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Nomenclature

A Non-dimensional absorption coefficient

ay Dimensional absorption coefficient

B Frequency factor in the chemical reaction rate
expression

b Coefficient in the discretization equation,
defined in Eq. (2.5).

C Source term in the discretization equation

Cp Specific heat

D Diffusion coefficient

Da Damkohler number

E Activation energy

F u/x, defined by Eq. (4.8)

H Ratio of non-dimensional heat of combustion to non-

dimensional heat of vaporization

I Non-dimensional radiant intensity at outer boundary
i Intensity of radiation
Ly Distance from the outer boundary to the fuel surface in

the stagnation point problem

Ly Latent heat of vaporization

Le Lewis number

MW Molecular Weight

P Pressure

P, x-direction pressure variable defined in Eq. (4.10)

Py y-direction pressure variable defined in Eq. (4.10)

Pec Numerical Peclet number based on grid size, defined by
Eq. (2.6)

PF Chemical power generation per unit area of fuel surface
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Prandtl number

Heat of combustion

Universal gas constant

Reynolds number

Non-dimensional fuel-oxygen ratio
Temperature

Time

x-direction velocity

y-direction velocity

y-direction velocity at the outer boundary of the
stagnation point flow problem

Reaction rate

Spatial coordinate parallel to wall
Spatial coordinate perpendicular to wall
Mass fraction

Greek Symbols

Non-dimensional heat of combustion
Non-dimensional activation energy
Thermal conductivity

Similiarity variable

Density

Grid size in the y-direction

Grid size in the x-direction
Stoichiometric coefficient

Viscosity
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Subscripts

Quantity evaluated at the outer boundary of the
stagnation point problem

Denotes characteristic quantity

Denotes a quantity on the east side of the grid point
under consideration

Quantity related to fuel

Refers to the mass fraction of fuel present in the fuel
wall

Denotes a quantity on the north side of the grid point
under consideration

Denotes the grid point under consideration
Quantity related to oxygen

Denotes a quantity on the south side of the gridpoint
under consideration

Quantity evaluated at the vaporization point of the fuel

Denotes a quantity on the west side of the grid point
under consideration '

Quantity evaluated at.the fuel wall

Quantity evaluated far from the wall in the one-
dimensional problem

Refers to state 1 or state 2, respectively

Superscripts

Refers to a quantity evaluated at the old timestep
Other
Dimensional variable

Non-dimensional variable

ix



Ignition and Flame Propagation Studies
Over a Flat Fuel Surface

Bryan T. Amos
ABSTRACT

Numerical studies are performed which show the evolution of
the combustion process over a flat fuel surface subjected to an
external source of radiation. Ignition is caused either by the
high temperature of the fuel surface or by radiation absorption
by the fuel vapor. The surface is assumed to be either in a
zero gravity, initially stagnant air enviromment or in a
stagnation point flow field. Regardless of the source of
ignition considered or the type of the flow field, the same
sequence of events is predicted. This sequence of events begins
with a pre-ignition, radiation dominated phase in which fuel and
air mix above the fuel surface. After ignition occurs, there is
a period of weak chemical reaction, which is followed by a period
of stronger reaction in which a premixed flame front develops.
Before dying out the premixed flame front separates the fuel
from the oxygen and leaves behind a diffusion flame.

The combustion and radiation processes are shown to have a
large effect on the flow field in the stagnation point flow
cases. For the case in which ignition is caused by gas phase
absorption, the radiation required to cause ignition is so high
that an opposed jet flow is created. 1In the case in which

ignition 1is caused by the hot fuel surface, the radiation is



lower and the boundary layer remains almost intact. For both
types of ignition the premixed flame fronts produced heat fast
enough that the expanding gas is able to drive the incoming flow
back from the fuel surface. After the premixed flame front dies
out leaving the diffusion flame the incoming flow again dominates

and a boundary layer reappears.

A. C. Fernandez-Pello
Chaiman, Thesis Committee
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1. Introduction

The combustion processes which occur over a vaporizing fuel
surface have often been studied in the past. These studies have
usually concentrated on the ignition aspect of the problem or
upon the nature of the steady state diffusion flame which may
exist over the surface. For instance, references (1-9) have
analyzed the ignition process for a fuel surface in a one
dimensional geometry, while references (10-12) have analyzed the
ignition process when the fuel surface is subjected to a
stagnation point flow. References (12-17) have analyzed steady
state diffusion flames in stagnation point flows while references
(18-24) have studied these flames experimentally. No studies
were found which tried to analyze the processes which occur
after ignition and before the steady state diffusion flame 1is
obtained.

While it is important to understand the ignition process and
the structure and character of the steady state diffusion flame,
it seems equally important to understand the processes which
occur between the ignition point and before the steady state is
reached. To study these processes requires that the entire
combustion problem, from a quiesant initial condition to the
diffusion flame, be considered. The purpose of this thesis is to
solve and present the results of two problems in which the entire
combustion problem over a flat fuel surface is analyzed. These
problems will not only consider the ignition process, but will

also identify regimes which occur in the post-ignition events,



and show how these regimes are related to one another. By
studying these regimes, the sequence of events leading to the
development of the steady state diffusion flame can be
determined.

The problems are shown schematically in Figs. (1.1) and
(1.2), respectively. The first problem considers a fuel surface
initially in cold ambient air. At time, t=0, radiation is
applied to the surface causing it to vaporize and mixing fuel
vapor with air. The fuel-air mixture is then ignited in one of
two different ways: 1i)the fuel vapor absorbs a fraction of the
incoming radiation so that the mixture becomes hot enough to
ignite, or ii) the vaporization temperature of the fuel vapor is
high enough to cause ignition. Once ignition occurs, the
chemical reaction becomes strong and premixed flame fronts will
develop and propagate. The premixed flame fronts eventually burn
themselves out leaving behind a diffusion flame. The post-
ignition events are generally the same, regardless of the method
of ignition used. However, the specific events which occur are
highly dependent upon the method of ignition and also upon the
parameters of the problem.

The second problem again considers a vaporizing fuel
surface. In this case, however, the stagnant ambient air 1is
replaced by a two dimensional stagnation point flow. This flow is
generated by imposing a velocity perpendicular to the wall at a
distance, Lt Radiation is again applied to the fuel surface

causing it to vaporize and the resulting fuel vapor mixes with
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air. The same two methods of ignition are considered, with the
post ignition events being generally similiar to those described
above with the development of premixed flame fronts and a
diffusion flame. However, the addition of a two dimensional flow
field will be shown to significantly complicate the entire set
of events.

These problems will be solved by first making appropriate
assumptions to'simplify the conservation equations along with
their 1initial and boundary conditions. Then the equations are
solved numerically according to the scheme discussed in the next

chapter. The solution for the first and second problems will
consist of temperature and mass fraction profiles showing their
evolution from a quiescent state until a diffusion flame is
obtained.  The solution to the second problem will also show the
evolution of the velocity profil?s.

While the cases where ignition is caused by the hot fuel
surface has been analyzed extensively, 1-9 the cases where
ignition 1is caused by the gas phase absorption of radiation has
only been studied experhmentally}2'18 Hence, several parametric
studies on ignition by gas phase absorption will also be
presented.

The solution to the above problems is difficult from a
numerical standpoint because of the numerous time and length
scales which are involved.:33 Williams(32) has shown that the
premixed flame fronts which exist in the post-ignition phase of

the problem, will have an large outer region which is dominated



by convection and diffusion and a much smaller inner region which
is dominated by the chemical reaction and diffusion. Linan(15)
has shown that the same regions exist for diffusion flames in
which finite rate chemical kinetics are considered. These
analyses were both performed under steady state assumptions. In
the transient cases considered here, there are also disparate
time scales which correspond to each of these regions. Hence,
before proceeding with the presentation of the problems and their
results, it is useful to first discuss the numerical techniques

that must be employed.



2. Numerical Methods

2.1 Introduction

The problems which are addressed here tend to be
computationally difficult because of the multiple time and length
scales which are involved. As an example of these scales
consider a premixed flame front which is moving in a stagnation
point flow field. A velocity of say, .5 m/sec 1is imposed
perpendicularly to the wall at 5 cm. A convective time scale for
the overall flow may be taken as Ly/vy or .10 sec. A diffusive
time scale may be defined as

fo= -y Cyp /}\ (2.1)
and is on the order of 60 seconds for air. Because of the
premixed flame front there 1is also a thin region of rapid
chemical reaction which has associated with it very small time

and length scales. From reference (32), these length and time

scales are / —2
- (ézlf@eié» (2.2)
and
(an Toe _\ (2.3)
{0, op €. -3

respectively. For the fuels considered in this thesis, which are

typical of hydrocarbon fuels, the length scale is on the order of

10> meters and the time scale is on the order of 10°® seconds.
If the premixed flame is replaced by a diffusion flame with

finite rate kinetics there 1s again a small region where a



chemical reaction takes place. While the reaction is not as
rapid as 1in the premixed flame case because of the scarcity of
reactants in the reaction zone, it is still much faster than the
large-scale convective and diffusive processes. Thus, the
diffusion flame is also computationally difficult to handle.

2.2 Review of Numerical Procedures

In the past at least three different methods have been used
to solve problems with premixed flame fronts. These methods will
be discussed in the order of the level of their sophistication.
Generally, the more sophisticated a method is, the lower the
computational time requirements. However, this sophistication
also carries with it a loss of accuracy and detail.

