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ABSTRACT

Displacement speed of a flame is a hydrodynamic concept, and it is defined as the normal com-
ponent of the velocity of the incoming flow evaluated on the unburned side of the flame. Except for
a steadily propagating flame with zero stretch (planar flame), this definition is ambiguous because
the mass flux and, consequently, the gas velocity vary across the thickness of the flame represented
by the flame/thermo-diffusive/pre-heat zone. In other words, the flame displacement speed has dif-
ferent values when evaluated at different locations within the flame zone. This has led to confusion
about the position within the flame that must be used for measuring flame speed. Additionally,
according to the hydrodynamic theory, the flame speed of weakly stretched flames is dependent
on the flame stretch and the position/isotherm chosen within the flame zone through a parameter
known as the Markstein Length. It is the objective of this study to provide a recommendation
for the position/isotherm within the flame zone for measuring gas velocity in experiments that
provides a flame speed value consistent with the hydrodynamic theory. In this regard, a premixed
flame in an axisymmetric laminar stagnation point flow is studied using the hydrodynamic theory.
First, the outer or hydrodynamic solution is obtained by solving modified Euler equations along
with jump conditions resulting from conservation laws. Thereafter, the structure of the flame zone
is resolved by rescaling the coordinate and the inner solution obtained using asymptotic theory is
presented. Having obtained the outer and inner solutions, a uniformly valid composite expression
for the mass flux across the flame is derived and presented. Finally, flame speeds are evaluated
at different isotherms/positions within the flame zone, and a recommendation for the position to

measure gas velocity in experiments is provided.
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Chapter 1

INTRODUCTION

A flame in a flow field has an ordered multi-layer structure where the different layers have dif-
ferent dominant processes. The different layers or zones and the corresponding dominant processes
are (i) the outer or hydrodynamic zone where advection is the dominant process, (ii) the flame or
thermo-diffusive zone where diffusion (thermal and molecular) is the dominant process, and (iii) the
reaction zone where chemical kinetics is the dominant process. Figure 1.1 below shows the structure
of a flame in a flow field. The length scales associated with the hydrodynamic, thermo-diffusion

and reaction layers are L, Iy = Dy, /St, and [, = I/ respectively, where Dy, = ﬁ, is the thermal
Ea (’fa_’fu)
Lalla—1u)

a

diffusivity, St is the laminar flame speed and 8 = is the Zel’dovich number (typically,
B=10). The reaction layer is an order of magnitude smaller in size than the thermo-diffusive layer,
which in turn is an order of magnitude smaller in size compared to the characteristic length of the
hydrodynamic flow field. When viewed from a length scale relevant to the flow field, i.e. in the

limit § = lff — 0, the thermo-diffusive layer and reaction layer reduce to an interface called flame

front that separates the unburned and burned gases [1].

g’ﬂz

:’ﬂz

v

Figure 1.1: Structure of a Flame

Hydrodynamic theory of flame propagation treats a flame as an interface separating the un-



burned and burned gases [2]. The mass flux and other gas properties like temperature and density
suffer jumps across this interface in order to satisfy the conservation laws. According to the theory,
the flame displacement speed or FDS is defined as the propagation speed of the flame relative to the
unburned gas. It is evaluated as the difference between the normal component of the velocity of the
unburned gas evaluated at the flame front location and velocity of the flame in a fixed coordinate
system [1]. Mathematically,

Sf = u.ﬁ|n=07—Vf (1.1)

where u is the velocity, n is the unit normal pointing towards the burned gas and V is propagation

speed of the flame in a fixed frame of reference.

This expression for flame speed is unique only in a hydrodynamic context or for steadily prop-
agating planar flames, and it corresponds to the laminar flame speed (S1) - a property of the
reactant mixture. By definition, a planar flame is unstretched. Flame stretch is a measure of the
flame front deformation resulting from its propagation and stresses in the flow surrounding it [1]

[3]. It is evaluated as:

_ %% (1.2)
where A is an infinitesimal area formed by points that remain on the flame surface. Alternatively,
within the context of hydrodynamic theory (when Sy~ Sp), the stretch rate can be expressed as
[3]:

K= kS +K; (1.3)

where kK = —V.n is the flame front curvature, Ky = —in.E.n is the hydrodynamic strain in flow
field and Sy, is the laminar flame speed - a property of the reactant mixture.

Figure 1.2 shows the essential difference between unstretched and stretched flames. Steadily
propagating planar flames are unstretched and have the same mass flux across the entire flame
zone. On the other hand, stretched flames have normal mass fluxes that change across the flame
zone due to lateral fluxes and accumulation within the flame [4]. In the figure below, there are two
normals (n; and ng) and two isotherms (77 and T3) at two transverse/tangential positions 1’ and

'2’ respectively within the flames. In the planar case, there is no lateral flux or accumulation of



mass, and the flame speeds evaluated at isotherms 77 and T5 will be the same. However, in the
stretched case, there may be lateral fluxes and accumulation of mass (as indicated by the direction
of the normals). In other words, the mass flux evaluated at isotherm 7} at transverse position ’1’
has a component that will contribute to the normal component of the mass flux at isotherm 75 at
transverse position ’2.” Therefore, the flame speed evaluated at isotherm 77 will be different from

that evaluated at isotherm T5.

PLANAR FLAME STRETCHED FLAME
Unburned Gas é é Burned Gas Unburned Gas Burned Gas
(T =Tu) i (T=T1) (T =T.) (T=T)

Figure 1.2: Planar and Stretched Flames

Markstein proposed a modified expression for flame speed of weakly stretched flames where a

parameter called Markstein Length (L) factors the effect of stretch on flame speed [2].

Sy =5, — LK (1.4)

Although the flame speed is conventionally defined with respect to the unburned gas, it can also
be defined with respect to the burned gas. Consequently, two Markstein Lengths £* and £° can be
evaluated on the unburned and burned sides respectively. Depending on the region (unburned or
burned) with respect to which the flame displacement speed is measured, the unburned or burned
side Markstein length must be used in equation (1.4) [1]. As can be seen from the equation (1.4)

above, the flame speed of weakly stretched flames varies linearly with flame stretch; in particular,



it depends on (a) the extend of flame stretch and (b) the sign for £. Markstein Length (£) is
a parameter that is of the order of magnitude of the thickness of a flame and has been shown
to depend on Lewis number and thermal expansion parameter (o) [5]. Typically, £ is negative
for Lewis number less than approximately unity, and £ is positive for Lewis numbers greater than
approximately unity [6]. Another result that follows from the above equation is that the flame speed
at zero stretch should be equal to the laminar flame speed. Even though the Markstein length is
an order 0 quantity and the thickness of the flame is small, the change in Markstein length across
the flame zone may be an O(1) quantity [7]. This would lead to significantly different flame speeds
when equation (1.4) is used to evaluate the flame displacement speed (FDS) at different positions
within the flame zone.

Physically, a flame has a finite thickness. Consequently, experimentalists are faced with the
difficulty of choosing a location/isotherm within the flame for measuring the flame speed. In
addition, experimentalists measure the flame speed of stretched flames and extrapolate that to
zero stretch to estimate the laminar flame speed. A number of experimental studies showed that
depending on the isotherm or reference location chosen to measure the gas velocity, the flame speed
recovered by extrapolation to zero stretch was different [1]. These contradicting experimental results
led to confusion about the validity of equation (1.4) and the reference location that must be chosen.

