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‘dlfférmtes densit8s et degré d'atamisation. Ies vitesses de propagation o

" L'addition d'eau (ou de vapeur d'eau) 2 un mélange de gaz
inflammable peut avoir 2 la fois des effets thermophysiques et chimiques
sur le processus de combustion.

Des &tudes thforiques et experimentales ont &t& entreprises, afin
de déterminer 1'influence de 1'eau atomiséé sur la combustion de mélanges i §
H,S-dir. Ies vitesses de pmpagat.im des flammes ont &t& mesurdes en -
laboratoire, pour de nombreux rapports lﬂzs-air (7% ~ 20%), et différents
jets d'eau, utilisant la méthode du tube cylindrique. les Jjets c\i'eau ont ]

&été rendus inertes, étant imprégnés de st.

L'analyse thiorique des effets thermophysiques a &t& effectufe. en
regroupant les &quations de combustion, mécanique des fluides, thermo-
dyr;amique et d'eau. atomisée, résultant en un mod3le simple prédisant les
vitessesb de propagation des flammes. Cette analyse constitue une extension
des Btudes de Johnson & Nachbar, par 1l'addition des effets de jets d'eau

atomisée .au mélange gazeux st-air. Une analyse numérique a &t& effectuée,
dans 1es cas de mélanges stoichiométriques st—alr, de Jets d'ean de

sont calculées par mtégratlon des equatlons caractEristiques.

Enfin, les résultats tant théoriques qu'expérimentaux démontrent
que la présence de particules d'eau retarde la vitesse de propagation des
flammes dans les mElanges st-alr
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ThHe addition of water (or water vapor) to a combustible ° '

gas mixture can have both, thermopﬁys}cél and chemical kinetic

I

effects on the combgstion process. v

An experimental and theoretiéa{finvestigation was under-
taken to determine the influence of'water sprays on the
comSustion of st-air mixtures. éurning velocitiesvwere
measured egperimentally, using sﬁe cylindrical tube method,

over a wide range of mixture cthositions (7%, - 20%_in air)

and for various inert water sprays. The water sprays were

[

rendered inert by being pres?turated with H,S. ~

A theoretical analysis %f the thermophysical effects of
the water droplets on the flame propagation was performed by
coupizng together the cowéustion, fluid dynamic, éhermodynamic
a;d spray equations to provide a simple model for the predict}on
of the burning velocity. The earlier work of Johnson and

-
Nachbar is extended to. incorporate the water spray in the gaseous

. st-air mixture. The numer¥ical analysis is applied to the

stoichiometric HZSTair mixture for different water spray densities
and droplet sizé gistributions. The resulting burning velocity
is then calculated by integrating the eigenvalue equations.

Both, the experimental and numerical(results showed that
the presence of water spray decreases the burning velocity

of the st—air flames. v ’
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= g%; rate of change of droplet radius
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CHAPTER I

A
I

GENERAL INTRODUCTION

_..'The addition of water (or water vapor) to a combustible
gas mixture can have both physical and chemical kinetic
effects on the combuséion process, the magnitudes of which
‘wili depend on how wate; is introduced to the combustion k
environment and at what concentration. 1

Water ig the most abun ant, often the only available .

‘'suppressant for a fully deyéiopéﬁ”ﬁeflagration and since the

earliest times/has’Been used as such.

-

@ben’ééﬁling with the complex problem of flame inhibitipn
in pre-mixed flames, it is generally accepteé that there are
two classes of inhibitors [1]. The first consists of inert
gases such as nitrogen.or the noble gases whose effect is
primarily one of dilution. The addition of these to a flam—o
mable'fuel”air mixture incrgases the heat capacity contribution
of the insrt constituents in the mixture and leads to lower
adiabatic flame temperature for the diluted mixture. The
second class is coﬁprised of inhibiting agents such as
powdered metal salts (Na2CO3) and halogenated hydrocarbons
such as CF3Qr.(halon 1301), CFZCIBr (halon 1211) and CZF4Br2

(halon 2402”. These chemical inhibitors act by interfering

with the normal chemical reaction paths in flames. In a series

-

s S s a0 E 21 e

&




e e e R 4G

-

of reports Biordi et al. [2,3] studied the reaction rates
and mechanisms in a methane flame inhibited wish CF,Br in an
attempt to develop a detailed understanding atfthe molecular
level, of the mechanisms by which flame retardan£§ﬁ6perate.
Generally, chemical flame inhibitors are identified on the
basis of their relative reduction of burning velocity.