The first and simplest method is a straight forward
application of the finite difference scheme3?  This method has
the advantage of being the most accurate and will give a large
amount of detailed information about the flame. The drawback of
this method is that it has great difficulty in efficiently
handling the multiple scales in the problem. For example the
timestep in this method must be based upon the smallest time
scale which is often the chemical time. Since the overall
diffusion and convection processes must also be modeled over
relatively long times, the method requires an extraordinarily
large number of timesteps. Also the initial grid size must be
based on the smallest length scale in the problem. Since this
scale 1is the premixed flame length scale the initial grid will

need to be very fine even though initially very little will be



happening in the problem. Thus, the computer program will often
spend a large amount of time calculating values that may change
little. Overall, this method will be quite expensive.

The second method which provides a solution to the initial
grid size problem 1is the movable grid method described in
references (34-35). In this method grid points are moved around
based upon the temperature gradients with points being added in
the regions of large temperature gradients and points being
deleted in regions of small temperature gradients. The method
has some of the advantages of the straight forward finite
difference method such as being able to calculate the details of
the flame fronts while saving computational time because the
overall number of grid points is reduced. However, it is still
restricted to using small timesteps and thus is computationally
expensive, although 1less so than the first method. It is
slightly less accurate than the first method producing a flame
speed that may have an error of up to three percent.34 Another
drawback 1is that the programming required to adapt the grid to
two spatial dimensions is quite complex with a corresponding
increase in computational time. Since the problems considered
here are all reducible to one spatial dimension and because of
the advantages of obtaining large amounts of detailed information
about the flames, this is the method of choice. It is discussed
in more detail in the next section.

A third method which deserves mention is the flame

discontinuity method developed by Chorin. In this method,
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which is the most sophisticated method, the premixed flame front
1s treated as a discontinuity which is tracked through a coarse
grid using a large timestep based upon flame speed. Because of
the coarse grid and large timesteps, the computational savings
over the first two methods are great. However, the details of
the flame front are not calculated and a problem arises if the
flame were to enter a very lean or very rich region where it will
die out. In this case the flame front slowly changes from an
approximate discontinuity to a front with finite gradients and
the code must be 'fixed' to handle this situation. Nonetheless
this is presently the only practical method available for
 transient problems which have more than one spatial dimension.
The last two methods discussed have been developed
specifically to model premixed flame fronts. Neither of these
methods are of use when modeling a diffusion fiame with finite
rate kinetics. To model a diffusion flame still requires a
straight forward application of the finite difference method.
Fortunately, the timestep and the gridsize are much larger in the
diffusion flame than for the premixed flame fronts, and the

program does not become excessively expensive.

2.3 Description of Movable Grid

As mentioned above, the algorithm used to adjust the movable
grid involves examining the temperature profile and noting where
the differences in temperature at two adjacent grid points either
exceeds some maximum value or is less than some minimum value.

If the difference exceeds the maximum value then a grid point is
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inserted exactly between the two original grid points. If the
difference is less than a minimum value then an additional
comparison is made to the next adjacent point and if this
temperature difference is also small, then the point in between
is deleted.

In order to be physically realistic, as many quantities as
possible must be conserved when adding or deleting a grid point.
The method used here conserves mass, energy, and chemical
species, but not momentum. To conserve momentum requires a new
solution at the old timestep to determine pressures and this
added complexity and computational expense defeats the purpose of
the movable grid. When a grid point is added, it 1is added
exactly in the middle of the two original points. Hence it can
be shown that the values of the density, temperature, and
species which satisfy the conservation laws at the new point are
simply the averages of the values at the adjacent points. When
a point is removed, it may not lie exactly in between its two
neighboring points and thus conservation laws may not be
satisfied by leaving the values unchanged at the neighboring
points. Instead the quantities associated with the removed grid
point must be carefully divided up between the neighboring
points.

Another consideration that is important when using a movable
grid 1is that the initial grid size must be fine enough to model
the leading edge of a premixed flame front. Since the

temperature differences in the leading edge of the flame front
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are not large the movable grid may not supply enough points to
model this region accurately. The consequence of not supplying
enough 1initial points to model the leading edge is a premixed
flame speed which varies erratically.

Finally, it 1is important that the programmer have an
physical understanding of the problem so that the movable grid
algorithm is applied only in areas where a premixed flame exists
or will exist. As an example consider a problem in which there
is a boundary layer which does not contain a flame. A fine grid
i1s needed to correctly model velocity gradients in the boundary
layer. However, since the boundary layer does not contain a flame
it 1is wunlikely that the boundary layer will contain large
temperature gradients. If a movable grid is applied in this
region, 1t will coarsen the grid and cause the boundary layer to
be modeled inaccurately. To obtain the proper physical
understanding may require that the programmer make several trial
computer runs to determine the exact locations where the premixed
flames will exists.

2.4 Description of Numerical Method

The numerical method chosen to solve the problem is
presented in detail by Patankar. In the method discretization
equations are derived using conservation principles. Using
temperature as an example a typical discretization equatiomn is of
the form

bpTp = be

Tt b, T, FouT v b, + (. (2.4)
S
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where
b, = A8« “:o,(: ~o,\\ea\\'{l *‘[ -(j\l\éx, 0]
A (2.5)
= E,WN,S,
PN ) Cp O
Pec= ( 2 >—_>\ =3 . E,W, NS, (2.6)
b+ b
\)P: \OE‘— bu" bN‘P s T \ & 2.7
3 © gxé\—\
by L ot (2.8)
and =,
Qe e /&Tr§x§1 .
= TV T AacsXx @
P

The brackets indicate that the maximum of the two quantities
contained within is to be taken. It can immediately be seen that
the method is implicit in all terms except the chemical reaction
rate which is handled explicitly in temperature. The reaction
rate is written explicitly in temperature because it is highly
non-linear and convergence is nearly impossible if it is written
implicitly. Because of the scheme's overall implicitness the
method  should be highly stable. The coefficients between
adjacent grid points are calculated based on a numerical Peclet

number which, in turn, is based on the local grid size and the



14

local values of velocity, density, and thermal properties. If
the numerical Peclet number is small, then diffusion dominates
locally and a diffusion type of coefficient is used between the
points. If the numerical Peclet number is large, then convection
dominates locally and a convective type of coefficient is used.
For intermediate values of the numerical Peclet number a
combination of the diffusion and convection coefficients is used.

Equations similiar to Eqs. (2.4-2.9) can be written for
fuel and oxygen species, and the x and y direction velocity by
using the conservation of species equations and the conservation
of momentum equations. Then, using the additional equation of the
conservation of mass and appropriate boundary and initial
conditions, a solution to the problem at a new timestep may be
found by iteration. Timesteps can then be taken from the initial
condition until a steady state solution is reached.

The major criticism of the above method is false diffusion
which, as the name implies, is diffusion which is predicted to
occur because of a numerical weakness in the solution algorithm
rather than because of the physical situation. As discussed in
reference (37), false diffusion only occurs when the direction
of the fluid flow is not parallel to the gradients in temperature
and species. Since in the one dimensional problems considered
in chapter three, the velocity is always parallel to the
gradients 1in temperature and species, false diffusion is not a
consideration. However, for the stagnation point flow problems

considered in chapter four, the velocity is often at an angle to
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the temperature and species gradients and false diffusion is a
consideration.

A second criterion for false diffusion to occur is that the
numerical Peclet number be large where there are large gradients
in temperature and species. One of the advantages of the movable
grid is that it concentrates points in areas of large temperature
and species gradients. Since the numerical Peclet number is
based on grid size, the Peclet number is small in areas where
there are steep gradients. Thus, the movable grid has the
advantage of greatly minimizing or eliminating false diffusion
~from the stagnation point problem, and the numerical method
presented should perform quite well for all problems considered

here,
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3.0 One Dimensional Problem

3.1 Introduction

The problem considered here is schematically shown in Fig.
(3.1). A planar combustible solid wall is initially in a still,
zero gravity air enviromment. The wall is at the vaporization
temperature of the solid fuel and the surrounding air is at an
ambient  temperature which is less than the vaporization
temperature. At time t=0, the wall is subjected to a radiant
heat flux of constant intensity which the wall absorbs at its
surface causing fuel to be vaporized. The fuel vapor mixes with
the ambient air and one of three things may occur: a)the fuel
may be reactive enough at the vaporization temperature of the
fuel to ignite, b)the fuel is not reactive enough at its
vaporization temperature to ignite, however it may absorb
incoming radiation and become hot enough to ignite, or c)the
fuel-air mixture does not ignite. Obviously the fuel may be hot
enough to ignite at its vaporization temperature and it may also
absorb radiation so that there is the possibility of a combined
ignition mechanism. After ignition occurs the chemical reaction
is self-sustaining and the radiation is turned off. The reaction
eventually produces a premixed flame followed by a diffusion
flame.