This study focuses on presenting a uniformly valid composite expression for the gas velocity
across a stagnation point flame and providing a recommendation for the location to be chosen for
evaluation of flame speed. The hydrodynamic solution to the flow field on either side of the premixed
stagnation point flow flame is presented first. Thereafter, the flame zone or inner solution is
applied to the problem, and the hydrodynamic and inner solutions are matched to obtain composite
expressions for the mass flux and gas velocity valid everywhere except the reaction zone. Finally,
the density weighted flame speed is evaluated at different locations within the flame using the
composite expression for mass flux, and a recommendation is provided for the reference location
within the flame zone where measurement of gas velocity would lead to results consistent with

equation (1.4).



Chapter 2

OUTER FLOW

2.1 SPECIFICATION

The flow being studied is that around a bluff body like a cylinder in the vicinity of the cylinder’s
upstream stagnation point. The incoming flow is axisymmetric and has a prescribed strain rate (€).
It is assumed that a premixed flame is stabilized in the flow field at some location (d), that is yet to
be determined, before the stagnation point. Physically, such a flow field can be achieved by using
a circular burner that is kept some distance away from a flat plate. Alternatively, a counter-flow
setup where the flow of interest impinges against an opposing flow of some inert gas could be used.
After an initial transient, when the strain rate is sufficiently high, the flame detaches from the
surface of the burner and stabilizes in the flow field at a distance (d) away from the plate. The

figure below shows a schematic of the flow configuration.

Flame

Figure 2.1: Schematic Showing Flow Setup

The velocity field for the flow is described as u = ué, + vé, where u is the axial velocity and



v is the radial velocity, and é, and é, are unit vectors in the axial and radial directions. These
velocities are prescribed as:

u=—2¢(z+a) (2.1)
v = €r (2.2)

where € is the strain rate. This flow conforms with the general form proposed by Howarth [8].
Because of the presence of the flame, the incoming flow is offset by a distance (a) so as to

ensure that the velocity indeed goes to zero at the wall of the bluff body. For this axisymmetric

flow configuration, the unit normal, n = €., and since the flame is not moving, Vy = 0. Therefore,

from equation (1), the flame displacement speed reduces to
Sp=u| =-2¢(z+a) (2.3)

Since the flow is axisymmetric, the flame is flat, and the curvature term, x = —V.n, is identically
zero. This means that only the strain rate in the flow field contributes to flame stretch in the case
of a stagnation point flame. The hydrodynamic strain rate is evaluated as Ky = —é,.E.é, where

d
the strain tensor, E = 1[(Vu) + (Vu)T]. This reduces to K, = —d—u = 2¢, and therefore,
2

K = 2¢ (2.4)

As mentioned before, the hydrodynamic theory treats the flame as an interface across which the
mass flux, velocity, temperature and density suffer jumps. As a consequence of treating the flame
as an interface, the flow on each side of the flame can be solved separately and then be related
using jump conditions derived for finite thickness interfaces. In addition, the reaction terms can be
ignored because all of the reaction is confined to the flame sheet, and the density and temperature
can be treated as piecewise constant. Further, the viscosity(x) and thermal conductivity () are
evaluated as mixture averages and are assumed to be constant on either side of the flame sheet. The
governing equations on each side can be derived from the steady-state continuity and Navier-Stokes

equations:

<
=
Il
(@)

Mass:

[«



Momentum: H(@.V)i = —Vp + a[V3a] + jg

The densities and temperatures on the unburned and burned sides are related by the thermal

expansion parameter (o).
pu _ Tp
0=—=— 2.5
Po Ty ( )

where p, and p, are the densities of the unburned and burned gas respectively, and T;, and T} are
the temperatures of the unburned and burned gas respectively. To non-dimensionalize, S, py, Ty

are used as the scales for velocity, density and temperature respectively, and L = &) f]D is used as

the scale for length. Further, € is non-dimensionalized using the parameter U/D which represents

a strain rate. The resulting non-dimensionalized equations are:

Vu=0 (2.6)
p(u.V)u = —Vp+ §Prviu (2.7)

Non-dimensionalizing equation (1.4) gives
Sy=1-6aK (2.8)

where, §a is the Markstein Length £ in non-dimensional form![7]. Tt should be noted that equations
(2.1), (2.2) and (2.4) take the same form in the non-dimensional case. Further, the Froude number
is assumed to be large, and therefore, the gravitational force term which is multiplied by the
square of the inverse of Froude number is dropped. Although the incoming flow is prescribed to
be irrotational, vorticity is generated at the flame, and the flow of the burned gas is rotational. In
order to solve for the flow field on the burned side, all the variables are expanded asymptotically

using the non-dimensional flame thickness, §, as the small parameter. That is,

u = ug + duy + O(8?), v =g + dvy + O(6?), a = ag + day + O(6?)
d:d0+5d1—|—0(52), T:To+5T1+O(52), w:wo+5w1+0(52)
and so on for all other variables.

Typical values of flame thickness for deflagrations are around 0.001m, and typical values for

Lo, defined in the section 3.1, is the parameter that accounts for reactant properties through an effective Lewis
number (Leess).



the laminar flame speed (Sg,) are of the order of 0.1m/s. This implies that the non-dimensional
flame thickness (&) is of the order of 1072, This study considers a flame that is stabilized at a
location well outside the viscous boundary layer next to the wall. Therefore, the non-dimensional
flame thickness (§) should be an order of magnitude lower than the non-dimensional flame stand-off
distance (d). Unless otherwise stated, a value of 6 =0.025 and e = 2 is used for all the calculations
and plots presented hereafter.

In order to solve for the outer flow solution on the burned side of the flame sheet, jump conditions
across the flame sheet need to be derived for the quantities of interest. The section below provides
an outline of the method used to derive these jump conditions, both across the flame standoff

location (d) and leading order flame location (dp).

2.2 JUMP CONDITIONS

Jump in a quantity across a flame signifies the difference between its values on the burned and
unburned sides of the flame sheet respectively. This section presents the jumps in the flow variables
across the flame at its stand-off distance (d) and, for convenience, at the leading order stand-off

distance (dp).

2.2.1 Across the Flame (d):

The jump conditions that result from applying the conservation of momentum equations to an
interface separating fluids with negligible viscosity are known as Rankine-Hugoniot jump relations.
If viscous effects are included as O(§) terms and the interface is assumed to be stationary (which
is the case for this study), then the resulting jump relations across the flame have correction terms

of O(0) and are given as [9]:

Iotaa] = 5(7 )ik
ou Ov

[0 x (uxA)] = 5{—()\bP7“+71) [ x V x a]+ Pr(d—1)| 5= + —-

L

[p+ p(ud)?] = 5{71 [Vp.a] + 2Pr()\b—1)KS}

It can be seen from the above equations that the jump relations depend on the transport



coefficients (represented by \) and their variation with temperature. When the thermal properties

are constant, A =\, = 1. The general relations presented above can further be simplified for an

axisymmetric stagnation flow, and the resulting jump relations are?:

Mass flux:  [pu] = 2€6 <U_1> 7 (2.9)
o
Tangential velocity:  [v] = (A Pr + 71)[w] (2.10)
2 Ip
Pressure:  [p+ pu’] =d69m P + 4ePr(Ap—1) (2.11)
z

Since the hydrodynamic model treats density as a piecewise constant quantity, the jump in
density can be evaluated as the difference between the burned and unburned densities. In non-

dimensional form,

)=~ -1 (2.12)

The jump in a product of quantities across an interface (flame) can be evaluated as the product
of one quantity evaluated on the burned side and the jump in the other quantity added to the

product of the other quantity evaluated on the unburned side and the jump in the first quantity.

