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A FINITE ELEMENT SOLUTION OF
THE LAMINAR FLAME EQUATIONS .
-~ AT THE LOWER FLAMMAB;LITY\ LIMIT

g . L.A. McLean

R ABSTRACT

In this\worf a general numerical f§nite element
:ﬁlutipn of the laminar glame eguations is formulated using
Galerkin's concePt of error minimization. A computer program .
developed from the-;esulting discrete equationé is then
tested using siméle models for which exact solutions are
availableuﬂAt the same time, using these simple models,
the code is evaluated. It is found to be generaliy,
satisfactorily and to be particularly well suited té, . o
solving global aspects of reactiné flow problems such as
the flamé speed. since elemenf/weightihg (upwinding)'is

included in the numerical mé&gl, its effect on the solution g

‘accuracy is examined and is found to greatly improve the , i
\.species profile accuracy with a small sacrifice in the ¢

accuracy'of the reaction front progression rate.
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So that the code‘may be geherally‘useful for solving

flame problems where little information of the species

B

transport p{Pperties is available, the corresponding

Y

n ' flame parameters are calculated in the code using a
’ . modified Chapman-Enskog model with Lennard-Jones correction
. , . . .
% factors. The reliability of this method is examined in “
u‘ | , " R . v Pl
¢ detail. It is concluded that the error level is acceptable :
] in pertinent tgmperature‘fanges. o
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Finally, the general program is applied to particular

-~ hydrocarbén flames, modelled as simplex global one-
il , v \, “ ‘ .
dimed§5onal laminar reaction fronts. The code yields .
profile results, flame speeds and flame thickness. The. - . Co
o flammability -limit of a methane flame is estimated using
N | B
{. ; a unique flame speed profile trajectory method developed -
3 . and the predicted results compare to coenventional
flammability limit. measurements to within’' 13%. - '
: . .
. . . '/ ’ . . e . ~
Extensiongmd~reflnement-of the procedure is discussed. s
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CHAPTER 1 '

. PERSPECTIVE

‘1.1 The General Framework

W

19 ,
‘Combustion of fuels, either solid, liquid or gaseous

is the doﬁinané'means by which man produces the‘energy‘used ¢
in everyday activities (1,2,3). This combustion-derived .

energy is converted to several forms.ﬁA form of'tbis energy, . .
electricity, convenient for distribution from a central
1§cation to light and heat bujldihgs, is oftén produced in
"central power stations“‘by burning natural fuels such as -
coaiJ naéural gas and oil (3). Al;o, another form, qechadical , Do
enerqgy, needed to drive vehicles of al% sorts (aut&mobiles, - .%
trains, aircraft and shiﬁs)‘is convenientiy derived fromo !

the combustion of these fuels in heat engines (3,4).

The;e are alternate processes to supply energy neéd§
which have loné been‘availablé.andhnew‘pfodesses are quickly
being ;esearqhed and developed (5)..These alternatives i
include hydropower, presently an important source of central-
ized power; nuclear power, becoming-increasingly important; .
and solar power,;gind quér and wave power all of which Qill'
be actively developed in the future (6f. These processes are

replacing copbustion in technologically accessible uses.

.’". 'With few exceptions, however, these alternative

. Y .




processeé are inappropriate in mobile applications where

//\J////ipj)' ‘the energy source must be compact and‘portalbe and conversion

! ‘ rates high (3). The combustlon of fuels to release stored

. chemjcal energy is a common process used in such appllca— .

~

W

tions. ) f\ww*/ Fa

TNy . /\_
‘ Hydrocarbon fuels, composed/cf chemically-linked
. 1 - 5 s
carbon and hydrogen,. have a high heat'ing value and have been

e+ o e 2 3 b o

ebundant and chleap (5). ﬁence, most common fuels are
hydrocambons, and a vast capital investment in machlnery
fueled by these fuels, hag resulted (3 7). However, o 4
hydrocarbon fuels are an exhagstlble resource, and so, much
effert is being expended to enSure that they are'ueed
efriciently {8,9,10,11). Some of this effort involvesl
increasigg xhe\knowledgé of the fundamental barning processes" o

in combustion studies. ) . ) /

-The science of combuetioﬁ combines many other -
traditional disciplines encountered in the study of chemistry
and.physice (Fig. '1.1). Most combustion processes take - \‘ e
place in hot flowing multicomponent fluids ugdergoing
exothermic reactions. Therefore, the physics of, fluids,
including diffusion, heat transfer, thermodynamics and fluid
mechanics play an lmportant role. Also, because of the )
relatiénship between mpleiular strucrure and fluid parameters
such as thermal conductivity, specific heat, viscosity and ‘ ;

diffusivity, physical chemistry arnd guantum mechanics are

important. Furthermore, the laws governing chemical

transformations, including

rﬂﬂﬁf%“'—v—-w d
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chemical kinetics, chemical thermodynamics and reaction -

Ce mechanisms are important (12,13,15). If, in the analysis of B <

a particular problem, all the phenomena happen simultaneously,

he task of solving it is formidable indeed. Fortunately,
) L]
owever, many phenomena do not play dominant roles and

odels of many combustion engineering systems can be

simplified "(12).

.
)
* a
", ' a

1.2 The Premixed Laminar Flame

Two general classes of flames are observed in

engineering systems, diffusion flames where the reactant

1

mixing’ process is part of the combustion process and premixed

- flames where the mixing process is independent of the .

combustion process. A premixed flame which propagates so that
‘ the fluid mechanics of the flame involves little or no
turbulence, is called a premixed laminar flame.
. ’ .

The premixed laminar flame occurs in Bunsen burners

commonly found in science laboratories, flat flame burners

a modern device }or studying flames and flame tu$es like
those usedmin flammability Limit testing (13). This flame
phenomenon has been attribuyted.particular theoretical
impértance because it can exist as a steady self-sustaining

exothermic reaction propagating axially if surface curvature

and aerodynamic effects can be eliminated (14). Some salient

el et s
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features of such a flame are illustrated-in Fig.ll.z.

.In this figure the flame is broken down into four
regions, an induction region composed"of an uneffected
fuel/oxidizer mixture, a preheat region where the reactants
are thermally eLevaﬁed to the combustion temperature, a

reaction region where the gases react and a post flame region

comprised of hot gas products.

The phenomena associated with laminar flame propa§ation

¢

haye been known for many years (16) and computer packages
- designed to'solve particular problems do exist (17,18,19,20).
‘There are, however, several specific areas where’lack of
knowledge has’ delayed a complete and reliable solution to

laminar flame problems. What follows is a partial list:

1) Transport information for complicated gas

mixtures encountered in flames, particularly

1

at elevated temperatures, iS’incompiete.’ v

2) Information regarding mechanisms of extinction

is lacking.

“

E%;nsport proéerties and almost always ignore the extinction
iy ' , b ‘./}‘n
problem. : i
o . -
1.3 Flame Extinction
’

o

Extinction of fla7es is a widely observed phenomenon

, ’

'Codes'thch presently exist usually simplify or neglect:

S

sl i
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in combustion systems, and as such a general flame propagation
AN . . . . ’ ‘

model is incomplete without acknowledging it. Nevertheless, -

no adequate general theory exists to explain this phenomenon

and very little is known concerning the mechanisms of

is difficult-.

/ ) . extinction. As such, modelli
. * ‘4

One class of extindti%n of particular interest in

propagating laminar flames is the self-extinction of flames
propagating in mixtures of flammable gases. This takes place
when the mixture is overladen with either of the two major

components, fuel or oxidant. Such a mixture is-said to be

outside the flammability limits.

The measured values of flammability limits for gas
mixtures is dependent on the procedure used (21,22,23).
Noteéble: however, is that the flammability limits broaden

as aerodynamic buoyancy and multidimensional effects are

reduced (22).

a9

1.4 This Work

.

The preésent work addresses asgécts of -hydrocarbon

combustion processes. It begins with a description of the

physical and chemical processes involved in general premixed
. lattinar flame propagation, hence the genéral governing
differedtial equations are formulated. Next, a computational

o * i . a
code to solve the equations is developed, using a finite

' | : /
] | ’ , 3
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‘ .
element formulation. The code is tested and applied to the

specific -case of hydrocarbon combustion. ’ ‘ -

The cémputational solution includes an.allowance for

heat loss from Ehe flamelzone in the form of heat flow

~across a convection boundary layer and in the form of radiation

o

heat transfer to the surroundings.

b r

]

Transport properties in the flame are calculated

using a modified Chapman-Enskog theory with a correction
. ‘ ‘ : /
factor calculated using Lennard-Jones potential theory. The

flammability limits are estimated using a unique velocity

profile trajectory apﬁfoach.

The present work addresses aspects of

-

combustion as’ they specifically rélate to hydrocarbon combustion
3 ¢

‘processes. The treatment, however, is general,; recognizing

that other important fuels exist, including methanol and

hydrogen, both of which are being studied with interest (24}.

&
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CHAPTER 2 :

* e

THE DPHYSICAL AND MATHEMATICAL MODEL

t
v’
[ N ¥

A flame which has been established in a daminar
premixed gas flow and continues to exist after all fluid
dynamié; chemical and heat glbw traﬁsients become negligible
is called a steady~sté£e premixed l;minar~flaﬁé..A éas mixture
which will self—propagate an established flame in this manner

until the mixture is exhausted is said to be a~flammable

1

mixture.

'a

: Such a flame is often modelled as one-dimensional

and the equations destribing a one-dimensional premixed

2 v

laminar flame have been established for many years‘(l)= In

3

this work these equations are modified to account for heat .

‘ v

loss in the form of radiation to the surroundings and heat

flow across a convection boundary layer. They are derived

AN

in detail in Appgendix A

j.
o V4 I3

7 2 The‘poverning Equations

‘é u

"y © $everad simplifying assumptions are made: .

v

¢ ~ 1), Viscosity, turbulenée,,ordered kinetic energy

an& all other effects of velocity are neglected. This is the

‘

case when the.velocity is small.

2) Body foqceé'are neglected. This is a common

A e
« ‘ . (2
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. .
.
/ . . . Y ’ . v . - #
; . ) . — -
e

a R 2D R Y




e
P
L3
‘-
;‘ %
i
-
2
! »
-
Y
)
o
(24
"
-
.'\ 3
Ne
3
o]
]
g ‘
“P
v
.
3 . ¥
b
4
1
s
4
4
E @
'
f
i
%.
4

_do not play a major role.

. a commpn assumptlon (6). . o

- P 2

assumption in dealing with gas flows where buoyant fofces

.

3) Soret and Dufour effects are neglected.“These

~
v

second order effects are often,found'to be much{smaller thén

other diffusign and heat transfer mechanisms (2).
‘The overall continuity equation is:’

G = pu = constant - N

) - where, p = mass density [g/cmjl . o
u = gas’velocity [cm/s] ! 3;
" - B L :
G = convection rate 9
- t ’ s H
’ o B * . ' : ‘ ( Lo~
| The momertum equation is: ‘ L
' . - ' . ! . .
p = constant , \ \ (2.2)

' . s . : //
: ‘where, p =,pressure [atm] :

>
* a.

This form is. extremely srmpld%because of assumptlons

-: one and ‘two. In suppprt of’ equatlon 2.2, Strehlow shows ‘the \\

total pressure drop across a, flamé’fz be around one percent (3)

. 2

The species and the energy equations are derived

~w1th some addltlonal aSSumptlons.

-

4) Speczflc heats‘are constant and unlform. Thls xs

N \

Y

5) Thermal conductzvrty d1v1ded by SpelelC heat is

F

~propcrtional to thermal dlffu51v1ty times the overall denslty

s

These are both coﬂifant and uniform through the flame. Th@t is,

. 0 .
« .

N

(2.1)

.
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mdega e =

the Lewis number is constant. These assumptions are rédsonable
for a perfect gas. (9)

6) The chemlstry is goqerned by a 51mplex global

reaction. The form of the reactlon is: .

fuel + oxidant + products
)

In reality, in mdst combustion systems many reactions

take place simultaneouély to produce the global chemistry (4).

-]

Applying thesé assumptions, the species equation is:

@ )

) . 2. c_ ... - R.C :
- \ d%a "p 'da _ Fp .
LYdez GY, ax = % (2.3)
where X = therﬁél conductivitf [—EEL;—]
| - - C-5-o, '
‘ . ’ cal
cp = spec1flc heat at constant pressure [ = —]
K
D = diffusion coefficient for the Fuel - ,°
: species~[cm2/s]
, L = Lewis number’ ' . ‘ .
Y, = fuel '‘fraction,in unburnt mixture
L ' a. & Y/¥_ = normalized fuel fraction .
. x = displacement through the flame [cm]
R, = rate of reduction of fuel per- unit °

<+

vdlume, [g/cm3-s} .

and the energy equation is: ' T

PR

- a4
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X Y:
' ' :
- 5
~ ' , :
where T = temperature (°K) o . é
’ L ) ) i
H = heat of combustion (__Eilf) , J
, . ‘ 1 ¢ g-s-m ' ¢
” i . cal - s
s . g, = heat flow rate to surroundings ( 2[ >
) s-cm . :
% i | ‘
' _ The governing equations must be solved in.the context ' ?,
of the appropriate boundary conditions. o
* 19 » !
‘ 2.2 Boundary Conditions !
" . The completely defined problem must make reference
to ‘the environment surrounding the solution regime. This is - v
done by requiring certain conditions at the boundary of the ' é
B - 4
solution regime. For the laminar flame problem, ,when heat §.
loss 'is neglected the folIbwing "boundary ¢onditions" are’ ‘ i
‘usual: ) | :
' . . ! 3

e

' LCOLD.BOUNDARY: X=0, T=To; a=l
3 .

dT da
, » HOT BOUNDARY:  X=w, 32=0, z2=0 L e
where- To = initial gas temperature

‘If the hot boundary is fixed at a finite distance,

e

.2 N -
J f¥om the cold boundary and heat loss is not neglected, the

»

temperatire gradient at the Hot boundary is not zero unless

< the temperature of the gas. flow has equilibrated with the

o]

surroundings. The Cauchy boundary.condition is more correct:

1
1

- i - -g|
ax = k! ¥
\ Tyor Trot | Lo
' - 1]
- e 2, . - . ot ’ .
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where FHOT = the boundary surface between the hot gases
' f t
. and the surroundings
g = heat flow rate [ cal ]
s-cm

.

-

The Cauchy condition at a boundary implies that
!

heat flow (q) exists at the boundary. . ’

’

g

2.3 Reaction Kinetics

The simplex global reactioh rate of the Arrhenius

type is used:

R, = (F(a,T))exp (~E/RT)

where
: E = activation eﬁérgy
/ R = universal gas canstant
F(a,T) = a function of "a" ;nd "T;~derived from

chemistry considerations

Classically, "F" is of the form (€)™ where m is the
order of the reaction (5,6). Since, the order of the reaction

represents the number of particles which must collide for the

reaction to b:oceed, it is normally a natural number (7).

However, because many reactions take place simultaneously in

a simplex global reaction, "m" is often.allowed to take on a

decimal value, usually between one and two (8). To account

{
hS

T_‘:n““
-
‘@'} *f
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H

o .

for the possiblity that a reaction order can lie between one
and;two it is postulated, in this work, that the simplex
reaction is compriéed of two reaction rate component; each
having the same activation energy. These components ha&e first
and second order reactions respeétively, and the overail

! -
reaction rate is represented as:

-k.,aY p T aY p T . o :
, _ 1 " 0"070 _ E
. Rp = [—-———-—-—-—-—-—T . ) ]exp ~RF (2.5)

¢

where kl and k2 are factors used to correct the ovedgll reaction

rate to experimental values and to account for the proportions

“of fi;st and second order reactions invalved.