Many assumptions are made which are used to reduced the
governing equations which describe the problem to solvable form.
As mentioned above it is assumed that all processes are at zero

gravity and since the only flow at a boundary is a wuniform
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injection of fuel at the wall all processes should remain one
dimensional. Since the analysis is concerned with gas phase
processes the solid is assumed to remain uniformly at the
vaporization temperature and is not considered except at its
interface with the gas. The gas phase combustion is assumed to
be a one step chemical reaction whose rate can be described by
an Arrhenius expression. The gases are treated as ideal with a
Lewis number of unity, a constant Prandtl number, constant
specific heats, and a thermal conductivity that is given as an
exponential function of temperature. It is assumed that the
pressure remains approximately constant.

Also the radiation 1s assumed to be directed
perpendicularly to the wall. Both the gas phase and the solid
surface can absorb the incoming radiation but do not emit their
own radiation and the gas does not scatter. The gas phase
absorption process is assumed to be independent of temperature,
but directly proportional to the fuel concentration and to the
intensity, with the constant of proportionality being defined as
the absorption coefficient. Finally, the fuel wall is assumed to
be black and thus to absorb all incident radiation.

The ignition criterion that will be used in this analysis is
that the chemical reaction has become self - sustaining. Using
this definition the ignition point can be determined by an
iterative process. At a given time the radiation is turned off
and a timestep run. If the chemical reaction is strong enough to

cause the temperature to continue to rise, then ignition has
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occurred. If the temperature falls, then ignition has not
occurred and the timestep is rerun with the radiation turned back
on. The process is repeated until ignition point is reached.

For this ignition criterion the chemical reaction is still
weak when the radiation is turned off. Hence, there will be
period of slow chemical reaction just after ignition and before
the reaction becomes strong. A weakness of this criterion is
that the length of time that the weak chemical reaction lasts is
highly dependent on when the laser is turned off. If the laser
is turned off just at the ignition point, then the chemical
reaction will just balance convective and diffusive losses and
the weak chemical reaction period will last for a very long time.
If the laser is left on slightly beyond the ignition point, then
the chemical reaction will be stronger than the diffusive losses
and the weak chemical reaction period will be much shorter.

A second criterion that is often used is to define the
ignition time as the time when the chemical reaction becomes
quite strong. Unlike the first criterion, this criterion is not
defined precisely and it is this lack of precision which can lead
to 1inconsistent results. A further discussion of the ignition
criteria will be made in the results section.

In the following sections, the dimensional governing
equations will be introduced and then non-dimensionalized. Then
two limiting cases will be solved and the results presented. The
first case corresponds to a gas with a high absorption

coefficient and a low vaporization temperature. Ignition in this
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case will be due to radiation absorption in the gas phase and
will 1involve the vaporization of a considerable amount of fuel
before ignition occurs. The fuel will ignite far away from the
fuel surface. The second case involves a fuel with zero
absorption coefficient and a high vaporization temperature. In
this case ignition occurs because of the hot surface and the
point of ignition is near the wall with little fuel vaporization
taking place before ignition. Also, because there has been
little theoretical work done on ignition by gas phase
absorption, results of a parametric study are presented which
- show how ignition time and distance from the wall at which
ignition occur vary as a function of the absorption coefficient

and the intensity.

3.2 Analysis

3.2.1 Governing Equations

The equations that describe the problem are the transient
one dimensional conservation equations with their associated
boundary and initial conditions. With the assumptions listed
above these equations become,

Continuity:

3:%—— ) (} V\:o (3.1)
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Fuel conservation:

—_ Y —T 2 2 2y

Z_F, -+ V ‘E = == F'B o

P 3z ) 25 23( v 33 W (3.3)
Oxygen Conservation:

— —— R —_— 3

) .%‘j_o ‘f = 2= ho) _MWoly — (3.4)

‘j 2\‘) Mg VF'

Y-momentum conservation:

2V | _gav 20

,P ézzr .P "TZT = - 2= (3.5)

Kt ) P

where the chemical reaction rate, W, is given by

- BT cxp( RAT (3.6)

for the one step chemical reaction of the form
v Fey,0 —= v, P, (3.7)

The di/dX term in the energy equation represents a heat source
term due to the absorption of radiation in the fuel vapor. This

radiation absorption is assumed to be of the form

j% ~}a> Ne L (3.8)
where a, 1s the absorption coefficient and 1 is the radiation
intensity which is a function of y. The y-momentum equation is
not necessary for the solution of this problem because of the
one-dimensionality and the assumption that the pressure remains
approximately constant. It is used, however, as a check of the

constant pressure assumption to insure that the pressure does not
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vary significantly from the ambient pressure during periods of
rapid chemical reaction. The last equation that is necessary is

the equation of state which reduces to

PN T
M, nw . (3.9)

The initial and boundary conditions that specify the problem are:

At time t=0,
_ . (3.10)
N (004)=2,
iR (O,Tf)\ =T (3.11)
Jo(0,2\= O
Ve ( 3\ (3.12)

Y [o, 5 \—_ Yo, a (3.13)

At the solid/gas interface, 7=0, the temperature 1is the

vaporization temperature of the fuel
T(¥,0\= Ty (3.14)

An energy balance at the wall gives the mass flux at the wall,

<~ ar —

)—0- QL\' - }\ .22; L (3.15)

which 1is then used in the fuel and oxygen conservation equation

boundary conditions,
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;D—\HFT )TQ e @6 Q\fFB (3.16)

—

DNV, = P

(3.17)

Far away from the wall conditions should always approach the
ambient and thus the boundary conditions as ¥ approaches

infinity are,

T =Ty, (3.18)
= Yo, v (3.19)
\_(; =, (3.20)
= Lo (3.21)

Finally, the power generated above the surface per unit area of

surface is

o0 —_ -

:j BY, 9= —,—-3«6._ SR dj (3.22)

|

M

P

c

It can easily be seen by setting the time derivatives to zero in
Egs. (3.3-3.5) and by applying the boundary conditions, Egs.
(3.14-3.21), that no steady state solution exists. This will
have an effect upon the final solution and will be discussed more

in the results.
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3.2.2 Non-Dimensionalization

The non-dimensionalization is not a straight forward
process for this problem because of a lack of characteristic
length and time scales in the boundary and initial conditions and
because of the many different physical regimes that are present.
A characteristic quantity which may fit one regime quite well may
have no significance in another physical regime. Hence, some
compromises are necessary in choosing the characteristic
quantities. The following non-dimensional quantities are used in
this problem:

Time,

< o

= /looo‘rq} > (3.23)
g\‘)Q,M < 3 v

where & is a non-dimensional activation energy given by

B = ST ) (3.26)

and T 1is given by

Te=(14a) T, (3.25)

where
' o (3.26)
C,P TOQ 1/;. mt&’C )
Length,
—;; N 27
\3 = ( (}D)@T&_)‘/l (3.27)
A\{OIW C‘Ag
Velocity,
N ( Q»D\cp R‘%O,gg ¢““6 \)\/1 (3.28)
N T &



Oxygen mass fraction,

Yo -

Fuel mass fraction,

Je = Q_ﬁ_@_ﬂ\i}_«z\_

Temperature,

o Cp Vo Mg _
‘ = \ _
Q Ve mL\)F\(O,QO (T TU)

Intensity,

Density,

2= e

Thermal conductivity,

A= )/xoa

= Vi

!
P2 eV

Viscosity,

and Pressure,

25

(3.29)

(3.30)

(3.3D)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

The characteristic time in Eq. (3.24) is the chemical time

and for most hydrocarbon fuels this is quite small.

The

characteristic velocity is on the order of the premixed flame
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velocity, while the characteristic length is the thickness of a
premixed flame front. Hence, these characteristic quantities
apply best to a reaction zone in a premixed flame and really do
not apply to other parts of the flow field outside the flame or
to regimes that do not contain premixed flames.

The characteristic fuel mass fraction is the mass fraction
of fuel that would be required to burn the oxygen at infinity if
the fuel and oxygen were stoichiometrically mixed. This variable
is thus a measure of the richness or the leanness of the mixture.
The characteristic temperature is the temperature rise that would
occur if a stoichiometric mixture were burned with the oxygen
being at its concentration at infinity. Other quantities are
self explanatory.