That is,
[AB],, =A| B| —A| B
ntlnt  In- ln-
Adding and subtracting A ? t_o the above equation
= [AB],=A [+B]]n +B [[;4}]71

Using this relation and equation (2.12) in equation (2.9) gives

[o]

d-

[u] +w
d+

[pu]l = p

oc—1

— 20 (0) = %[[u]] - ((1;_1)242 +a)

z=—d
Substituting for the non-dimensional flame speed relation (2.8) gives

o—1 1

%5(0)% = [l + <i—1>(1 _ §aK)

241 is a definite integral defined in section 3.1




Therefore,

[u] = 0—1+2e5(c—1)(71—a) + O(6%) (2.13)
From equation (2.11), it can be seen that the jump in pressure across the flame depends on the jump

in pu?, which can be evaluated as either [p(u?)] or [(pu)u]. Evaluating [u?] as [u]® + 2ul| [u], we

get
[u?] = 0?—1+4ed[(02—0)71 — (62 —=1)a] + O(6?)

Using equation (2.11) after evaluating [[qu]] using the expansion shown above, we get for pressure:

[pl=1-0+ 5{71[?;]] + 4e [(0—1)(04—71) + Pr()\b—l)]} + 0(6?) (2.14)

Vorticity is defined as w = V x u = wéy. Since the flow is axisymmetric, it follows that

ov  Ou
W= —
0z Or
. . .. ov ou
Thus, the jump in vorticity across the flame, [w]= 21 131 where the second term can be
z r
expressed as o [u], and since it is known from equation (2.13) that [u] is not a function of r, this
T
0
term is identically 0. Therefore, [w]= |[8U]] .
z

In order to find the jump in the axial gradient of the radial velocity, the jump in all terms of
the radial momentum equation is evaluated. The radial momentum equation can be obtained from

equation (2.7) as
ov ov Op v v 10 /[ 0v
- I ST & Y00 I T it
P TPy or 0 r[8z2 2o (rarﬂ

Evaluating the jumps across the flame for each term in the radial-momentum equation gives:

Ov] oc—1 Ov
[e] = 2o (52 -]
pv@ _ 2, 1—o s e\ Pr+ 1) [ Ov N er(ApPr+71) 0 [ov
or o o 0z o or|l 0z

2] - 1 -0+ 0

or| Or
0% v ] v w

Pr o [ ov\]

10



It should be noted that the terms multiplied by the Prandtl number (Pr) are already O(9), and
0
thus, the jumps in these terms would be O(42) or smaller. Solving for |[8ﬂ] from the above jump

relations gives for vorticity,

[w] = €2 <" ~ 1) - 2&5{("?) [<(’;1> i — a} "t <"U_21> (A Pr + ’yl)fr’} L0 (2.15)

2.2.2 Across dp:

The location of the flame is asymptotically approximated by dy + dd;. It is convenient to express
the jump relations derived in equations (2.9) through (2.15) above as jumps over the leading order
flame stand-off position z =—dy as opposed to evaluating them at z =—d. This is done using a

Taylor Series expansion as shown below:

0A
[[A() + 5A1]]n0+6n1 = [[AO]]no +4 {[[Alﬂno + Tllﬂ:anojﬂ }

Evaluating the jumps in u, v, p and w using the above expression and comparing with jumps
in these quantities across the flame (d) derived above (equations (2.13), (2.10), (2.14) and (2.15)
respectively) yields the following jump conditions across dy.

Axial Velocity:

[ug] =0 — 1 (2.16)
[u1] = 2€lo—1][y1—a] + dll[%?]] (2.17)
Transverse Velocity:

[vo] = 0 (2.18)
[ = QwPr +90) Bl + 1) 52 (2.19)

Pressure:
[po] =1-0 (2.20)
[p1] = 4e|(o0—1)(a—m) + Pr()\b—l)] - (71+d1)|[8a]:)]] (2.21)

Vorticity:

[wol = € (ag 1) r (2.22)

11



oc—1 8w0

[ewr] = —263( s >[a(*yl—a) + )\bPr] T+ dlﬂaz}] (2.23)

2.3 OUTER SOLUTION

As mentioned earlier, the flow on the unburned side of the flame in this study is irrotational.
Therefore, the vorticity is zero on the unburned side, and the jump conditions (2.22) and (2.23)
give the expressions for the vorticity on burned side at z=—dy. As a first step towards obtaining the
flow field on the burned side, the vorticity equation is obtained by taking the curl of the momentum
equation (2.7).

w(V.w) + (w.V)u — (u.V)w = [1)5P7"V2w (2.24)

Since the flow on the unburned side is potential and vorticity exists only in the azimuthal direction,
equation (2.24) can be simplified by considering the azimuthal component with p = p,. This gives

Oow ow  wv 9
ua—l—vE—T = docPrV-w

Dividing by r and simplifying after plugging in asymptotic expansions accurate to O(J) for the

variables

0 [wg + dwq 0 [wo + dwq . 820.)() 0/190
— (U[) —+ 5u1>az<> =+ (UO =+ 5v1)8r<7‘> = 5UP7" |:82;2 + &,(T&‘(Two))]

r

Separating the terms according to order of magnitude yields:

O(1): uo%(%> + vog(%) —0 (2.25)

0 g () + 10z (7) +ug () w7 = ope 52+ 51y tea)] 220

As suggested Eteng et al, expressing the variables u, v and w in terms of a streamfunction
U makes the mathematical derivations much more convenient [10]. The streamfunction is also

asymptotically expanded as U = Wy + 6¥; 4+ O(62), and the flow variables are expressed as:

10V

109

12



1% a<1a\p>

=Tz Yoo (2:29)

w
From equation (2.25), it can be seen that “Y is a constant along streamlines on the burned

—1
side of the flame. However, from the jump relation (2.22), it is known that “ _ 62<U> at the
r o

flame (z=—djy), and therefore % is constant everywhere on the burned side. This suggests seeking
a solution of the form Wy = r2Fy(z). Substituting this in equation (2.25) gives F}’(z) =0 which
is confirmed by the fact that Fj(z) = 62(0;1> obtained from equation (2.29). Integrating twice
with respect to the axial coordinate z gives:

2
e“(o—1
Fy(z) = ( >z2 +c1z 4+ ¢y

2\ o
which can be solved subject to the following boundary conditions:
ug at (z=—dp) =0 = Fy(—dy) = —%
vy at (z=—dp) = er = Fj(—dp) =€

ug at (z=0) =0 = Fp(0) =0

Solving this boundary value problem gives

b= o (2.30)

62

Fo(z) = (0_1>z2 +ey/oz (2.31)

2\ o

Having obtained Fy, and thereby Wy, all other flow variables can be calculated to the leading

order. Plugging in the value of wy simplifies equation (2.26) as

wg(3) +mg () =0

w
which means that — is also constant along the streamlines on the burned side. In addition,
r

o—1

3 )[0(71—06) + A Pr],

w
at the leading order position of the flame (z=—dj). Since “L is also constant everywhere on the
r

evaluation of the jump relation (2.23) gives the expression, 91 —2€3<
r o

burned side of the flame, a similar approach is used, and a solution of the form ¥y = r2Fj(2) is

o—1
seeked. This results in the expression F| = —263( 5
o

> [0(71—a) + A\pPr], which when integrated

twice with respect to z gives:

13



This equation can be solved subject to the following boundary conditions:
-1
uy at (z=—dp) = 2¢[o—1|[y1—a] + dy |:262 <0) do — 2e\/o — 2€:| — 2¢e[d1+q]
o

= Fi(—dp) = —€[(c — 1)y — o — dy]

-1
vy at (z=—dg) = (\yPr + 1 + dy)e? (G )r
o

—1
— F{(—do) :€2<UO_ >()\bPT+71+d1)

up at (z=0)=0 = F1(0)=0

— — 2.32
Jorl VT ot Jo+1" (2:32)
3 o—1 9
Fi(z) = —¢ = [o(n—a) + N\ Pr)z (2.33)
Therefore, accurate to O(d), the flame stand-off distance is given by
o 20—+/oc—1 Vo—1 20
d= +9 — Ao Pr — o 2.34
(Vo +1) { Jo+l VT a1 T ol } (2:34)
1
Further, from the definition of the flame speed (equation (1.4)), it can be shown that ag = do — %
€

and a; = dj + . This results in the following expression for a:

o 1 20—+/o—1 Vo—1 20
=—————+9 - P 1- 2.35
T et 2 { Jorl VT a1 T+< ﬁ+1>a} (2.35)

Having obtained the function F'(z), the stream function ¥ can be evaluated and plugged in
equations (2.27) through (2.29) to solve for the flow variables on the burned side of the flame. The
equations (2.36), (2.37) and (2.38) below give the expressions for the axial velocity (u), transverse
velocity (v) and vorticity (w) in the outer flow field that are accurate to O(J). They are piecewise

functions that have a discontinuity or jump at the flame stand-off location z=—d.