Water combines both, the physical and chemical effects

" of flame inhibition. . For large s'cale fires and explosions

it is the most widely used agent either by itself or together
/
with othefyconstituents. Liebman et al. [4], for example,

showed that finely dispersed water can be effective even in

guenching full scale mine explosions involving coal dust as
long as adequate dispersipn is insuredﬂ Later in another
paper, Liebman et al. [5] showed that water atomized by
pressurized nitrogen was efficient in stopping also fully
developed gas explosions in mines, but it had little effect
against the explosion during its incipient stage. Hybrid
combinations of currently known éktinguishants, however, were
successful against incipient explosions. One of the hybrids
developed consists of halon 1301 combined with water, and
results of tests indicated that the halon aids in dispersing

its constituents and also converts the water into fine drops.

Dryer, F.L. [6] gives an hiségrical review, with an

~

extensive reference list, on the applications of water addition

to practical combustion systems. The fundamental effects of

e rm—————— o i

o o —




water on the combustion properties such as chemical inhibition
(e.g. due to hydrogen abstraction from hvdrocarbons by X
hydroxyl radicals), decreasing the systef temperature and
lowering the rate of flame propagation, are discussed in his
paper. According to Dryer [6], very little information about
the effect of water vapor addition on flame burningkvelocity
exists; with the exception of carbon monoxide and hydrogen
flames. An increase in absolute humidity drastically
accelerates "dry" stoichiometric carbon-monoxide flames.
However, laminar hydrogen-air flames are inhibited by water
vapor addition, but only By about 1/3 of the amouﬁt predicted
from inert dilution.

Sapko et al. [7] in their report describe the results of
laboratbry scale experiments in which methane-air ignitiéhs .
were quenched or rendered inert by fine water sprays or by a
combination of sprays and steam. The inerting results for
pre-mixed methane-air-water mixtures indicated that watér
droplets of less than 10 um are as effective as the vapor.

Water regquirements for inerting such mixtures were much
smaller than'éhose for qﬁenching the sustained flame propagation
by the application of water sprays.

The main aim of this research was to investigate the
inhibitive effects of inert water sprays on the propagation ‘

of laminar flames in hydrogen sulfide-air mixtures.

Very little information is available about the gombustion

Ko
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of hydrogen sulfide-air mixtures and even less is known about
the kinetics of the chemical reactions associated with this
combustion process. Hydrogen sulfide is used in large |
quantities as an agent in the prodﬁctiOn of heavy water and
it was important to investigate the possibility of using water
spray curtains for flame suppression in the case of an
accidental release ;f this flammable gas.

Tﬁis investigation deals with inerting the combustible
&ixtures rathef than quenching them. Quenching a propagating
flame requires massive amounts of water sprays in comparison
with that required for inerting and by the time the ¥lame is
quenched, some damage could already have occurred or transition
from a deflagration to detonation could take place nullifying

. /
the effect of the water sprays. If possible, inerting the «

mixture to the point in which an incipient ignition would be
prevented from developing ﬂnto a self propagating flame is
therefore a preferable method of flame supp%es§ion.

For this thesis the emphasis was on studying the phygical

and thermodynamic influence of water droplets within the

_reaction zone of the hydrogen sulfide-air flame in light of

the dilution capacity and the fraction of availgile combustion
energy consumed by the water droplets heating and vaporizing.

