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ABSTRACT

AN EXPERIMENTAL STUDY OF MICROWAVE PLASMA-ENHANCED
COMBUSTION

By
Chandra Lynn Romel

Advantages of a hybrid flame, created by microwave power, include more
efficient and stable combustion and a more concentrated, higher temperature
flame/discharge, potentially useful for material synthesis, material cutting and
welding, and various surface treatments. A compact torch has been designed
and experimentally evaluated while operating in both plasma-only and plasma-
assisted combustion modes. Operation of the torch in a hydrocarbon/oxygen
combustion mode is investigated with microwave power applied to modify the
combustion process. The objective of this investigation is to quantify the changes
in the combustion process as microwave power is applied to intensify the
discharge.

Diagnostic measurements performed include (1) gas temperatures by
optical emission spectroscopy, (2) flame/discharge power densities calculated
from flame geometries, and (3) flame species to show how the presence of
microwaves affects the flame. These measurements are made using a brass

nozzle and a ceramic nozzle.
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Chapter 1

Introduction and Literature Review
1.1 Introduction

Plasma-assisted combustion is an area of research that has been studied
for several decades. Thoroughly understanding the physics of this coupled
phenomenon and optimizing it have yet to be accomplished. The motivation
behind the current research at MSU is to improve the combustion process, to
conserve energy required for combustion, and to design and build an efficient,
small-scale, plasma-enhanced, premixed-flame, combustion torch. Increased
power, combustion efficiency, and flame stability are all advantages of combining
a non-thermal plasma (NTP) with combustible gases [1].

Experimental data are gathered and theoretical calculations are performed
in order to define the flame characteristics and behaviors; flame temperature and
flame dimensions (height, width) are measured, relative specie concentrations
are observed, stoichiometric mass flow rates are calculated for three fuels, the
premixed flame theory is reviewed, and a ceramic-flow nozzle is fabricated.

The flame configuration employed in this project is, similar to other studies
[1, 2], a circular premixed flame burner in which the premixed gases are
combusted as they exit a nozzle into ambient air. The nozzle is enclosed in a
microwave cavity, which houses the microwaves, producing the flame/plasma
interaction. It is hoped that the experiments can demonstrate a quantitative
difference between a pure fuel/oxygen flame and a flame that has been

enhanced by microwave plasma. Varying levels of microwave power (measured



in Watts) and premixed reactant flow rates (and mixture ratios) are examined. A

schematic diagram of the experimental configuration is shown in Figure 1.1.

pattern

|Efield

mini [
torch input

water

cooling 92s feed

Figure 1.1 Schematic of experimental apparatus including the plasma/flame torch
inside microwave cavity. The torch houses a gas line and water line, and
microwave power is inputted midstream. A combustion flame is produced inside
a cavity that creates an electric field pattern exciting a TMo+2 (transverse
magnetic) mode. A window is present for observation and diagnostic
measurements (optical emission spectroscopy (OES), for example) [3].

Flame stability, flame propagation speed, and combustion chemistry of
premixed, laminar flames are all affected by inducing an electric current in the

flow of gases. It is believed that the plasma assists in breaking down the



combustion fuel thereby producing free radicals (e.g. H, OH, O), which are
chemically unstable and therefore highly reactive. By using the plasma to convert
gaseous fuels into reactive species, the ensuing combustion process does not
rely on the self-generation of reactive species, and therefore hotter flames may
be produced. Plasma also yields a potentially more concentrated flame.

A possible mechanism for flame power augmentation is the acceleration of
the reaction by enhanced radical concentration levels. Thus, if the microwave
power is suitably and optimally “focused” it may produce, in the upstream gases
(prior to the flame sheet), a larger concentration of free radicals, H, OH, O, that
can accelerate the combustion reaction (see Figure 1.2). The accelerated
reaction may produce a narrow, more spatially concentrated flame, thereby
making a flame/plasma with a high power density. The practical goal is to employ
this enhanced power density to perform some kinds of cutting, machining,

material conditioning, localized heating, or other applications.
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Figure 1.2 Species and radical concentration curves in regions &, 6, and &y, of
the combustion process. With the addition of microwaves, the electron/ion
concentration is possibly greater than with combustion alone.