—2¢e(z +a) z < —d
u(z) = (2.36)

oc—1

-1
— 2 2e\/o2 + 263(5{02[0(’}/1 —a) + AbPT]ZQ} z>—d
o o
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er z < —d
v(z,r) = (2.37)
e“2r+eyor — 2¢°5 5| o(n1—a) + N Pr|zr z>—d
o o
0 z< —d
w(r) = » » (2.38)
7 e 2635{0 5 [0'(’71—01) + )\bPr}r} z>—d
[ o o

Multiplying the piecewise-constant density with the axial velocity gives an expression for the

normal mass flux.

—2¢(z+a) z < —d
0—1 9 2 € 3:J9 2
g2 —%z + 2¢ 6{03[0(71—04) + )\bPr}z } z> —d

Having obtained the outer flow field expressions for the flow variables, it is now useful to present
some of the results through plots. Several plots of the normal velocity and mass flux have been
presented below in order to draw important conclusions and results. All of the plots below have
been produced by simplifying equations (2.36) and (2.39) above by considering the case of constant
transport properties. Similar plots can easily be generated for general cases where A= \(6).

Figure 2.2 shows the variation of the leading order axial velocity along the axial direction (z). It
can be seen from the figure that, as expected from equation (2.16), the leading order axial velocity
(up) does suffer a jump of 0—1 across the flame sheet. This jump occurs at the flame sheet position
or flame stand-off distance (dp). It can also be seen that with increasing values of o, the axial
velocity on the burned side of the flame sheet and the leading order flame standoff distance dy
increase. Lastly, it can be seen that the normal velocity becomes zero at the location z =0 which
corresponds to the position of the object causing the stagnation.

It is important to note that all the variables must be perturbed to the same order in order for
asymptotic expressions to be consistent. For example, if the axial velocity u needs to be evaluated
accurate to O(J), then all other variables including 7', p, d, a etc. need to be perturbed to O(9) as

well.
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Figure 2.3: Outer axial velocity (u) accurate to O(9) for different values of o, and [=0
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Figure 2.3 is similar to Figure 2.2 except that it plots the axial velocity (u) accurate to O(J).
The curves in Figure 2.3 were plotted using a value of ’0’ for the parameter | which measures the
deviation of the effective Lewis number from unity®. In this case, the O(d) terms in equation (2.36)
serve as a correction to the jump in the quantity across the flame sheet. The jump in w is slightly
smaller than 0—1 and the flame stand-off distance (d=dy+dd) is also slightly smaller than dy. The
correlation between the thermal expansion parameter and the jump and stand-off distance remain
the same as that for the leading order solution. The contrast between the leading order and O(J)

accurate axial velocity can be more explicitly seen in Figure 2.4.

7 Il Il Il Il Il Il Il Il Il
—, = U
————— u=wug+ duy, (I =0)
6 u = ug + duy, (I = —0.75) 5
5 L
4 - L

—_
1
y
4

%

w

I
e —

T

O T T T T T T T T T
-2 -1.8 -16 -14 -1.2 -1 -0.8 -06 -04 -0.2 0
z
Figure 2.4: Outer axial velocities ug and u for different values of [, and 0 = 6

Figure 2.4 compares the flame stand-off distance and jump in axial velocity accurate to O(1)
and accurate to O(0). The plot also shows that the O(9) flame-standoff distance changes with the
effective Lewis number or the parameter [. From the definition of the non-dimensional Markstein
length parameter, «, given in the section 3.1, it can be seen that the Lewis number deviation
parameter (I) affects its value. It has already been discussed that £ and « change sign near

Leesp = 1. The critical value of «, and thereby [, where d; becomes zero can be found using

3] measures the deviation of Le.ss from unity and has been defined in sections 3.1.
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equation (2.32). For the current case (A=1 and 0 =6), the critical value is found to be [~ —0.54.
For [ values more negative than this critical value, the flame-standoff position shifts further to the
left. In addition, as seen from the figure, the jump in velocity across the flame also sees an increase
due to the change in o with (.

Figure 2.5 below contrasts the leading order and O(J) accurate normal mass fluxes mg and m
respectively. As suggested by the jump condition (2.9), mg is continuous across the flame sheet
whereas m, the normal mass flux accurate to O(J), suffers a jump because of the failure to account
for lateral fluxes and accumulation at the hydrodynamic level. Additionally, it can be seen that the

flame-standoff distance increases and the jump in mass flux decreases with more negative values of

L.
6 L L L L L L L L L

— 1), = 7))
_____ m=my+omy, (I =0)
| m = mgy + omu, (I = —0.75)

0 T T T T T T T T T
-2 -1.8  -16 -14 -1.2 -1 -08 -06 -04 -0.2 0

Figure 2.5: Outer normal mass fluxes mg and m for different values of [, and o = 6

The flow field on the unburned side of the flame is inviscid and incompressible. Therefore,
Bernoulli equation can be used to solve for the pressure field with one of the points being a virtual
stagnation point (p,s) corresponding to the location z=—ag, r = 0 and the other being any location
in the unburned flow field. This results in the following expression for pressure on the unburned

side.
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1
p(z,7) = pys — 5627"2 —2e%(z+ap)? — 6 {46 a1(z + ao) } (2.40)

Similarly, having obtained expressions for velocities on the burned side, the Navier-Stokes equa-
tions can be used to determine the pressure field. To leading order, the flow is still inviscid, and
therefore, Bernoulli equation can also be used to obtain the leading order pressure term on the

burned side, pg.

2

polz1) = ps = = [622(0 1)z —l—e\fz} - 76 r? (2.41)

where p; is the pressure at the stagnation point corresponding to z=0, r=0. The virtual stagnation
point pressure (pys) can be related to the actual stagnation point pressure (ps) by the jump relation

(2.20).

—_

o—

Ps = Pvs — (242)

M ‘

However, since the viscous terms materialize as O(d) terms, the O(9) terms from the Navier-Stokes
equations in the axial and radial directions need to be used to determine p; on the burned side of
the flame. The O(§) axial momentum equation is:

ou ,  Ow _ Op o, [0 10 ( du
pu087+p18 T 0z +P{622+r6r<rﬁr>}

Solving this gives a solution for pressure of the form

pi(er) = 265@ ! 4(0\}) 3] [0(71—04) + AbPr} — 2Pr[0;1

where ¢;(r) is determined from the O(d) radial momentum equation and the constant ¢y is deter-

€2z + éﬁ:| +c1(r) + e

mined from the boundary condition p;(0,0) = 0. The O(J) radial momentum equation is:

8 8 (9 81)0 8p1 p 821}0 Vo 1 8'00
"6z 2 rar

Puoa +PU18 +PUO(9 ‘|‘P18 = “r
Plugging in the above mentioned expression for p; and solving the momentum equation using the

boundary condition gives ¢;(r)=0 and ca =2Pr[e\/c]. Therefore, the O(d) pressure term is only a

function of the axial coordinate z and is evaluated as

_fos(0=1? 4 alo—1) 5
pi(z, 1) = |2€ po; 2+ 4e UQ\f

] [a(m —a)+ AbPr] —2Pr[0—

(2

! 622] (2.43)
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Chapter 3

INNER SOLUTION

This chapter presents a solution for flow variables that is valid in the inner zone or flame zone.
As seen from Figure 1.1, the flame zone or thermo-diffusive zone is associated with a length scale
that is much smaller in magnitude than the hydrodynamic length scale. In order to account for
the mass accumulation and flame stretch effects, the coordinate z must be rescaled accounting for
the diffusion of the reactants. Further, the inner pre-heat zone coordinate must be such that the
reaction layer thickness [, which is inversely proportional to the activation energy parameter (3) is
much smaller than unity. In the limit % — 0, the reaction zone shrinks to a reaction sheet and the
chemical kinetics can be neglected.