. 2.4 The Steady-State Convection Rate

051ng a control volume analys;s of the flame, the

follow1ng relationship is found (see Appendlx C):

/ ‘fmw[ﬁé\d}s o

where, * G = convection rate [g/cmz-sl : '

. This value, G,ﬁk&f "convection rate", is an invariant
in the flame for the steady-state. This convection rate g

formulation also applies in the general case, where “a" is a
. \

a




N . . . .

single species vector chosen arbitrarily from a multi-species

flame where many species vectors are needed to describe the

flame (9).
2.5 Cold Boundary Difficulty ‘ '

The kinetic statement described above demands that

- reactions in a premixed gas begin immediately upon mixing of

- the reactants. Hence, a steady-state situation can only exist

)

when the reactants are completely consumed. However, steady-

cfe e

state flames are pbserved (10). The difficulty in producing
a éteady—State flame model incorporating a continous kinetic

statement is called the cold boundary difficulty. The model

R 1

W

described above, therefore, demands modification to allow for ) "

steady-state flame situations. ' ‘

The cold boundary difficulty is usually handled by
demanding that'the reaction rate function vanish for tempef tures
less than a certaiﬁ "cut-off temperature". A cut-off témper turé
must therefore be selécted (11). Here it i; presumed that tHe
selection of cut-off teﬁperaturé is not critical if that

~ temperature falls in‘a range where the reaction rates are small
~ (12f. It is on this basis that the solutions fo the differential L

equations are found. The details of the procedure used here

o
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T

AN S 1A e Ty " D B QPO A T 4, ot PR, L RN W - B e e e
E A




2.6 Flame Extinction and Flammability Limi€s

’ The equations described above have been applied
successfully in many flame propagation problems. However, they
" 4o not account for the phenomena of flame extinction and the

P .
related problem of fiammability limits.

When a flammable gas mixture is diluted progressively
,wiéh any miscible ingredient (actiSe or passive) a point,.
called the flammability limit, can be determined experimentally
beyond.&hich the ﬁixture is non-flammable. This experimentally-

observed phenomenon lacks an adequate general theory (13),

Standard tests have been applied to premixed gases for

L e

(
many years to determine flammability limits (14). These

*//) standard tests are done in specially designed flame tubes in-.
which a flame is started with a spark igniter. The flame which ‘f
forms propagates in an environment where multidimensional
phenomena are involved, including buoyancy, thrust and uneven
heat loss from the flame zone (15). These phenomena prbbably
influence the flammability limits (14)7 This .attitude is

~

supported by the virtualdelimination of all one-dimensional
theories in explaining these limits (15). For instance
chemical kinetic instability is described as an u)&ikely
phenomenon (16). Also, Based on experimental evjﬁence,\radiation
heat loss to the surroundings is generaliy-discredited as a -

likely mechanism’ (17,18,19). One postulate poses the .existence

of a true ignition or cut-off temperature (similar to the one:

[3
# ..

$&
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already proposed to deal with the cold boundary difficulty)

(20,21). For a flame temperature below such a cut-off

temperature, steady-state flame propagation cannot exist,

This concept has no apparent experimental or theoretical basis. ° :

Nevertheless)isome investigators have postulated that

the conventional flammability limits derived from these "

standard tests are physico-chemical constants (22,23). More P

recent evidence does not support this view. For example,

flames of hydrocarbon and air and. of ethylehe and air, have

been stabilized on flat flamé burners in mixtures leaner

than the conventional lean flpmmability limit (24,25,26,27). o
' /

Apparently, if a fundamentallflampability limit exists, it

-is not the traditional limit
. .
» ot Sorenson et al, by eliminating aerodynamic¢ and multi-

ot s i S oo BRI o 89 A

dimensional phenomena from a Bunsen burner flame, ;find the

. lower flammability limit of a propane-air flame by studying

PO 3

the flame speed for different mixture ratios. Their work, in

;
i
H
;
}
|

agreement with earlier study, shows that flame speed plunges
as the mixture is weakened near the flammability limit (28)
and they find the flame speed approaches zero when the fuel
present in the mixture is still substantial’(29).AAs tﬁe
flaﬁe speed approaches zero, so does the reaction rate of the
fuel (30), hence this point is the, flammability limit and

may be of considerable theoretical importance. Here it is
called the natural flammabhility limit.

. C Since the flame speed drops rapidly as mixture weakens

L4

e o f
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near the flémﬁability limit and becatse Sorenson et al/ shows that

the drop continues until the’ flame speed approa zero

at the natural flammability limit, therefore it\is asserted
here that a target line tangent at the point of }nflection

of Xhe flame speed-equivalence ratio curve will intersect

the equivalence ratio axis at a point near the flammability

v

limit of the gas mixtures. This working hypothesis is tested

below using a methane-air model.

S




CHAPTER 3
SOLUTION METHOD
The solution of the equations presented }n Chapter 2
describing laminar reactive flow are presented here.'Although
these equations have non-linear coefficients, the nonltnearltles
are weak, and under the essumptions made in Chapter 2, the
coefficients ﬁay be considered linear. Nevertheless analytical

solutions for these equations are difficult because of the

nonlinear source terms which characterize them.

As a consequence of this difficulty and before the
development of high speed computers, combustion problems of
this sort could be solved only after abpl&ing simplifications
which maée the solutions unrealistic (l). These simplifications
are now cften unwarranted because thecomputernmkes’more

comprehensive numerical approaches feasible and ultimately

- the results obtainable in this way promise to be realiable

and -available. However, the time and data storage requirements
to solve the complggiflow field problems tax the capabilities
op

of even the most s isticated contemporary computers (2).

"Further, there is presently a trend toward smaller computing

units in which memory and storage is even more restrictive.

Hence, there is a demand for efficient computing schemes with

v

low storage requirements.

Solving computationally a set of differential equations

involves the formulation of a corresponding set of approximate

’ <
1
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algebraic equations which can be manjpulated numerically.
[l Y 5

There are at least two methods to formulate such algebraic
equations; the finite difference method and the finite

element method. Apparently finite di%f&rence approximation

3
‘

has been used exclusively to solve the laminar flame equations.
However, the alternative procedure, the finite element megkod,

is powerful in some situattons. This method is considered here.

L The finite element method, like the finite difference

method, is applied to continuum flow problems by dividing

the solution regime into many small regions called elements

-(3,4). The numerical approximation is improved as the elements

become smaller (5,6).

. ’ v ) ’
Consider flame properties, which change quickly
within a large flow regime. In this case, a fine mesh isrrequired
to obtain acceptable resolution. Thus, problems arise when

computér storage availability limits mesh refinement, restrict-

'ing solution accuracy.

An approach to lowéiing computational demands involves
varying the mesh size through the flowfield. In this way :
accuracy is increased by using'a coarse mesh in non-critical

zones where the reaction rate is small and a fine mesh in

. the critical zone where the reaction rate is large. In

contrast to the finite element method, thg order of accuracy
achieved using the finite difference method is lower when

mesh size is variable than when mesh size is constant throughout

) \' ¥ N
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the continuum (6,75.~In the finite element formulation,

however, lattice variations may be applied without any ;
special cons;derations: the order of the accuracy is unaffected.

Some work ‘has been.done towards optimizing elemeﬁt size

variations and&the results are promising (2,8,9).

Another computational advantage of the finite element

[

approach»is that the variations within an element is approxi- |

mated by a simple analytiF function called an efemental‘ . '

P function or interpolation function. Plnlte difference
formulatlons, in contrast, do not conslder ‘explicitly the
functional vari;tion between the nodes. It can be appreciated
"that when this elemental function accurately represents tge
true -function, node spacing ¢an be incrgaséd witg a potential

2t

‘economy of computer storage space and computational time.* ) .
N N 2 v M

B PRI A

Other advantages of the finite element method, of
particular importance in flame calculations can be appreciated

when the formulation procedure is understood. To formulate

[

the finite element equations, a global approximating function .

composed of the elemental functions is formed. The sbecific

~ et 3

global approximating functigp is sought to minimize. the error,

_* Another important advantage accrues from this featq:e\of

*  the finite element method because these elemental functions
can be chosen independently in the interior of a soluti
regime and at the geometric boundaries (10). Hence, 'for

: complicated geometrics (such as might exist in the

PN S

XN P R O R

combustion chamber of a gas turbine ergine for instance),

boundary hugging curves may be formed without upsetting \\

the simplicity of the interior lattice. ~
. P

CWP e e
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s or residual that is produced by substituting this function
' A

into the governing differential equation. To do this, the

"inner proéuct" of the residual and a preselected weighting

function is equated to zero. This procédure, called Galerkin's

method (11,12) is applied in this work. The discrete ~

-

equations derived in this manner in Appendix B are summarized °
4

in Table 3-1. ' ¢

The global approximatiné function so formed assures

-4
conservation of energy and mass across the solution regime’

3

A
.o
;@
‘
|
§
;A
j
.
4
¢
4
§

as a consequence of the integral nature of the procedute.

This is not true for many finite difference procedures (13,14) .
Considerind the natural.flammability limit problem

@

dealt with here will illustrate an important aspect of -

.

' . this conservation feature. Im studying the problem;, the flame
. . .

speed, which is dependent on the integral of the reaction rate

across the flamé is important (17). If the species and energy

are not conserved in the solution regime, this integration

v

is inaccurate and both flame speed and flammability limits are

4 \

' 'poorly predicted. , .
- 3.1 The Formulation of the Finite Element Solution’

3.1.1 Discretizing the Solution Regime ‘and Choosing the
" Elemental Functions ‘
{ ! .
; . Discretizing the solution regime is facilitated by
: : knowledge of the form of the solution profilés. To discuss
. ) :
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"the solution prpfiLes4of the lamfnar‘flame equations, the . i-

’ -
’

/ot solution regime is'separated into five regions which are -
illustrated in Fig. 3.1, The profiles in the induction

. i N ¢ !
region and the post flame region,” shown in the figure, are

characteriZed by moderate chapgés in associated flame

.
H . . “ N i

PR variables,  compared to the regions of th&»marrow band between

these,-whéré the profiles change very rapidly. T}
change in thisi‘band is due to the /Targe reaction rate a§%3%iated'
with the flame, coupled with large transport of heat and

‘species in ‘this region. This middle region-called the-flame
" -7 . .region is further subdivided into a preheat éone,.where N
ltransport phenomena dominate the profile shapes and a reactiopn
. ) i

zone where the r_eac‘:tioh r‘aﬁe eclipses thfi effects of transport

. -

A ]

’ phenémena on' the profile shapes.

<. ' - To accomodate these profile variations, the element

2‘ ' 'sizes across the solution regime are varied relatiyve to \ g
.. ' one another as indicﬁ@gd in Fig. 3.1.‘The exact sizes of the - o
\'.elements, depend:on particﬁla; flame éoﬁstants and the : ;
M elemental functions used. Linear elemental functions are used .

\ .’*  here fopasimplicity\(See Table 3.1).

Y o } 4 o o . . . o ' "
, _ . p

@

) 3.1.2. Choesing the wéighting Functions- the Convection- ’ .
, - Y 11} - ’
.o .,  Diffusion Prgoblem ' °
},.\‘ ’ ' \ . o
‘0‘ . Heinrich, Huyakom, Zienkiewicz and Mitchell study

. @\ 4 N
the si{mple convection-diffusion flow situation and find that
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the ‘results produced are good when the following wéightfng

S

. fur@tions are used: (15) : '

»

, My = ot Yy ‘
where d _X X
» y= =g gl . :
. \ .
_3f, 2 3, 2 . .

¢N = I'—-Z-(X ~-hx), ‘—Q-(X -hx) ]
h™ , h i
. “ )
' Wy = weighting function . !
I v H
: i
f = a constant or function which is preselected i

The value of "f" is given a positive sign when the -

s

) : convection rate "G" is positive. .

~ - -

The reacéion flow problem studied here has:an extra

' term intthe équatioﬁs, however, it is found thét the same’ ;
weightingjfﬁnction yields good results if the' function "f"
is made onélevegywhere in the“sdlution ?egime. L

-

3.2 Linearization
' The non-linear source term which makes analytical
. solutions of the equations difficult is also responsible for’

much Qf-tﬁe difficulty encountered in solving them numerically.

-

@ s v
In fact, the stability considerations of this term,

-

.'which makes the equations "stiff" can overshadow all others

(16) . Not surpriéingly, early numerical solutions concentrate

0

~oR, simplified equations, stripped of heat conduction and

q&
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diffusion terms. The codes developed to solve these equations

are now simple and efficient.

3.2.1 Early Solutions

By linearizing the equations locally, Moretti :
develops a simple algorithm (17,18). The Moretti procedure, i
however, is less efficient than others where the non-linearity

of the reaction rate is acknowledged locally as well as globally. i

In another case, Treanor useé a modified Runge-Kutta
method in'which the rate of change of the reaction expression
- for the ith specie ié éomiﬁated by i;s rate of change with
rESpect to the ith ;pecie alone (19). This partial acknowledge-
* ment of the local noﬂ-linearity results in a convenient and

_conceptually simple numerical approach.

~

Tyson's technique is shown to be more efficient than
the method used by Treanor (20,21,22). In the Tyson approach
; ' the rate of change of each reaction rate expression is’

computed with full regard for its rate of chgnge with respect

«

- n

to each specie present. This ‘coupled with the stable nature

ey 4

of the implicit algorithm used, make this the most efficient
approach presently available for solving these equations (20). -
Using Tyson's method, Bittker et al. develop a general

computer code often used today (23).

P R - - . ]
iy hma oot TR P ¥ o iy BRI OV N P PR MW s

e s




;- 28 -

3.2.2 Modern Solutions

To‘apply the methods of earlier wofk directly to
the laminar steady flow flame problem, it is necessafy to
postulate that convection is the only important transport
mechanism. This denies the dépendance of the mbvement,of
épecies and transfer of heat in the flame on the large temperature

¥

and concentration gradients that exist.

o

More complete laminar flame equations actept the

importance of heat conduction .and concentration driven species

diffusion and include these mechanisms of transport in the

\ '
models. Some of these models are discussed below. This work

is summarized in Table 3.2.

In an early attempt, Hirschfelder et al use a .

."shoéting" technique to solﬁe_pﬁe equations (24). Unfortunately,

although this method is simple, it is inappropriate when the

analysis includes many species and many simultaneous reactions.

In another ;pproach, Dixon-Lewis uses an explicig
finjte difference algorithm to splve .the time dependent
equations (25). He claims that explicit algorithms are more
appropriate than implicit algorithms for handling many

4

reaction species..

SpaldingAet al, using an adaptation of an approach to
solve boundary layer problems, eliminates the troublesome

convection terms from the transient Eulerian equations and

A

- o
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solves the resulti set of equations using an explicit

finite difference approach (26,27,28,29,30).

Later, Tsatsaronis uses Spalding's algorithm to write

e

a code which solves a pne-dimensipnal\methahe/air system
in detail (31). He predicts unknown transport properties

using a modified Chapman-Enskog model.

A Rt v et W e T

"Aly solves the steady-state two-dimensional eguations i
using Picérd linearization on his finite difference model.,
He predicts extinction due tc quenching by postulatiné‘an
ignition temperature below which reactions cannot take place i
(32). - ‘ | {

. Butler et al, solve the fully time-éependenﬁ two
dimensional flame equations iﬁplicitly allowing multkcomponent g
reactions.and non-laminar flows. The equations are fully :

.

coupled 'with the momentum equations in this procedure (33).

Other workers jinclude Wilde (34) who uses Newton-

Raphson-Kantorovich lin ization and Bledjian (35) who uses i

. j b - 1
the method of lines to produce time-dependent equations ‘ i

which are solved using a Runge-Kutta method.