Microwaves are the type of electric field induced in the MSU torch.
Microwave power produces a clean discharge and has been studied by
researchers at MSU for many years [4]. Microwave plasmas are also referred to
as non-thermal plasmas (NTPs), meaning these plasmas are not produced by
extremely high temperatures but by some other means. NTPs have several
advantages over thermal plasmas. High gas and ion temperatures are produced
by thermal plasmas, whereas NTPs diminish the effects of high gas
temperatures, while still producing energetic electrons and other reactive
molecules (H, OH, O, etc). As a result, with a microwave plasma it is possible to
consider a gas mixture with multiple temperatures. When only a select number of
molecules are excited, this results in little waste enthalpy associated with a gas

stream [1]. The MSU apparatus currently operates with a non-thermal plasma.



In addition to combustion and plasma considerations, there is the
important issue of nozzle design, materials, and construction. The nozzle must
channel the reactants into the flame; hence it must accommodate a controlled
flow of the gases in the design range of flow rate. The nozzle must also allow the
microwaves to concentrate in the appropriate locations so that the beneficial
flame/plasma interaction will in fact occur. Whether this concentration (of
microwaves) location is immediately in front of the flame or further upstream (in
the nozzle, for example) is a matter of research and study. Finally, the nozzle
material must allow the microwaves to concentrate without being absorbed, and
thereby rendered ineffective.

A plasma-enhanced torch is desirable for practical purposes. Industry is
interested in such a torch for cutting and metal forming. The small, concentrated
flame allows precision cutting. A plasma welder eliminates the mess that many
combustion-based welders create. Applications may even be designed for outer
space. Buoyancy does not play a role in the flame produced by the torch
because it is so small and concentrated. In addition, the torch is easy to handle
because of its small size.

To further develop this ongoing plasma-enhanced combustion research,
experiments are conducted and theoretical calculations are studied. A mini torchv
was built that allows combustible gases to flow through and be activated by an
electric field, producing free electrons, a current, and a plasma discharge.
Temperatures are measured using an IR camera, an optical emission

spectrometer (OES) for specific gas temperatures, and a thermocouple. Power



density is calculated based on flame/discharge geometry and absorbed
microwave power. In addition, a ceramic nozzle was designed and implemented
for experiments.

1.2 Literature on plasma-enhanced combustion

There has been no systematic and prolonged effort to study plasma-
enhanced combustion, but over the past several decades isolated attempts have
been made to enhance combustion with an electric field. A short account follows.

Plasma-induced combustion research was conducted at Los Alamos
National Laboratory in the past five years or so in an attempt to improve the
combustion process. More stable and efficient combustion was desired and
thought to be achieved by introducing a supplemented electric field [1].

The experimental setup consisted of a coaxial silent discharge reactor,
producing a dielectrical barrier discharge (DBD), or silent discharge. The propane
and air mix just before ignition and no converging nozzle is used to form a flame.
The gases are pre-treated by NTP prior to ignition. Rosocha et al. argue that
NTPs have advantages over thermal plasmas, as discussed in Section 1.1. NTPs
promote efficient combustion by increasing flame speed, decreasing flame
length, reducing soot formation, and reducing NO, and other combustion by-
product emissions.

The Los Alamos team found that with an NTP system, plasma increases
flame blow-out limits, but at a relatively low propane flow rate. The partial
pressures of common hydrocarbon combustion products (water and carbon

dioxide) increased while propane fragments decreased when the plasma was



added, which suggests that the propane is being burned more completely. The
flame propagation speed increased with an increase in electric field intensity.

Experimental work done by Chintala et al. at Ohio State University shows
that non-equilibrium RF plasma-assisted ignition and combustion achieves large-
volume ignition in premixed flows. At higher reactant flow rates and lower
temperatures, the RF discharge allowed ignition to occur, as compared with no
discharge. Leaner combusting fuel flows were achieved with the RF discharge.
Radical species such as CN, CH, C;, OH, and O atoms, measured by visible
emission spectroscopy, were detected in the hydrocarbon air flow [2].

Much experimental work has been performed by Starikovskii et al. in
Russia, quantifying pulsed nanosecond plasma-assisted combustion. They found
that the plasma discharge significantly decreases the ignition temperature and
that the flame’s blow-off velocity increased significantly for a low discharge
energy input. An increase in the flame propagation velocity can be explained by

the production of atomic oxygen in a discharge by the quenching of electronically

excited N, and the dissociation of molecular oxygen on electron impact (O.+e —

O+0+e’). A numerical model was developed to describe the influence of the

pulsed discharges on the combustion process [5, 6].