In order to study the inner structure of the flame, a general first order, 2-species reaction of the

following form is considered [11].
vpMp +vpMg — PRODUCTS

where v; represents the stoichiometric coefficients, M; represents the reactant species and the
subscripts D and E are used to represent the deficient and excess reactants respectively. It is
assumed that the deficient reactant is completely consumed across the flame. This allows the
use of the transport properties of the deficient reactant as the limiting variable to the chemical
reaction and heat release. The reactant mixture is stoichiometric when the two reactants are in
molar proportions that lead to complete combustion; however, this may not always be the case.
Therefore, a quantity @ is introduced as the ratio of the mass fractions of the excess reactant and
deficient reactant in the unburned mixture.

YEp
vYp,

. U

vEWE

where v = is the mass-weighted stoichiometric coefficient-ratio and W; is the mass of

VpWpD
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reactant 7. Since there are two reactants (Mp and M), it is necessary to define an effective Lewis

number (Legy) that is weighted more heavily with respect to the deficient component!.

Leg + ALep

A+1 (3:1)

Legyr =

where the weight factor A =1+ B(® — 1). In general, the properties are averaged in the reactant
mixture based on mass fractions so that the average mixture thermal conductivity, A = > Y;\;,
and the average mixture viscosity, 4 = > Y;u;. The only exception is the molecular diffusivity (D;)
of the reactants, which is considered separately for each species in the reactant mixture. It has
been shown that the transport properties mentioned above are, typically, functions of temperature
(T), and it is assumed that the Prandtl number (Pr), Schmidt numbers (S¢;) and Lewis numbers

(Le;) are constant. Therefore the following expression is valid for these properties:

A=pu=D;=\0) =0 (3.2)

I~

where 6 = — is the leading order non-dimensional temperature, and b is a number such that 0

&

<b< 1

In order to examine the structure of the pre-heat/flame zone, a coordinate stretching trans-
formation has to be introduced [11]. This transformation should also incorporate the variation in
transport properties that occurs across the flame or pre-heat zone. As suggested by reference [11],

an inner coordinate (n) is defined as

n/o 1 ,
n = /0 oy (3.3)

where n is the outer coordinate in the normal direction which is positive on the burned side and

negative on the unburned side. The inverse transformation for (3.3) can be expressed as

n
S Mn)dy n<0
B "

I\ n>0

'], defined in section 3.1, measures the deviation of Lecss from unity on the scale of the inverse activation energy
(10]
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From equation (3.4), it can be seen that the reaction sheet is located at 7 = 0 with unburned
gas at locations where 7 < 0 and burned gas at locations where n > 0. Further, the co-ordinate
stretching on the burned side is uniform and does not really serve any meaningful purpose for the
analysis of the pre-heat zone which is on the unburned side of the reaction sheet. The leading order

non-dimensional temperature (7j or 6) is expressed as [9]:

0=Ty=1+(c—1)" (3.5)

Since A = A(), it follows that the transformation (3.3) has an implicit dependence on 7. Depending
on the the value of the exponent b in equation (3.2) the inner variable will be stretched to different
extents as shown in Figure 3.1 below. The inner coordinate is stretched the most when X is a

constant and the least when A=0.

1 1 1 - _
& n=-0125 ’ «(“7 A=0
n=-01 :
n=—0.075 :
n = —0.0625
& n=-005625
& n=-005
¢ n=-004375
& n=-00375 :
n = —0.03125 ¢ WM o0 A =007
n = —0.025 :
¢ n=-001875
n = —0.0125
n = —0.00625
n=0.0
¢ n=00125
n =0.025

.......... n=0 ‘ ““ ‘ ”‘ )\:90.5

¢ R AAdR SRR S S 2

-5 -4 -3
n

Figure 3.1: Inner coordinate 7 for various values of exponent b, § =0.025 and =6
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3.1 DEFINITION OF INNER VARIABLES

There are several variables that appear in the inner solution; this section will define them. Lewis
number is defined as the ratio of the thermal diffusivity to molecular diffusivity and is dependent
on the properties of the reactants.

D
Lei = 1;h

i
where Dy, is the thermal diffusivity of the mixture, and D; is the molecular diffusivity of reactant <.
The Markstein length (£), and (its non-dimensional form da) depend on the effective Lewis number
of the mixture and its proximity to unity. A parameter [ measures the deviation of the effective
Lewis number Legs from unity on the scale of inverse activation energy (FE,) using Zel’dovich
number (f3) - the parameter dictating the thickness of the reaction zone [10]. That is,

B(Leegy — 1)
c—1

[ =

The inverse coordinate transformation from the inner coordinate (1) to the outer coordinate (n),
equation (3.3), can be expressed conveniently through an integral that factors in the variation of

transport properties of the reactant mixture across the flame. This integral can be evaluated as

I(n) = /0 " i

Applying a transformation using the definition of 6, it results that

Using this transformation, the intergral I(n) can be expressed as

I(n) = — /9 T G, (3.6)

r—1

There are several other integrals that appear in the inner expressions for mass flux, temperature
and axial velocity. The expressions for these integrals are obtained by solving the rescaled governing

equations (continuity, momentum and energy) in the flame zone. Firstly, J(n) is an integral that
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depends on the variation of transport coefficients within the flame zone, and it is expressed as:

n
J(n) = /0 pordn

By manipulating the limits of integration, J(7n) can be conveniently expressed in the following form

which involves the inverse coordinate transformation integral I(n).

7 x o— O Nz
T e R R = @)

T

~v1 and -9 are definite integrals that result from the flame-zone equations and are defined as:

m=—> //\(x)dfv
1

o—1 T

’YQZ/ A(z) In <01)dx
1z z—1

The parameter («) depends on the effective Lewis number and the definite integrals 1 and s

defined above, and it is defined as:

l
a=n"y + 572 (3.8)

The non-dimensional Markstein lengths on the unburned and burned sides are respectively defined
as [1]:

LY = b (3.9)

Ebzd{a—/la /\f)dfc} (3.10)

From equation (3.8), it can be seen that there is a critical value of [ for which « changes signs.
As described in the introduction section, «, and consequently £ change sign near Le.s =1. An
indefinite integral x2(7n) appears in the expression for T - the O(d) temperature term, and it is

defined as:
= | ()~ 00y + ) (o =
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Since the flow under consideration is a stagnation point flow, the curvature, x=0. Plugging in this

simplification and factoring out K gives

vl =42 = [V (e e Y

When the transport properties are constant (A=1), the expressions for definite integrals v; and 7

can be simplified. This gives the following expressions for 1 and «.

- clno

7120_1

- I [° Ins
04271—1-2/1 s—lds

Additionally, for the case with constant transport properties, I(n)=mn.