The most recent work solves the equations implicitly,

Y

in contrast to-earlier explicit solutions. Based on- s \
examination of the above past work an implicit approach is \
., adopted in this work. The linearization procedure used is ' ’ !

. called Picard linearization and has been used successfully

to solve similar eguations (32).




‘the energy profile is small. Therefore it is approximated as

'a natural (Neumann) boundary condition, where:

‘considerations.

3.3 Matrix Formulation

The discrete global equation which is given in
Table 3.1 in tensor form may be transformed to equations for C -
individual elements. These transformed equations are repre?ented
as 2x2 elemental matrices in Table 3.3 as they are derived 'in

Appendix B. By piecing the elemental matrix equations together

and invoking boundary conditions, the resulting matrix, a

global equation, is constructed. When solved, this numerical

matrix equation yields the solution profiles.

3.3.1 Boundary Conditions

LS

«

The heat transfef at the hot (Cauchy) boundary of

}

‘ : daT

ax = 0

'

This is the conventional assumption.

In the elemental matrices already discussed the
boundary terms are not considered since only the interior
elements are considered. Therefore, when the global equations

are const®ucted it is necéssary to impose them by special
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It can be seen that the discrete global equations in _ 5
.

Table 3.1 contain an explicit gradient term effective only

. Y
at the boundaries. Then, for the natural condition, this

boundary integral disappears. This applies at the hot boundary

[ P PP Sy

for the energy and the species matrices. For the cgld boundary

-

the situation is different.

The cold boundary is an essential (Dirichlet)

a

boundary and is dealt with by forcing it on the global matrix

using the Payne-Irons method (36). Details of the Payne-Irons

3
"

method are discussed in the reference. , - \

t

3 . . !"G [

[ ~ i B

3.4 Flame Parameters

~
To solve the governing equations, es;;matés of the

\transport'properties of the flame and the gas mixtures are

necessary. The.structare of-the calculation procedure used
here is adapted from modifications of the Chapman-Enskog
kinetic theory of gases. These formulations are'drawg ffom
£he literature. Howevef, adaptations'have been made'to.produce
a computationally convenient procedure and modifications of

the traditional formulations are.made to improve correspond-

"ence with experimental results.
1 s

v

s 7

3.4.1 Specific Heats ' . ‘

Theoretical calculation:of the heat capacities of




~

Vew o

Ll -3

component sp?cies is‘possible (37). However such calculations

are generaily comglex. Therefore curvefitted polynomials,

which are accurate in the appropriate temperature ranges are
. . .

chosen here to replace such calculations. The approximate.

formulas used in this work for methane and air are summarized

in Table 3.4.

3.4.2 Thermal Conductivity

\

A The ‘Chapman-Enskog kinetic theory, modified to account

for a particle velocity distribution of a Maxwellian hature
is usual in combustion applications (31). The{£heory‘modified
tdsihcluge non-rigid molecules with energ& interactions oé a
non-discrete nature aﬁd relaxation times fo; enerqgy ekchangi_
between internal and translational storage modés yields a
férmula for thermal conductivity which' is:(38)

pD |

Lo Ps L3 R z_f_"_a)_a_a_(g_i?z) l_z_a_).
n 2 Cv 3 C_\2 2

£
o
[0
[a]
o -
lw)
#

0

s self-diffusion coefficients
_u = viscosity N
\
C, = specific heat at const. volume

s ‘
- .
~

. - .
Viscosity is calculated here using the same ‘theory by:
, ¥

- A

- : /TH ‘gm
W o= 2.6693E-5 —5— _ .
.o %r ‘ . .

= el Pt | MO,y W

[RUIURIC S
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Lennard*Jones correction factor

1

Q
n

molecular collision diameter [angstroms]

N «

molecular weight

=
]

and the specific heat at constant volume is talculated from
thermodynamics as:

= C_ -R : °. .

@ ‘ = %

= specifc heat at

<

. where Cp, constant pressure

- | L oD
v Here the coefficient —EE is calculated

. q [cal/g-0,]

o P g—

formula developed in appendix D. -

. ) ‘ eD Q
, . . —= = 1.20085-%
. . " [T Sb

where ?b = Lennard-Jones Correction Factor.

"L ] . The Lennard-Jones correction factors are widely ..

available in tébular form (39). They‘areifound to be dependent

on temperature and the molecqlar energy parameter "e/k" (39).

Here, for computation cSnvenience, this depeﬁdence is
functionalized using curvefitting techniques. The functions
are éisplayed in Table 3.5.-°

3.4.3 Gas Mixﬁpres

The flame of interést occurs in a gas mixture, and in

»

geneiﬁl‘;he mixture’ properties are different from the properties

. of the individual components. The mixture properties must be
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evaluatéd. For determination of the thermal conductivity of the,

N

gas mixture using the individual dpecies values,;the approxima-

v

tion of C.R. Whlke is used (40). A
3

}

nlix.k,

g . k _ z 11 (3.10)

By

. 3 - . 11X e
o ~ . % . }Tl i=1 Z X.
o ﬁ‘ J lj

o 1/2 w174 ° '
’ ‘ (1+[;5] 3 k#q. ) o S
- j . ai e

where - ¢, = 7 177

, - . - R lJ
P ; ' J-(l + —éj //'

‘ The specific heat of thePmixture is found from’ thermo-

3

¢3.11)

dynamics to be:

c, (mix) = ' (3.12)

Zl pl 1"
o ! . . - . )
s Next, the binary diffusion coefficient is calculated

usinglthe Chapman-Enskog theory -

D = 1.85834E-3 L2 _MA MB

~ &

(3.13)

| where , ' ‘P = pressure in.atmospheres ; . .

o = (o (3.14)

AB + ogl/2

A .
To find fb the value of the molecular energy parameter

is found by : : ‘

e
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~le
~o

AB A B

The multicomponent diffusion coefficient is approxi-

‘mated by the formula

- . )

b . 1% (3.16)
. ( T A-M z X, .
” 7 (B2
‘ o o Aj
where Dp.y = diffusion coefficient between componént "A" and
the mixture. ‘ - Yoo

'3.4.4 Convection -Rate i o ..

[
@

The following nuﬁer%gal calculation is used to

! . -
approximate the convection rate formula given in Chapter 2.

’

*

(Rp hy) - o
G‘:‘. z ——-(i——-—— - N ' 7
o =1 Yglogerme) L

i=1

7

3.5 Solution Algorithm

The caléulatgon procedure already outlined is wused °

in this work to develop a computer code, which is detailed in

Appendix F. The schematic of the procédur; is shown in Fig. 3.2.
L 4 N >

" This code uses the implicit matrices, the temperature matrix

and the species matrix in turn, and solves them iteratively,

N -

-while adjusting the convection rate and the reactiaon rate

/

-

P
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profiles between each siep of the iteration. However, this

v ' \

iteration is preceded by a procedure to initialjze the profiles

and furthermore this is preceded by a procedure to calculate

(or input) the needed flame constants.

g e L

? o The input constants are: : ' §

l. E = activiation energy (cal/mode)

‘ 2. HC = heat of combustion (—EEE~—)
. g~s-m",
X 3. TIGN = cutoff temperature (°K) ‘ .
. . ‘ 4. Y, = initial mass fuel fraction I
? e ) 5. ‘Fl; FZ'f fq&ction of lst and 2nd order reactions
'S .' ’ present respectively

6. ckl;ck2 = reaction rate constants

7. TROOM = Room Temperature (initial mixture

)

.temperature) (°K)

8.‘ Nl;NZ:N3;N4;N5;Né = Noi of elements in each

e e g

solution zone.
;’ 9, ALPHA (1) = initial species vector
i : 10. XLE (1)... XLE (NELEM) = element sizes (cm)

11. F(1) ... F(NELEM) = Element weighting values.

? . The constants calculated are:

1. XLAMBDA = thermal conductivity-

Lol - ‘ 2. CP .= specific heat at constant pressure
E ‘ D

3. RHOO = initial mixture density

o

4, XLEWIS = Léwis no. * ”

1

m " i
- o - o e e —_.
ep e T e e
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FIG. 3.2: SCHEMATIC OF COMPUTER PROGRAM
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Using the above input, the calculations of the initial

. ) ) »
fuel vector profile and the reaction’'rate profile are provided

)

by the code. The initial fuel vector is calculated from the

formula derived in Appendix E.
: (G/h) ~ '
ay = oy (3.18)
' 1 % + lDOTO \ i-1

T,exp (E/RT,)

“The reaction rate is calculated using the formulas

~
already derived. p .
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N CHAPTER 4
RESULTS

¢ \
In Chapter two of this work the governing.equations
for a .theory for a reacting flow system are presented. In
chapter three, a general numerical proceduré for solving
these equations, inlthe form of a general COQPuxer code is
developed. So tkat the’code can subsedquently confidently be
applied to geﬁeral engineering and scientific problems,

tests are conducted in this éhapter which activate different

modules of the code independently.

¢ The first section of this chapter is devoted to
describing these tests and displaying the results together:

with data gathered from independent sources’.

In ﬁhe second section, the details\of more general
combustion problems are described and results are obtained
from the code aqd displayed. K The combustion problems
discussed he;e involve gas flow systems consisting of fuel

and air undergoing combustion to form products.

4.1 Characteristics of the Code »
Testing the code consists of comparing the numerical
solutions derived from it with exact solutions when they
exist, and for non-anélytical problems,with reliable’

experimental data.

PR

S g,

[ER——
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Using computer solutions which compare well with
recommended data, and others which do not, many useful -~
conclusions reggrding the code can be drawn. This testing
procedure demonstrates the power and versatility of this
computing package, in’application to transport and reacting
flow problems in addition to combustion problems. The specific
casgs<are detaileé below.
4.1.1 Test #1: Heat and Mass Transfe; Between Fixed Boundaries

(convection-~diffusion) o : -

» Consider two large tanks filled with different fluids
at different temperatures and pressures (Fig. 4.1). Each fluid
occupies a large well-stirred reservoir. Because these .
reservoirs are large, bulk changes in the oc¢cupying fluids
will not take place, and because ghey are well-stirred, local

changes in properties within the reservoirs are precluded.

| L

Joining these reservoirs is a narrow .pipe throug?
which fluid is allowed to flow freely. Because the pressures
in the reéervoirs are different, conétant convective flow
between the reservoirs occurs, and because the fluids in the
reservoirs are different, constant diffusion between the
reservoirs results. Further, because the temperatuges of tﬂe
reservoirs differ,'heat conduction-will take place along the

~

pipe from the high temperature reservoir to the low

temperature reservoir.

huvd

o el Sl e B s A Ao et
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i

The governing equations for fluid movement, drawn

- from Appendix A without the reaction and heat loss terms are:

bl

2 - .
a1 _ Goydr ‘ :
. —_— - == = 0. {4.1)
. dxz k™ dx .
a2q _G " do =0 . . (4.2)
2 %(L)ax - , , :

For the case in which L =1, the two equations are identical
and &n exact solution for the entire system can be obtained.
This exact solution is: .

.

o = lexp(P-x)-1) _
- H{exp(P)-1) e

(4.3)
(chung (1))
Tf(exp‘”(px) )-1

T {exp (P} -1 ' s (4.4)
where P = peclet no. = %g ‘ ‘ ‘
T£'= temperathre in hot reservoir (°K) )
‘a = mass fraction 6f fluid in tank B.
| : P
4.1.1.1 Special Case
Here the following values are used in the governing : \ 3
equations ‘ ‘ é
.P =50 ¥

Cp= .32 cal/g—fK
k = 1.6E-4 .cal/cm-°K ‘ ‘ . S o

G = 2.5E-2 . ‘ . , 3

The exact and the approximate solution to this case are .




~%

both illustrated in }ig. 4.2, so they can be,compéred. In

this figure, the vertical axis represents the.concentration

- of component B and theé temperature at each point in the pipe

joining the reservoirs and'the horizontal axis represents
the distance along the pipe from an origin located at the

b

junction of the pipe with reservoir A! P

4.1.1.2 Discussion . ; . ‘
T .
When 50 elements are used to tepresent the complete
solution regime, the maximum error is about 7% and when 100
elements are used the~maximum'errol\is about 3%. Therefore

the approximate numerical solution abproaches the exact

solution. -

This problem is adapted from Chung (1). His
bbservat;ons concerning the finite element solution are not

N

repeated Here,

a

4,1.2 Test #2: Laminar Tube Flow with Convective Heat Loss

o>

Considér the tube-flow situation portrayed in Fig. 4.3.
An exact tempefature profile along the length of the-tﬁbe is
desired underifﬁlly developed laminar flow conditions. The
wall temperature of the tube is assumed to be constant and
different from the bulk temperature of the flow gnd the
pressure is assumed constant across any cCross section.‘Further-

more, neglecting'viscous loses and assuming a small flow

©
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4.I.2.1

e —

velocity makes the longitudinal pressure constant. ',

¢ )
The governing equation for this situation is:
22 C.G . o

acr dr = HT
s - = gr=-f ¥

de dx k (4.5)

where Tw = wall teﬁperature,{°K] .

]

£

*
. B = convective heat transfer coefficient

.. . "y -cal .
. S R
. . cm =-8«°K e

. An exact solution for this eguation can be derived.

Special Case o Loy
h. N -

The following information is given:

s .

250°K

. | ‘ - r ) .

-t

-

i

.3 cal/g-°kK

1.5(10'

45 cai?q-°K-S

moxX QO A
n

LIS

%% X = 6.2:(10

hengé P =

Pecléi no, = %?

= § '
The characteristic equation is:

‘(bZ-SD-l3 737)T i:f434 .25 (4.5.1)

To f£find the homogeneous solutlon. ' .- p

L4 . . (R S

* This value is arrived at by assuming a parabolic velocity
profile and a constant heat flux at the wall aleng the* full
length. The exact value of Nusselt No. is found-to bé
4.364(2,3). This procedure gives a value of H correct in

order of magnhitude N )

%) cal/ém®-s-°x* L S 1

el
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/ ' Dy,= 6.971; D, = -1.971
L}
' - o L A7 6.971x ~1.971x.
hus, , Th = Cle + Cze

4
° »

]

-

3

.

- - LA
Pra= 2 .t/@f + 13,737

14

where <, ind Cz-are‘determinéd.from the boundary conditions.

From the specxfled wall temperéture the partmcular

solution isr¢- y “ ‘ o
LI . L f
' o Tp'= ?50 r
-y . - v . . f
To arrlve at the complete solution, the partlcular o
:<,.and the homogeneous solutions are added:
‘ : ‘ 6.971x . . _-1.971x
T = Tth 18 + C2e + 250

! . % . Whenx=o0; T = 300 .

j .

E thug_ C; + C, =50 - . (4.

' "‘!L v »
o and when x. = 1; T'= 260, so.that, |

! ) . 4 .

| o SR 1065.288C; + .1393C, ="' 10
) -‘i\ ® [y < P," .

- Solv1ng 4. 5 6 and 4.5. 7 sxmultaneously . ~
gy . ) Cl”‘g. 0002849
' - N . . /92 = 49.9972 .

B \ . | .

i and finally, Ce e .ﬂé%x ‘

oy © T = .oozg49é6"§71" + 49.9972¢ 171"y 5500 (4.

. R - ' Figure 4.4 giv{s the exact'temperature profile,

Cg ‘ - :
plotted from equation 4.6, for this two point boundary value

——~\ !
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’

problem and the solution of the same problem from the code.
The vgrtical axis is the temperature in the fluid and the .

horizontal axis.is the distance measured from the boundary

.
y

where the tempera;dre.is’at 300°K.

4,1,2.2 Discussion C ‘

oo

In this case the convective heat loss term in the
general energy equation is activated. With a grid'containing

ten elements, the maximum error is 2%. The maximum error

5

for finer grids is less. Some oscillation of the nodal

v L8

temperaturei&about the exact solution is observed,

4.1.3 Test %#3: Tubular Reactive Flow' .

v
]

. .

