in the roller between the rib vortices. At z=0 or z = 3.59, the straining term is
negative and w, is enhanced while at z = 1.79 or z = 5.38 the straining term is positive
and w, is destroyed. The existence of alternating region of strong extensional and
compressive spanwise strain is not typical of the outer mode and has been observed
for the central mode of the incompressible mixing layer by Rogers and Moser (1989)
and Buell and Mansour (1989) (section 5.1). It is associated with the translative
instability discovered by Pierrehumbert and Widnall (1982). The strong variation of
the straining term in the spanwise direction yields the wavy pattern of the spanwise
vorticity production seen on figure 5.9 and forecasts an increase in the obliquity of

the spanwise rollers at later times.

Figure 5.10 shows the contours of the spanwise vorticity and vorticity production
terms in the X, plane, through the braids of the slow outer mode. The contours
appear as parallel lines, which confirms the strong two-dimensionality of the vortic-
ity and baroclinic terms. As in 2-D, the baroclinic torque in the z direction tends
to destroy the spanwise vorticity in the braids. Interestingly, although the straining
term is smaller in the braids than in the core, it is non-zero, as previously mentioned,
due to the interaction between streamwise and spanwise vorticity. The straining term
exhibits the same wavy pattern as in the large-scale structure. We note that in com-
pressible reacting mixing layers (due to the absence of roll-up and contrary to what
is observed for incompressible mixing layers) a large fraction of the initial spanwise
vorticity remains present in the braids even after the full development of the outer
modes. The remaining spanwise vorticity has two effects: (1) first the streamwise
and spanwise vorticity in the braids can continue to be fed by the mean flow even
after the complete development of the large-scale structures, and (2) the mutual in-
teraction of streamwise and spanwise vorticity in the braids enhances the waviness of
the large-scale outer modes and the circulation of the streamwise vortices. The stain-
ing term exhibits the same wavy pattern as in the core and tends to counteract the
effects of the baroclinic torque. The spanwise vorticity production contours appear

two-dimensional in the slow stream.
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The contours of w, and the w, production terms in the plane Y, (top view) are shown
in figure 5.11. The flow is from left to right. The baroclinic contours are at this
early time still strongly two dimensional and strongly negative in the region of high
w;. The straining term on the other hand exhibits alternating positive and negative
contours at the left of the large-scale structure where the braids connect to the central
mode. The baroclinic torque is the dominant term at this time and its magnitude
is about twice that of the straining term but the alternating positive and negative
strain regions yield an s-shaped vorticity production and in turn an s-shaped w,. w;
is maximum at z = 1.79 and z = 5.38, in the regions of high extensional strain rate.
Interestingly, we note that the stronger spanwise vorticity in these regions generates
higher strain rates in the z direction, which in turn increases w, and w.. The magnitude
of spanwise baroclinic torque is also increased in the region of high w,, which in turn
further increases w,. The interaction of the spanwise and streamwise vorticity appears
to be fundamentally unstable, thereby providing the mechanism for the transition to

small-scale turbulence.

5.2.4. Mixture fraction, pressure and reaction rate contours before
transition

The pressure contours shown for the full computational domain (fig. 5.12) exhibit a
system of radiating Mach waves as seen in the 2-D simulations. We also note the
persistence of an undisturbed hot zone between the fast and slow outer modes. This
high temperature layer is located in the middle of the layer and is unaffected by the
presence of the instability modes; no additional flame surface is created and quenching
does not occur. The maximum non-dimensional temperature is T = 2.92 (close to
the adiabatic flame temperature) and the reaction zone remains flat with very little
creation of new flame surface (fig. 5.12). The magnitude of the maximum reaction
rate and the thickness of the reaction zone are comparable to their counterparts in
figure 4.31 at ¢ = 64.

5.2.5. Statistics before transition

The modal energy content at this time of the simulation is shown on figure 5.13. The

energy at each wavenumber is defined as

E 1 - »
1k, k) = -2-[_“/ lal“(ke,y, k2) + 18] (kz, y, k2 ) + |@)(ks, y, k2))dy (54)
1ty 2 .42
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where i, 3, & are the Fourier transforms in z and z of u,v, w. The top plot (fig. 5.13 (2))
shows a surface plot of the logarithm of E; and the second plot (fig. 5.13 (b)) shows
the same information when the density is taken into effect (Ez). The two surface
plots look similar and at later time only E; will be shown. The third plot (fig. 5.13
(c)) shows the contours of iso-kinetic energy (E1) for all the wavenumbers used in
the simulation. At this early time, 64 x 256 x 64 points are used in the calculation
but we note that the kinetic energy is concentrated in a few wavenumbers (ks < 8,
k. < 8) justifying the number of points used. The iso-kinetic energy lines are circular
indicating that the transfer of kinetic energy towards the small-scale is equally efficient

in the spanwise and streamwise directions.

The mean Reynolds stress profiles (averaged in each z ~ 2 plane) are shown on figure
5.14. At ¢ = 70.9, all the Reynolds stresses (except wu) are close to zero at the cen-
terline, especially when the Reynolds stresses are multiplied by 7 which is minimum
at the centerline. The magnitude of the large peak of 7 at the centerline varies with
the relative position of the outer modes. It is minimum when the fast and the slow
eddies lie one on top of the other and maximum when the fast and slow eddies are
separated by half a wavelength (180° out of phase). The maxima of 70 and ww (located
at y~ £0.5) mark the location of the fast and slow eddies and of the associated braid
regions in each colayer. We note the existence of two peaks of —@w, approximately
located at y = +0.3 at the mean density weighted vorticity peak and in the region of
large w,. Each of these maximum is associated with the transfer of kinetic energy

from the mean flow to one of the outer modes.