3.2 GENERAL SOLUTION

The results for mass flux and temperature presented in this section have been obtained from the
paper by Matalon and Bechtold [11]. The expressions given in the paper have been simplified for an
adiabatic flame. The expressions presented below for all the inner variables are piecewise functions
as expected from the fact that temperature varies across the pre-heat zone but is a constant on
the burned side of the adiabatic flame. The inner/flame-zone expression for the normal mass flux

across the flame accurate to O(0) is

o

. 1+ of|

-1 A
1+6{K[UU 'yl—oz—n b} +m7)\b} n>0

g

S|t} 1<
(3.11)

where I(n) and J(n) are integrals defined in section 3.1. It can be seen that the equation (3.11)

contains correction terms of O(d) that account for the flame stretch due to hydrodynamic strain
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and curvature. The expression for temperature accurate to O(J) is

0+ 5{(0—1)K[0_1’yme”—ane”+’yl(e”—l)] +(U—1)X2(n)} <0

o o

() = (3.12)

o n>0

where § = 1+ (0 — 1)e" as defined before and x2(n) is an indefinite integral defined in section 3.1.
From the ideal gas law in non-dimensional form, it follows that pT" = 1. Using equation (3.12) in
the ideal gas law and using the binomial expansion: (Ag+ dA;)~! ~ Ag — §A; gives a piecewise

expression for density that is valid to O(J).

-1
L e ur|E—mer—aner+ D en—1)| + (e~ 1)xa(n)
- —90 n<0
o) =40 14+2(0 — 1)+(0 — 1)2 (3.13)
1
; n> 0

Using the definition of normal mass flux as the product of the density and normal gas velocity with

respect to a fixed coordinate system, the following expression for the normal velocity is obtained.

0+ 5{K9 [”; 71—a—J(n)} +rOI(n)
0a) — Vg = +<o—1>K[";1wen—anen+?<eﬂ—1>} +<a—1>><2<n>} n<0 (3.14)
o+ 5{1&{(0—1)%—0@—%] +mmb} n>0

3.3 SOLUTION FOR STAGNATION POINT FLOW

For the axisymmetric stagnation point flow studied, the flame is planar and is stabilized at a stand-
off distance (d) from the stagnation point, i.e. x = 0 and Vy = 0. Further, the flame stretch K = 2e.

Additionally, since the flame is located at z = —d, the normal coordinate n = z + d, and this leads
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to the following coordinate transformation:

n
5/ Ay n<0
z+d= 0

o n>0

3.3.1 Properties Varying with Temperature (A = \(0))

When the transport properties are not constant, the integrals I(n), J(n) and x2(n) need to be
evaluated. Since these integrals are dependent on the position 7 in the inner coordinate system,
and since the integrand A is also changing with 7, they cannot be substituted by simple expressions.
Plugging the stagnation point flow simplifications into equations (3.11) through (3.14) results in

the following equations for the inner variables.

;

1—1—265{00 ’yl—a—J(n)} n <0
M(p) = (3.15)

-1 A
1+26(5{0 'yl—a—nb} n>0
o o

1+ (o—1)e" + 265{(0—1)[”;17177&—047;6%Zfl(e”—1)+>22(n)]} n<0
T(n) = (3.16)

o n>0

o—1 N
(0— 1){ ——ne’ —ame’+ n (6”—1)+X2(77)]

! 2€ed ; n <0
— — 2
p(n) = § LHle=ber 1+ 2(o—1)er+(o—1)%e (3.17)
1
- n>0
o
( oc—1
1—|—(a—l)e”+265{[1—|—(0—1)e’7] [ yl—a—J(n)}
o
o—1 gl .
) = o) [ e -anen+ Zer-1)+ a0 <0 @1y
o+ 26(5{(0—1)71—004—17/\1,} n>0
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3.3.2 Constant Properties (A =1)

When the transport properties are constant, the integrals I(n), J(n) and x2(n) in equations (3.15)

through (3.18) can be easily evaluated. In particular, the outer coordinate stretch becomes uniform,

i.e., when A=1, the coordinate transformation is

_z+d
=75

This results in the following expressions for the inner variables M, T, p and u respectively.

\

\

1+ 265{111 9—&—77}

1+ 265{1na—a—n}
o

1+ma—1k”+2d{hy+@—a)

2

"
-1
=5 =12

o= nfi+o-1er)}

1

14+ (oc—1)en

— 2¢d [

2

|e-er

1+ (=)=~ ) fo - Der

142(oc—1)en+4(oc—1)2%e*n

1= 1er|nfi (o))

1

g

1+%J—1k”+2d{P+{a—1kﬂPné+(a—Ué>—a—%

](01)677[1“01)677} 1n(1+(a1)en>}

+[§1+(1a)

2

n
1
=3 2(n)

o+ 265{0 lna—aa—n}

where Ip() = /7 ’ 1n<1+(0—1)e77> dn.

1+2(o—1)en+(o—1)2e2n
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Chapter 4

COMPOSITE SOLUTION

A composite expression for the flow variables is one that is valid in both the inner flame zone
and outer hydrodynamic zone. In other words, the composite expression is valid throughout the
domain of the problem, but it has a discontinuity in slope at the location of the reaction sheet.
Having obtained an outer solution for the normal mass flux that is valid in the hydrodynamic
unburned and burned regions (Chapter 2) and an inner solution that is valid inside the flame zone
(Chapter 3), a uniformly valid composite expression for the normal mass flux can be obtained by

matching the inner and outer solutions. In other words,

{Composite Solution} = {Outer Solution} + {Inner Solution} — {Common Part}

4.1 MATCHING

The inner solution should give the same result as the outer solution in the asymptotic limit where
the inner coordinate 7 approaches a large value in both positive (burned) and negative (unburned)
directions. Similarly, the outer solution should give the same result as the inner solution when
the outer coordinate z approaches the flame-standoff distance d from both unburned and burned
regions. In order to match the inner and outer solutions and determine the common part, the inner
solution needs to be expressed in terms of the outer variable z and the outer solution needs to be

expressed in terms of the inner variable 7.

4.1.1 Properties Varying with Temperature (A = \(0))

Equation (3.15) gives the inner (flame zone) expression for the normal mass flux. In the asymptotic
limit n — —oo0,

0 — 1+ Exponentially Smaller Terms
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oc—1

J(n) — . Y1+ 1(n)

Therefore, for large 7, the inner expression for mass flux becomes:

1- 265{Oz+1(77)} n <0

-1 A
1+2€5{U 'yl—a—nb} n>0
o o

~
~

(4.1)

Equation (2.39) gives the expression for the outer mass flux (m). Expressing the outer coordinate
in terms of the inner coordinate gives z=—dp+d[(n)—di]. Substituting this in the expression for

m gives

—2¢ [(ao—do) + 5(I(n)+a1—d1)} z< —d

0_2152[—6104—5[1(77)—‘11]]2_\2/65[_6104_5[[(77)_611]}

+2635{(:31[0(W1—a) 4 AbPr] {—dowu(n)—dl@ 2} 2> —d

m = —

Simplifying the above equation using expressions for dy, di, (ap—dp) and (a3 —d;) gives

1- 2e§{a+l(n)} n <0

-1 A
1+265{U'71—a—nb} n>0
o o

~
~

Comparing equations (4.1) and (4.2), it is seen that the inner and outer expressions for the
mass flux indeed match. The composite expression for the normal mass flux can be obtained by
adding the inner and outer solutions and subtracting the common part. The common part between
the outer and inner expressions is 1 — 2ed[a+1(n)] on the unburned side and the inner expression,

M(n), on the burned side, i.e.,

m(z) + M(n) — {1 - 265[(1+I(77)]} 2z < —d

me(z) =

m(z)+ 21 - | 2> —d
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Evaluating this gives the following uniformly valid composite expression for the normal mass

flux across the flame:

—26(Z+a)+265{/19 )\(x)dx} 2 < —d

x
me(z) = (4.3)
o1 222 262—1—2635 o1 o(y1—a) + N\ Pr|2? z>—d
— 76 —_—— — [R— —
2 NG o3 |7n b
Additionally, in the limit n — —oo,
ge!
% [
x2(n) =
T1 — 0
Hence, in the limit of large 7, the inner expression for the axial velocity reduces to:
1- 265{0z+1(n)} n <0
U= (4.4)
o+ 265{(0’—1)’}/1 —Ua—n)\b} n>0

The outer expression for the axial velocity presented in equation (2.36) needs to be expanded in

terms of the inner coordinate. Using z=—dy+d[I(n)—d1], it follows that

—2e€ [(ao—do) + 5(I(n)+a1—d1)} z < —d

c—1

. 62{do+5[1(n)d1]]22eﬁ[do+5[1(n)d1]]

+2635{0021[0(’yl—a) + /\bPr] [—d0+5[l(n)—d1}} 2} 2> —d

which again can be simplified by plugging in values of d and a. This gives the following outer

expression for the axial velocity.

. 1-— 2e§{a+l(n)} n <0 s

0—1—265{(0—1)71—004—77)\1,} n>0

Equations (4.4) and (4.5) are identical, and so the inner and outer expressions for the axial velocity

match. Following a procedure similar to the one detailed above for mass flux, a uniformly valid
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expression for axial velocity can be obtained. The composite solution for u on the unburned side
0
A
is of the form u. = —2¢(z4a) + (0—1) + 265{9/ (;)da: —(@-1)[I(n)+a] + T1} where T is the
1

O(9) temperature. Expanding the variables 6, n and T} gives

—2€(z + a) + (o —1)exp (Zj;d> + 265{[1+(U—1)exp <Z§d> ]/19 /\(;)da;
+(o—1) Dl [(o—l)z—gd exp (Z§d> + exp (Z§d> - 1]
a [exp <Z§d> <1—z§d>} ~I(z)exp (Z:;d> n xg(z)] } 2 < —d

-1 -1
—G—ezzz—%ﬁz + 263(5{0 5 [U('Yl —a) + AbPr]zZ} z > —d
o

(4.6)

ag

Since the inner expression for axial velocity U involves the integral x2(n), a composite expression

for the axial velocity is more conveniently calculated using the relation:

me
Ue = — (4.7
e= )

where p is given by equation (3.21).

4.1.2 Constant Properties (A = 1)

In the case of constant transport properties, the integrals in the equations above can further be
simplified. Since this is a special case of the problem with variable properties, the inner and outer
solutions should match and this can be easily verified using a matching procedure similar to the one
described in the above section. Similarly, addition of the outer and inner solutions and subtraction
of the common part results in the following uniformly valid composite expressions for the normal

mass flux and velocity respectively.

—2€(z +a) + 265{ln|:1+(0—1) exp (Z;“d)]} 2 < —d

me(z) = . ) . (4.8)
-1 292 “€ 35)9 2
R R —ﬁzwL 2¢ (5{03[0(%00 + )\bPT]z } z>—d
z+d

—2e(z+a)+ (c—1)exp <5> + 26(5{0 Ing—(0-1)(n+a) + Tl} z < —d
uc(z) = (4.9)

—0_16222—26ﬁz + 263(5{0_21 |:O'(’~Y1 —a) + Pr]zz} z>—d

o
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4.2 RESULTS AND DISCUSSION

The results and discussion provided here are primarily for the case where the transport properties
are constant across the flame. However, these results can easily be extended to the general case

where the transport properties vary with temperature (A= A(6)).

4.2.1 Composite Profiles Across the Flame

The composite solutions for the normal mass flux and velocity across the flame, given in equations
(4.8) and (4.9) respectively, are continuous in the entire domain. Figure 4.1 below plots the com-
posite velocity, u., for several different values of the thermal expansion parameter. The position of
the flame in these plots can be identified by the sharp positive gradients in velocity. As can be seen
from the figure, the discontinuity or jump in velocity at the flame-standoff location d does not exist
anymore. This is because the composite solution includes correction terms from the inner solution
that account for lateral fluxes and accumulation of mass. Further, it can be seen that the flame
has a small but finite thickness (4) over which the axial velocity encounters a rapid increase in
magnitude. However, it should be noted that the composite solution did not resolve the structure
of the reaction zone which is an order of magnitude smaller in thickness than the flame zone. This
results in a discontinuity in the slope on the burned side of the flame which can be clearly seen in
the plots. The resolution of this disparity in slope requires another rescale of the coordinate using
the Zeldovich number () and does not significantly affect the solution except for matching the
slope on the burned side of the flame.

Figure 4.2 depicts the variation of temperature across the flame for different values of the
thermal expansion parameter o. As expected, the non-dimensional temperature (T') is unity far
upstream of the flame and o on the burned side of the flame. Additionally, as seen from the outer
solution presented in section 3.3, the flame-standoff distance increases in magnitude with increasing
values of ¢. Similar to the axial velocity profiles in Figure 4.1, the temperature profiles also have a
discontinuity in slope at the reaction sheet location because chemical kinetics in the reaction zone
were ignored. Resolving the structure of the reaction zone would fix this discontinuity of slope, but
since the quantity of interest is temperature, and not the gradient of temperature, the resolution

of the reaction zone structure is not necessary for the problem studied.
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z
Figure 4.1: Composite axial velocity u, for different values of o, and §=0.025
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z
Figure 4.2: Temperature profiles across the flame for different values of o, and §=0.025
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Since the composite axial velocity can be calculated either as m./p or using equation (4.9), a
comparison can be made between the two. Figure 4.3 below shows that the two curves practically
lie on top of each other. Specifically, equations (4.7) and (4.9) yield very similar solutions proving

that the composite expression for u. given in equation (4.9) is indeed accurate.

6 T T T T T T T T T

0 Il Il Il Il Il Il Il Il Il
-2 -1.8 -16 -14 -1.2 -1 -08 -06 -04 -0.2 0

z
Figure 4.3: Comparison of u. calculated using two methods, for 0 =6 and §=0.025

4.2.2 Markstein Length and Flame Displacement Speed Within the Flame Zone

Having obtained the composite expression for the normal gas velocity and mass flux, the flame

displacement speed defined in equation (1.1) can now be evaluated as:

m
Sf = U’C|z:—d* =
p z=—d—

This expression is unique only in the hydrodynamic sense where the entire flame zone reduces to
a surface known as the flame sheet which is located at the position z = —d. In reality, the flame
has a finite thickness (), and so, the expression for flame displacement speed needs to account for

the O(6) position within the flame zone. This means that a position or isotherm within the flame
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zone (where velocity is measured) would not be at z* = —d, instead it will be at z* = —d + 01(n).
Therefore, the correct evaluation of the flame displacement speed would account for the flame

thickness and, for a location z*, is given by:

* me
ST = Ul ——qysrty) = — (4.10)
P z*=—d+461(n)

Since the density also changes throughout the flame zone from its unburned value of unity, the
flame displacement speed at any position within the flame zone is normalized using the ratio of the
density at that location (p*) and the density on the unburned side (p, =1). The density-weighted

flame displacement speed is defined as

s _ P57 _

f

Pu z*=—d+361(n)

and can be used to meaningfully compare the flame speed evaluated at different locations within
the flame. Using equation (4.11), the density-weighted flame displacement speed can be evaluated

at any location within the flame. Using equation (4.3) for the normal mass flux,

S5 = —2€ [a—d—i—é[(n)] + 265{/19* )\(;)d:r}

which can further be simplified using the relation between a and d.