P N

Pl Q-‘ . o~
t * M N

.Conhsider another tubular f£low problem; however, in.

. .addition to diffusion and convection, chemical reaction is

involved, The'chemic;i reaction is mo@elled as a simpiex'

2 4 .

global reaction of the form
. . A '__+k B ‘ (4.7)
° \

[

o
[

By supposing that the temperature of. the surroundings

is the same as the initial temperature of the reacting fluid“

. o A N
and that the chemical process does not involve any-‘heat
Ve * ' ' ’
release, the energy equation is: . . ’

' T = TO = constant j S {4.8) '

0

Further, the species equation is decdupled from' the energy

‘equation and becomes -

¥ ”’\4




f (9
‘.t . s e e AR e et ks AR o ooy et

- §5 -
2 GY Q :
d7a "0 cpda _ - \
. LYO——Z- - Ix +C1a«~ ‘0 (4.9)
. ax“
Because the equations are decoupled, the species equation
can be solved independently £¥3m the energy equatnﬁ1When )
the reaction rate constant C, is established.
N .. To solve the species equation exactly, the solution
regime is divided into .two fégioﬂé as illustrated in Fig.4.5.
. In the inductiéh region, no chemical reaction : !
J . . .
. occurs and the species profile is controlled by transport . l
from the second regivn as a result of diffusion and convection. i,
. ) » i . j
In the reaction region the transport and the reaction properties
’ \" ‘'of the mixture together control the species profile. The origin
of the coordinate frame ié the boundary between. these regions.
.The species equations in the two regions can now be.solveds
. .eXactly in compliance with the following boundary conditions. )
. .
‘ X = =0 ; - =1 (4.10.1)
. ‘ I- IT 1
da da - _
x =20 ; a';——.dx (4.10.2)
of = ot | . (4.10.3)
II
’ . .da -~ ' .
- X = ’ a‘;{_— 0 ‘ (4.10-4)
x i o ‘
4.1.3.1 Special Case i
N ) ) G -
P = Peclet number = 10
L = Lewis number = 1 - , -
Y = 1 ﬂ o )
o ‘ . -
\ c, = 11 (REGION II) - . | S >
; ¢, = 0 (REGION I) .
/E, , N X v . ' i \ . o . {‘ﬂ!\/—’—,\_ .' )
PP aar—. g m——— M;
A g i i T A :
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S
k ' &
The characteristic equation is '
2 Ge h !

In region I

é (p®-10D)a = 0

| ) therefore e ol =’A+Be%p(10x)

i

f In region II ‘

‘ ° - " (p%-10D-11)a .= 0 -

N\

oI = ¢ exp(llx) + E exp(=x)

where A, B, C and E are arbitrary constantswhich are found

from the boundary conditions.
r }
From equation 4.11.2, at x = -

\

a = ioand A= 1

From equation 4.11.2 and 4.11.3, at x = 0

ot = ol = 1+B = C+E . i
From equation 4.11.3 &t x = L; S
IT
. 9" 7= C exp(llL) + E exp (=L)
BaII . X . )
X | = 11C exp(1l1lL)-E exp(-L)
- 7 x=L

) - P

From egqns. 4.11.8 and 4.10.4.

PR 2 L
.

EE[II -
dax .

N, .

0

| o . Lim(11C exp(llL)-E exp(-L)) =
. I, ) . .

Y ' ‘ : -

t.

(4.11).

(4.11.1)

(4.11.2)

(4.11.3)

 (4.11.4)

(4.11.5)

,(4.11.6)

(4.11.7)

(4.11.8)




o~ e

e

i governing eguations in reg}on I and region II respéctively.

_The resulting solution curve is displayed graphically in

to the species equation derived in Chapter 2 to descripg,flow

_combustion problems. Because of this similarity, this case

. ’
Therefore: C '= . ‘ =0
: 11(Lim(exp(1l2L)))
Loe
cC=0 (4.12)
Therefore at x = 0 . ' 3
, I IT
o da” _ doT_ _ '
. % T &x = 10B = =-E s (4.13.11)
and ) , 1+B = -10B ) (4.13.2)
This gives ‘ B = -1/11 s (4.14)
and E = 10/11 (4.15)
Finally we get ° . ’ o ;
‘ | I _°, exp{lox) X
a” = 1- _-ng—— (4.16)
oI = 13 exp(-x) (4.17) i

Equations 4.16 and .17 are the exact solutions to the

figs. 4.6, 4.7 and 4.8, In these graphs the vertical axis
represents the mass fraction of species A and the horizontal
axis represents the distance measured from the previously

selected origin.

The spécies equation solved here is similar in form

»
is solved several times using the code with different elemen
g k

sizes: .with upwinding and without up&indings Hence, some

i
L ismdarbatiuib bR

1 1
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aspects of the problems related to the numerics can be studied.

As such, Fig. 4.6 displays the exact solution in

conjunction with approximate solutions where the element size

s

is 0.6 and 0.3 andyno‘upwinding is used. Fig. 4.7 displays
the exaﬁt‘solution in cpnjunction with approximate solutions
‘where the eiement size is 0.6 with and without' upwinding.
Fig. 4.8 displays the exact’ solution in conjunction with the

3

approximate solution 'where the element size is .05.

In all cases the computer code calculagés the 3
convection rate from the species profiles. These results

are listed in the figures:

4.1.3.2 Discussion

14

Fig. 4.6 shows that the approximate solution oscillates

“about fhe exact solution with both coarse and fine grids.
'This oscillation producés a large maximum error in the profile
shapes. In the former case a maximum error of 6% is ogserved~

and in the latter case a maximum error of 2% is observed,

compared to the exact solution.

Using a constant upwinding factor of one throughout
the' solution regime, and the same coarse grid used formerly,

the error of 6% is reduced to 1%. This can be seen in Fig. 4.7.

Because the convection rate is specified by the
formulation of the problem, it is possible to compare the
calculated convection rate with the exact convection rate.

In every case, the comparison is good. In fact with a coarse

~*~m<:..mn--—— i e Zandandl Al L T PR A LT O S A SN N SR

[
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grid, where large oscillations are observed, the error is

0.005%. For the case in which osciilations are eliminated

» ¢ ~

using an upwinding factor, the error is 0.01%./ In both these
cases, the error is negligible. With a fine grid the error 'is

«

smaller (0.001%) with npwinding. This can be seen in Fig. 4.8.
. “w

The integration of the reaction rate over the
solution regime, done to calculate the cenvection rate,
involves choosing regresentative values fer reaction rate.'
. within the individual elements. It .is believed thet this is

the source of the small error that is found in the convection

s
s
p=

rate calculation.
4,1.4 Test#4: Heat Capacity and ‘Transport Properties

"To test the codé for reliability,heat capacity and
transéorf calculations must be considered. %ere consideration
is given to results yielded by the code oveé a.range of
temperatures, by comparing them with independently determined
approximations or experimental values found in the literature.
As such errors exist in the independent values as well as

those calculated here. Wherever possible, both error values

are quoted. ‘ >

To‘study data which cannot be compared with exact

information, the percent departure of the calculated values

’

from the independent (recommended) values are plotted on

departure plots. Such a departure plot consists of the indepen-

dent variable scaled on‘the horizontal axis and the percent

b
’

.~
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departure scaled,on‘thg vertical axis. When the error bounds
of the recommended data éfe known, they are plotted on the-
same d;splai. This same type of display is useful;in less
restricti;e applications and is madé use of here Qhénéver

comparisons are made.

Theﬁﬁeparturé’ﬁiots presented below are discussed

.together’at the end of the section.

-~ 4.1.4.1 Heat Cépacity of Individual Gases

Some of the formulae used in this work to calculate
I
heat capacity are drawn directly 'from other sources and

@ ]

their performance in the appropriate temperature range is
well documented. In this work, however, some polynomial fitting

of data for heat capacities is done and the polynomials are

’

‘displayed below.

’

(_’._/

. 4.9 and 4.10 show departure plots for heat

@

Figs

. capacity calculations. The temperature of the gas is the

independent variable and is scaled on the horizontal axis.

4.1.4.2 Lennard-Jones Correction Factors
' ¥
Figs. 4.11, 4.12, 4.13 and 4.14 display departure

plots to the "fitted" Lennard-Jones correction factors derived
from Hirschfelder's tables (6) and presented in éhapter 3. The

non-dimensional parameter formed from temperature and the

“ ' “rdﬁ D
molecular energy parametéb-is the independent variable scaled
on the abscissa. Figs, 4.1l and 4.12 are departure plots of |

the conductivity correqtion~fac£or and Figs.4.13 and;4.l4 are
. R

[
*
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~

plots for the diffusivity (or viscosity) correction factor for

C e s mher

diﬁferenplranges of the independent variable. .
e 4.1.4.3 Thermal Conductivity | L N ,
i \\\ Eigsﬁ 4.15 and 4.16 éisPIéy departure plots for therTal
} ‘cohductivrtiés.calcglated for the gas methd¥ne and the gas air
: . from recdﬁﬁénded data derived from experimental work over a
- ' range of gémperatures (7,8;. These plots are limited to
temperature ranges where reliable data is available. Also
included on the same displays are departure plots from the
same recommended data:using Hirschfelder's @ormula (9). TH;
error bounds for the recommended data are includedl(7). "
3 5
4.1.4.4 Viscesity
V%scosity is an important secondary parameter in this ~
work. It is used to calculate the thermal conductivity of
T ‘gaéeg. Hgnce‘Figs, 4.17 and 4.18 are .prepared to dispiay
- departu;e of the calculati&ns in this work from experimentally '
derived data (10). The independent'variable séélea,qp the
-+ horizontal axis is temperature. The error bbunds for the N
E ) ‘experiﬁental data of 2% over the E?Tperatﬁre range are -
displayed in the same figures. :
7 et : T
r 4.1.4.5 Discussion
Specific heat formulas_for.methane and for air are ' g
Areadily ;vailable in temperature ranges.below 1500°K, Hence,
"the departure blots in Figs. 4.9 and 4:10 are for curvefitted
. . ' polynomials”f&? specific heat of methane and of air = . B
’ rqugptivély above this temperature. Itvéan be:seen that these

1
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polynomials .produce reliable results up to 2300°K. Note,
however, that tﬁe fitting error, which in both cases is less
than .5%, is not the overall error, sincé the data has a
méximum error of 1% to 2%.The maximum polynomial error is then

2% to 2.5%.

The viscosity formula, derived from standard ,fhapman-
Enskog theory with Lenn;rd-Jones correction factorsé;esulted
in the departure plots in Figs. 4.11, 4.12, 4.13 and 4.14.
Between 300°K and 1000°K the maximum departure in the air
viécosity plot is 3% and the maximum deparp&re in the methane

viscosity plot is 4%. The trends of these plots abbye 1000°K

are not promising. N

The thermal conductivity departure piots using
Hirschfelder's formula and the modified formula devel;gé?
here do not show a large difference. fhese departure plots

for air show a maximum departure of 2% and for methare show

a maximum departure of 3% between 300°K and 1000°K.

Figs. 4.16 and 4.17 show that the "fitted"ﬁLennard—
Jones correction formulas depart from the original aata°by

a maximum of 1% over a wide range of values. l
4.2 Steady Flow Laminar Combustion

Two combustion systems of the type desdfibed in
Chapter 2 of this work are solved in this section. The first
case is a laminar system using parameters from literature to
represent a propane/air system. The purpose of this f%rst |

case is a comparison between soluéions.derived by the.F.E.M.

and F.D.M. for similar problems. As such the flame

o

.
2 S e
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parameters are input to bypass' the subroutines of the code
that calculate these values. The second case, a more
comprehensive study, is a laminar combustion flow field
calculation in which the activation energy, heat of combustion
and molecular weights are chosen -0 represent a methane/air

system. The upwinding factor of orne is used everywhere'in

this section.
. ' \ .
4.2.1 Special Case #1: Propane-Avr System

\
The data presented in Table 4.1 is taken directly
from Aly (1l). Aly, however, solves the propane-air

combustionpsystem in two dimensions, therefore his solutioé:

is not expected to correspond exactly with the one-dimensional \‘
v .

solution obtained here from the same input data.

Aly finds a flame wvelocity of 45 cm/s. Using a

‘convective heat transfer coefficient (H) of 6.25 cal ]‘",
R

o $-m -0
corresponding to the flame velocity calculated. her Figs. 4.1%a
4.19, 4.20 display the flame profiles of this calcu@a%ion with

the centerline flame profiles from Aly.

The origin on the abscissa can be placed arbltrarlly AR

>
Here the choice is made to represent roughly the division

hetween the flame region and the induction region of the
solution regime. For the curves derived Eeré, the point where
the reaction rate first reacheé 17/1000th of the peak reaction
rate is used. Aly s profiles, however, ‘are simply overlayed
VLSually since precise information is not available. As such,

no significarce can be attached to the intersection of the

<

!
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. rises, éeaks and falls qﬁibkly.'The end of the flame region

o

and 'the beginning of the /lpost flame region is chosen as the

. point where the reaction.rate falls to the same value it

1 e "
has at the origin..The flame region is indicated in Fig. '4.21.
. It is seen that this region expands with_increasing Lewis

+

°dumber, changing from .02cm when the Lewis number is zero
' to . 024 cm when the lewis number is one. In this figure
a ‘ / .

it can also be .seen that the temperature profile changes

little with the change in Lewis numberl;rig% 4.22 shows v

the reaction rate profiles. It is geen that when the lewis
number is small and the flame zone is small, not-shrprisingly,

) v

the peak reaction rate is large. When Lewis number is zero,
. the peak reaction rate is .83 (—Ji~§ and when the lewis

. s-cm -
number is one the peak reaction rate is .66 (——1~§) . Fig. 4.23
. ‘ : : s-cm
. shows the fuel species profiles. hhen the Lewis number 1s zeroy

’

¢ loss of fuel from the flame region is not obsérved. When

o -

S " x =0, a = 1. When Lewis number is one, the 1oss of fuel

>

from the flame region is large. When x = 0, 2 = .68.

. : Fig. 4.24 Aisplays the effect of heat loss on the
£1lame temperature(profile. For convenience, this is done v ?
in therform of ; departure plot from the flame temperature
which would exist 1f heat loss was neglected The magnltude
mof the departures are not reallstlc, because the heat ,loss
parameters are not chosen in a reallstle way. In fact,
the heat lése perameters are chosen to exaggerate the teatf

loss so trends can be observed.
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FUREEN

“only convective heat loss i

'.ﬁeat loss parameter i

2

' . There‘are two relative temperature plots in this
* 4

e . . . <

.,ﬁiéurel The solid line represents relative temperature when

=~
consi?éied. The broken'line

represents the relative emperature through the flame when

only radlatlve heat loks is consxdered In both'cases, the

chosen to vield a flame speed of

45‘cm/s in .comp

. the flame speed is found to be. 48§. Scm/s, reflectlng a

‘connectlon between flame speed and avallable heat energy

in thé flame.‘ e - 'ﬂ .

H [
4 "

The departure plots are 51mllar in that, from the

"beqlnnlng of'the flame reglon, the departure plots drop .

i

Nabruptly to a maximum absolute departure before the” middle

.of the flame regldn After this, the plots rzse abruptly

1 «
to a peak near the: end of the flame reglon, £311owed by

a gradual decline of'the_eelatlve temperatures in theupost
: S . ] .

flame region. From this it is seen that the heat logs from

L

the flame causes a delay in the temperature.increase;and a

x

lowering of the final flame~temperature. This; in turn;

causes anwidening of 'the flame region ‘and a ;lowering of

the" flame speed . o ' -

4.2.2 SpeC1a1 Case $2: Methane/air » -

-

Using the’ data presented in Table 4.1 chosen ‘from

>

‘the llterature to represent a methane- a1r system (), the

code is used to calculate detalls of a flmme. In all the‘

caltulatlons to follow heat losses are neglected .