If these quantities are introduced into the dimensional
conservation equations, and into their boundary and initial

conditions, Eqs. (3.1-3.22), then the following equations

result:
Continuity,

2p R \ B

ab T ay (jDV =0, (3.37)
Energy, LB G- r)

"’""’T
2T G 2 2 l——\)
e TPV TRy Ty 1‘“3 CTM“ | (3.38)

Fuel conservation . ml

\‘)F . ___E k{(‘-‘ - A- T
P73 PV ')[

CT *‘3 (3.39)
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Oxygen conservation,
y /3;0,13
\_’ ~T

i SV O M) Nelo (3.40)
P 2t Va “) » @om\
Conservation of y-momentum
3—L+p\/3—\1—=-9—ﬂ (3.41)
P 2t _ AV‘) ,).\,)

The radiation absorption term becomes,

Ji \
-()'g = F\Jo\’: L (3.42)

The equation of state is

I
<”V‘:: Yeo +\Jo, L\}. (T. + i’\: ( ‘:/; - x{o 1\))1(1— ‘__L (3.43)

The transformed initial conditions at time, t=0, are

N=0 (3.44)
=0 (3.45)
Yo =1 (3.46)
Ne = O (3.47)

The boundary condition at the solid gas interface, y=0, are for

temperature,

=1 = j_?oo (T—v —T;o\ (3.48)

For the mass flux,
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e () T TV i) b

For the conservation of fuel and oxygen equations,

Vomwo \\FT‘ ‘ 3_\15
Ve Muse Yo o PN =9 VYe - p0 any | (3.50)

, - A (3.51)
)} Vi = b ) E
At the outer boundary where y-w»eq the transformed conditions
becore,

1=0 (3.52)
Mo = | (3.53)

Ye =0
(3.54)
L= (3.55)

Finally, a non-dimensional power per unit area of fuel surface

may be defined as _‘ &l -T\J
PE P VYot *TT-O

0F = P - f ote & ST G
L'PTeO}?.w\fu)D‘“ o L‘}‘T_‘r \\

Including the Lewis number which has already been assumed to be

one there are nine non-dimensional groups which appear in
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Eqs. (3.36-3.55). These groups are defined and summarized in

Table 3.1.
3.3 Results

3.3.1 Results of the Ignition and Flame
Propagation Study with Ignition
Caused by Gas Phase Absorption

The results of two cases run with different absorption
coefficients are presented in this section. The first case is
run with an absorption coefficient of A=4.78x10—6 and the second
case is run with A=.78x10™%. Uhile there is little data
available on the absorption coefficients of hydrocarbon fuel
vapors, a previous study has suggested that the total absorption
coefficient for the hydrocarbon fuel, polymethylmethacry-
late (MA) is 1.5x1070.38739 1f 3 1aser which has a wavelength in
the absorption band of the fuel is used to irradiate the surface
then the 4.78><1O-6 case 1s quite realistic. The absorption
coefficient of 4.78x10—4 is probably too high, but there are
enough interesting physical differences between the two cases to
justify its presentation.

The other data used in this calculation ar€ shown in
dimensional form in Table 3.2 and are shown in non-dimensional
form in Table 3.3. The properties correspond approximately to

those of PMMA40

with the exception of the absorption coefficient
discussed above and the constants in the Arrhenius chemical
reaction rate. There 1is presently no single set of constants

available which would accurately model the chemical reaction



Table 3.1:

Sunnary of non-dimensional groups

appearing in the one dimensicnal equations

Symbol

Non-dimensional group

Ve Mwg

(y'”“’

(5

- Qmwc\fF‘r
(3

o, Ve MWe

,L,_mtd; \j__)

e —

Le < ( ED\)\Q:e }

)

E AT oo ar. (W T,Q‘l

a\ Q\{cLoO VE (Y\l'\j F\_.

choc u, m\do

6 (RM\?\«rd\ To.\

—_— ( Vg

Description
Non-dimensional absorption
coefficient

Non~-dimensional ratio
of heat of combustion
to heat of vaporization

Non-dimensional intensity

Lewis number

Non-dimensional fuel-oxygen
ratio

Non-dimensional wall
temperature

Non-dimensional heat of
combustion

Non-dimensional activation
energy

Moles of fuel required
per mole of oxygen

30
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Table 3.2: Values of the dimensional parameters

used in the one dimensional problem

Symbol  Case with ignition and flame
propagation caused by gas
phase absorption

ay, 10 m?/kg, 1000 m?/kg
B 1.6%1012 kg*°k %/ (m3*sec)

cp 1220. joules/ (kg*°K)

E 1.8%10% joules/ (kgmole)

i 20. watts/cm2
Ly 1.59%106 joules/kg
MW ¢ 100 kg/mole
MWo 32 kg/mole
Q 2.6%10 / joules/kg
R, 8315 joules/ (kgmole*°K)
Too 298°K
Ty 663°K
Ypr 1.

Yo oo 0.23

N o 2.97*10'2 watts/ (m*°K)
Peo 1.17 kg/m>
Ve 1
v, 6

Case with ignition and

flame propagation caused
a hot fuel surface

0. mz/kg
1.6%101° kg*°K? / (m*sec)
1220. joules/ (kg*°K)
1.8%10% joules/ (kgmole)
1.3 watts/cn?
1.59*106 joules/kg
100 kg/mole
32 kg/mole
2.0*107 joules/kg
8315 joules/ (kgmole*°K)
298°K
1326°K
1.
0.23
2.97"‘10-2 watts/ (w*°K)
1.17 kg/m’
1
6



32

Table 3.3: Values of the non-dimensional parameters
used in the one dimensional problem

Symbol  Case with ignition and flame Case with ignition and
propagation caused by gas flame propagation caused
phase absorption by a hot fuel surface

A 478410, 4.78%107° 0.
H 1.96 1.51
I 9.04%10"3 2.05%10 73
Le 1.0 1.0
S 8.35 8.35
T 0.143 0.523
A 8.57 6.59
H 7.59 9.57

o
/o, 0.16 0.16
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rate of PMMA in all of the combustion regimesf"1 The particular
set of constants used here were picked to give premixed flame
speeds on the order of 1.0 m/sec. This flame speed is of the
correct order of magnitude for hydrocarbon fuels and thus the
chemical reaction model is realistic, if not exact.42

The 1initial evolution of the temperature profiles and mass
fraction profiles are shown in Figs. (3.2) and (3.3),
respectively, for the absorption coefficient of 4.78x10670, As
can be seen from the figures, the application of the radiation
causes the fuel to be vaporized rapidly enough to push the air
back away from the wall and to create a fuel-air interface.
Diffusion takes place across the interface mixing fuel with air,
and the fuel vapor absorbs a fraction of the incoming radiation
so that the gases become hot. Eventually, ignition occurs in a
very rich part of the mixing region at a time of 6.30x10° and at
a location where the non-dimensional oxygen mass fraction is
0.07. After ignition the radiation is removed and a relatively
long time period of weak chemical reaction follows. The weak
reaction eventually gains strength leading to the development of
a premixed flame front which propagates away from the wall. A
premixed flame front propagating towards the wall does not
develop for the simple reason that there is very little oxygen
present between the point of ignition and the wall.

The power output as given by Eq. (3.56) is plotted in
Fig. (3.4) for this time period. Because ignition occurred

where there was very little oxygen, the temperature in the
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ignition region is 1limited and the chemical power produced
remains small. Hence, the power does not really begin to show a
sharp rise until after a premixed flame front has developed. If
the second criterion for ignition, which is that ignition has not
occurred until the power begins to increase rapidly, were applied
in this problem then a premixed flame will have developed and
begun to propagate before ignition has been formally declared to
have occurred.

The initial evolution of the temperature and mass fraction

4 is shown 1in

profiles for an absorption coefficient of 4.78x10”
Fig. (3.5), and Fig. (3.6), respectively. Several differences
occur between the two cases. The first difference is that the
heating 1s more rapid leading to the faster time of ignition of
3.89x10* . This fast heating combined with the high absorption
coefficient which causes the fuel to absorb a significant
fraction of the incoming radiation, limits the amount of fuel
that vaporizes before ignition and the oxygen never gets pushed
back away from the wall as in the previous case. Ignition again
occurs in a rich region but the non-dimensional oxygen mass
fraction is much higher and has the value of 0.50. Thus,
temperatures in the ignition region will become much higher and
the power which is shown in Fig. (3.7) for this case, shows a
large, but extremely short-lived spike. This spike begins to
dissappear just as the premixed flame fronts develop. Also
because of the high oxygen content at the point of ignition two

premixed flame fronts develop, a strong front travelling away
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from the wall and a weaker front travelling towards the wall.

The sequence of events which occur after the premixed flame
fronts become well developed are qualitatively similiar between
the two cases, and it will be necessary to run only one of the
two cases to completion. The case with an absorption coefficient
of 4.78x1C~% will be chosen because it has several numerical
advantages. These advantages arise because ignition occurred at
a much earlier time. This fast ignition time allowed for only a
small amount of fuel and oxygen to mix creating a relatively
small premixed region. Also less fuel was vaporized and this
will lead to the diffusion flame becoming weaker and dying out
sooner. These two factors combine to produce a substantial
savings in computational time over the low absorption coefficient
case. Any expected differences between the two cases will be
noted. |

The temperature and mass fraction profiles over a longer
time period are shown in the Figs. (3-8a) and (3.9a),
respectively, for the high absorption coefficient. As can be
seen from the profiles at time 6.36x10£*, three regions of
chemical reaction now exist. The first region is the premixed
flame front travelling away from the wall. It has moved from
the rich region where it has left behind excess fuel, past
through a stoichiometric point and entered a lean region where it
1s leaving behind excess oxygen. The temperature gradient in the
flame front 1is becoming less steep and the premixed front is

showing signs of dying out. Before it does, however, it has
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served to separate the fuel and the oxygen and leave behind a
diffusion flame at the stoichiometric point which is the second
region of reaction. The maximum temperature in the problem occurs
at the stoichiometric point soon after the premixed flame front
passes through. The third area of chemical reaction occurs near
the wall where the premixed flame front travelling towards the
wall has reached the wall and been quenched. A residual amount of
oxygen 1is left at the wall and is slowly diffusing into a hot
fuel rich region where it is burned off. Since there was no
flame front travelling towards the wall in the low absorption
coefficient case this third region will not exist in that case.

The above explanation of how the diffusion flame develops is
only approximate because it treats the flame front as a
discontinuity and the diffusion flame as a flame sheet. In
reality both the premixed flame and the diffusion flame have
finite thicknesses and consequently, it is not clear exactly when
the diffusion flame begins to exist nor is it clear how the
diffusion flame affects the temperature profile. It is beyond
the scope of this thesis to study these effects further, but it
suggests an area of future research.

