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ABSTRACT

This paper presents an overview of bifurcation theory and the continuation method used to predict
extinction limits of flames. Complete derivation of the continuation method is presented, together with
the physical and mathematical assumptions applied to simplify the governing equations.

INTRODUCTION

Prediction of the ignition and extinction limits of exothermic reactions has many important
applications. Since methane is the major constituent of natural gas, an understanding of the ignition
and extinction properties of methane is crucial if combustion processes are to be employed safely and
efficiently in industry.

In general, there are two classes of gaseous fuel flames — premixed and diffusion flames. In premixed
flames, the reactants (fuel and oxidiser) are premixed before entering the reaction zone. If the
composition and physical conditions of the combustible gases are specified, the compositions, pressure
and temperature of the burnt gas in the final combustion state and the characteristics of the flame are
determined uniquely®. In diffusion flames the fuel and oxidiser are initially separated and mix in the
same region that the reaction occurs. Hence combustion occurs at an interface between the fuel gas
and the oxidant gas, and the burning process depends more on the rate of mixing of the fuel and
oxidiser than on the rates of the chemical processes involved'. Steady-state premixed and diffusion
flames have been the subjects of extensive theoretical and computational research. Flame
characteristics have been analysed primarily for two flow configurations — the flat plate boundary
layer®* and stagnation point flow®*!, Work on these configurations has comprised of experimental,
analytical and numerical investigations.

These two configurations are convenient because the flow field is well understood and the two spatial
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dimensions of the system can be reduced to one dimension by a similarity transformation®. Such
systems are able to produce multiple steady-state solutions that characterise the ignition and extinction
behaviour'?. A formal analysis on the flow past a body of revolution incorporates both configurations.

A widely applied method for analysis of the two configurations has been the perturbation or
asymptotic method®®™°. However, steady-state bifurcation theory is now more widely used™*"’. In
many physical problems, some observable quantity depends on a parameter describing the physical
state. As the parameter is increased, a critical value is reached at which the observable quantity
suddenly changes its character. The critical value is called a bifurcation point™.

Ignition and extinction may be regarded as bifurcations of the system. There are several advantages of
bifurcation analysis over a perturbation or asymptotic analysis, the most important being that ignition
and extinction can be regarded as being the same type of bifurcation, called a simple fold bifurcation'?,
and hence only one type of computational algorithm is required for both ignition and extinction limits.

This paper is organised as follows. In the next section a complete mathematical analysis for the flow
past a body of revolution is presented, including an analysis of the geometry and scaling arguments
that lead to the so-called boundary layer equations, as well as the transformation of these equations
into a system of coupled non-linear boundary value problems — the continuation equations. Discussion
of the assumptions is subsequently presented.

THEORETICAL
Consider the boundary layer formed by an incompressible Newtonian fluid flowing past a body of

revolution. A plane section through the axis of symmetry of the body is shown in Figure 1. The
equation of the axially symmetric surface is given by:

r= f(z) 1)
An orthogonal curvilinear coordinate system can be defined such that:

x' = x = arc length measured along the body in a plane of constant @
x? =y = arc length measured along straight lines normal to the body

x* = 0= azimuthal cylindrical coordinate measured around the axis of the body

r

Figure 1: Flow past a body of revolution.
The shape of the body suggests planar flow, defined by:
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Ve =V =V, (x,y,t), V=V =V, (x,y,t), Vo = Vi3 = 0 2

It can be shown via the arc length formula that:

< el ©

where the prime indicates differentiation with respect to z. It can be shown that for the coordinate
system defined above the metric coefficients are given by:

gl gl gxx =Ax'gx :(1+K)})2
gZ gZ_gyy:@y'gy: (4)
~ ~ 2 1 2
5=03-0;=84=0,-0, = [f+J’|::I-+f’ ]2)
The gradient of a scaler and the dlvergence curl and vector Laplacian of a vector in terms of the unit

spatial vectors §,,0,,0, = gx,g 99 and metric coefficients g,,,2,,,85 = £..,8,,,84 May be
calculated using expressions found in°.