“-

ce with Aly's solution.'Without heat loss

oy ol 33 —~_ink fo-
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\
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Before the problem can be solved, it is neéessary
. . ¢ o
to find a. suitable cutoff temperature. The grocedure for
doing this is described psing Fig. %4.25 to 4.35 for this

i . . o
methane-air flame. ,

L)

Fig.%4.24 is a graphical display of flame speed as

it is influenced by variations in the cutoff temperature for

stpiphiometric methane-air. The lime is horizontal below

a cutoff tempefature of 900;K. This shows that flame speed
is independent of cutoff temperature in th}s:range.‘ﬂdwever,
the variation of the flame speeé with_the.cutoff‘temperature
above 900°K 1is also seen in Fig. 4.25. deﬁhermore, because .

of the llnk between flame speed and reactlon rate, 300°K - ,

:l$ an effective ignition temperature for this stoichiometric

mixture.

For confident use of the code it is only necessary to

establish one cutoff temperature and this cutoff temperature

must be below the ignition temperature: the exact value of:
ignition temperature need not generally be known. Given this
advantage, a procedure for finding a sultable cutoff '
temperature is invented here. Two observatlons, noted here

in turn, are made to derive this procedure.

~

N ~”
£ 7

-

First, it is observed from Fig. 4.25 fhat increasing

the.cutcff tempeiature in the vicinity of the ignition

' ‘temperature results in a rapidly changing flope for the
. i
_‘ﬁlame“SPeed curve until the curve reaches a linear region

where Ehe‘slope'is almost constant. Hence the overall curwe

»
B

iy vt
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. . &
shape can be approximated by\two.straight lines (11). These:
two lines intersect near the ignition temperature. Thisz>

protedure need be carried out with only four points as

il;Bétrated in Fig. 4.26. Based on maximum and on minimum

"slopes as Fig. 4.25 Qhows, the error of this procedure can

[ -

be as high as ‘10% when the ignition. temperature is wanteéd,

However, ‘since a minimum value of 'ignitionrtemperature is ¥
sought, subtracting 100°K guarantees an acceptable value
for cutoff temperaturé'for use in this* code for a given

mixture.

¢

v

By applying this procedure to several different

N

initial mixtures as portrayed in Figs. 4.26, 4.27, 4.28,

4,

. . e, -
4,29, 4.30, 4.31, 4.32 and 4.33 it is obgerved that the

-t ~

ignjtion témperature is a variable. The trend of this variability

is plotted in Fig..4.34 where the ignition temperature is
Adisblayed as a function of the ;nitial fuel fraqtion. The
upper line in thi% figure represénts the intersection

points of the lines from.Figs. A.26 - 4.33 .and the lower line
is the same value mirus lOO°Ku‘Together these’curves enclose

a reggsn in which the ignition temperature plot must fall. o

It is noticed from Fig. 4.34 that the ignition temperature

declines with decreasing initial fuel concentration. Therefore
. a '

‘only the ignition temperature of the lowest mixture strength

is”heeded.

Here a cutoff temperature of 600°K Is uséd in all

calculations and no practical difficulties are encountered.

It
.
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Flg. 4.35% lllustrates the,temperature, fuel species - '

e ’ .

' concentration and reactlon rate proflles for a st01ch10metr1q

-
i s W TS s s %
o

methane-air mlxture.,The shapes are “classical". Table 4;2_

summarizes results for several lean fuel casés for which
o ) ' o ‘o N

solutions are obtained. The flame speed found in each case

én Table 4. 2 is plotted against the methane mass fraction

[R——

in F1g 4.36 glving a flame speed profile, suitable for 1

f': the flammability limit calculatlon which is discussed 1n ;

' - Chapter 3 The procedure is 1ncluded on'th;s graph along. . ‘f %
w1th the results. Fig. 4. 37 is a plot of the flame thickness ’

Vs methane mass fractlon - . . ‘ .

’ ' 0 - . « !
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. CHAPTER'S . e :

.. GENERAL DISCUSSION, CONCLUSICNS AND FUTURE WORK

- o .,
¢ N -

The 1ntentlon of th;s work is threefold : .

™, - .

) to study the unlque advantages the flnite ‘alement

~
Ve e Ly
[Ny
p

Lt

methoé’has when applled to flame problems, 2) to examine the'

T details of applylng lt, 3) to achleve.results for a iaﬁinar
- K 5

. flame approx1matlon and discuss the observed phenomena
]

¢

T The matﬁematical equations that are presented in
® . v
- Chapter 2. have been derived with these ¢goals in mind. In

. Chapter 3 a-numerical model of these equations .is developed v

-

t - which is tested extensively in Chapter 4. This chapter
. B !‘\ . ~

begins w1th remerks concernlng the eff1c1ency, ‘accuracy,

u

‘and convenience of "the numerlcal procedure.

Vo ' - ’

.
‘

'As stated previously, it is the non-linearity of

o

the equations whlch makes eff1cxent solvxng of these .
equatlons dlfflcult As such, the 11nearlzatlon procedure B
is meortant The linearization procedure used hére is not

: . theoretically or demonstrably the best procedure available.

| It is;p however, found. to be simple and efficient and the
present probiem is solved easily on the powerful contemporﬁéy

computer s&stem available.

K The computer used in this work is the Concordia '
. University CDC-CYBER .172/2. The execution times vary with
the number of elements and the stiffness of the eguations

. solved. For the methane-air model presented in section 4.2.2,

.
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times vary from 4 seconds for a solution regime of 200 elements
to 16 seconds for a solution regime of 1500 elements. A

detailed tqmparisonAbetween this efficiency and the efficiency e
\

) L ' . Sy e S
obtained using other codes is, however, difficult because ’

of the many factors effecting the solution times, such as the

~.

compilation of the internal manipulations.,

Nevertheless., examination of Fig. 3.2 reveals that’ these

solution times are rgasonable. Fuﬁﬁie work using uniform

°
+

models to compare solution times appears warranted, since it

may be critieal for multiple species, multiple dimension,

problems. * . ' : ’ ]

rd

Picard linearization, which is used here, does not

acknowledge the local non-linearity of the reaction rate’

terms. It is noted in Chapter 3 that the efficiency in

4

solving similar "stiff" non-flow systems is greatly effected
by such acknowledgement. Hence, this author believes the .
same is’ true in solving the laminar flow flame equations.’

Trnvestigation in this area should be undertaken.

.

The many features of the finite element method

[N
¢

which make it powerful and versatile, some of which are
described in Chapter 3 can be harnessed"to solve combustion ;
problems. In this work the/problems of general error

reductién are addressed, in particular those errors associated

with global quantities such as flame speed and convection

rate.

The procedure adopted here, which couples a )
§ S | | i

il £ 2 o ki M St ok [VORIROR S
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/ ‘conservaﬁion finite element scheme which is derived from

T s

R} v : 3 N} ' [} ‘
Galerkin's concept of error minimization, affords a simple

and effectiye approach to error control. Reexamination of
Fiés. 4.6, 4.5 and 4.8 substantiates this claim. It is'’
/ | - seen fhaé for all data.se;s #éﬁ;ved from code test number 3, 1
- the maximum efror in the génv%%%}on rate calculation is
. .01%. Similar small glcbal errors accrue in spite of large
pfoﬁile errors (as high as G%Y."Furthermore, to ;chievéﬁa
/‘ ‘ reduced maximum profile error, upwinding is used, By
using an upwinding factor of one throughout the flow reéime,
the ﬁaximum profile error reduction from 6% to 1% is
observed jin Fig. 4.7.-This is,'however, achieved with some
sacrifice in the accuracy of the global calculations "

o (.005% ‘error in the convection rate increases to .01%).

In addigion, it is noted that upwinding alters the
nature of the error curve: In Fig. 4.7, for instance, it
is,ébserved that an oscillating error which exists withou%
w5 upwinding becomes a non;oscillating error witﬁrupwinding,
éuch‘observations have led some workers to,suggest thé'
"existence oflan optimum upwinding fac£oin Indeed, Chung (1)
in studying the steady-state heat transfer equation, points i

out that no profilelerror occurs when linear elements are

4

\ . ¥
used with an upwindihg_factor of .o 2 )
' ‘ “ ' 2 .
f = (cot 2') -
N ! K s 0 P. 3
o . hcpu
where P = -
k
; It is unlikely such a simple formulation cL
! ) ' t
b g :
' *
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¢ °

of "f" exists for the laminar flame equations and no
procedure appeérs to be available for approximating such

a formulation. Such work would be valuable.

L
It is, however, now reiterated that the profile shapes

in flames are generally less important than the giobal

functions. Hence, such an upwinding factor is not necessarily

desireable in ‘the calculations, if a significantly less

accurate convection rate or flame speed is .achieved.

v
e

- . : \ .
In view of the convection rate accuracy achieved

_here with an upwinding factor of one , this

¢

author uses this factor in all calculations.

The first laminar flame problem, solvgd in section

-

4.2.3 uses data to represent a 'propane-air flame (2).

¥ .

Figs.4.19a, 4.19 and 4.20 are a comparison of the solution
profiles achieved ﬁere using the finite element method

with a finite difference solqtion of a similar probleﬁ

drawn from literature. It is apparent that'the results are
significantly different. Nevé%thelesg, subsequgnt application

of the code in 4.2.2 to the more completely formulated

‘methane-air model is continued on the strength of the results

of the previous testing in section 4.1. \

The methane-air solutions harness the transport and
specific heat routines of the code, Before studying the
results of the full flame calculation, this feature of the

code will be examined. : -

Curvefitting of data i% used extensively in this

2

‘

e et -



4.12, 4.13 and 4.14 illustrate that the data fitting is

Y
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a
work, because it results in easily appliéd explicit functions
by which the ﬁlameparametersmay’be described. In this

way, for inétance, data for the specific heat of methane

and the specific heat of air are "functionalized" in the .
temperature range between 1500°K and 2400°K. Figures. 4.9 and

4.10 illustrate that the polynomial functions fit the data ,

.

satigfactorily in this temper%ture range. Similarly,
curvefitting is used to invent a functional expression
between the normalized molecular energy term‘fggﬂ, and the

Lennard-Jones correction factors §hl and QD . Figqure&4.11,

successful over a wide range of values. .
A, \ .

Pl
Using the specific heat and Lennard-Jdones correction

. . * .
factors calculated this way, &cceptable results are

achieved for thermal conductivity, viscosity and diffusivity. -

Examination of Figs. 4.15, 4.16, 4.17 and 4.18 substantiate

_this. 3 T N

s

., In particular, ;gs. 4.15 and 4.16 which are’

departure ploés for the jthermal conductivity calculation

from recommended data reveals a makimum departuég of 3%

* ¥

ithhe range of interest. Figs. 4.17 and 4.18, departure
plots 'of viscosity calculations, show a larger maximum error’

of about 4%. The calculated values transgress'the'erzor

' bounds of the recommended data only marginally.

- »

'Pigs.-4u15 and 4.16 also compare depaiture plots

' : oD \
calculated using Hirschfelder's formula "EE ?"1.3?)

s . \ :

E
i.
L
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and the formula used in this work (Eq'n. D.5) to calculate

.

thermal’ conductivity. A éignificant improvement in the "

@;results is not found. Nevertheless, the modification is

retained because the theoretical improvement could

sometimes be significant and implementation presents no

>

computatieﬁal preblems.

An interesting fact is seen by coﬁparing the
viscosity plot for air (Fig§;f17) with the thermal conduct-

1v1ty plot for alr (Fig. 4 ) and the viscosity plot for

methane (Flg. 4. 18) with. the thermal conduct1v1ty plot

In ‘both cases the shape of the

\ » k]

for methane

'

departure plot for thermal conductivity is similar ‘to the

(Fig. 4.16).

2 .

[

departure plot=for viscosity.‘Because the viscosity is .

caléulated 1ndependently of the thermal cbnduct1v1ty while

\

it, 1s employed diréctly in the calculatloquf'bhermalf ,

o

conduct1v1ty, the visdosity ‘errpr pr?gﬁgates into the
conduct1v1ty calculatlon. The sunllar departure plots

suggests that the v1se051ty calculation is a primary source

of error ip thei.conéuctivit§ calculated. - -
"; . ' ': . N

These calculatlon problems coupled W1th the

simplifications in the numerlcal approach and the

-

mathematlcal‘model lxmlt, but not preclude, observing‘ .

jZ
‘imporfent trends within the fr ework.already sutlined

.o -

and concrete conclusions regarding the laminar flame . - <

1

' _problem are' possible.

>

For stoiqhiemetrié methane the code derived flame

2
*
-
3
H
a
i
+
b
3
¥

C

.
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Flame thickness, like flame*speedi is related to the

. v
- strictly unattainable. This same arguement holds as'welléi‘
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H

pfofiles, which are presented in Fig. 4.35 are classical

in shape. Furthermore, it is seen from Table 4.3 that the
Fa

flame thickness for a stoithiometric methane flame found

Ta

in the code is .038cm. This repre%epts the thickness of

a.

the reaction zone, whereas, traditionally the flame thickness

[

is calculated to include the preheat zone, which is roughly

the same size as the reaction zone. The experimentally

observed flame thickness is around .2 cm,giving a reaction
zone thickness around .1l cm. 'This' is within an order ofe .

magnitidue of the calculated value.

" That the flame thickness is predicted accurately

-

for stoichiometric methaneair does not mean that equivalent

accuracy w@ll result when.the mixture ratio is changed.

reaction rate which has been modelled as a simplex global reaction.

Nevertheless, Fig. 4.37, where flame thickness

is. graphed against mixture strength reveals a general

" )

thickening of the flame as the mixture strength is weakened

and the general 'trend of flame speed reduction with mixture

dilution is observed in both speed profiles presented in
Fig. 4.36. Here,,fhese trends in the flame structure are

interpreted as a tendency towards susceptibility to

M oo

L3

extinction.

t . . * 3 : “
N Because.susceptibility to extinction is not i ;3

precisely defined, a distinct thinction/Eoint is likewise

=N

A
% N . ‘ .
R e )
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for the self-extinction associated with the flammability .
limit. ' .
| 2 o
i

. . A review of Figs. 4.34, 4.36 and 4.37 where

%, different flame properties are plotted agaihst initial fuel
' mass fractlon reveals curves which undergo 1nterest1ng 1 %.

,changes near the flammability limit. In Fig. 4.37 the fléme ;

3 i

width doubles as the fuel mass fractlon decreases from

.032 cm Fo 029 cm, whlch is, an lntérval containing the ' ’
traditional flammability limit. Also+ the calculated flame
sgeéd profile, intersects the .experimental profile in

Fig. 4.36 near the flammability limit. Thi; is because ‘ .
the calculated flame speed curve falls slower at this.poiﬁt

Atﬁan the experimental curve. Finally, in Fig. 4.34, it

is‘noticed that the ignition temperaturé near stoichiometric

methane-air is nearly constant as the mixture sprngth |

\P

e it S T e N

weakens at.a value near 950°K. In the interval between
k| ‘

Yo'= .04 and Y_ = .03 the ignition temperature drops o

around 750°K where it again levels out.

A o aen ek L

. . ~ To predict a point where fiame extinction
susceptibility %s so great that self-extinction is expeéted,
for the methaﬂefair mixture, the flame speed profile

; ,' - ' trajectory method, alréady describéd i; used ip Fig. 4.3é,

‘The traditional flammability limit is predicfed‘witﬁ an

error of less than 13%.