Finally, temperature and mass fraction profiles at much
later times are shown in Figs. (3.8b) and (3.9b), respectively.
The premixed flame front travelling away from the wall hasr now
completely died out. The residual oxygen left at the wall has now
been burned off. This leaves only the diffusion flame, which

since there is no steady state solution in this problem, will
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never reach an equilibrium position. Instead, it will
continually burn out the oxygen and must move away from the wall
searching for more. As it moves, its temperature is slowly
dropping and it is contirmually being weakened. Eventually it is
expected that the diffusion flame will die out.

The processes considered here are, from a qualitative
standpoint, not unique. As will be seen in the next sections, the
one-dimensional problem where ignition occurs because of high
wall temperature will go through a similiar sequence of events as
will the stagnation point problems which are considered in the

next chapter.
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3.3.2 Results of the Parametric Study
on Ignition Caused by Gas Phase

Absorption

A parametric study was performed to determine the effect of

the absorption coefficient and the radiation intensity on the
time to ignition and the location of ignition. These results are
shown in Figs. (3.10) and (3.11) respectively. From Fig. (3.10)
it can be seen that the ignition delay is approximately inversely
related to both the radiation intensity and the absorption
coefficient. These results agree qualitatively with the

experimental observations of Kashiwagi.zs-29

and Mutoh,”! and can
be explained by noting that the radiant heating of the fuel vapor
is directly proportional to the product of the intensity and to
the absorption coefficient. Obviously, the faster the gas 1is
heated the sooner it will ignite.

Figure (3.11) shows that the ignition distance is
approximately inversely related to the absorption coefficient
while being independent of the intensity. The inverse
relationship with the absorption coefficient can again be
explained by the fact that the radiant heating is proportional to
the absorption coefficient. The independence of the distance
from the wall at which ignition occurs from the radiation
intensity can be best explained by noting that the injection
velocity of the fuel, 1if the fuel vapor is optically thin, is
directly proportional to the intensity while the time to
ignition, as noted above 1is inversely proportional to the

intensity. Since the distance that a particle will travel away
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from the wall before igniting is the product of the velocity and
the time to ignition the intensity will cancel out and the

ignition distance should be independent of intensity.
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3.3.3 Results of the Ignition and Flame
Propagation Study with lgnition
Caused by a Hot Fuel Surface

The parameters which define this case are shown in
dimensional form in Table (3.2) and in non-dimensional form in
Table (3.3). The differences between this case and the previous
case are that the absorption coefficient is set to zero, the
vaporization temperature of the fuel and thus the temperature of
the fuel wall is increased, the intensity of the radiation ig
decreased and the heat of combustion is decreased. The first two
changes are obvious because they are necessary to change the
source of ignition from gas phase absorption to ignition by the
hot wall. The reduction in the intensity of radiation is
possible because the function of the radiation is now simply to
vaporize the fuel, rather than to vaporize the fuel and to heat
the fuel vapor to a high temperature. The radiation intensity
used here of 1.3 watts/cn? is about the same intensity that would
be found in a house fire.43 Hence, this form of ignition will
occur naturally and a special high powered laser is not required.
The final parameter that is changed is the heat of combustion
which is reduced by approximately twenty percent. The reason for
this reduction is numerical. Because the wvaporization
temperature of the ‘fuel is increased there will be a
corresponding increase in the temperatures that were obtained in
the premixed flame if the heat of combustion is remained

unchanged. The chemical reaction will be very fast at these high
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temperatures and very small timesteps would be required. The
lower heat of combustion avoids the high temperatures and thus
keeps the reaction rate within reasonable bounds.

The evolution of the temperature profiles and mass fraction
profiles are shown in Figs. (3.12) and (3.13), respectively.
Since the intensity of radiation in this case is relatively low,
only a small amount of fuel is vaporized before ignition takes
place and the fuel and the air mix in a region very close to the
wall. The point of ignition is then very close to the wall as
shown in Fig. (3.12a). The ignition process is analyzed in
detail by KindelanX

After ignition occurs, the post-ignition events are
somewhat similiar to the events in the gas phase absorption
cases. Ignition occurs in a rich region where there is still a
high concentration of oxygen. A period of weak chemical reaction
follows the ignition event, and as the reaction becomes stronger
a spike develops in the power curve similiar to that shown in
Fig. (3.7). After the power spike dies down a premixed flame
appears which propagates away from the wall. It begins
propagating in the rich region, passes through the
stoichiometric point and enters the lean region where it dies
out. A diffusion flame is left behind at the stoichiometric point
which propagates away from the wall. Again, it is expected that
the diffusion flame will weaken and die out when it gets far
enough away from the wall.

While events in general are similiar to the gas phase
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absorption cases there are several differences. The most
obvious difference is that events occur much closer to the wall.
Another 1is that very little fuel is vaporized before ignition
takes place. Hence, the premixed flame front does not travel
nearly as far and dies out close to the wall. Also, unlike the
gas phase absorption case, a great deal of fuel is vaporized
after ignition because of the development of the premixed flame
front takes place right next to the wall creating steep gradients
in temperature at the wall surface. However, the total amount
of fuel vaporized is still less than that vaporized in the gas
phase absorption cases. Because there is less fuel vaporized the
~ diffusion flame should weaken sooner and die out closer to the
wall than in the previous case. This weakening is exacerbated by
the lower heat of combustion which reduces the temperature of the
diffusion flame. |

This completes the discussion of the one dimensional
problem. The next chapter will discuss the stagnation point flow

problem.
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4,0 Stagnation Point Problem

4,1 Introduction

The stagnation point flow problem is shown schematically in
Fig. (4.1). The problem has similiar characteristics to the one
dimensional problem with the exception that a velocity is imposed
perpendicular to the wall at a certain distance from the wall,
Ly, There is again a combustible fuel surface which is subjected
to radiant heat flux at time, t=0.0. The solid begins to
vaporize mixing the fuel with the air, and, here again, one of
three things may occur depending on the conditions of the
problem: a)ignition may occur because the fuel is reactive at
the vaporization temperature, b)ignition may occur because of
radiation absorption in the gas phase, or c)ignition may not
occur. Also, the possibility of a combined ignition mechanism
exists where the fuel is hot enough to ignite at its vaporization
temperature and the fuel vapor absorbs radiation. One major
difference between the stagnation point flow case and the one
dimensional case is that a steady state solution can be obtained
for vaporization without ignition. The results of Fig. (3.10) for
the one-dimensional case tended to show that, given enough time,
ignition would eventually occur even for low values of the
intensity. For a given set of input parameters in the stagnation
point flow case, however, there will be a definite minimum
radiant intensity required to cause ignition. Also, if ignition
does occur 1in the stagnation point flow case, a steady state

diffusion flame solution can be obtained rather than the flame



67

TIVM QL
AVIMOIANAAd

03 1e
posodurt)
NOLLVIQVY
TVRIIHL

wWe[qo1d MOT4 Jurod worleudens apy urjexysnil
wexdey] JTIBENOS POTTEIY] |°Y In3Lg

h‘I‘J
JOdVA x

-

_fe |
i oxeda <A
NOLLOVAR e
ASVHd SVO Iea =(1-MKa
iy
£
~  + petat1d
0=V ‘TI 3ASVD AL HOTH
0<V ‘T ASVD b e )
NOLLJ30S9V AL MO
30dVA TIN
ainos

371911LSNAN0D



68

continuously moving away from the wall and eventually dying out.

The assumptions made in the one dimensional problem
concerning the thermodynamic properties of the gases and the
radiation and radiation properties will also be made here. Also
remaining the same is the zero gravity assumption, the assumption
that the pressure remains approximately constant, and the
assumption  that the chemical reaction rate is a one step
reaction described by an Arrhenius expression. The ignition
criterion used in the previous problem will also be used here.

In the solution of the steady state stagnation point flow
problem with a uniformly evaporating surface, it is assumed that
the temperature, the fuel mass fraction, the oxygen mass
fraction and the y-direction velocities are functions of y only
and not of x. This assumption will be extended to the present
transient analysis where it will be assumed that these quantities
are functions of y and t only and not of x. No restrictions are
placed upon the x-direction velocity or upon the pressure.
However, as will be shown in the analysis section, the above
assumptions will restrict the x dependence of the x-direction
velocity and the x dependence of the pressure to a specific
form. This restriction will have a significant effect upon some
of the results and will be discussed more in that section.

As mentioned above, 1in order to generate the stagnation
point flow a y-direction velocity is imposed a given distance
from the wall and remains constant for all values of time. This

boundary condition is different from the standard boundary
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condition which is applied in a steady state stagnation point
flow. The standard boundary condition is that the x-direction
velocity approaches the potential flow value as y approaches
infinity while the y-direction velocity is not specified and 1is
determined such that overall conservation of mass is
satisfied.a4 The pressure gradient in the x-direction is then
that of the potential flow solution. While the standard boundary
condition works well in the steady state, problems develop when a
transient case 1is to be solved. As an example if a flame is
developing near the wall, then the density of the gas is
decreasing with time and fluid must be moved away from the wall.
Since the x-direction pressure gradient is specified, the x-
direction velocities can change only in a limited fashion. The
mass must be removed by increasing the y-direction velocities and
the result is that the y-direction velocity at the outer boundary
1s an increasing and undetermined function of time. Hence, a
solution calculated using the standard boundary condition would
be very difficult to verify experimentally. It would be easier
to experimentally verify the condition used here where the y-
direction velocity 1is imposed at the outer boundary. This
condition complicates the problem somewhat since the x-direction
pressure gradient must now be allowed to vary in order to
conserve mass on an overall basis.