Differential mass conservation

The differential mass conservation equation is given by®:

P v (pv)

ot 0 ©

With VE(vx,vy,O):v(x,y,t),p:p(x,y) and Equation 4, each term of Equation 5 can be
calculated with the aid of expressions found in*’. Hence the differential momentum conservation
equation may be written as:

1 6(pvx)+5(%’vy)+f7'(pvx)+( K +1](pvy)=o (6)

K= = k(x) (7)
pe s}
and the function # is given by:
h=fle 2 +y =) ©®)

Differential momentum conservation

The differential momentum conservation equation is given by®:
410



Proceedings, 5™ AOSFST, Newcastle, Australia, 2001
Editors: M A. Delichatsios, B.Z. Dlugogorski and E.M. Kennedy

ov Y
pE+pV-VV:(V-T)+pZY,fi 9)
i=1

where T is the stress tensor and D is the rate of deformation tensor given by:
T=[-P+(xk—2u)V-v]i+2uD , D=1Vv+i(Vv) (10)
Now, by assuming V- v =0, zz = u(t) it can be shown that:
V-T=-VP+ uV?
In combustion, body forces f; may be neglected®, and using the vector identity®":
V-WW=1V(v.-v)-vxVxV
the invariant form of the differential momentum balance becomes:

QJF%V(v-v)—VxVXV=—lVP+ﬁV2V (11)

ot p p
With v = (vx,vy ,O)z V(x, y,¢) and Equation 4, each term of Equation 11 can be calculated with the
aid of expressions found in*®. Hence the differential momentum conservation equation may be written
as:

X-component:

ov, v, Ov, ov, K 1 oP
+ +v + VY =—————+
o lvxy ox oy 1wy T pleky) ox
1 0%, v dx 2k Ov, y dxov, K?

+ t —+ _r _ n
W Grof o @rn) d Qo) & Qre) d o Qem) o |02
y

3
Pl x v &, f s rhestf o, 1ov,
2 Wl+wy) * h(l+xy) ox  h dy

X

1+xy 0y  Oy> h

v

y-component:

ov v, ov, ov K 5 1 6P

Y 2 y
_x ==

or l+xy ox oy l+rxy 7 p Oy

2

1 v,y v, kO, 2 v, KT
ul Qo) P Q+wy)f dx o liwy &y (Q+rf o Q+rr) (13)

2 [ [ %
Pl v dx O, 1 @_M(a_wj

(1+xy)® dx " ol A o hl+ry) | ox
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G-component:

0= ;G_P (14)

M+ p2]7 00

Differential energy conservation

The differential energy conservation equation is given by**%:

N
paa_Uerv VU =—(V-q)+tr(T-D)+ p> Y f, -V, (15)
i=1

where q is the heat-flux vector given by:

N N D
q:—/WT+ZpH YV, +RTZZ{ D j(v -V, )+q, (16)
g}

i=1 i=1 j=1

It can be shown that Equation 15 may be written as®*:

pépaa—f+pépv-VT:—(V-q)+(MJ [a—P+v-VPj+tr(S-D)+
P

on(r ot
(T) a
N N
z V Ji—w, +pZYifi'Vi
i=1 =1l
where S is the viscous portion of the stress tensor given by:
S=T+PI (18)
and j; is the mass flux of species i with respect to v given by:
ji=p.v,-v) (29)

and w; is the rate of production of species i per unit volume by homogenous chemical reactions, often
expressed as the phenomonological expression of chemical kinetics:

M E, N(X P Vi
w, =W, T ex —
1;( ik Vzk p|: RT:|H( RT ]

With V-v =0 Equation 18 becomes:

S=2uD (20)
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For an ideal gas:

From the differential mass conservation equation V - (p\/) =0=V- (piv), hence from Equation 19:
V-j,=0 (22)

In combustion, Dufour effects and body forces f; may be neglected”, and it is assumed that = y(t).
With these assumptions and Equations 20, 21 and 22, Equation 17 becomes:

ey %—T+pcpv VI =V-(AVT)- (ZpHYVj V-q,+
=1
(23)

oP N
Foov VP +2utr(D-D) Z

UN

With v = (v v, O) v(x, y,1),V, (OV O)qR—(OqR,O)T T(xyt)P P(x,y,6) and

Equation 4, each term of Equation 23 can k)JeZ calculated Wlth the aid of expressions found in'®. The

calculation of tr(D D) is laborious, and is simply presented here:

B 1 (o, GRS of v, ). 1 T
Zytr(D.D)_Zy{—(H@)z(ax +Kvyj +[6yJ J{hJ }ﬂ{(lﬂgy)ay[ny}rlmy ax}

Hence the differential energy conservation equation may be written as:

~ (0T v, OT oT 1 0 A oT 1 0 oTr
pe | —+ — vy, —|= — — |+ —| A0+ xy)=— |+
Plot 1+xyox " oy) l+wyox|l+xy ox | l+xy oy oy

N or (0T 0
h(1+i<y)6x oy a(z pHYY, j

K 1 — 0q x, K 1
- IS Yy, e [ K
{1+Ky hj;p T gy {1+Ky hquy

v, OP oP (24)
T py 4
1+xy Ox Yy oy

ol (e (25|

L P e B

y\1+ky
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Differential chemical species conservation

The differential chemical species conservation equation is given by®:
oY,
pa—tl+pv-vx=w,.—v-(va,.) (25)

With v = (v v, 0) V(x,y,1),Y, = Y,(x,»,¢),V, (0 V., 0) and Equation 4, each term of
Equation 25 may be calculated Wlth the aid of expressmns found in'®. Hence the differential chemical
species conservation equation may be written as:

or, pv, oY, oY, 0 1
p_+—_+pvy_= i ( 1 yt) +_pl Vi (26)
ot 1+xy ox Oy oy l+xy h
Boundary-layer approximation — scaling arguments
Initially, the following dimensionless variables were defined:
* X * V * T_Too K ZICLO
X =— Vi =L T = . f
LO VO TO _T::0 f = L—
* * Tk E 0
% - P =£ H =—r——~ , z
L, F cp(TO_Tco) zZ =
t Lo
* V *
V== t'=— o _n . Wi,
Vo t Ry v w, =—
0 p

In Figure 1 it is illustrated (on an exaggerated scale) the velocity distribution in the immediate
neighbourhood of the body of revolution. The thickness of this boundary layer decreases as Nz,
increases. The thickness of the boundary layer can be magnified by introducing the following
dimensionless variables:

ok * l Vi

y = NRey :V LL = Re yl— V’ K**: 1 K*ZLK
q NRe NRe

Vy = NRev \/ V ReqR} V Re R)

Substituting the above dimensionless variables into the differential mass, momentum, energy and
chemical species conservation equations and taking the limit N, >>1, as well as realising that for a
fixed wall configuration &~ —> 0 in the limit N, >> 1, the following is obtained:

Differential mass conservation:

opv) Alevy) st
ox” ’ oy” +f*(1+f*/2)(pVX)_0 0
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Differential momentum conservation:

X-component:

1 0v, .0v, . o0v, 1 oP" 9%,
— v, StV = = (28)
Ny, ot Ox oy N, Ox 0Oy
y-component:
ai** =0 (29)
oy
G-component:
oP”
=0 30
50 (30)

Differential energy conservation:

* * * * N Tk *k
1 aT* +v: 8T* +v;* aT** _ 8** 1 aTﬂ _i 8** ZPHi vy |-
Ny, ot Ox d Oy | Nedy poy I3 ‘
oqr, . op" o' Y
— NBr qfi’ + NBr V\, ap* + NBr V:; _ (31)
Ny, Oy Ny Np = Ox N, \ Oy
N e *
ES
NSt i=1
Differential chemical species conservation:
oY, « 0Y, o 0, . 0 -
L e = L oy (32)
Ny, ot Ox oy Ny, oy

The primes in Equation 27 now indicate differentiation w.r.t. z". Note that in the above equations it has
been assumed for the purposes of scaling arguments that all the transport properties are constant. From
Equations 29 and 30 it can be seen that:

P =P (x)=P=P(x) (33)
From Equation 3 it is seen that:
dz" P
=Nl 2
dx” [ +f ]

hence Equation 49 may be written as:
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olorvi), oler )

< =0 34
ox oy (39

ok

Transformation

From Equations 27 to 34 it can be seen that the differential conservation equations for flow past a
fixed-wall configuration body of revolution in the limit N, >>1 are given by:

Differential mass conservation:

aafv) alprv, ) 0

= 35
ox oy (39)
Differential momentum conservation:
ov, N ov, N v,  dp N o%v, (36)
p ot e ox e oy ax M oy?
Differential energy conservation:
Ny 0
pé\ a_T+vxa_T+V)a_T :2 ﬂ/a_T _i Zp iYiV)i —ﬂ-i-
P\ ot ox “oy) oy| ov| oy\T ” oy
@37)
0 Y —
+vxd—P+ Vs —ZH,wl
dx oy i=1
Differential chemical species conservation:
oY, oY, oY, 0
iy iy —L=w, ——|\pYV . 38
Rl R LA (39)
The diffusion velocity V; is determined from the multicomponent diffusion equation®:
N(X X, N
VX, :Z[ = J(V.—V,)+(Y. —X,)(EJ{BJ vy, (f,—f, )+
1 — D J 1 1 1 P P — 1] 1 J
j=1 ij j=1
(39)
+ZN: XX, Dr; Dy, (E)
A PD; Y Y N T
Neglecting body forces, Soret effects, and pressure-gradient diffusion, Equation 39 becomes:
N (X X.
vx, =Y =LV, -v,) (40)
=\ Dy ‘

If the binary diffusion coefficients of all pairs of species are equal, D = D, and it can be shown that
Equation 40 reduces to: '
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V, =-DVI[in(¥,)] (41)

1

Equation 41 is commonly known as Fick’s Law. Recalling that V, = (O, V., ,0), from Equations 4 and
expressions found in*°, Equation 41 yields:

YV, =-Dot (42)

The free stream (tangential) velocity at the edge of the boundary layer for stagnation flow is given
by?:

V,=ax=v,_ (x) (43)

where a is the strain rate, which may be assumed constant for stagnation flow. Substituting Equation
43 into the differential momentum conservation equation yields:

dv,, dP, dP
p evxe == =T
dx dx dx

(44)

where the pressure in the free stream, P., is equal to the pressure in the boundary layer, P, in planes of
constant x since from Equation 33 P = P(x). This is Bernoulli’s Law for the pressure distribution in

the boundary layer®. Substituting Equations 42 and 44 into the differential balances yields the
following:

Differential mass conservation:

o\pfv
ox oy
Differential momentum conservation:
ov, N ov, N ov, y dv,, N 0%, (46)
p at pvx ax pvy ay pe xe dx /’l ayz

Differential energy conservation:

Noo_ g 0
pé\ a_T+Vra_T+vva_T :i ﬂa_T +i ZPHZD% —_ qRy_
Ploe “ox Toy) oyl ov| oyl oy

v

dv . ) & “n

-V _p,Vv =+ =M Hw

PV u[ o le W,

Differential chemical species conservation:
oY, oY, oY, 0 oY,

—+ —+ —L=w +—| pD—- 48
Py TP Y P 8y(p ﬁyj (48)
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The boundary-layer equations for multicomponent, reacting, ideal-gas mixtures, Equations 45 to 48,
are reduced to their ‘locally similar’ form by introducing a change of variables s, 7 that combines the
Levy-Mangler and Howarth-Dorodnitzyn transformations?>?. These change of variables are:

o'—.x

y

Pty [odx=s(x) f x, y)dy = 1(x, ) (49)
0

The modified stream function  is then introduced, which satisfies the following equations:

o o
v, = a_yw o, =L (50)

such that the differential mass balance is automatically satisfied. Next, a function F(s,n,t) is
introduced that is related to the modified stream function via:

— l//(x’y’t) (51)

F(s,n,t)— 25

The reason for the form of Equation 51 will become apparent when the velocity components in terms
of the new variables defined by Equation 49 are calculated. From Equation 50:

( Pettv.f 2s  OF 677] 2)

V.=V, — = = F+2sa—F+———
TNy T s 35 ppv, S on ox

From Equation 43, 49 and 52 the differential momentum balance is transformed to:

2 2 2
o|oF|_ o py@l;“JrF@};Jrﬂ&_@_F (53)
ot|on| on Pl On on p \0n

where zis a dimensionless time and g is a dimensionless parameter given by:

at 2as
rT=— , f=—-"T""7T— (54)
B pott(v.)
From Equation 43, 49 and 52 the differential energy balance is transformed to:

N _ 9Y,
®_2 { pu ia_(a}m_@h : Q[ pu_ 1 ZHI_L}
ot an| pu, Ny on|  on &,(1,-T,)on| pu, N5 ' on

. J2s 0w, _ P Ny OF __pp N, [a FJZ B
pe/’levxefép(TO_Toc) 677 IO NPr 677 peﬂe NPr 6772
N —
_#ZH W
pacp(TO _Too) i=1

where © is a dimensionless temperature given by:
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0= T (55)
TO _Too
Assuming N, /N, <<1, the differential energy conservation equation becomes:
Y, oY,
@:i{ pu ia_ﬂm_@h : i[ pu_ 1 Hi_l}_
ot on| p, Ny 0n| ~ on ¢,(T,-T,)on| pu, No S ' 0n 56
_ \/Z aqRy _ ﬁ ZN:E w
peﬂevxeﬁp(TO_Too) 877 Ioaép(TO_Too)i:]. s
From Equations 43, 49 and 52 the differential chemical species balance is transformed to:
oY, oY, oY,
—':i{—pﬂ i—’}+F—’+£wi (57)
or  on|p.u, Ns On n pa

where N, = u/pD.

DISCUSSION

The differential conservation equations of momentum, energy and chemical species for the flow of a
multicomponent, reacting, ideal gas mixture past a fixed configuration body of revolution in the
neighbourhood of a stagnation point are given by:

2 2 2
O oF_ 0] pp O p O g P [OF
or|on] on|p.u, On on p \0n

N
@Zi{ pu L@}F@t ' i[ pu 12—6@_
ot on| p.u, Ny 0n|  on ¢,(T,-T,)on

\/Z aqRy p ﬁ: —

B pe/’levxeﬁp(TO _Toc) 677 paép(TO _TOO) i=1

or :677

oY, 1 oY, oY,

0 [ pu } LB
Pt, N On

where F is related to the modified stream function y via:

Fls,mt)= wlx 1)

J2s

and 77 and s are dimensionless distances given by:
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Pty S Pdx=s(x) | I (v, »)dy = (x,y)
0

II
o'—.x

and g is a dimensionless parameter, 7 is a dimensionless time, and © is a dimensionless temperature
given by:

2as ’ T:a_t o= T

pelue(vxe)zfz ﬂ TO_Too

The assumptions in deriving the above equations are:

p=

1. Planar flow defined by:
v = (e, =2, (60,0 v, =0T = T(x,3,0)Y, = ¥, (x,,0)

2. V-V=0,p=p(x,y),,u=,u(t),P¢P(t),fl. =0V, = (O V”,O)q (O,qR},,O)

3. Ideal gas:

4. Ng, >>1

5. Fixed wall configuration i.e. &~ — 0 for Ng, >>1

6. Soret and Dufour effects and pressure-gradient diffusion are neglected

7. The binary diffusion coefficients of all pairs of species are equal i.e. D =D,

8. The strain rate, a, is constant

9. N, /N, <<1

The assumption of planar flow (assumption (1)), the diffusion velocity vector given by
V, —(O VVI,O) and the radiant heat-flux vector given by q, —(O qRy,Oj/ are derived from
geometrlcal considerations. The assumption that p = p(x yg;& p() allows the introduction of a
stream function y via Equation 50 such that the differential mass balance is automatically satisfied.
The assumption that u =,u(t);t,u(x,y) allows significant simplification of the stress tensor T,

defined by Equation 9.

In deriving the differential conservation equations it was assumed that the divergence of the velocity
field, V-v, was equal to zero. This is a mathematical assumption to simplify the derivation, not a
physical assumption. The fact that V- v =0 does not imply that the flow is incompressible. From the
differential mass conservation equation (Equation 5), if incompressible flow is assumed, the density,
p, is constant, resulting in the differential mass conservation equation reducing to V-v =0. Thus,

420



Proceedings, 5" AOSFST, Newcastle, Australia, 2001
Editors: M A. Delichatsios, B.Z. Dlugogorski and E.M. Kennedy

constant density implies V- v =0, but initially assuming V -v =0 does not imply that the density is
constant. Hence the mathematical assumption that V - v =0 does not imply that incompressible flow
is assumed.