This result is promising, considering the «usé of %

'simplex global reaction kinetics. In the future this method

P M s f
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* . should be applied to a more sophisticated model. :
‘ 5 ‘
Experiments suggest that buoyancy and multidimensional

effects raise the lean flammability limit. As ,such, a
. B B il

numerical model -developed to include these effects wquld

i

v

"expand the theoretical base for studying flammability limits.

!

It is suggested that such development be pursued. .é
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¢From Figure A.1° ‘ ¢
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Differentiating gives

.

A-l: OvVerall .Continuity -Equation
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.
’ g 1

t

ané L ‘ G1 = plul ; G = oxu : >

. - .4
where . T Gacc = g%

Hence

iy v Sy =
| . 3{(0) f a;(pg) = 0

and fof‘steady.state i é%(p)'= 0 )

,G = constant

I Co
-~ 4 0

A.2: Momentdm Equation -
- ‘9‘ PR, o )
From Figure A.l1 - -

X
c_g.__. S we - B F+ul(pu)l u, (pu)

1

" Dlﬁferentlatlng glves

(pu)+——-<oa 2) = ~£(p)

5

dt

4 . i ‘e

A. Mathematical Formulation of the Laminar Flame Equations

(A.1.1.1)

Q(A. 1.1.2)

(a,1.2)

\
(A.1.4)

"(A.1.3)

(&, 1)

(a.2.1)°
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- 4 For st%;dy;-state and ‘c,onst;mt pressure B K
; ’ d' .2, _ .
i a—i—(pu ) = 0. \ (A.2.3)
b . cos -
. / - p = constant (A.2)°
‘;z. " ' * ‘ .. , o N t
B . A.3: Species Equation q .
. ‘ . \ :
. From Figure A.1 . ‘ .
- ) A2 ,
°  with m;, =G, A (A3¢¢1.1)
? : . : l'l ll \ ?
" o b ) i
P . m, =G; A ) (A.3.1.2)
e ;? .- i lx ' X [ I E ;
o 4 pooe o
- 3 miacc‘ = 3E lf (p;A)dx - ‘{A.{i.l.3)
"’/}"’ v v ) X ’ ’ ‘
Ve . . >
{ . X m, - = [/ R;Adx (A.3.1.4)
/i ' « '“gen 1 l
N d - . d,. . .
N ' cog=(m, ~m, ) = ==(m, -m, . ) (A.3.1)
? « .
! - N F e O iy dx Miace Tigen ) , )
:i ‘ ) ) ’ ' :
[ . .
H ° " dG, ’
2 . ., ——a-;t- = Ri ~ a%;_-(pi) (A.3.‘2) i
4 <. Por a steady state flame front ) T - L
) ‘ doii_ o . s T
Q - 0 ¢ .
and dGi _ ' L
) / ax = Ri- .(A.3.3) ‘ |
(3 ) - - .
- ° v ” \) . . ! .
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3 N
; _ .
B ' Y desfmltl‘on' Coonvi ¥ Caigei = G : (B.3.4)
i ‘where Gconvi = movemént of species i because of
; convection
; “« e e . "u
’ Gdiffi = movement of species } because of K
: diffusion .
Gi‘ = movement of species i
Gconyi = pju (A—.3.5) :
ay, T :
) ) Gdiffi = pDi}E? ~ Ficks Law - {A.3.6)
f o Using eguations A.3.5 and A.3.6, equation A.3.2
[ : C : .
g ° can be rewrittep o 2
‘: * ay, - CTN
i v d . i — ' !
g ! . dx'(pYiu‘QBlE-)-{- = Rjr (A. 3: 7)
1 - . )
i ' To simplify A.3.7 the following non-essential assumptions are
b now made . A ,
E : c_ = constant and uniform (A.3.8.1)
pD = constant "(A.3.8.2)
i A k = constant (A.3.8.3)
This allows the equation A.3.7 t5 be rewritten as
! ar,  dv, ‘ ,.
K B G—a-z - DD?:: Ri - (A.3. 8) .
x . v -
o ’ , "oy
~ If the variables are now normalized so
- Y. = Yhe, (3.3.9.1)
ai = % . g i = Oai sl e d .
nt' -
. 4 ¢ .
4 . in dai . 7
_ ————dx = YO-—"" (A‘309-2) .
< dx ] , .
. e I . Lo A 4 , .
'j ¢ : . ‘ ‘ ' . .
\ - . e e e I
. : - N . WerTh e » P i e o, ST
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. : , szi dzui ‘ : ;
- 5 = Y3 . (A.3.9.3)y ,
. " dx dx
- pc_D
and L = lewis number = _KE— (A.3.9.4)
Hence the equatijon is | ‘
. % 2 ’ ‘
” By 2 _eme 1% R (A.3.9)
\ . - Tk fodx K 42 K -3

In this work interest is in the special case when

only a single global reaction is involved. Hence

2 GY RFC
d%a _ 0 da _ P '
LY, ax2 x “pax = Tk - (A.3)

"A.4: The Energy Equation

. .
~From Figure A.l, the energy equation can be

written by knowing that the energy crossing a flow boundary
of the control-volume is ’ : 3

‘ n ‘2

~ _ Gu .
) _ E= ] Gihy + 0  +Z5— + W, (a.4.1)
i=1 ‘ .
where E = energy crossing boundary

; ‘ hi = enthalpy of species i ’ ,

¥ . * N

i ) ‘ n = number of species present

: WS = shaft work

Qcond = heat conduction in the flow direction

and the energy accumulation is
- : x 1
{ ) (o E ) dx (A.4.2)

. d
4 Bace = 3

and the energy loss to surroundings through heat transfer is \

L

. R ,
- - Qfma.mamé.-" ey - v T Py oy
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X S \
E = J qzdx o (A.4.3)
For §teady-state Eacc=0.
d :
ag . 95, .
= + =< 0 ' ('A.4.~4)
o Hence !
| EL(Z.G h, +Q ) + =0 (A.4.5)
X i7i cond %, M
‘Looking at the first term in equation A.4.5,
: S _— 4 - G
. - EE(ZGihl)“ Z ( h, )
;3 ' ' C _ = le J.dx i Zhl dx.
- de,
) jg(ZGihl) = ch dx(c T+h +zhldx (A.4.6)
* Where h_. = chemical ernthadpy. content on species i

o1

Rearranging and substituting in the species equation

A.3.3 into A.4.6 gives | Co

d 76.n,) = ¢ (e )+EE9i(ZG')+Zh R
R A R R Y AV A D Y A R A ]

I 4

- which gives

B AL TEIC N
.
W

d S . o ,
g;(;Gihi) = Cplax [hyw, , (A.4.7)

Substituting A.4.7 into A.4.5 gives

v
. . , . i
d ' P

aT ‘
c_Gi— + Zhini * 3% Qeong) * % =0 . (A.4.8)

p dx

Noting that Fourier's -Law of heat transfer is
Q) = (K S (A.4.9.1)
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‘Hence A.4.8 becomes A.4.9.1
dr d . 4T o
chai + Zpiai & gy t g =0 (A.4.9)

a

] . s
Rearranging and noting that a single reaction is

involved yields

a

-l e B, ' (A.4)
. ax pdx, "k k .o SRR '
a ' ‘
| . :
, J |
4
¢ - ]
) ]
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APPENDIX B

ﬁ. Finite Element Formulation
.B.l: Species Equation | ' L

Writing the species equation A.3.10 so that its

linearity becomes apparent gives

2 c G

d%a P da _ :
LYOE;{T - K Yoa—i - F(T)G = 0 . \ \ (B. l-l) 1

By Galerkin's method with upwinding
2

) - c G
Qa

. d da -~ |
g = LYO;;—i' - —E—— Yoa-;(- - F(T)a (B.1.2)
where .. . ' ' .
« / . N 1
a =-‘Z b5y %o r | (B.1.3)
j=1 . ¢
N = no. of nodes in discretized solution regime.
Now
(¢,W) = [ (§-W)dD = 0 (B.1.4) .
R D ' .
where W = weighting function

Substituting B.1.2 into.B.l.4 gives

2 GY c_ ..~ ' o
da _ “"opda _ F(T)a)W,dx = 0 " (B.1.5)

dx

. . Z
ID (LYO 2 k dx

If the second order term of B.l.5 is integrated by parts

% 2

- a%; . o da a9
l ) : ‘ fDLYOT Widx = LYOWi& ’LYO S ) a-}—( -—a-)?' dx ‘(B. 1. 6)
# ax r D J .

Substituting B.l.6 into B.l.5 gives




U

- dw, GY_c .~
. da i op do
LYo/ & ax &+ —x b.ax

D

' - S dal| _
+F(T)'fb(awi)dx-LYOWia—£ r-‘_ 0

.
B e et . SRy

W.dx
1 -

(B.1.7)

Transforming the fihi%e‘element equation from global

to local coordinates, the boundary conditions may be dropped

from the formula and applied separately to the global matrix

. to be constructed later. Hence

. h de¢,, 4w, c. G “dé
J(Ly —3 N, P M
o) odx dx

>

where N=1,2and M = 1,2

for linear 1-D elements and

¢ = elemental functions..

A

*Introducing the folloQing s}mbols

. h . déy dWy
, I}NM = fo[LYO. dx dx ldx
' B. = jh : GY éigw&‘ dx

NM - "o k "odx N

h
I, (F(T) W) dx

=’
S

The foIlo@ing’equation results !

(Aym * Bym * Cyuil o}

W
o

Giving the matrix

£ Yo‘ = WN+F(T)¢MWN) dx{a]M =0

(B.1.9.1)
(B.1.9.2)

(B.1.9.3)

(B.1.9)
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) . ~ . . ™
Z Airt Biy *t Cun A1t Brp t Cp %
=0 (B.1.10)
Apr* Bar v Cop Rap * By Gy U %2
Now the elemental functions are defined:
do . ‘ :
py=1-F; k-1 (B.1.11.1)
° d¢ l
b, = P g = (B.1.11.2)

Por upwinding the weighting functions are different

¥
from the elemental functions

Wy = by ooy (B.1.11.3)
where ,
dg
3f,.2 1 3f
Z, = =(x°-hx) ; ——=— = —=(2x-h)
: S S ) dx 12 ‘ .
1 ' ) d;; [y
3f, 2 2 3f
L, = === (x"~hx) ; —=— = -=(2x~h)
2 h2 odx . h2
and therefore
3 | Wo o= 1- LE3E o 3£x2 ‘ (B.1.11.4)
: ) h h R *
¥ : .
' \ aw '
o 1 _  }+3f | 6fx , .
1 _ ] Tx T T h +'—;7 (B.1.11.5)
§ R ' wo o (L, 3f), _3ex? (B.1.11.6)
: - ' 2 h h h2 TErETe
. dW A h
2 _ /1, 3f) _'6fx
. - R (; + 5 .—;7 . . (B.1.11.7)

-

Now by substituting B.1.11.1; B.1.11.2, B-1.11.4, B:1.11.5,

. . [ 3
B.1.11.6 and B.1.11.7 into B.1.9.1, B.1.9.2, B.1.9.3 -and

< -~
- hing] TR YR
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B.1.9.4 the integrals can be evaluated to give

Ay =B,y = —-h—9 (B.1.12.1)
LY
A,. =Aa. .= -—2 (B.1.12.2)
’ "12 21 h B
Ge 1 f
Bll = k YO(":'Z' + i‘) (3:1.12-3)
N
i
Ge
- P 1. £
B,y R A C ) (B.}.12.4)
, Ge _
By, = —P-k 1 (GG - 3 (B.1.12.5)
~_ Ge 1 £ -~
“!321 = ——Bk ¥, (-5 - 3) (5.1.12.6{
h . fh
Cll = F(T) ('3- - T) (B.1.12.7)
_ h . fh
C22 = F(T) (§' + —4—) ) (B.1.12.8)
. c. = r(p) (R < Iy (B 1I12 9)
12. 4 ] i

L I . €21 =

F(r) @ + B

(B.1.12.10)

Substituting §.1.12.1 to-B.1.12.10 into B.1,10 yields(the -

elemental species matrix given in Fig. B.1.

B.2: Energy Eqﬁation

The energy equation is strongly non~linear in the

t

reaction rate terms. With the second and first order derivatives

N
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on the'left_hgnd side, the reactioﬁ rate term is viewed‘
+ as a forcing function-in this formulation. " |
'Writing the energy equation A.4
2 c.G ., H q : '
a’r P ar ckRF+L

4+ o= = -— (B.2.1)
dx k dx k

Applying Galerkin‘s methgd .

d : . ,
_q2+__“21-_£>__k g.g_-___CkF= £ . (B.2.2)
dx d .
P 0 (5,W) = j(g-W)dD = 0 (B.2.3.1)
This gives\ ,
2 c G H_R q
a~T _ dT _ €F _ cL|, .
, ID[-—-—dxz —P—k =" k] WdaD = 0 (B.2.3)

Integrating the second prder term of B.2.3 by

parts and substituting back into B.2.3 gives

dw, c

. G H_R q ,
aT i p dT cC'F 0 L
hladg mm*F &Mt W+ ¢ W -
{‘ .
at| _ ... R
- Wigs r— 0 : | (B.Z.fl)

Where the last term represents the heat transfer
at the flow boundary and qL,ié the heat lost to the
surrroundings:

[y

where g, = heat lésg du® to radiation o -

= o ca_(ri-r ) - " (8.2.5.1)
. 9, = heat loss aeross a convection sheet, -
- = H AT 4 : | (B.2.5.2)
* \

\ ]
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- .
where | A. = heat loss area , i
0, = Stefan—Boltzﬁann.conétant ' :
' e, = surface emissivity ‘ .
'Tm = ambient temperature o .
- Hence L
M * -’:. o F
qr, C’rErAr 4 4 HAr ‘
D i (T° - T) + - (T - T)) (B.2.5.3).
+ ?
Substituting B.2.5.3 into B.2.4 gives
3 ‘ ) .
y ar dWi . ch am " +-HCRF»W . o€ AL (i4-T4) :
p|dx dx kK dx i k i o’
HA ~ - ‘
r ,; aT| _ R '
e (T - Tm)]dD - Wiﬁ?;f 0 (B.2.5)
and changing to local coordinates '
fh[d¢M dwy . cpc; dé,, - o e A o) A_H ¢ ‘J .
dx dx - k dx "N k E MmN
A ' = kG
h fA_o_¢ A_H H_.R :! . '
= rr’r } r CTF
J [ "y Tm + TTm+ % WN dx ‘£5.2.6)

o)
in this formulation, the same elemental functions

and weighting function are used as in the species equation.

Now introducing convenient symbols

re—

£ ‘ B <d¢M dwN) o ]
| | A= o\ ax) X B ,(?.2.7.11
) h fc G d¢ .
- ! . = _E_'__..l\i) ¥
Bym = %, ( /Wy dx (B.2.7.2)
* y
h (crsrAr A H) :
T(e) +T ¢MW dx . ,(8'2'7.3)
h .A ag A H
‘ Dy = fo< r)f A R R CRF)W d¢  (B.2.7.4)
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(B.2.8):

(B.2.9.1)

N

(B.2.9.2)

(B.2.9.3)

(B.2.9.4) .