An additional disadvantage of imposing the y-direction
velocity at the outer boundary is that the relationship between

the stagnation point problem and the one-dimensional problem 1is
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lost. If the standard stagnation point boundary condition was
applied then the one dimensional problem would be a limiting case
of the stagnation point problem when the pressure gradient in the
x-direction 1is set equal to zero. With the present boundary
condition there appears to be a very limited relationship between
the two problems.

Following a development which parallels the one dimensional
problem, the dimensional equation will be presented next,
followed by a presentation of the non-dimensional parameters and
equations.  Then the results of a study where ignition is caused
- by gas phase absorption will be presented along with a parametric
study of ignition by gas phase absorption. Finally the results
of a case where ignition is caused by a hot fuel surface will be

presented.

4,2 Analysis

4,2.1 Governing Equations

Under the assumptions listed above the conservation of
momentum equation in the y-direction, the conservation of energy

equation, and the mass fraction conservation equations become,

Y-momentum: -
= _ 2V A QN = P
5 2L, 7V - =32 ,a——:\— =
2t 7 3T ‘;‘3( 29 24 4.1
Energy
= =T 2 /% aT N
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Fuel conservation:

—_ aq; -7 Q_\J__ D -;qF —
D — + pV —& = — P — \ - W
S STy T (j a5 (4.3)
Oxygen Conservation:
— QYQ \j _.a__ ~i‘£ _ mucl/g —
PNIE - 25(}0 23 ) mu-ve W (4.4)

where the chemlcal reaction rate, w, is given by

W= BV TeT T exp ( ki"r‘ 4.5)
for the one step chemical reaction of the form
Ve Frun0 —=p, P (4.6)
The di-/d? term is given as
—— = }—“%:"—F C @7

By plugging V'and‘jfinto the conservation of mass equation, it

can be shown that u must be restricted to the following form

(F - ;“ j\l“x 4.8)

)

~

- 2 E =

Then the w-direction momentum equation can be written in the

reduced form as

2% L sErLavE_2 /_aF \_2°0
S?*J)FUDV&E ag(/f“%j - (4.9)

Since the terms in the momentum equations that do not contain the

pressure gradient are functions of y and € only, it can be shown
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that the pressure 1is restricted to the following form

P= LR ()% + E} (4, t) (4.10)

This equation implies that the pressure gradient in the x-
direction 1is wuniform at given values of X and t. The last

equation that is needed is the equation of state,

—— —

p‘ -r; -—2?
S - BES 4.11)

muw, md,

The initial condition is that of a stagnation point flow
with momentum and thermmal boundary layers near the wall. The
momentum boundary layer is caused by the no slip condition at the
wall while the thermal boundary layer is caused by the difference
in temperature between the ambient incoming flow and the fuel
wall. The fuel mass fraction in the flow field is 1initially
zero, while the oxygen mass fraction is Y b

?

At the solid/gas interface, y=0, the boundary conditions

are,

— (4.12)
F=0
(-’1.‘25\\
_C X 2% T
/P\)\_V = >\ 23 A© (4‘\'5)
SNV = 5VY. - pp e
) et = 5N Y - 0 2 (4.14)
_.‘Q_ _ _— ;—
E VY, = p0 =l (4.15)

At the outer boundary, y=L}, the following conditions are
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imposed,

V=V, (4.16)

RS 2F
a5 O ag = O @
T~ —‘-b CHT)
Yo T Yo,y @.1a)
Neg = O 64.20\
L= Lb (4. 21

The solution of Egs. (4.1-4.21) is obtained by employing the

following iterative technique:
1)An initial guess is made of the functions Py(t),

in Eq. (4.10), and initial values are assumed for

v, T, Yo, Yoo
2)Using this guess the x-direction momentum equation
is solved to find F and G.
3)Conservation of mass is applied to each grid
point to find V.

4)Conservation of momentum in the y-direction is

applied to find the pressure gradient in the
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y-direction.
5)Conservation of energy and species are solved to
find the temperature and mass fraction fields.
6)Overall conservation of mass is then used to adjust
the guess for P, (t) and the process is repeated until

convergence is obtained.

4.2.2 Non-Dimensionalization

As in the one dimensional problem, several different
physical regimes will be present and, again, a characteristic
quantity may fit one regime but not to the other regimes.
Hence, some compromise 1is necessary when picking the
characteristic  quantities. The following non-dimensional
quantities are used in this problem:

Time, .
_ Y,
€= L (4.22)

Velocity,

\
\ = I (4.23)
(M.b_._ \
Length,

Oxygen mass fraction,
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Y, = o
No, b

Fuel mass fraction,

\{-ngwo
te = L

L'\jo,b Ur: m(’dp

Temperature,
Cy UOW\‘«JQ(T‘—TQI
1= Qu;an%:qu
Intensity, B
L=
Density,

5o
b

Thermal conductivity, _
" A
= >‘b
Viscosity,
Y24
A= //Ab

and Pressure,

P
/l) b ng

P -

The characteristic time in Eq.

75

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.22) is the residence time

for a fuel particle entering at the outer boundary. The
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characteristic length is a momentum boundary layer thickness,
while the characteristic velocity is the velocity perpendicular
to the wall that would be expected in the boundary layer. All
other characteristic quantities are the same as in the one
dimensional problem. This particular set of characteristic
quantities apply best to the steady state stagnation point flow
with a diffusion flame in the boundary layer.

If these quantities are introduced into the dimensional
conservation equations, and into their corresponding boundary and
initial conditions, Eqs. (4.1-4.21), then the following equations
result:

Y-momentum,

9 vaYL _ 2 v\ 20 (2 4.33)
JD J/L SN (A4 Ry N

Energy,

2T =20 12 </ 2 i di N / .
P e +JDV o/ T e an (Aon Jr LR thaw (4.34)

Fuel conservation,

) 4 Do (4.35)

+V
PQ‘“‘) 7L Pr;m azﬂ

Oxygen conservation,

<N o _ L d D“NA + Do/ (4.36)
P SN T T aa P an) P

with the reaction rate given by



VeV, L AL-TY

Y Ty SPL I

The radiation absorption term becomes,
di .
— = ApYeL
4

The continuity equation is,
20 2 /)
F= (%" Qﬂ(ﬁv\)//o
while the x-direction momentum equation is
aF -2y =2/ aF
J 3 p TV an Q/LZ’L'M\‘ Pu (+)

The equation of state is,

77

(4.37)

(4.38)

(4.39)

(4.40)

R DL RCTAW

The boundary conditions at the solid-gas interface, #.=0, are

L
T=Tw= o, (Tu-Ty)
w=0, E=0
2T ‘
Pe pN= HAan HIfew

o0 XN
S/PV:})\I&Y‘F:‘ /Pr. oZ/L

(4.42)

(4.43)

(4.44)

(4.45)
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PP Qe
f\/vo— 7%;‘ N (4.46)
At the outer boundary where Kﬁzﬁigzya) the transformed conditions
be Povp,
come,
\ - ( Po Ny Ly 3‘12
B AA
e (4.47)
F
Ty =0
9
(4.48)
=0
(4.49)
\Hb‘:\
(4.50)
Ye=0
(4.51)
C=|
(4.52)

Including the Lewis number which has already been assumed to be
one there are twelve non-dimensional groups which appear in
Eqs. (4.33-4.52). These groups are defined and sumarized in

Table (4.1).
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Table 4.1: Summary of non-dimensional groups
appearing in the stagnation point flow equations

Symbol Non-dimensional group Description
|
_ /
A anYob ve Mg M’] 2 Non-dimensional absorption
VoMo Vo coefficient
-5
Da ( blpNo,p € ) Damkohler number
. X
SoNp Ty
H aC T Non-dimensional ratio
<”’_f———w of heat of combustion
v to heat of vaporization
I Ly Non-dimensional intensity
Ao Ty L\’bua Po "2
Ly
Le ((ED\\,C;f Lewis number
Ny,
Pr  MpCp Prandtl number
By,
Re Ny L Reynolds number based on values
( 'f"b‘_h'—L at outer boundary
S ( Nevr Vumwc Non-dimensional measure of the
Yo, Ve Mg fuel richness

T A _ Non-dimensional wall
v ATy (TV T‘A‘X temperature

Y < QMo, b Ve mwﬁﬁ Non-dimensional heat of

combustion

e Non-dimensional activation
5 i &M(\*'O‘;)T\,] energy

Je, Moles of fuel required
— ( F/ Vo\ per mole of oxygen
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4.3 Results

4.3.1 Results of the Ignition and Flame
Propagation Study with Ignition
Caused by Gas Phase Absorption

The data used in this calculation are shown in dimensional
form in Table (4.2) and in non-dimensional form in Table (4.3).
Besides the imposition of a velocity directed perpendicular to
the wall, the major difference between the constants shown in
Table (4.2) and those shown in Table (3.2) for the one
dimensional problem is an increase in the value of the
intensity. The increase in intensity is required because of the
convective cooling now present and the value of intensity used
here 1is, in fact, the minimum intensity required to cause
ignition. Since an intensity this high is mostly associated with
lasers, a high powered laser is probably reduired to cause
ignition in this case.