The assumption that the ideal-gas law is valid (assumption (3)) allows certain variables to be related to
the dependent variables in the differential conservation equations via the ideal-gas equation of state:

P= pRTﬁ£

i=1l i

and also allows vast simplification of the differential energy conservation equations since:

.-
PY;

aIn(T)

Justification for the use of the ideal-gas law follows from the assumption of V-v=0 and
n= ,u(t);t 1(x, y), which results in the stress tensor reducing to:

T=-Pl+2uD
Performing the trace operation to both sides of the stress tensor gives the following expression:
P=-1tr(T)

From this equation it follows that, essentially by definition, the ideal-gas law is valid even for non-
equilibrium systems?.

Assumption (4) is simply a mathematical statement of the boundary layer approximation, and
assumption (5) follows from the fact that only fixed boundaries are considered.

From Equation 41 it can be seen that Fick’s Law is valid when assumptions (2) (specifically when
f.=0), (6) and (7) are satisfied. Because of the complex form of the multicomponent diffusion
equation (Equation 39), in many combustion problems Fick’s Law is utilised in order to make the
governing equations tractable. The use of Fick’s Law in combustion theory is partially justified by the
fact that thermal diffusion (Soret effects) are negligible since the dimensionless ratio DT,i/pDij <<1
for all pairs of gaseous species i and j, in general f, =0, and pressure-gradient diffusion is negligible
since VP/P <<1. Thus concentration-gradient diffusion is the dominant part of the multicomponent
diffusion equation.

In general, the assumption that the binary diffusion coefficients of all pairs of species are equal is the
most difficult assumption to justify in combustion problems®. If it is not assumed that the binary
diffusion coefficients of all pairs of species are equal, the multicomponent diffusion equation with the
remaining assumptions reduces to Equation 40, which is known as the Stefan-Maxwell Equation. This
Equation is more complicated to employ in combustion theory than Fick’s Law, since it is not readily
solvable for the diffusion velocities V, in terms of concentration gradients — it instead provides
concentration gradients in terms of diffusion velocities®.

From Equation 16 the Dufour heat flux is given by:
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In nearly all cases (not just combustion theory) the Dufour effect is so small that it is negligible, even
when thermal diffusion (the Soret effect) is not negligible.

The assumption of constant strain rate, a (assumption (8)), is justified by the fact that the present study
is concerned with stagnation flow and the analysis is restricted in the neighbourhood of a stagnation
point. The assumption allows the use of Bernoulli’s Law for the pressure distribution in the boundary
layer (Equation 44) and results in a vast simplification of the transformation into the continuation
equations by defining:

dx

From the definitions of the Brinkman and Prandtl numbers it can be seen that the ratio N, /N, <<1
is given by:

Ny _ v, y A ve
N, MT,-T,) ¢,u ¢,(T,-T,)

0

T

In general v, ~ 0(103) and T ~ 0(102) so that vg/ép (T, - T, ) <<1, hence it may be assumed that
N, /Ny, <<1 in combustion problems. Note, however, that to retain the term involving the radiant
heat flux in the y-direction, gqg, in Equation 31, this assumption is applied following the
transformation of the differential conservation equations into the continuation equations. In other
words, the assumption that N, /N, <<1 is not a boundary-layer assumption like assuming
Npg, >>1, but is a statement of considerations found in combustion problems.

The above assumptions results in a simplified transport model which has been applied previously
(with modification) in many combustion studies®****%% Many levels of accuracy of transport in
multicomponent mixtures have been addressed in the literature®***“° and comparison of simplified
transport models with more detailed ones for methane-air flames has shown that transport is not
crucial for accurate modelling of flame structures and velocities*.