(B.2.9.5)
(B.2.9.6)
(B.2.9.7)

(3.2.9.8)

Gives '
- Py ¥ Byw * G T = Dy
and the following elemental matrix resulté
, Aii* Bir* S Rig + Byp * Cypy
aQ ’ 0
/
A,, +'B + C A,, + B,, + C
“» | 21 J21 21 2? . 220 2%_
. Introducing the elemeéntal functio;'as and weighting
functions into B.2.7.1, B.2.7.2,°B.2.7.3 and B.2.7.4 allows °
the following integral evaluations
s _ _ i s
S § Rl Rl =
- ' - - l
Mo =R1= - h
c. G
_ 1 £
.Bll ("‘-2- + 2-)
c G
- 1 £
B2 = (7 + 7
' c. G
1 £
B = f 7- 9
c G o /
. =P (L.f .
Bar =% (z-%
c /'aferArT 3+Ai:H) h _ £h
. 11 -\ k (e) k 3 3
K c . = “rEhr 3 . ArH> h , £H
L G E Vet x /37
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. . .

k . “ -« ,
“

* ' " -
> . . ' ’ '

Je o . o_d A AH)» - .
) - _{rrer ., 3 - h. £h
F '(. (e) Y/ § YT . (B.2.9.10)

:J“
o5

a » : IperBy 3 A < ' ‘
T e b . ' ' 4
R . ¢y = (=2l + =) Rk T £ (B.2.9.11)

. N .
. . s
h . '

P I
3 . D. = ArorEr 'L‘4 £ ArH T_+ HRp
A T et TR

NN
rh
>

- 3 (B.2.9.12)

. R ® - » s
‘ . a " . B .
: . A o eg_ - A_H H R . ’
’ R .rrr.4 r h £h ' iy
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APPENDIX C

i S

1 »C. Calculation of Convection Rate

3 ) - ‘

] . : '« From” Appendix A, the species equation for a control

v i volume is oo ' \

i : e ‘ : ' a

x o T dz; oS an | % (c.1)

: ) . . ) A .

-~ 1f the boundaries of the control volume are located a long
i .+ distance f-’r'om”the« flame front, the second order diffusion
= L L ‘ ..
‘ term becomes negligible. Hence .the equation reduces to
Gg% = Ryt R B (o)) o
: ,rwm dx ’
G = i ., (. -
L‘(U-n;."“_“)‘ - T |
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APPENDIX D

U

From modified Chapman-Enskog theory the self diffusion
coefficient can be calculated by (1).
/13 /M
po. &

D cmz/é o (p.1)

s = 2.662.?31

and viscosity can be calculated by (1)

u = 2.669(10‘5)

YTM g '
T s - (p-2)
g 0
\ u
Also, the ideal gas law ise
e Bt g I f
= & 4 (D.3
. TR o )

Hence therratio

pD,

o ,
N — S . 9.98459(107) B2 (D.4)
N u , ' R %)
Substituting in consistent values for R and P gives .
4 pDS g,
S e—— = 1.2008506 — (D.'5)
u f
D
Now, by Euchens formula (2)
\ k = nqu o ’ ,
. . , N . * . ' o
where " n = correction factor’
To calculate n(2)
) pb ‘ .
. _ PP 5 15 R ‘
n = EE; Cp 7R + 3 E; + CORRECTION (P.G)
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where; correction = a correction factor to account for the

time required for translational -~ internal

energy equilibration.

CORRECTION is calculated by

[

CORRECTION = -3 ————7-(

C
- 5 ( = (_Z_Jd»
R\ 1-exP\-7 7

(D.7)

number of collisions required for

translational-internal energy equilibration

If z is very large , this whole correction factor

- approaches zero.

o

Adding all these terms and manipulating gghem

algebraicly, the following formulation for thermal conduct-

ivity is derived:

K = PDg + 3 R[5 _ st) _2'R (5 _ st)(l - 3fj£)
“Lu 2cv’z . TCT_ \Z  "u 2 C

P
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»
N\ ' E. ,Forward Stepping Finite Difference Solution of Species
.‘ . - ,L
: Equation (with Lewis No. égqual to zero)
Using equation A.3 describing species transport
2 Ge ' o
d%a P da a ( E )
Y, 3% - % Yo ax - CONST.(T exp RT) ' (E.1)
Assuﬁling L = 0 and expregsing the equation discretely using
S ' s h
finite differences gives
f ’ ~C_G a,-a, a. ’ ’ .
; . p [ i 1—1-] _ i E .
{ Y = const. — exp{-==—). ~ (E.2) .
} § N - ) k o h J Ti RTi . -~
f Réarranging this equation gives ; .o ‘e
o - -
‘ ; B ' ., = -——-l ' a D ' )
f ' . 1 + const G——-—,? exp (———)Rg i-1 - (B23)
S ‘ ‘ i E: [
, . i : N v :'.
/ This eduation is- exactly the same as_Aly's who N
' solved the case when L = 0 (1). o |
\ ;
1 ’ ’
. ’ \ ‘ ‘
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AFPENDIX F- COMPUTER CODE LISTING

FROGRAM STREAK (INPUTsOUTFUT) ©

THIS FROGRAM SOLVES THE LAMINAR FLAME EQUATIONS .

THE CHEMICAL KRINETICS ARE GOVERNED RY A SIMFLEX REACTION.

THE LEWIS NUMEER IS VARIAELE. ' ‘

THE DISCRETIZED EQUATIONS ARE FORMULATED' USING FINITE ELEMENT

THEDRY, THE CONVECTION TERMS ARE DEALT WITH RY STRAIGHT ‘
SUBSTITUTION. FICARD LINEARIZATION IS USED.. . o +

CHK KKK KAKIAAAKIAKK K KKK IR KK KKK KKK KK KKK KK KK KKK KKK KKK AR KKK KA K
CO'OOOOOQOQQOO‘QOQQLEGENDQ000000‘000000‘.000'00‘;0%00000000000

O3RN0 KKK KKK KKK KKK 0K K 0K KK KKK 0K KK 3K 3K 0 2K KK KKK 0K XK KOR KK K KK KKK K K

NELEM=NO., OF ONE DIMENSIONAL ELEMENTS OVER SOLUTION FIELD
X=NO. OF NOLES /
‘ XLEWIS=LEWIS NO.
YO=MASS FRACTION OF FUEL IN UNBURNT MIXTURE
CP=SPECIFIC HEAT OF MIXTURE
“+ E=ACTIVATION ENERGY
. RHOO=DENSITY OF UNBURNT MIXTURE AT AHBIENT TEMFERATURE
. HC=HEAT OF COMRUSTION OF THE FUEL ‘
TFLAME=ADIABATIC FLAME TEMFERATURE
‘ALPHA=Y/YO
XLAMBDA=THERMAL CONDUCTIVITY OF GAS MIXTURE
G=MASS FLOW RATE PER UNIT AREA (
[ XLE= ELEMENT SIZE :
i« X=DISTANCE VECTOR ZEROED AT THE FRONT OF THE FLAME

200K oK KKK KR KKK OK 3K KK 35K K KKK K KK KK kS KOK K KKK KKK KKK KKK KKK KOk K

COMMON X(1380) s XLE(1380), TEMF (1380) yNXyNELEM+G

COMMON/TRIZ DI(1380)»A(1380),E(1380)sET(1380)

COMMON/KK/CK19CK2sF15F2

CDMMDN/PR/XLENISrXLAMBDA;CFrYDrHC:E;RHDOyTROOM

COMMON/FRRR/F(1380) .

COMMON/RR/ XRR » ALFHA ( 1380) s ESR's TIGN

COMMON/DDD/RRC1380) yCFXrHCX :

COMMON/RAR/TFLAME ! . .
COMMON/NC/NL1yN2yN3sNAYNSING ’ '
C ASSIGN VALUES' TO BASIC PROPERTIES OF THE FLAME
NELEM=600 ,

NX=NELEM+1 . °
XLEWIS=1, : '

YO=.0581

REALX, YD

CP=,32

XLAMBDA=1,8E-4 .

G=504E"'2*1 . ) . , '

R=1,9859 - \ . C ‘
HC=1,2E4 -
E=32500,
X(1)=0,

My (W -
oy LRI
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F1=10

F2=1.,-F1

CK2=0,

CK1=2,7649795E8 . '

RHOO=1,3E-3 . \
TROOM=300, . . -
N1=20

N2=50

N3=200

NA=150 ; R

- N5=100

NX1=N1+1 , [
NE2=N1+N2 ' | u
NX2=NE2+1 - '
NE3=NE2+N3 . ‘ ‘

NX3=NE3+1 .

' NE4=NE3+N4 » “

NES=NE4+NS ,
NX5=NES+1 . . '
N6=NELEM-NES '
TIGN=600,
TEMP(1)=TROOM
ALPHA(1)=1,
ESR=E/R
TFLAME=AFT(XX)
TT=600 :
. BOLTS=5,449E~-12/4,1864 .
EP8=0. ‘ coe
HT1=EPSX3,14XBOLTS ’ o
CONSTT=0. . o . , .
HT2=,0005%3., 14XCONSTT : )
CALL LEWIS(TT,F) «
PRINT 10s TFLAME ——
10 FORMAT(///»T10,%XADIABATIC FLAME TEMPERATURE.‘..X-Fio A47//7)
XRR=YOXRHOOXTROOM '
FRINT 102 , .
102 FORMAT(T20,%THE FOLLOWING NUMBERS ARE A SEQUENTIAL LISTX:
+X OF THE NUMBER OF ELEMNTS ASSIGNEL' TO EACH REGIONX//)
PRINTXyN1/N2/N3syN4sNSsNS
CPX=CP/XLAMRDA .
YX=CPXXYOD -
RXL=(R/29.)/XLAMBEDA
HCX=HC/XLAMEDA
c INITIAL GUESS FOR THE TEMPERATURE PROFILE ,
c ASSIGN ELEMENT sxzss THROUGHOUT FIELD
DO 1 I=1sN1 . L
II=1+1 .
XLE(I)=,02
FCI)=1,
TEMP(II)=TIGN .
1 CONTINUE . e a0
DD 2 I=NX1sNE2 : , o ,
XLE(I)=,002 , . o0
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F(I)=1,
. II=I+1
TEMP(II)=TEMP(I)+(TFLAME- TIGN)/(iO*NX)
CONTINUE
DO'3 I=NX2sNE3
o XLE(I)=,002
F¢Iy=1, .
: 1I=T41 ) IR
TEMP(II)=TEHP(I)+(TFLAME TEMP(NE”))/(NQ*i.
3 CONTINUE
DO 14 I=NX3,NE4
 XLE(I)=.,002
F(I)=1,
II=I+1
TEMP(II)=TEMP(I)+(TFLAME- TEHP(NE3))/N4 ‘
. 14 CONTINUE' :
DO 1S5 I=NX4sNES a ‘
S XLE(I)=,002 - . .
; g F(Iy=1, o - . :
T ' II=I+1 . & L
TEMP(II)=TFLAME . . .
15 CONTINUE -
DO 16 I=NXSsNELEM
XLE(I)=,02
F(I)=1.
11=I+%1
X TEMP(II)=TFLAME ' ’ ‘ ~ &
16 CONTINUE _ " '
XMU=, 9 , ' ~
CALL SPECIES(1.,) * : /.
c SOLUTION IRERATION /
D0 4 IT=1+50
DO S NNN=1,50 , ‘ ,
DO 55 NN=1,3 . , g S ~
BIG=0., - - \
: ET(1)=0., ' - o , o , ,
SR D(1)=0., . ) '
t . . " AlL=0.
: B(1)=0,
DO 6 I=1,NELEM ’ .
: RR(I)=ABS(RRATE(I))
. * & CONTINUE
. G=SPEED(UU)
DO 9 I=1,NELEM
II=I+1
AAAAA—(ALPHA(I)+ALPHA(II))/"
TTTTT=C¢TEMP(I)+TEMP(II))/2 - '
XKi=1,/XLE(I) . ' oo .
XK3=CPXXG/2 . .
XK3P=CPXXGXF (I)/2, .. ) J X ,
XXK=HT1XTTTTTXX3+HT2 ' - . . .
XXK1=XXKR(XLE(I)) . - . -
XXK2=XXKXF CIYXXLE(I>/4. ' : .

r3

ST R IR A
¢

.
R SV
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XKP=(HCXX (AAAAA) KRR (1) +HT1XTROOMXX4+HT 2Kk TROOM Y kXLE(I) /2,
XK10=(HCXXAAAAAKRR (1) +HT 1 XTROOMXX4+HT2XTROOM ) XXLEXI)XF(I) /2, .
DCI)=DCI)+XK1-XKI+XKIP+XXK1/3-XXK?2 .
A(T)==XK1+XKI-XKIFP+XXK1/6.~XXK2
B(II)==XK1~XK3-XK3P+XXK1/6,+XXK2
D(II)=XK1+XKI+XKIFP+XXK1/3+XXK2 .
ET(I)=ET(I)+XK9-XK10 o . g

ET(II)=XK10+XK9 )

9 CONTINUE

. D(1)=1.E100"
ET(1)=300,E100-

CALL TRIDIAG(NX)
TEMP (NX+1)=TEMP (NX)
DO 111 I=1sNX
CHANGE=ET(I)~TEMP(I)
IF (ABS(CHANGE)/TEMF(I) .GT. BIG)BIG ABS(CHANGE)/TEMP(I)
TEMP (I)=TEMP (1) +XMUXCHANGE

RR(I)= ABS(RRATE(I)) _

111 CONTINUE N - : L
GG=6 . . S }
G=SFEER(UU) . ] -
IF (ABS(GG~G) .GT.DG) NG=ABS(GG-G) C , '

. D(1)=0, : - ,

D0 222 I=1yNELEM

II=I+1 ) v

XK3=CFXXG/2 . %XY0

XK3P=CPXXGXYOXF(I)/2, ,

XKS5=XLEWISXYO/XLE(I)

XK7=XLECI ) XCPXKRRCTI) /3,

XKZP=XK7X3 . XF (1) /4, - ,

XKB=XK7/2.

D(I)= D(I)+XK¢~XK3+XK3P+XN7 -XK7FP \ ‘ ' )
D(II)=XKS+XKI+XKIF+XK7+XKT7F - \

*ACD)=-XKS+XK3I-XKIP-XK7F+XK8 ‘ ' ‘ , o N
B(II)==-XK5~-XK3~ XK3F‘+X|\7F’+XI\B

| ETAD=0, : : ;

22 CONTINUE . - C |

'D(1)=1.E100

ET(1)=1,E100

CALL TRIDIAG(NX)

DO 221 I=1.NX

CHANGE=ET (I)~ALPHA (1)

IF (ABS(CHANGE) ,GT . BIG) BIG=ABS(CHANGE) > .

ALPHA ( I)=ALPHA (I)+XMUXCHANGE . \
221 CONTINUE ‘ : :

IF(BIG,LT..00001)GO0 TO 999
55 CONTINUE o
5 CONTINUE e
4 CONTINUE \ ‘ o
999 CONTINUE : : : : ' o

CALL PRINT(CK) _—

STOP o -

END = .