This problem can most easily be understood by dividing it
into five different regimes according to how strong the chemical
reaction 1is or whether or not radiation is being applied to the
wall. The regimes are, in order of their appearance: a) an
initial condition regime in which neither the radiation or
chemistry plays a role, b) a pre-ignition regime in which
radiation is applied to the wall, c¢) a post-ignition regime in
which the chemical reaction is weak, d) a regime in which a pre-
mixed flame front dominates, and e) an unsteady diffusion flame

regime. These regimes are discussed in more detail next.
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Table 4.2: Values of the dimensional parameters

used in the stagnation point flow problem

Case with ignition and flame
propagation caused by gas
phase absorption
10. wl/kg
1.6%1015 kg*cKz/ (P *sec)
1220 joules/(kg*OK)
1.8*%108 joules/ (kgmole)
38. watts/cm?
1.59%106 joules/kg
0.05 m
100 kg/mole
32 kg/mole
2.6%10 7 joules/ke
8315 joules/ (kgmole* K)
298°k
663°K
0.5 m/sec
1.
0.23
2.97%10" % watts/ @k
1.17 kg/m 3
1.85%107° kg/ (m*sec)
1
6

Case with ignition and
flame propagation caused
by a hot fuel surface
0. mz/kg
1.6%10M° kg*oK2 /(m3*sec)
1220 joules/ (kg*"K)
1.8*108 Jjoules/ (kgmole)
1.3 watts/cm2
1.59%10° joules/ke
0.05 m
100 kg/mole
32 kg/mole
2.0*107 Jjoules/kg
8315 joules/ (kgmole**K)
298°k
1326 K
0.5 m/sec
1.
0.23
2.97410 ° watts/ @)
1.17 kg/m°
1.85%10 _Skg/(m*sec)
1
6
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Table 4.3: Values of the non-dimensional parameters
used in the stagnation point flow problem

Symbol Case with ignition and flame Case with ignition and

Propagation caused by gas flame propagation caused
phase absorption by a hot fuel surface

A 1.76%103 0.

Da 1.81%10° 2.47%10

H 1.96 1.51

I 7.86 0.369

Le 1.0 1.0

Pr 0.76 0.76

Re 1580 1580

S 8.35 8.35

T, 0.143 0.523

A 8.57 6.59

Yo, 7.59 9.57

0.16 0.16
V’/uo
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The first regime is the initial condition regime and 1is
illustrated in Figs. (4.2a), and (4.4a) for time, t=0.0. As
mentioned above there is no chemical reaction and the radiation
has not been applied to the wall. Hence, these figures
illustrate a steady state stagnation point flow. In the flow
momentum and thermal boundary layers exist near the wall and an
isothermal potential flow exists outside the boundary layers. No
figures showing mass fraction profiles are presented since no
fuel has been vaporized and the flow field consists entirely of
air.

The second regime is a pre-ignition regime and corresponds
to when the radiant heat flux is applied to the wall. It occurs
for times greater than t= 0.0, and for times less than or equal
to t=5.88 and is illustrated in Figs. (4.2a), (4.3a), and (4.4b).
The radiant heat flux in this case is so strong and vaporization
of fuel so rapid that the incoming air is pushed back from the
wall and an opposing jet flow is created. Fuel composes the
bottom jet while oxygen composes the top jet. At the interface
between the opposing fuel and air jets a thin mixing region is
created by the diffusion of fuel and oxygen. Additionally,
during this period a fraction of the incoming radiant flux is
absorbed eventually causing the air-fuel mixture to reach a
temperature at which the mixture will ignite. Ignition is
observed to occur in the rich region with a very low non-
dimensional oxygen mass fraction of 0.08. Because of the low

mass fraction, only one premixed flame front travelling away from
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the wall will develop and the power curve will look
qualitatively similiar to Fig. (3.4).

Once 1ignition occurs the radiant heat flux is removed and
and the fuel jet collapses. This is the beginning of the third
regime which begins after time, t = 5.88 and last: roughly until
t=6.00. It is illustrated in Figs. (4.2a), (4.3b) and (4.4c).
The regime is characterized by a weak chemical reaction and the
reappearance of a boundary layer type of flow. The boundary
layer and a portion of the potential flow near the wall are now
composed of fuel, while the portion of the potential flow far
from the wall is composed of air. The incoming flow is slowly
pushing the reaction zone and the fuel back towards the wall.
However, before the flow can flush the system of the fuel the
chemical reaction becomes strong and the fourth regime begins.

The fourth regime, which is characterized by a strong
chemical reaction, begins at time, t=6.00, and lasts until
approximately time ,t=6.50. It is illustrated in Figs. (4.2a),
(4.2b), (4.3c), (4.3d), (4.4d) and (4.4e). During this regime
a premixed flame front appears and begins propagating away from
the wall. As in the one dimensional problems, the premixed flame
begins propagating in a rich region, passes through the
stoichiometric point and enters a lean region where it will die
out. In the process it will leave behind the diffusion flame at
the stoichiometric point. As can be seen by examining the Figs.
(4.4d) and (4.4e) the chemical reaction in this regime has a

large effect on the flow field. The chemical reaction becomes
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so strong that the expanding gases produced are able to push
the incoming air flow away from the reaction =zone. This
phenomenon 1is most clearly shown in Fig. (4.4d), where a
dividing streamline exists between the incoming air flow and the
flow of the hot combustion gases at a distance of 24 away from
the wall. Because of this strong flow field the reaction zone is
now able to push itself away from the wall somewhat.

A rather peculiar velocity field occurs near the end of this
regime, and is illustrated by Fig. (4.4e). The figure shows a
region of low x-direction velocities near the reaction zone. At
the time shown in the figure the premixed flame is beginning to
weaken so that less hot gas is produced by the flame. Since less
hot gas 1is being produced the x-direction velocities must be
reduced by the x-direction pressure gradient in order to conserve
mass on an overall basis. Because of the assumption made that
the y-direction velocity 1is & function of y and t only, the
pressure gradient is of the form of Eq. (4.10) and 1is applied
uniformly at constant values of x. The low density regions are
affected the most, thus, giving the low x-direction velocities
near the reaction zone.

Whether or not the flow field illustrated in Fig. (4.4e) is
correct or not will depend upon whether or not the assumption
that the y-direction velocity is a function of y and t only 1is
valid in this regime. To determine if this assumption applies in
this regime would require the solution of the problem with an

unrestricted two-dimensiocnal flow field. This solution 1is
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beyond the scope of this thesis.

The fifth and final regime occurs when the premixed flame
front begins to die out leaving the diffusion flame. This regime
occurs from time, t=6,50, and lasts until the steady state
diffusion flame is obtained. It is illustrated in Figs. (4.2b),
(4.3f), and (4.4f). The regime is characterized by a relatively
slow reaction, so that the incoming flow dominates and a
boundary layer 1is reestablished near the wall. At the start of
the regime the diffusion flame exists outside of the boundary
layer. The flow slowly flushes out the excess fuel which exists
behind the diffusion flame and pushes the flame back towards the
wall. Eventually the flame gets close enough to the wall to
stabilize itself and to reach a steady state. The value of the
mass fraction of fuel at the wall eventually reaches that of the
steady state diffusion flame solution where the flame is treated
as a flame sh.eetlf5

This completes the discussion of the stagnation point flow
problem where ignition is caused by gas phase absorption. Next,
results of a parametric study of ignition caused by gas phase

absorption will be presented.
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4.3.2 Results of the Parametric Study
of Ignition Caused by Gas Phase

Absorption

Two parametric studies are performed. The first study shows

how the minimm radiation required for lgnition varies with the
incoming velocity and the second study analyzes how the
intensity of radiation affects the ignition time. The results of
the first study are shown in dimensional form in Fig. (4.5). It
shows a linear relationship between the incoming velocity and the
minimum incident intensity required for ignition. The results of
this figure can be explained by noting that an increase in the
velocity has two effects on the flow field. The first effect is
to depress the fuel jet and cause a decrease in the residence
time of the fuel. This decrease in residence time allows less
time for heating of the fuel jet by radiation absorption. The
second effect 1is to increase the velocities Apresent in the
interface region and, thus, to-increase the convective cooling.
Both of these effects combine to reduce temperatures in the
interface region and must be offset by an adjustment in the
intensity.

An increase in intensity has three effects. The first
effect 1is to cause an overall decrease in the residence time of
the fuel jet. The increase in intensity causes an increase in
the injection velocity at the wall and also an increase in the
height of the fuel jet. It can be shown that the increasev in
velocity at the wall is somewhat larger than the increase in

jet height so that the residence will decrease on an overall
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basis. The second effect is to increase the velocities near the
interface region thus increasing the convective cooling. Both of
these effect will tend to decrease the temperature of the gas in
the interface region. The final effect is to increase the rate
of radiant heating of the fuel vapor. This increase in radiant
heating 1is the dominant effect and more than offsets the first
two effects. Fig. (4.5) suggests that if the radiation intensity
is increased in the proper linear proportion to the increase in
velocity, then the increased rate of heating caused by the
increase in intensity will exactly balance the decreases in
residence time and the increases in convective cooling caused by
the increases in velocity and the intensity.