Finally, this paper should be considered a work in progress. A sound understanding of the equations
that will be used to predict the extinction limits of flames is necessary before further work and new

results are presented. The aim of this paper was to provide this sound understanding, and will be an
important reference to later publications by the authors.
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NOMENCLATURE
A strain rate

By constant in the frequency factor for the x™ reaction
¢ , specific heat capacity per unit mass at constant pressure
D rate of deformation tensor

D global binary diffusion coefficient

i binary diffusion coefficient for species i and j

Dy thermal diffusion coefficient for species i

E; activation energy for the 4" reaction
f funtion defined by r = f{(z)

f dimensionless function defined by /™ = /L,

f; external/mutual force per unit mass on species i
F function defined by F(s, 7, r) = W(x,y,t)/\/z
8 definedby g, =@, -0,

g, orthonormal spatial vector field

h defined by hzf[1+f'2]%+y

_l. partial mass specific enthalpy of species i

H/ dimensionless enthalpy defined by H, = H, /¢ (T, -T,)
I unit tensor

Ji mass flux vector relative to v for species i

L, characteristic length

M total number of chemical reactions occurring

N total number of chemical species present

Ng, Brinkman number N, = uv /AT, —T,)

Np, Prandtl number N,, = Ep,u/i

Nre Reynolds number N, = pv,L, /1

N Ruark number N, = pvZ /P,
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Schmidt number N, = u/ pD

Strouhal number N, =t,v,/L,

modified mean hydrostatic/thermodynamic pressure
dimensionless pressure defined by P~ = P/P,
characteristic mean hydrostatic/thermodynamic pressure

y-component of radiant heat flux vector

dimensionless y-component of radiant heat flux vector defined by q;y = qRy/pvg

dimensionless y-component of radiant heat flux vector
*k * 3
CIRy:\/NReQRy: Nege CIRy/pVo

energy flux vector

radiant heat flux vector

radial coordinate

universal gas law constant

dimensionless coordinate defined by s = ]Epeuevxefzdx = s(x)
extra stress or viscous portion of the stress? tensor

time

characteristic time

dimensionless time defined by ¢ = ¢/t,

temperature

dimensionless temperature defined by 7° = (T T, )/(T0 - Tm)
reference temperature

ambient temperature

stress tensor

internal energy per unit mass for the gas mixture

component of v in direction x'

component of velocity defined by v = Vig)

component of velocity defined by v = Vi)

defined

by
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v dimensionless y-component of velocity defined by v~ = \/N_Rev; = \/N_Revy /vo

Vo component of velocity defined by v, = Vig)

Vo characteristic magnitude of velocity

Ve free stream velocity

% mass-average velocity of the gas mixture

A dimensionless velocity defined by v* = v/v,

v velocity of species i

V; diffusion velocity of species i

A dimensionless diffusion velocity of species i defined by V, =V, /v,

Vi y-component of V;

v, dimensionless y-component of V; defined by ¥ = \[Ng V', =[N, V., /v

14 volume per unit mass

/4 molecular weight of species i

W rate of production of species i by chemical reactions (mass per unit volume per unit
time)

w, dimensionless reaction rate defined by w; = w.t,/p

x coordinate defined by x = x*

x dimensionless coordinate defined by x~ = x/L;

x orthogonal curvilinear coordinate

X; mole fraction of species i

y coordinate defined by y = x?

Yy dimensionless coordinate defined by y™ = y/L,

v dimensionless coordinate defined by ¥~ = /Ny, »" = \[Neo ¥/L,

Y; mass fraction of species i

z axial coordinate

z dimensionless axial coordinate defined by z* = z/L,
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Greek Symbols

o exponent determining the temperature dependence of the frequency factor for the 4"
reaction

yij dimensionless constant defined by S = 2as/pe,ue (v, ) f?

n dimensionless distance defined by 7 = (vxef/x/z)f p(x, y)dy = 77(x, y)

K curvature/bulk viscosity coefficient i

K dimensionless curvature defined by x~ = L,

K dimensionless curvature defined by &~ =1/\[Np, & = Ly /\[ N &

y) thermal conductivity

7 coefficient of (shear) viscosity

He free stream viscosity

Vi stoichiometric coefficient for species i appearing as a reactant in reaction k

v stoichiometric coefficient for species i appearing as a product in reaction &

0 coordinate defined by 0= x>

C) dimensionless temperature defined by © = T/(TO - Tw)

0 mass density

De free stream density

P mass density of species i

T dimensionless time defined by 7 = at/

17 modified stream function
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