-
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: \ SUBROUTINE LEWIS(TsF)

'{ C OQQOOOLEGENI’OOOQOOO
i cxmxxxx**x*xx*xxxt*;m****x*x**x*x**x**x************
. ~ C . X
. c LE=LEWIS NO, X
i C -  CPMIX=SFECIFIC HEAT OF THE MIXTURE X
i C . CKMIX=THERMAL CONDUCTIVITY OF THE MIXTURE B
o c XN= NO. OF MOLES OF COMFONENT (%) IN THE MIXTURE X
: c XM=MOLECULAR WEIGHT OF THE COMPONENT R
c ) X
T CERRAORRK KRR KRR KKK KKK AOOKK KK KKK KK IKKK K KKK KKK KKK KKK
| : s
§ i € )
N C THE LEWIS NO IS CALCULATED IN A SUBROUTINE OF THIS FROGRAM :
o REAL LE o « o
: DIMENSION XM(2)»CP(2) s XN(2) : :
COMMON/PR/LErChNiX:CPMIX;YOyHCrEyRHOU;TROUM . -
) COMMON/RAR/TFLAME ,
COMMON/DODX/EFKDsSIGMAD : :
XM(1)=28,97 " -
XM(2)=16.0 - . V ' ) N
RU=1.9859 o . - :
P=1, ' ’ L
L XNC2Y=YOXXM (1) X100,/ CXM(2)+YOK (XM(1)~ xn<°))) : :
XN(1)=100.,-XN(2)
1 CALL SPHEAT(CP(1)sCP(2),T)
CALL THERMK(FsXNsTsXMr»RU»CFyCKMIX)
EPKT=T/EPKD -
CALL ‘COEFFDCTyXM(1)»XM(2) 1Py CKDAsEPKT » STGHAD)
.., CALL LEWISNO(TyPyXMyRUYCKDAILEXNsCP) :
.o . TFLAME=AFT(XX) '
: CALL IGNTEM(TFLAMEsE»sNyTROOM/LE,TX)
¢ PRINT 23, TROOMsE
] 23 FORMATC1H1,//7/7/77710%, _ ‘ .
2/10X¥RO0OM TEMPERATURE BEFORE THE FLAME (KELVIN)= . KsF12.7y
. 4/10XXACTIVATION ENERGY OF THE CONTROLLING REACTION=X,F15.7y //)

w  RETURN C
END _ - .




S apm -

E-3 [ 3

4]

. —_— —— z . . !
N St . . . W R T e A Tt T MR 4
v

v . = 146 ~

SUBROUTINE SPHEAT(CPA;CPB:AFT) . .

AA=AF T=600 . ( :
BE=AFT-790, . e
CC=AFT-1500., . , . .
IF(AA) 1,142 A
CPA=.249679~7.55179E-5KAFT+1 . 69194E~ CIRAETHKD-6 + 46128E 11KAFTHX3
GO TO 3

IF(CC.GT«0.)G0 TO 7

CPA=,208831+7.71027E-5KAFT~8.,56725E~9KAF TXX2=4 ; 75772E - 1 2KAF TXX3 e

CONTINUE ¢
IF(BER) 45455

'CPB=,458066-2,41341E- 4*AFT+2»07904E 6*AFT**"—1. S017E-9XAFTXX3

GO TD 6

CPB= 0248866+1.60809E~3*AFT—6.67069E-7*AFT**2+1.06432E-10*AFT**3
GO TO 6

CPA=.4278118-1.9218E- 4KAFT+6. 9231 6E~-8XAFTXX2
CPRE=,588868+6.44119E~4XAFT-1, 17456 7E-7XAF T¥X2
CONTINUE
RETURN : - ‘
END : <
\ 4

- {
SUBROUTINE COEFFD(TyXMA»XMEsF»CKDA» TEP,SIGMA)
COMMON/LIDX/OMEGAD 4
XX=TEP-5.,4 , \

IF(XX) 1s1,2 : -

OMEGAD=,92553-,025427XTEF+. 001 4162KTEPXX2+1, 3875 /EXP (. 9SXTEP)
GQ TO 3

OMEGAL=,7184~-,00338XTEF+1.,3296/EXF(SART(TEF)»)

CONTINUE »

X=1/XMA+1/XMH

CKDA=2,628E~ 3*SQRT(T**3*X)/SIGNA**“/DHEGAD/P

RETURN

END

PO
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SUBRDUTINE THERMA!PrXNrAFT XM;RU:CP:CKMIX)
DIMENSION PHIC2,2)yCK(2)yXMUC2) yXMC2) yXN(2) 2 X(2) 1 CR(2Yy
+SIGHAC(2) PEFK(2)9ZZ(2) 1 XX (2)sEPKT(2) .
COMMON/DDDX/EFKD,SIGMAD. * ' Coe
COMMON/DDX/QMEGAL
DATA EPN(1)/79./ySIGMACL) /3.7117+EFPK(2) /144, /,SIGMA(2) /3. 796/
ZZ(1)>=22000, \
Z2(2)=22000, ' ]
EPKT(1)=AFT/EPK(1) ‘ ' '
EFKT(2)=AFT/EPK(2) . ~ S \
EPKD=SQRT(EFPK{1)%EPK(2)) .. : . . ‘
SIGMAD=(SIGMA(1)+SIGMA(2) ) /2 : S -]
Do 1 I=1,2. :
XX(1)=EPKT(I)~4.4
IF(XX(I)) 2¢2,3
"3 OMEGA-.813r.004*EPhT(I)+1 325XEXP ( SGRT(EPhT(I))) ‘
GO 10 3 .
2 OMEGA= 67+.08654*EPKT(I)—.0149q7*EPhT(I)**2+2.1916/EXP ' ,
. (1, *EPKT(I)) o : _ .
y 4 CONTINUE ® '
1. 4 xnu —L.669E—u*SGRT(XM(I)XAFT)/SIGMA(I)**“/OMEGA
‘ /XM(I) ' vl
o CKHON—lq.*R*XMU(I)/4.
\ CV=CP(I)-R ) ' .-
XINT=1,-EXF(~2./3.XCVY/R/ZZ(1)) : ' ‘
CALL COEFFD(AFT;XH(i)vXM(“);PyCKDAvEPhT(I)ySIGMA(I))
- XXX=1., Oi*OMEGA/OMEGAD : ) .
CK(I)=CKMON+(XXX-B.*R/Q./CV*(S./Z.-XXX)*XINT)*(CF(I)-5./2.*R
. S I RXMUC T ' .
XCI=XNCI)ZCXNCLY $XN(2))
1 CONTINUE \ ' ' o ;
C CALCULATION OF CKMIX : §
3 CKMIX=0.0 ' .
no s I=1,2 . o . ’ ;_
1 . _ DENOM=0.0 , ‘ . 1T
' <D0 6 J=1,2
‘ PHI(Tyd)=(1,+(XMUCI) /XMUCII )RR SR XM () /XM{T) ) kX, 25) XX
i «2/S0RT (B, X(1  +XM(I)/XM(JY)) ,
uE DENOM=DENOM+X () XFHI(Isd) ' . ‘ S
' 6 CONTINUE : ‘ . . (
‘ !
{

.
N N T
.
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CKMIX=CKMIX+X(L)XCK(I)/DENOM

r *5 CONTINUE i : ’ o N
. RETURN : ‘ :
END ‘ .

‘o
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SUBRQUTINE LEUISND(AFI:P;XMvRUrCKDArLE;XNyCP)
COMMON/FR/XX» CKMIXyCPMIXsYOsHC»ErRHOO» TROOM
DIMENSION XM(“);XN(”):CP(”);X(“) ’

. REAL LE

XCLI=XNCL) ZEXNCIY+XN(2))
X(2Y=XNC2)/Z(XNCIYHXNC(2)) ’

XMMIX=XM(1)XX (1) +XM(2)%XX(2)" ,
RHO=101,325kXMMIX/8314.,3/AFT ‘
RHO0=101,325%XMMIX/8314,3/TROOM ° '

CPMIX= (X(i)*XM(i)*CP(1)+X(“)*XM(°)*EP(°))/XHHIX
LE=CKDAXRHOXCPMIX/CKMIX * - .

RETURN . < ,

END - .

-«

SUBROUTINE IGNTEM(T,EyNs»TROOMsLEs TIGN) _
REAL NyLE : o
R=1,98588 . .

N“’lv i L . ‘ .
CON=RXTXX2/E L ' KR
DT=T-TROOM = )
TT=(LE-1.,0)/CONXDT~ N*LE ' - .
TD=NXLE/DTXCON+1.0 .
TIGN=T+CONXTT/TD °, , N
RETURN - : -

END ' i :

*

»




-

+ .. ' 1 CONTINUE

o
| e
SUBROUTINE SPECIES(XMUS) , !

COMMON/DDD/RR (1380) s CPX s HCX ‘
COMMON B(1380)yXLE(1380)»T(1380)»NXsNELEM+G
.~ . COMMON/RR/XRR»A(1380)+ESRsTIGN o ‘
g DO &+ I=2,NX '
.« IF (T(I).LT,TIGN)XL=0. ;
AAA=1, /(1,+.178E10%1 . 3E~ ~3%300. /T(I)#XLE(I 1)/G*XL/EXP(ESR
T N RACI-1] . '
ACI)=ACT) +(AAA: A(I))*XHUS .
XL=1. o

TN

_RETURN o A ’
END . | . : .
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SUBROUTINE TRIDIAG(N)
DIMENSION BETA(1380),GAMA(1380).  °
COHMON/TRI/D(lBBO)nA(lJBO)yB(1380)vC(1380)

———————— -

F'ROGRA.H TO SOLVE A TRIDIAGONAL SYSTEM RY ELIMINATION

'-l

LEGBGENTD.

NUMBER OF UNKNOWNS

DIAGONAL ELEMENTS OF MATRIX

RIGHT HAND SIDE, USED TO STORE THE unmnowns
BELOW DIAGONAL. ELEMENTS OF MATRIX

ABOVE. DIAGONAL ELEMENTS OF MATRIX

pwmaoo=z
Wou

"FORW A R D.° SUR 5T ITUTION
BETA(1)=D(1)
"GAMA(1)=C(1)/BETA(1). ‘ MR
D0 10 I=2sN ’ .
BETA(I)=D(I)~B(I)KA(T~1)/BETA(I- ) DI
BAMA(I)=(C(I)~B(I)XGAMA(I~ 1))/BETA(I)

10 CONTINUE &

‘ s UBSTIT 0 T IO N
c - - S I
C(N)=GAMA(N) ' E . _~ .
L. D0 29 I=2,N ) . T
© .0 J=N-1+1 - ..
. C(J)y=GAMA(J) A(J)*C(J+1)/BETA(J) .
29 CONTINUE ~ . e S
RETURN . B Yoo -
END - CT e e

-
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SUBROUTINE PRINT(CK)
COMMON/RAR/TFLAME. :
COMMON/NC/N1 N2y N3 » N4y NSNS . : , R
COMMON/PRRR/F (1380) ' -
COMMON X(1380)sXLE(1380), TEMF(1380)7NXrNELEHvG
COMMON/DDD/RR(1380) »CFX,HCX '
‘COMMON/PR/XLEWIS» XLAMBDA CPyYO/HCsE/RHOO, TROOH :
COMMON/RR/XRR1ALFHA(1380)yESR,TIGN - .
DIMENSION RRR(1380) ‘
VEL=G/RHOO
" PRINT %0
90 FDRMAT(//TiO,*THEIFOLLOUING NUMBERS SHOULD MATCH FOR A GOOD
+SOLUTION TO BE FOUND...Xs/T10XTHE FIRST NO IS THE THEORETICAL
+ FLAME TEMPERATURE AND THE SECOND IS THE FINAL FROFILE TEMPXs//)
PRINT X% » TFLAME ‘
PRINTX, TEMP (NELEM) - —
NNN=NX-N6+2 . :
Do 53 J= 1:NELEM
JJ=J+1
RRR(J)= RR(J)*(ALFHA(JJ)+ALFHA(J))/
IF(RRR(J) .GT,RMAX LRMAX=RRR(J)
IF(TEMP(J) .GT.TMAX) THAX=TEMF (.J) ,
IF(RRR(J) .EQ.RMAX) TRMAX= (TEHP(J)+TEMP(J+1))/Z. .
IF(RRR(J).EQ,RMAX) IRMAX= .
IF(TEMP(J) (EQ. THAX) ITMAX=J . .
53 CONTINUE ~ ~ '
RMIN=RMAXX.0004 “
NNN=0, ‘
DO 544 J=14NX' ‘
IF(RRR(J) .GT  RMIN)NNN=1 T
IF(RRR(J) LT RMIN,AND,NNN.EQ.1)G0 TO 545 - T "
IF(RRR(J) LT, RMIN)NBEGIN J - ’
544 CONTINUE
545 NEND=J i -
X (NBEGIN)=0, ’ .
DO 45 I=NBEGINsNELEM S \ . ,
II=I+1 ’ . .
X(ID)=X(I)+XLE(I) ‘ : -
45 CONTINUE . - - oY
XRMAX =X (IRMAX) : ' _ - » B
XTHAX=X(ITMAX) ' \

DO 236 L=1yNBEGIN ' 1 \ S .

IF(TEMP(L).LT.301% INPREHOT=L -, : R N\
236 CONTINUE - o
DD 132 I%2,NBEGIN . .
J=NBEGIN-I+1 . . ~ . - '
JJ=J+1 \ , :
X=X (JJ)=XLE(J) ) - > |
132 CONTINUE . L ’ :
NNNN=NEND+100 B : ,
NXPRE= (NEEGIN~-NFPREHOT+2)/3
NXXPRE=NXFRE+NPREHOT ’
560 FORMAT(1H1,10X»XTHE FOLLOWING TABLE SHOWS TEMPERATURE IN THE
.PREHEAT ZONE OF THE FLAMEX»///)

—_—
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XFLAME=X (NEND) )
FRINT 1sXLEWIS:XLAMBDAYCP2Y0sGy UELrXFLAME TfGNyHC ~
1 FORMAT(10Xsy¥LEWIS NUMEER ¥sF12.,5
o/ 10Xy XTHERMAL CONDUCTIVITY(TAL/CM-S- h)- XF12,5)
o/ 10X s ¥SFECIFIC HEAT(CAL/GM-K) = XsF12.5y
o/ 10Xy ¥FUEL FRACTIONCINITIAL? = XyF12,5y
o/ 10Xy XVOLUME FLOW RATE(GM/S/CMX%2) . = KrF12:5y
o/ 10Xy ¥FLAME VELOCITY(CM/SEC) = kyF12,5,
i o/ 10Xs¥FLAME WIDTH (CENTIMETERS) = XsF12.5y
o/ 10XsXCUTOFF TEHPERATURE = ¥»F12,3,
o/ 10Xr*ENTHALPY OF REACT QF FUEL(CAL/G)= XsF12:2+//7/)-
FRINT 540 R
FRINT 541 ) ’ -
541 FORMAT(12Xs%x NO ., ! DISTANCE I TEMPERATURE F NO ! X
reX DNISTANCE ! TEMPERATURE ! NO I DISTANCE ! TEMPERATURE X
o!///) ' ’
D0 326 I=NPREHOT » NXXFRE
II=T+NXFRE

IITI=II+NXPRE ., ' °
. o PRINT 237 s I1sX(I)»yTEMPC(I) o IT#X(II) »TEMFC(II) » ITIIyX(ITII)»yTEMF(III)
> 237 PORMATC(L1OXs X! XrI3sk | XyFL10,.7y% | %XsF14.79% | X5I39% ! %y
oF1O.79% 1 XyF14,7+% | XsI3vx ! ¥yF10.79% | XsF14,7 ,
oX 1X)
3246 CONTINUE . . - ’
FRINT 201

901 FORMAT(//10X»XTHE FDLLDNING TABLE GIVES PARAHETERS IN THE FLAME

+ZONEX31//)
‘ FRINT 3
4 FORMAT (1Xy XNOX» T7;*DISTANCE*;TI?;*TEMP*;T31y*FUEL*rT40;
+XR.RATEX» TS0 XUPWINDX, T3y XNO )
oy TEFyXDISTANCEXy T79y XTEMP X, T92 FUEL*:TiOOy*RRATE*rTiiQ;
cXUPWINDXy///) , .
NXXXX=(NEND-NEREGIN+1)/2 , -
NXXX=NXXXX+NREGIN
D0 2 I=NREGINsNXXX
"TI=THNXXXX
“ PRINT- 3vIrX(I)7TEMP(I)vALFHA(I)vRRR(I);F(I) IIy
+X(II) g TEMPCII) yALFHACII) fRRR(ITIDIZF(II)
3 FORMAT(IXrI3rTSsS5(FP.492X) s T62914»TEE15(FP.452X))
. 2 CONTINUE : .
RETURN
END

\
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