Si=1- 265{04—/6* M) g /J /\(x)ld:v} (4.12)
T gx T —

which is of the form 57;2:1 — 2eL* where

LY =da" =0 {a—/e* de - /U )\(x)lda:} (4.13)
. . T —

For A = \(0):

For \=1:
§;§ =1-2¢ {a+n—ln<1+(a—1)e">} (4.14)
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which again is of the form S* =1 — 2e£* where

£ =bar =a{aty-m1+ 6=} (4.15)

From the above expressions for the non-dimensional Markstein length within the flame zone (£*), it
can be seen that the expression for £ is regained at the location of the reaction sheet where 6* =o.

On the other hand, when 0* ~ 1, the Markstein length becomes a large negative number. This

L
trend can be clearly seen in Figure 4.4 which shows the variation of Markstein number, M = 5
with temperature.
1 L L L L L
0 - -
14 L

4 L

Figure 4.4: Markstein number M as a function of temperature

Figure 4.5 below shows the variation of normal velocity, mass flux and temperature across a
flame. All three variables are continuous across the flame, and the normal velocity and mass flux go
to zero at the wall/stagnation point. In particular, the discontinuity in mass flux no longer exists
due to accountancy of the effects of lateral fluxes due to flame stretch. Figure 4.5 also includes an
inset showing the profiles in the flame zone. From the inset, it can be seen that the temperature is

significantly higher than the unburned temperature (7)) at the location of the minimum velocity
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(2). In fact, for the parameters used for the plot, T'(z)=T~1.1.

6 1 1 1 1 1 | | | | L

O T T T T T T T T T
-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4  -0.2 0
z
Figure 4.5: Variation of m, u and T across the flame for 0 =6 and §=0.025

Experimentalists use three primary locations for measuring the gas velocity for determining
the flame displacement speed (FDS). They are: (i) the location of minimum velocity (Z), (ii) the
location of maximum velocity (z**), and (iii) the location where the temperature has increased
to some percentage of the unburned temperature (z*). Since the maximum velocity occurs at a
position/iso-surface sufficiently close to the reaction sheet (7™ ~ o), the flame speed evaluated at
z** can be approximated by the flame speed at the reaction sheet (z*=—d).

Figure 4.6 plots the flame speed evaluated at different locations or isotherms as a function of
the flame stretch. The curves are linear as expected, and slopes of the curves are the Markstein
lengths at those locations. As expected from equation (1.4), the non-dimensional laminar flame
speed, St =1, is recovered at zero flame stretch. Since £ approaches large negative numbers for
locations on the unburned side where =1, the flame speed evaluated at these locations increases
with stretch rate. As the choice of isotherm shifts towards the reaction sheet, £ approaches a
constant value of £ as seen from Figure 4.4. The rate of change of M, and consequently £, with

position is rapid until a location close to the reaction sheet is achieved. Therefore, in order to
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evaluate flame displacement speed of a stagnation point flame consistently, experimentalists should
measure the gas velocity at a location that is very close to the reaction sheet or the burned side of
the flame. Since the gas velocity is maximum at a location very close to the reaction sheet of the

flame, the location of maximum velocity (2**) can also be used to measure FDS consistently.

4.5 : :
T*=1.01

4 A

3.5

0.5 . T
0 ) 10 15
€
Figure 4.6: Normalized FDS (5}) as a function of the dimensionless stretch rate e

Using the location of minimum velocity, Z, as the upstream edge of the flame and measuring
the flame speed at this location will give erroneous results. Figure 4.7 below shows the variation of
normalized flame displacement speed measured at z with stretch rate. Similar to Figure 4.6, when
the flame stretch is zero, the normalized flame displacement speed (FDS) is unity, as indicated by
the blue curve in the figure below. Even though the temperature value at the minimum velocity
location was found to be approximately 1.1 for ¢ = 6 and the 57;'2 versus € plot for that case
was linear, the curve in Figure 4.7 is non-linear for small values of ¢; this is a violation of the
linear trend predicted by equation (1.4). This non-linear trend can be explained by the fact that
z** varies non-linearly with flame stretch [5]. However, the non-linear trend seems to wear off as e
becomes sufficiently large, and the normalized FDS varies linearly with flame stretch for sufficiently

large values of stretch rate. Figure 4.7 also plots the linear portion of the curve extrapolated to
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zero stretch. Experimentalists sometimes utilize a similar technique to estimate the laminar flame
speed. Nonetheless, as can be seen from the figure, the flame displacement speed evaluated by
linear extrapolation of 5; to zero stretch does not correspond to the laminar flame speed due to
the initial non-linear behavior. Therefore, experimentalists should not choose the minimum gas
velocity location for estimating the flame speeds.

1.6 T T

S;
————— Linear Profile

1 | |

0 5 10 15

€
Figure 4.7: Normalized FDS (57;';) at position of minimum velocity as a function of €
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Chapter 5

CONCLUSION

The flow across a premixed flame in an axisymmetric laminar stagnation point flow was studied
by resolving the structure of the pre-heat or flame zone and thereby accounting for diffusion of heat
and mass. Initially, the problem was solved in a hydrodynamic sense where the diffusion effects
were neglected and jump conditions derived from the conservation equations were used to relate the
flow variables on the burned and unburned sides. Solutions for normal mass flux m, axial velocity
u, radial velocity v, vorticity w and pressure p were derived accurate to the order of the thickness
of the flame. From this outer solution, it was found that vorticity (w) is generated across the flame
and that the quantity w/r is a constant on the burned side of the flame. Additionally, expressions
for the flame-standoff distance (d) and virtual stagnation point location (a) were derived, and the
thermal expansion parameter, o, was found to have a positive correlation with the flame-standoff
distance.

Since the outer solutions for the flow variables were discontinuous at the location of the flame,
inner solutions were presented for the variables m, T, p and u. The inner solutions were obtained by
resolving the structure of the flame zone, which was in turn done by rescaling the outer coordinate
by accounting for the diffusion length scale (). Additionally, in obtaining the inner solution,
the reaction zone was assumed to be a thin sheet and therefore chemical kinetics were ignored.
The inner and outer solutions were then matched and manipulated to obtain composite solutions
or expressions for m and u. These composite solutions are valid everywhere in the flow domain
except at the reaction sheet; hence, they have a discontinuity in slope at the position z=—d which
corresponds to the location of the reaction sheet.

The composite expression for axial velocity evaluated at the position z* =—d+01(n) will give the
flame displacement speed (S}) at that location. However, in order to make a relevant comparison
between the flame displacement speeds (FDS) evaluated at different locations, a density weighted

FDS (57;';) was defined. The composite expression for the mass flux was used to derive an expression
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for S*, and from this, an expression for the Markstein length £* was derived. It was shown that
L* approaches a constant value near the reaction sheet and becomes negative at locations where
T=T,. Subsequently, 57;'2 was plotted as a function of flame stretch and the relation was proved to
be linear at several locations within the flame zone determined by isotherms. However, the FDS
evaluated at locations close to the unburned side of the flame had positive slopes which violated
the theoretical prediction. This contradiction was explained using the variation of £ across the
flame zone and the fact that £ < £° for z < —d. In addition, the normalized flame displacement
speed evaluated at the location of minimum velocity was found to have a non-linear relationship
with flame stretch. Due to these inconsistencies with measurement of FDS on the unburned side,
a recommendation was provided to measure the FDS at locations sufficiently close to the reaction
sheet in experiments.

The present study has provided results that are accurate everywhere except the reaction zone,
but it did not consider the chemical kinetics of the fuel-oxidizer mixture. In order to have a better
understanding of the chemical kinetics, a numerical simulation of the problem using a detailed

model for the chemical kinetics needs to be performed using a package such as Cantera.
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