Experiments that were performed by Whitehair et al. at Michigan State
University use a high-temperature nozzle and discharge chamber materials for
the development of a microwave electrothermal thruster. It was shown that

regenerative cooling and flow stabilization improved thruster performance [4].



Chapter 2

Premixed Flame Theory

2.1 Nomenclature

- (Q|O-Q~ V33 5""‘7("’1'”11(900,9 >0
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Integration constant

Pre-exponential factor (cm*/gmol-s)

Species parameter, c,T/Q + Yg

Constant-pressure specific heat (J/kg-K or J/kmol-K)
Arbitrary coefficients

Binary diffusion coefficient (m?/s)

Damkéhler number

Activation energy (J/kmol)

Fuel

Thermal conductivity (W/m-K) or Rate constant (cm®/gmol-s)
Damkdhler number

Loss term (J/m®-s)

Normalized heat loss term

Lewis number

Flame thickness (m)

Third body

Reaction order or integer in gamma function
Products

Heat release rate (J/s)
Energy per unit mass (J/kg)
Normalized heat release
Reaction rate function

Mass generation rate (1/s)
Universal gas constant (J/kmol-K)
Normalized flame speed

Flame speed (m/s)

Time (s)

Temperature (K)

Velocity (m/s)

Mean molecular weight (kg/mol)
Distance in dimensional system (m)
Normalized mass fraction

Mass fraction (kg/kg)

Radical



Greek Symbols

Thermal diffusivity, k/pc, (m?s) or exponential coefficient
Enthalpy ratio, (To-Tu)/To
Zeldovich number, -E(To-Tu)/(RuTv2)
Laminar flame thickness (m)
Normalized temperature, (T-T,)/(To-Tu)
Normalized temperature after stretching, f(1-6)
Burning rate eigenvalue
Exponential coefficient
Constant density (kg/m®)
Nondimensional length scaling, x'/(a/uy)
Normalized length after stretching, §/d
Normalized temperature
Molar consumption rate (mol/m3-s)

EANNMDE>S>OOPODP>A

Subscripts

Consumed
Burned gas
Burned

Flame

Fuel
Homogeneous
Laminar
Unburned gas
Particular
Reactant
Burned reactant
Unburned reactant
Radical

NDXDXDXDTVErrIM™OOTO
cw

2.2 Single-step chemistry

One-dimensional, premixed-flame theory for single-step chemistry has
been studied for decades and is well understood [7]. Reactants combust and
form products and heat energy, as shown in expression (2.0). Equation (2.1) is
the governing energy equation for the transient propagation of a reaction front
into a traveling gas. The first term represents the rate of change of temperature

at position x; the second term represents convection in the gas moving with



velocity, u; the diffusion and reaction terms follow. The source/sink term, in the

simplified model of Equation (2.1), is replaced by boundary conditions on the

temperature and is redefined in Equation (2.5) as pt.]. Assumptions to be made

are: complete combustion; constant pressure and density; inviscid flow; and a
laminar and infinitesimally thin flame front. The analysis derived in this chapter is
referenced from [7] and also from notes of an independent study course taken
from the advisor of this thesis, Dr. Indrek Wichman.

Although the assumptions seem drastic, they provide simple mathematical
models while proving remarkable success in laying the foundations for
understanding the structure, properties, stability, and dynamics of many
combustion phenomena. For example, the density changes can be neglected
when considering the diffusive transport [1]. Explicit and asymptotic solutions are
found by making difficult problems tractable to mathematical analysis
[8,9,10,11,12,13,14,15]. provide examples of explorations of various types of
flames with a single-step chemistry model. An asymptotic approach, based on
high activation energy, is used in one-step chemistry analysis.

The temperature far upstream is given by a constant unburned value, T,,
and the temperature far downstream is a constant burned value, T,. Figure 2.1
schematically represents the temperature distribution for this idealized premixed

flame (PF).