Figure 5.15 (top) shows the turbulent transport terms of fuel and oxidizer, which
also varies with the relative position of the outer modes. We note that 7 and vf
are both zero at the centerline. They do not overlap and therefore do not contribute
significantly to the transport of reactants inside the reaction zone. At this early time,
76 and vf are small due to the weakness of the streamwise vortices. The second plot
(fig. 5.15 bottom) shows the second order correlation of fuel and oxidizer (of) and
the passive scalar root-mean square (zz). In the present simulation, the chemistry is
fast and of is small (compared to zz). 7z has two maxima, one in each colayer, and is
minimum at the centerline since each outer mode mixes only product with fluid from
its associated free stream with no direct mixing of fuel and oxidizer. The reaction
zone is at this early time a laminar strained flame with no flame wrinkling and no

turbulent transport of fuel and oxidizer inside the reaction zone.
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We define the rates of production and dissipation of turbulent kinetic energy as

P = -puvdu/dy (5.6)

D = —p p(Wz0; + Wywy + T;w; )/Re. (5.7)

Figure 5.16 (top) shows the rate of production, magnitude and rate of dissipation
of kinetic energy inside the layer at t=70.9. The production is maximum at the
two peaks of density-weighted vorticity where @ is large, and is nearly zero at the
centerline. The production is also larger in the slow stream than in the fast stream.
At this early time (with only large-scale structures present) and at this high Reynolds
number, the dissipation is very small. The turbulent kinetic energy (the trace of the
Reynolds stress tensor) is larger in the slow colayer than in the fast colayer since the

slow outer mode develops faster.

The three components of enstrophy are shown on figure 5.16 (bottom). We note that
at this early time the z-component of enstrophy is one order of magnitude larger than
the two other components of enstrophy. The enstrophy is minimum in the middle of

the layer and maximum inside the two colayers.
5.2.6. Conclusion

At this early time, the dynamics of the streamwise and spanwise vorticity in the
colayers is different from what is observed for the central mode of the incompressible
non-reacting mixing layer. We note four main differences likely to have important
effects in the transition to turbulence. (1) Roll-up does not occur in the compressible
reacting mixing layer. The spanwise vorticity dynamics is governed by the production
terms (baroclinic torque) and not by the convection terms. As a result, roll-up is not
seen and only a fraction of the spanwise vorticity is convected to the vortex cores. (2)
The large fraction of the initial spanwise vorticity remaining in the braids (even when
the outer modes are fully developed) interacts with w,, and the streamwise vorticity
continues to be fed by the mean flow. We recall that Corcos and Lin (1984a) showed
the opposite for the central mode, where the migration of spanwise vorticity in the
cores results in the streamwise vorticity only increasing as a result of the strain of the
base flow but without change in circulation. (3) The spanwise vorticity remaining
in the braids is strained and enhanced by the energetic streamwise vorticity between
large-scale structures. (4) The large baroclinic torques generated by compressibility
and heat release are seen to affect the dynamics of both the streamwise and spanwise

vorticity.
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5.3. Transition to turbulence

The four differences noted above yield a transition mechanism different in the com-
pressible case from that in the incompressible case. We will see in this section that
the transition to turbulence occurs in each colayer independently, and that the small-
scale structures do not initially invade the central part of the layer. The transition is
seen to occur without pairing (although the interaction of the outer modes with their
subharmonics (gulping) is seen to enhance the production of small-scale structures),
and to increase the total and maximum reaction rates. This transition is preceded
by the rapid growth of streamwise vortices (spectral modes (0,2) and (0, 1)) generated
by the interaction of growing 2-D modes ((2,0) or (1,0)) and growing 45° modes ((2,2)
or (1,1)) (Craik type resonances 1971). Here we used the notation (ks,k.) to desig-
nate the spectral modes. Figure 5.17 shows the variation of the logarithm of kinetic
energy of various instability modes versus time. Among all the eigenmodes (modes
(1,0),(1,1),(2,0),(2,2)) used in the simulation, the fastest growing ones are initially
the 2-D modes, and (as seen in the previous section) at ¢ = 70.9, the flow appears
dominated by four strong spanwise vortices, two on each side of the layer. Two non-
interacting colayers, travelling at different velocities and separated by the hot flame

region, are present.

The oblique eigenmodes ((1,1) and (2,2) modes), though less amplified than the 2-
D modes, are also amplified and might eventually catch up with 2-D modes when
the latter saturate or decay as seen in figure 5.17. The transition to turbulence
is caused by the interaction of the growing streamwise vortices (braids) with the
large-scale spanwise structures as in incompressible mixing layers (Rogers and Moser,
1989). The mechanism is sketched in figure 5.18. The end view of the layer (fig. 5.18
top) shows the two colayers separated by the hot reaction zone. The transition to
turbulence occurs in each of the two colayers and does not destroy the colayers. A pair
of counter-rotating vortices exerts a large straining on the spanwise vortex (enhancing
w,) and moves a large segment of the spanwise vortex upward into a region of higher
mean velocity. This central segment travels faster than the remaining spanwise vortex,
and the spanwise vortex becomes wavy in the = — z plane and z — y plane (fig. 5.18).
Intense z and y vorticity are generated in the region connecting the two parts of the
initial spanwise vortex, which in turn increases the waviness of the spanwise vortex.

The configuration of the braids and the 2-D rollers is thereby intrinsically unstable.
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