The second parametric study, which is shown in Fig. (4.6),
shows how the ignition times vary as the radiation intensity is
increased with all other parameters remaining constant. As can be
seen from the figure, the time to ignition asymptotically
approaches infinity as the intensity approaches its minimum
value. As the intensity is raised above the minimum value the
time to ignition decreases in what appears to be an inverse
fashion. The explanation for this curve is based upon the effect
of increased intensity discussed above. Since the increased rate
of heating caused by an increase in the intensity is dominant
over the reduction in residence time and the increased convective
cooling, the 1ignition time should decrease as shown in the

figure.
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4.3.3 Results of the Ignition and Flame
Propagation Study with Ignition
Caused by a Hot Fuel Surface

The parameters which define this case are shown in
dimensional form in Table (4.2) and in non-dimensional form 1in
Table (4.3). The differences in parameters between the
stagnation point flow case with ignition caused by gas phase
absorption and this case parallel the differences between the
one-dimensional cases. Again the absorption coefficient is set
to zero and the wall temperature is increased. The total heat of
combustion 1s reduced by approximately twenty percent hold down
the maximum temperatures which occur in the problem. Finally,
the 1intensity is reduced to 1.3 watts/cmz, which is the minimum
intensity required to cause ignition. If a value of intensity
below this minimum value is used then a steady state boundary
layer solution with fuel injection and no chemical reaction is
obtained.

Like the stagnation point problem with ignition by gas phase
absorption the results can be divided into five regimes based
upon the strength of the chemical reaction and whether or not
radiation 1is being applied to the wall. These five regimes are
the same as in the gas phase absorption problem although the
characteristics of each regime vary because of the different
method of ignition used. The regimes are discussed in more detail
next.

The first regime is the initial condition and is a
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stagnation point flow which is composed entirely of air. It is
exactly the same as in the gas phase absorption case except for
changes in the momentum and thermal boundary layers caused by the
increased wall temperature. This regime is illustrated in
Figs. (4.7a), and (4.,9a) at time, t=0.0.

The second regime is the pre-ignition regime and corresponds
to when the radiant heat flux is applied to the wall. It occurs
from time greater than t=0.0, and to times less than or equal to
the time, t=0.377. It is illustrated in Figs. (4.7a), (4.8a),
and (4.9b). This regime is significantly different from the
second regime in the gas phase absorption case because the
incident radiation is so weak. Instead of the opposed fuel jet
flow, the boundary layer remains approximately intact with very
weak fuel injection into it. Ignition takes place very close to
the wall and at a location where there is a relatively high non-
dimensional oxygen mass fraction of 0.60. Hence, after the
chemical reaction becomes strong there will be a large and
extremely short-lived spike in the power as shown in Fig. (3.7).

The beginning of the third regime occurs when ignition takes
place and the radiation is turned off. The chemical reaction in
this regime 1is weak and this regime is very similiar to the
second regime except that fuel is no longer being injected at
the wall because of the radiation. This phase last from times
greater than t=0.377 to times less than t=0.425. On a large
scale the temperature and mass fraction profiles and velocity

fields look similiar to those shown for the second regime.
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The fourth regime, which is characterized by the strong
chemical reaction, begins at time, t=0.425 and last until
approximately time ,t=0.450. It is illustrated in Figs. (4.7),
(4.8b), (4.8c), (4.9c) and (4.9d). As in the gas phase absorption
case, it is during this regime that a premixed flame front makes
its appearance and propagates from the rich region to the lean
region. It again serves to separate the fuel and the oxygen and
to leave behind the diffusion flame at the stoichiometric point.
Two differences between this case and the gas phase absorption
case are that the flame propagation occurs much closer to the
wall and, because of this closeness to the wall, more fuel
vaporization takes place after ignition.

As in the previous case, the chemical reaction in this
regime is strong enough to dominate the flow field. As can be
seen in Fig. (4.9c) the expansion of gases from the reaction has
pushed the incoming flow far back from the wall. A peculiar
velocity field is again produced as the premixed flame front dies
out and is shown in Fig. (4.9d). As can be seen from the figure,
not only is there a region of reduced velocities in the low
density region but also a region of back flow. This region of
back flows occurs for the same reasons that the low velocities
occurred in the gas phase absorption case.

The fifth and final regime occurs when the premixed flame
front begins to die out leaving the diffusion flame. This regime
occurs from time, t=0.450, and lasts until the steady state

diffusion flame is obtained. It is illustrated in Figs. (4.7b),
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(4.8d), (4.8e) and (4.9%¢). As in the gas phase absorption case,
the incoming flow dominates because of the relatively weak
chemical reaction, and the boundary layer flow is reestablished.
In this regime the diffusion flame moves away from the wall
towards 1its equilibrium position. However, because there is
excess fuel behind the diffusion flame, the flame will slightly
overshoot its equilibrium position. Since the incoming flow
eventually flushes out the excess fuel the flame settles back
into its equilibrium position and reaches a steady state. Because
of the lower heat of combustion in this case, the diffusion flame
is weaker with fuel and oxygen overlapping more, and the

temperature being lower than in the gas phase absorption case.
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5. CONCLUSION

2.1 Summary

This study illustrates the relationships between the
ignition regime, the premixed flame regime, and the diffusion
flame regime which occur when considering the entire combustion
process over a vaporizing fuel surface. Two different flow
conditions over the fuel surface are analyzed: air which is
initially stagnant and in a zero gravity enviroment, and air
which is initially in a stagnation point flow pattern. For each
flow condition two physically different methods of ignition are
used. In the first method the flat plate is subjected to
external radiation causing the fuel to vaporize. The fuel vapor
then absorbs a fraction of the incoming radiation, becomes hot
and causes the mixture to ignite. In the second method the flat
plate is again subjected to radiation, but ignition occurs
because the fuel surface is hot enough to ignite the vapor with
no radiation being absorbed.

In all cases, the same general sequence of events occur.
The first event is the application of the radiation which causes
fuel vaporization and ignition. Ignition did not occur
immediately upon application of the radiation, and during this
delay there is time for the fuel and the oxygen to diffuse into
one another creating a mixing region. Ignition eventually occurs
in a rich part of the mixing region with the amount of power
produced after ignition being determined by the oxygen

concentration at the point of ignition. If the oxygen
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concentration is high, as is the case of the hot wall ignition
problems, the chemical power curve shows a large spike. 1If
ignition occurs in a region with little oxygen, as is the case in
the gas phase absorption ignition with realistic absorption
coefficients, no chemical power spike occurs and the maximm
chemical power is produced in the premixed region.

After ignition occurs, there is a period of weak chemical
reaction. The reaction eventually becomes strong and leads to
the development of a premixed flame front which moves away from
the wall. The flame front begins travelling in the rich region
where it leaves behind excess fuel, passes through a
stoichiometric point and enters the lean region where excess
oxygen 1is left behind. Hence, the premixed flame serves to
separate the fuel and oxygen and to leave behind a diffusion
flame at the stoichiometric point. For a brief period of time, a
premixed flame front and diffusion flame exist .simultaneously.
Eventually the premixed flame front enters a very lean region and
dies out, leaving only the diffusion flame. In the one
dimensional cases the diffusion flame moves away from the wall,
weakens and also eventually dies out. In the stagnation point
flow cases, the diffusion flame moves toward an equilibrium
position and reaches a steady state.

The stagnation point flow cases also showed complex flow
regimes which were often driven by the radiant heating or the
chemical reaction. Because of the high radiant intensity used in

the gas phase absorption case an opposing jet flow regime is
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produced when the radiation is applied to the wall. The bottom
jet is composed of fuel while the top jet is composed of air. In
the hot wall ignition case, because of the low radiant intensity
used, the boundary layer near the wall remains nearly intact.
Immediately after ignition occurs and the radiation is removed,
both cases show a boundary layer type of a flow with a weak
chemical reaction present in the interface region between the
fuel and the air. Later, 1in the premixed flame period, the
chemical reaction is so strong that the expanding gases dominate
the flow field and the incoming flow is pushed back. After the
premixed flame dies out and the diffusion flame is left behind,
the incoming stagnation point flow again dominates and the
diffusion flame settles into a boundary layer near the wall.

5.2 Future Work

The scope of this thesis is restricted to analyzing overall
processes and this limited the attention that could be devoted to
any specific process. Certainly, a number of areas identified in
this thesis deserve detailed study. Among these are the
transition region which occurs immediately after ignition and
before the premixed flame fronts develop, the passing of the
premixed flame front through the stoichiometric point, and the
slow extinction of the premixed flame front and its effect upon
the flow field in the stagnation point flow cases.

Many of the assumptions made here can also be relaxed so
that more realism is introduced. Perhaps the most limiting

assumptions are that of single step chemistry and laminar flow.
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Multiple step chemistry models are already available and their
inclusion would not be difficult since all problems reduce to one
spatial dimension. Also, once an accurate turbulence model is
developed, it could be included. The overall model could then

quite closely approximate a real combustion situation.
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