The study included experimental observations using an

apparatus designed and built especially for this purpose,

ki

a theoretical analysis based on the classical laninar flame

s
£
£
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theory, and explicit computer calculations to simulate some
of the experiments.

The laboratory scale experiments carried out in this
research were similar to the inerting expérimenés pérformed

by Sapko et al. [7]. Initially, methane-air flames without

. and with water sprays were investigated in order to test the

-
ot

experimental apparatus and confirm the reliability of the
method u;éd. A similar but modified apparatus was designed
and built for the hydrogen sulfide-air experimegts.
These experiments were designed to stud; the effect of
water spray addition on the burning velocity of the flame.
The flame, while propogating upwards in a cylindrical Plexiglas
tube, was photographed in a stroboscopic sequénce. Its
burning velocity was then determined from the picture taken.
The burning velocity is the velocity éf the flame front
relative to the fresh gas immediatel¥ ahead of it in a direction
normal to the flame front. It is a fundamental property of
the mixture amd is directly related to the overall reaction
rate, thermodynamic and transport properties of the combustible
mixture. / ‘
After performing experiments in dry hydrogen sulfide-air
mixtures ovér a wide range of compositions (7% - 20% H,S in
air), water sprays were added and experiments were performed
over the same composition range.

The watexr spgay parameters were also varied so that their: .
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influence on the propagating flame\could\be_determined. The
water spray variables were the droplet size distribution and

the water spray density (or effective spray volume participating
in the process). These two variables could be eésily controlled D
experimentally and their effect on the burning velocity
measured and analyzed.

. The theoretical analysis was done in the context of an
adiabatic, laminar, one-dimensional flame, fixed in a
coordinate system normal to the surface with a forward, one-
step chemical reaction and involving an arbitrary number of
species. In this frame of reference cold gases flow from "
negativecinfinity into the stationary flame surface and hot
gases move away from the flame surface to reach an equilibrium
flame temperature at positive infinity (Fig. 1). The
mathematical 'statement of this problem on the entire real line
is defined as the classical laminar flame problem. )

The theoretical analysis is based on first principles.
The’laws of conservation of mass, momentum and energy, together
with the species diffusion and species mass gonéervation
equations, are combined to give the governing fléme equations.
To generalize the analysis, the equations and definitions
are presented in nonjdimensionalized fogms. The equations
are fi¥s£ derived for a fuel-oxidizer laminar flame. , The

same equations.are then modified to include the influence of

water sprays by considering the water as an inert species added




b

. .
to the mixture initially in liquid phase and then transformed

partially gr wholly to vapor phase within the reaction zone.

, The combustion problam can then be reduced to a first order
boundary value problem which, with the temperatures at the
ignition and hét boundaries given, has two boundafy conditions
in the form of non-dimensional temperature gradient defined
for the ignition and final equilibrium plangs“(Fig. 2). This

‘set'of equations leads t;,an eigenvalue problem.

The formulation of thé.eigenvalue problem and the casting
of the equations in a form suitable for numerical computations
is done usiné the Johnson and Nachbar [8,9] method of
det§rminiﬁg upper aﬁd lower bounds for the burning rate
eigenvgiﬁe. chording to Williams [10, Chpt.-5], this me thod
is the most accurate techniqﬁe known for the sq}utionrbf simple
laminar flame problems.

Due to %ﬁe complexity of the flame equations aﬁ& the
difficulty in bringing them to the appropriate closed form
sgitable for numerical computations, a simplified model was
leveloped here. The numerical analysis was performed(usind

p%is model for stoichiometric hydrogen sulfide-air mixtures

(12% H,s in air), for which the burning velocity is dpproximately

maximum. The computations were doné for the whole range of

the v;riable spray parametersﬁ i.e. for varioug.droplet sizes
ahd spray densities as dictated by the experiments, and the

results were then tested by performing a parametric study.
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The results of this investigation augment the curréntly /

- available data on laminar flame propagation in combustible ,

!