Fuel +Oxidizer— Products + Heat (2.0)
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2
£+u£=aa—1+source/sink (2.1)

ot ox axz

Equation (2.1) is invariant under the application of a Galilean

transformation according to the following definitions:

x'=x+u .t
f
u'=u+u
S/
t'=t

Essentially, the new x-coordinate follows the flame front since dx/dt = dx/dt + u¢
and dx/dt = -ur at the flame; therefore, dx/dt = 0 at the flame. The velocity, v, is
the flow speed entering the flame front from the upstream direction. Note also
that it is assumed that the flame front propagates at a constant speed, uy. Without
this assumption a Galilean transformation is not useful. The transformation yields
the governing equation in (2.2) for the gas temperature on either side of the

flame.

oT T  o°T
Ziu=a==> 2.2
o Ve 9302 (22)

The location of the origin is arbitrary since x'— x’ + constant produces exactly the

same equation as in (2.2); as a result, it is convenient to let the flame front sit at

11



x'= 0. The flame front is not affected by t = t; therefore, in the coordinate system
attached to the steadily propagating flame front, the unsteady term in Equation

(2.2) vanishes (a(-)/at’ = 0). When the flow velocity is zero (u = 0), the

transformed velocity is constant (v'= uy), and Equation (2.2) reduces to a simple

ODE, shown in Equation (2.3), in which the coefficients, urand a, are constant:

dT  d*T
—_—=— 2.3

The solution to Equation (2.3) is as follows:

(]
T=C +Cpe (@/uy)

The physical domain is divided into two regions: one upstream of the flame sheet
(- © < x < 0); the other downstream of the flame sheet (0 < x < ). In the

upstream region, the two following boundary conditions are imposed:

T(-e)=T, and lim T=T,

x>0

These boundary conditions yield Equation (2.4), also seen in Figure 2.1:

12



x/(a/uf)

T=T,+(T,~T,)e (2.4)

The following boundary conditions are imposed for the downstream region to find

T=T, as the downstream solution:
T<e,as x—oo and T=T,,as x—0"

Across the PF the temperature gradient is discontinuous:

5
ox flame

It will be shown later that this jump in temperature gradient is proportional to the

oT oT
— - — =0-(T, -T H)(x/
(ax)x_,o- (ax)x_m- (T =T Meluy)

combustion heat release by the flame.

13



x/(alu )
T=T,+(T,~T,)e f

*— Flame Front

T

u

x——b_w x' 0 X—’+°°

Figure 2.1 Temperature distribution in relation to flame front for the simple
infinite-reaction-rate model described by Eq (2.3). Note the jump in temperature
gradient across the flame front.

In this work, consider that the coordinate system is fixed to the PF, and
that the flame has a steady speed, S; (S. = uy. In this case, the Galilean
transformation from the laboratory to flame-fixed coordinates works. In contrast
to the infinitesimally thin flame described on either side of the flame by Equation

(2.3), the energy equation is now written in the form shown in Equation (2.5).

This equation is valid everywhere in the gas! In the following expressions, Q is

the energy per unit mass, p is the density, the heat release rate (J/s) is ¢, and r

is the mass generation rate (kg/s) :

14



Cp';i—x"'= 'd?+pq (2.5)
pq=pRr
r= AY];'e_E/R“T

The species equation is given in Equation (2.6). The first term represents
convection, and the second and third terms represent diffusion and reaction,
respectively. Figure 2.2 schematically illustrates the mass fraction (Yg)
distribution of reactants in the combustion process for the infinitesimally thin

flame.

dy, d’v, -
PufE—PD';;'z‘-Pr (2.6)
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— Flame Front

x/(Dlu.)
YR=YRU(1—e 4 )

X —» _00 xX=0 X — 400

Figure 2.2 Schematic of reactant mass fraction distribution for the infinitesimally

thin flame described by Eq (2.6) on either side of the flame, with r=0 on either
side. Note, once again as in Figure 2.1, the discontinuity in the gradient of Yg,
[dYr/dX]=Yruus/D.

Equations (2.5) and (2.6), along with the specification of }= RT,YR), serve
to complete the specification of the PF problem. The two unknown dependent
variables are T and Yg. The number of unknown variables (and equations) can
be reduced to one by forming a coupling function defined by the sum, B = ¢, 7/Q

+ Yg, and by assuming pD = k/c, (Lewis number of unity). As a result, Equations

(2.5) and (2.6) yield the following homogeneous equation and its solution:

16



Since B must be bounded at x = + *«, it is required that C; = 0. Thus, B = C,,

which is evaluated at x = - ©, where T = Tw and Yr = Ygy. This provides the

following expression:

The above relationship is exact, and it applies everywhere between -* < x < +%,

even inside the flame. At x =+, T=T,and Ygr=0to find T, = T, + QYru/c, as

the expression for the burned gas temperature. The relation for B gives Ygr in

terms of T, as follows:

C
=Y, —2(T-T) (2.7)
R RU Q u

By substituting Equation (2.7) into ;(T,YR), the mathematical problem can be

reduced to the solution of the energy equation only (Equation 2.8), subject to

T(°)=T,and T(+>) = T,:

17



2 C n
W L_pdT, 09 , Yoy -2(@-T,)| e/l (2.8)
Fde  ax? pe, 0 “

Prior to solving for T(x), however, normalized dependent and independent

variables are introduced as follows:

T-T
Dependent: 0= 4
Tb - Tu
x'
Independent: E=u =
o

The following dimensionless parameters are also defined:

Damkdhler number: p= % A y;&le‘E /R,Tp
u
f
| : LG
Zeldovich number: p= W( — u)
u'b
’ T,-T
Enthalpy ratio: A= u
I,

18



Substituting these definitions into Equation (2.8) leads to the following equation

for 6(§), subject to 6(-) =0 and 6(+>) = 1:

do d*e 209,
Z =2 4p(1-6)"e!7AU-9) (2.9)
dé  ag?

Equation (2.9) is solved in three zones that are subsequently matched.

The upstream-zone solution, already obtained in Figure 2.1, is shown in Equation
(2.4) and is also given by 0 = & for ¢ < 0. The downstream solution in Figure 2.1

is T =Ty, or @ = 1. The solution for &) in the reaction zone remains to be found.
The reaction zone connects the upstream “preheat” zone to the downstream
“reacted gas” zone.

In the “inner” or reaction zone near § = 0, it can be shown that the diffusion
and reaction terms dominate over the convection term [15]). Applying a stretching
transformation demonstrates this.

A stretching transformation, or reaction zone scaling, utilizes the following

definitions:

Rescaled, nondimensional

temperature: 0=L4(1-6)
Rescaled Damkohler number: p=Ap"
Rescaled special coordinate: = s%

19



Here & is an as-yet-undefined nondimensional scaling of the coordinate, &, in the
reaction zone, and is a measure of the nondimensional reaction zone thickness.

It is noted that the following expression is defined for convenience:

Integrating Equation (2.9) from - to +, or —6/2 to +6/2, suggests that it

is reasonable to define the quantity, 30/8” as of the order of unity. Therefore, the
characteristic flame width is approximated by Equation (2.10) below. Note that
the nondimensional characteristic flame width is of the order 1/8, so that for large

B the reaction zone becomes very thin [15]. Thus = = B¢ is defined.

o —

~D_Aﬂn+l~ﬁ

BB 1 (2.10)

Equation (2.9) reduces to Equation (2.11) below, after applying reaction-zone

scaling factors, ©, D, and =:

1dO d29+A®ne—6l(l—AO/ﬂ)

Bd=  4=2

(2.11)
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The convection term is of the order 1/8 which is significantly smaller that the
diffusion and reaction terms which are of the order unity. As a result, in the limit
of large B, the convection term is neglected to lowest order. Figure 2.3 illustrates

the normalized temperature distribution after the stretching transformation.

£=0

Figure 2.3 Schematic of stretching transformation in nondimensional scale. The
inner coordinate = is large and negative near £ = 0 ", large and positive near £ =
0, and of the order unity in the flame sheet.

It is presently impossible to analytically solve the nondimensional ODE in
Equation (2.11). Rather, an approximate solution is found. Perturbation
expansions of the normalized temperature and eigenvalue, © and A,

respectively, are performed. The following perturbation expansions are

substituted into Equation (2.11).
0=0,+p47'0,+p7%0, +..
A=Ay +B7'A +B2A, +...