gas plus water spray mixtures.
After introducing the background and ob)ectives of this
thesis, a simplified analytical model of the problem is

presented in Chapter II. First, the governing equations and

boundary conditions of the gombustion problem, without involving

L)

water sprays, are derived,and non-dimensionalized. Then,

the governi differential equation and corresponding boundary

v

¢ - [
conditions are\ derived, and expressions for the upper and
. ¢

. lower bounds of ths\wigenvalue are determined. Following this
there is a discussipn of the application of the theory to the

stoichiometri st—air mixture. The chapter is’‘concluded

with an analysis of lamina; flame propagation in a gas plus

1

water spray/combustible mixture. In that énalysis a simplified

[¢] ‘¢

water droplets in.the‘HZS-ain.mixture.

In Chapter III, the éylindric&l tube method for the

L]

e,
measurement of burning velocitigi is discussed, with reference
N 5

iy

to related works. S D

In Chapter IV the experimental ap%aratus and procedures

are described in detail. : ‘

o

Chapter V is devoted to the presentation and discussion

of the experimental and numerical results of this work.

In the last chapter of the thesis, Chapter VI, the main
*.

oy

AN EkaTon A




At
e

P

% g

o

conclusions are set out and some projections are suggested.
. o , "

fhere are four qppendices in this thesis after the
. Tables and Figures: the first three deal with definitions

and mhthematicgl q;erations needed to support the analytica;

o L@ b . .
aevelopmeﬁts in Chapter II. 1In Appendix IV, sample computer

program listings with the results printout-are presented. -
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CHAPTER I1I ,

h

!
THEORETICAL ANALYSIS

3

2.1 INTRODUCTION AND BACKGROUND

The laminar flame problem is one of the earliest combustion
problems to require for its solution the simultaneous
coﬂsideration ofugoth fluid dynamics and chemical kinetics,

The problem of determining the pfopagation velocity of
a deflagration wave was first stﬁdied by ‘Mallard and.Le Chatelier
[11] (see also Glassman, I. [12, Chpt. 4, p. 66]) who proposed
thét it is the conduction of heat back througﬁ layers of -
unburned gas’thatbis the controlling mechanism in flame

propagation. This was the basis for the so-called thermal

‘fheofies where the back diffusion of particles such as molecules

and free radicals was not considered to affect the reaction
mechanism. By using simplified models of the deflagration
wave, Mallard's student,Taffanel [13] and later but
lndependently, Danlelle [14], appear to have been the first
investigators to demonstrate the important result that the
burning velocity is proportional to the square root of the
product of reaction rate and the thermal diffusivity (a = A/pcp)
at constant pressure. ~ '
Subsequent studies involve the utilization of more

comprehensive theories (e.g. the consideration of particle
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diffusion), refinements in accuracy, and inclusion of the effects of chain
reactions and other physical ghencrraxa. Among the important tl'xeoretic;l
studies of laminar flame propagation, t':he work of Zeldovich, Frank-Kamenetsky
and Semenov [15] should be noted. They include the diffusion of molecules

as well as heat but not of free radicals or atams. These authors used the
oconcept of an ignition temperature close to the adiabatic flame temperature
and thus it was elJ'm:ipated fram the final equation making it more useful.
.Eollowing the work of Boy and Corner [16], numerical solutions to the complete
flame equation were obtained by Hirschfelder et al. [17,18]. Von Karman

et al. [19,20] sucoeeded in cbtaining approximate analytical solutions to a
number of/.aminar flame prablems. In later reviews of progress in the
analysig/ of steady flame propagation, Penner and Willﬁ [21] or Williams

in his bock [10, Chpt. 5] and also Hirschfelder and C s [22] have dewvoted

méjé/r attention to the calculation of the burning velocity and tem;:erattn'e
pn/ofile in one dimensional, laminar flow of pre—fm’xed cambustible gases.
With the essential assumptions of a one-step reaction and Lezd.s

nmber equal to one (Ie = o/D = A/CppD= 1), it has been shown that this
problem can be reduced to the determination of the eigenvalue of a first-
order,‘nmlinear,) ordinary, differential equation with specified boundary
conditions. Refs. [10] and [21] contain a detailed review of a nurber of
methods for obtaining an approximate, closed form solution for this