21



This substitution results in the Equations (2.12) and (2.13) below for the zeroth

and first order problems:

0, = Ao(age"eo (2.12)

o -0/l L 1lo, =0, +0| 2L _pe?2
17 %| g " [F17% " o\a, 70 (2.13)

The boundary conditions for Equations (2.12) and (2.13) are obtained from the

outer solution in the following way. First, the upstream solution is analyzed and

provides the following two expressions, as § — 0:

2 43
0=e¢=l+§+£—+§—+...
20 3

do 2

—=1+5+=—=+..
dé d 2

Then, applying the relationships, 8 = 1 — ©/8 and £ = =/B, yields the following:

22



2B
d© =
E=1-Z4
d= B

From the perturbation expansion, letting © = ©y + O4/B + ... gives the following

boundary conditions, and so on for the higher values:

doO

©,>-E and —2—>-1 as E--— (2.14)
= do, _ _
0, —>—7 and ——-= as = — (2.15)

Sl

For the downstream solution, as §¢ — 0, the following distributions are

found:

23






Once again, applying @ = 1 — ©/8 and § = =/ gives © = 0 and dO/d= = 0, so that,

along with © = Oy + ©4/B + ..., the following boundary conditions are found and

are displayed in Figure 2.4:

do, _
©,=0 and =0 as = o oo (2.16)
d=
do, _
0,=0 and =0 as = — +oo (2.17)
(O]
0,(=)
Anticipated solution
do,
~~~~~~~ — -0
.......................... =

Figure 2.4 Plot of anticipated solution after applying stretching transformation.
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The lowest-order problem consists of Equation (2.12) and BCs (2.14) and
(2.16). The first-order problem consists of Equation (2.13) and BCs (2.15) and
(2.17). Both problems are over-determined and thus each solution will also
produce a result for the various eigenvalues, Ay, A4, etc.

To solve the lowest-order problem, first the eigenvalue is calculated by
integrating Equation (2.12) from = = - © to = = + *© and imposing the conditions

given by Equations (2.14) and (2.16). Therefore, the following computes:

=_ (S 0 2

’sz@o = - 'Tl d (d@)z de — _ OI" 1,49,
a2t gl 2d0\dE) dE g 2\ dE

1 1
==-[o-1]=-=

2[ ] 2

O,H(E=
o M)A 070040, = A [07e 040 = — A T(n+]
= | 0°0€ 0~ ojoe 0o = ~AJ(n+1)

Thus, Ap = %2 I'(n+1) gives the lowest-order flame speed eigenvalue. The
procedure above is replicated, but integrated from = = - « only, to a finite (and

unspecific) value, where ©p = ©y(=). The result is as follows:
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2
- js"e—sds
9
I s"e %ds
P(n+1,0 )—% 0 <1 (2.18)
Is”e_sds

Equation (2.20) is obtained below by taking the square root of Equation (2.18)

and rewriting it as Equation (2.19). Equation (2.20) is solved numerically.

doO

dEO =-JP(n+1,0,) =-g(n,0,) (2.19)

0

2= |

a g(n s)

(2.20)

The integration constant, a, is found by integrating Equation (2.20) while applying
upstream boundary conditions on ©y(=). A transcendental equation forces a
numerical solution for ©¢(=), which is then used to deduce 6 and thus T, and

finally Yr from Equation (2.7).

26



The expressions for ©4 and Ay can be found by introducing a variable

change in the form of g, as follows:

=10
£
2
0 =-20 (2.21)
1 2 :

By a similar procedure (by integrating the first-order problem from the far
upstream (= = -) to the far downstream (= = +%)), it is relatively straight forward

to find, for the first-order eigenvalues correction, the following expression in

Equation (2.22):

A, >
—L=(n+2)(n+1)-2 [(1-g)ds (2.22)
A0 0

The first-order analysis will not be pursued any further. The interested reader
may consult Chapter 5 of [16].
2.3 Multi-step chemistry

The analysis of a single-step chemical reaction does have limitations in

describing combustion behavior. For example, the Zeldovich number (B8) for a
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satisfactory description of stable flame balls must be about three times the actual
value found in typical hydrocarbon reactions [7].

Realistic Zeldovich numbers are invoked in the two-step mechanism
shown in expression (2.23). This expression describes how a radical species Z
attacks a fuel species F to produce more radical in the form of chain branching,
until all the fuel particles are consumed. A third body, denoted by M, represents
any type of molecule. In reaction 2 the radical collides with M to produce product
P and leftover M. The rate constant, kg, in the first reaction varies with
temperature; however, the rate constant, k¢, for the second reaction does not.
The chain-branching reaction requires energy from the flame to generate