. eigenvalue. The eigenvalue is a constant whlch in addition to depending
on known thermodynamic, kinetic ané transport properties (all of these
properties are in turn.temperature dependehti) of the particular mixture,
depends also on the mass burning h'velocity ‘being the unlmom paramgter to be
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determined. A solution to the first-order boundary value problem will
exist only for a particular value of the constant eigenvalie.
’ According to [10] and [21], the method of Johnson and Nachbar [8,9]
is the most accurate technique for the solution of one-dimensional 1
flame problems since it permits a rigorous determination of an upper and a
lower bound for the eigenvalue. '

This method, which was originally developed for the deflagration of

a solid propellant, may be applied to the case of a gaseous laminar flame

without modification. In [9], it has gl/so been extended to include an

iterative procedure which would converge monotcnely to the approximate
eigenvalue between the upper and lower bounds.

This is the method used in the present analysis of laminar flames
in HyS-air mixtures. The method will also be modified to include the

presence of water sprays and water vapor in the gas mixture.

2.2 FORMULATION OF THE EIGENVALUE PROBLEM

The theory developed here will be applicable ‘to the
phenomenological mass-action law for a one-step, 'forward‘ (back
reaction will not be considered), chemical reaction involving
an arbitrary number of species, "in arbitrary initial ratios
and with spécific reaction rate coefficients dependent upon
the temperature in the form of. the Arrhenius law.

We have to consider in this problem a deflagration-viave

flame front (Fig. 1), which may be a curved surface, moving

s
e
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through a hniform, pre-mixed gas.

y It is assumed that the enerqgy release takes place in a
very thin front. The velocity of the flame front is in the
direction of the normal to the surface and is time;independent
(local flow is laminar at the flame front). The analysis

considers the problem as one-dimensional, the frame of

reference being the coordinate direction normal to the surface.

B I M, Ge B s

The flame surface itself can be considered fixed in this
frame of reference, while cold gases flow f:gg negative
infinity (x = -«) into the stationary flame surface and hot
gases move away from the flame surface to reach an equilibrium
flame temperature at positive infinity (x = +~), (Figs. 1 and
2). Hence, we have "cold boundary" ;onditions at x = “» and
"hot boundary"” conditions at x = +=,

x = 0 is the ignition plane or the plane where the ignition
temperaturae is obtained. The ignition temperature, Ti:>is
defined as the temperature at which the chemical reaction
begins, i.e. at the end of the pre-heat zone as illustrated
in Fig. 2. The mathematical statement of this problem is
defined as the classical laminar flame problem.

For a solution to the classical laminar flame problem to
exist, theichemical source fuhction must strictly vanish at

the cold boundary temperature; even admitting this unrealistic

hypothesis (unrealistic, because of the use of the Arrhenius

i et Sar o o St

expression for the reaction rate), the solution for the
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eigenvalue can be non-unigque. To circumvent this cold
boundary difficulty, the modified laminar flame problem was
considered in orgder to obtain appréximate, or numerical
solutions. ~

T%e modification consists of either assuming that the
chemical source function has an ignition temperature below

which the combustible will exhibit no reaction, or, that there
- i N

is present a "flame holder" which acts both as a heat sink ‘}

and a semipermeable membrane. The membrane is assumed to pass

. N4
only ‘the reactant molecules and to prevent back diffusion

of produ¢t molecules. x = 0 is the point of ignition or
the location of the flame holder. "

. Solution of the flame egquations shows ghat the calculated
burning velocity is independent of either the assumed valfie
of the ignition temperature, or of the chosen value of he

*

transfer to the "flame holder" for all reasonable values Qf
these ;arameters [23, p. 319]. Johnson and Nachbar [8
formulated the theory for the stoichiometric composition of
the\solid monopropellant and in [9], they extended the method
to non-stoichiometric compositions without alteration of the
final form of the equations. They used in their analysis

the ignition temperature concept.