radicals, Tg = Eg/R, (heat release step). The second reaction has zero activation

energy, and is therefore independent of T. Thus, T¢ = 0 (heat absorption step).

1) F+Z—Z+Z : k,=Ae 'T

B B

2) Z+M->P+M : kC=A (2.23)

C

schematically represents the first step in the above mechanism.
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Figure 2.5 Curve representing a two-step combustion mechanism.

The governing equations for the two-step mechanism include the fuel

species equation, the radical species equation, and the energy equation, shown

in Equations (2.24), (2.25), and (2.26), respectively. The primes imply

differentiation with respect to x.

pSY . =pD oY, W, 0

F™B

pSY, =pD Y, -W,0p -W,0,

pc ST =kT"+Qwg - ¢

29
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The laminar flame speed is denoted by S, W is the mean molecular weight, and

wg and wc are defined as follows:

In Equation (2.26), the quantity { refers to a heat loss term that can be used to
represent the rate of bulk heat loss (through radiation, for example).
For simplification, the equations are normalized using the following

definitions for the independent (x — §) and dependent (Yz, Yr, T) variables:
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. . a
x= xséf (x, is chosen for convenience, x ; =—)
u

Wz Lez

FOw
Wf LeF

Y,=y,Y,o (Y, is chosen for convenience, Y,o=

_ S : : . :
5§ =— (u is chosen for convenience later in the analysis)
u

T-T
T= O (normalized temperature field)
T = T,

Yp=ypYp, (normalized fuel mass fraction)

The fuel, radical, and energy equations are now reduced to the following

nondimensional equations:

dy,. d*

Le,s YF _ yz"" — Kr (2.27)
dé  4¢
dy d2y

Le, 5—% = Z +Kr—-y (2.28)
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2 —
sdr_dr O ., (2.29)
dé  d&? Le,"*

Note the similarity of these equations to Equations (2.5) and (2.6). Select

variables that are included in Equations (2.27), (2.28), and (2.29) are defined

below:
Lewis number: Le= 3
D
x2 PYpo PY,g -TgiIT
Damkdhler number: K=—-2—W 7 A B —£2.0 f
PDEYp, Wp W,

Tg T
. T, T
Reaction rate function: r=yryze

%o
¢, (T, —TyWp

Heat release: 0=

€x2
S

Heat loss term: L=—">—
k(Tf - TO)

The quantity r is redefined in terms of the Arrhenius rate expression k(T), as

follows:
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1 1
TB{?— T\+t(T T )]
k(T)=e 7/ 07170

The expression for k(7) is rearranged after some algebra to give the expression

as shown below, where a =1 - To/Trand B = Tg(T¢-To)/T, f2 .

1-7
k(T) =e-ﬂ(l—a(1—1)J

To solve the fuel species equation, the reaction zone is assumed to be
very thin. Upstream (£ < 0) the flame, the reaction rate r is zero. Therefore,

Equation (2.27) becomes Equation (2.30).

LeFEyF =Vr (2.30)

Letting ye' = exp(mé), it can be shown that the characteristic equation gives

Leesm = m? so that the two roots are m = 0 and m = Lers for the

homogéneous solution. The solution to Equation (2.27) is written below:
yp=Ce% +C et (2.31)

The boundary conditions are as follows:
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Far upstream: yp=1 as &> —oo

On upstream side of
flame front: yp=0as §—-0°

The values for C; and C; in Equation (2.31) are computed, and the fuel species

upstream solution is given below:
yp=1-eterss for £<0° (2.32)

The downstream (¢ > 0+) solution uses the same solution (Equation (2.31)) as the

upstream solution. Equation (2.33) and the boundary conditions that follow lead

to the solution given below by Equation (2.34):

yp=Cy +Cettor™? (2.33)
Far downstream: Y <l as &> +oo
At downstream side
of flame front: yp=0as £-0"
Solution: yr=0 for £>07 (2.34)
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A curve demonstrating this behavior for the fuel species is shown in Figure 2.6.

Ye

——
a=0- | b=0

Figure 2.6 Curve representing fuel species behavior for a two-step mechanism.

Equation (2.27) can also be integrated, from a to b, to show that yr is continuous,
or that the jump of yr across the flame is zero [7].

The radical species equation, given in Equation (2.28), is solved by
implementing similar methods as the fuel equation. By integrating from a to b in

the above Figure 2.6, when a = 0" and b = 0" are &-locations that straddle the

b
reaction front, the result, jKrdf =—5Le , is found. Then following expression

a

is deduced, which yields the jump condition on the gradient of y;:
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