The mathematical formulation of the theory will now

follow.

The governing equations considered here are for one-

L
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dimensional, steady laminar flow in a reacting gaseous mixture

i.e. for a plane deflagration wave.

We assume a forward reaction in the gaseous mixture which
has a specific reaction rate coefficient kf and invo%ves r
chemically distindt reactant species which are transformed
into n-r chemically distinct reaction product species, where
n and r are positiye integers and n > r. All the other species
in the mixture are inert and their sum will be designated‘by
the subscript I. The reaction can also proceed in éhe reverse
direction (with specific reaction rate coefficient, kb),an
aspect which will not be congidered in the present application.

If My is the chemical symbol for species K in the mixture,

the stoichiometric relation . describing the opposing reaction

is written: \
r, kf n )
z Ve MK‘”"—];:*':' Z vix MK (2-1)
K=1 b =r+] ‘

L.

where v'K and v“K represent, respectively, the.stoichiometric

coefficients of species MK for the reactant species and for
the product species.

Using the parameters defined in Appendix I, the relevant
laminar flow equatioﬁs assuming that there is no energy

transfer between the gases and the surroundings may now be

“ L

S e ——
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written down.

Conservation of Mass. If % denotes the chemical source
3

function (g/cm” sec) for the rate of formation of the aggregate

of reaction products in the forward reaction, then for species
/ -

mass consefvation, 4
de \
i
—-)—(-=\— yK*v‘v K=1, «c., ¥ (2-2a)
i
_a_}_(_x = izK* w K=r+l, ..., n (2-2b)
\
~
dﬁlI |4
= - 0 , . (2-2¢)
and total mass conservation is
%ﬂ% =0 (2-3)
where m = pu = constant ‘ (2-4)

With ay and ar being the coefficients in the chemical
equation depending on the composition prior to the reaction,
and from Egn. (2-3), the species mass fluxes at X = 0+ (and

also in the region -« < X < 0+) are:




a_w

m (0+) = Wf-f—lfn K=1, ..., © (2-5a)
ota

mK(O+) = 0 K=1r+l, ..., n (2-5b)

&

a.w

mI(O+) = W——L—I—-— m {(2-5¢)
total

1

Conservation of Momentum. Laminar flame burning wvelocities

are small compared with the speed of sound. §mpirical burning
velocities lie between 1 cm/sec and 1400 cm/sec (hyergen-
| o oxygen flames) with the upper limit corresponding to approx-
i imatgly a Mach number of .04.
This implies constant pressure deflagrations since at
such low Mach numbers the pressure diffgrenqe across the flame

front is negligibly small, thus,

P = constanf . (2~-6)

~

~

Conservation of Energy. We assume an adiabatic process.

\ Viscous forces and also the kinetic energy of the flowing
gases ‘are negligible becausé of the low flame Mach numbers
involved. In this case, there is a balance between the heat
flow by conduction and the enthalpy transport. The overall

i
conservatian of energy eguatign becomes: /

PO - - - P, e
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n
d * ) dT -
= Z hyhy + by = A GF1 =0 4 (2-7)
/ K=1

If T is absolute temperature, and T = TO is standard condition
temperature, assuming all chemical species may be considered
to have constant and equal average specific heats at constant

preésure,ap, we may write for the specific enthalpies:

0

he (T) = hy

where hKO, K=1, ..., n represents the standard heat of
formation at temperature T0 for the Kth chemical species.

The energy released by the forward reaction, per gram

of reaction products formed under standard conditions is given
[

by:
r n
0 0
= * - -
q E: Y *h E: Y *ho. (2-9)
'S K=l . K=r+l h

-~

Only exothermic reactions are considered, and for these, g

is positive. .

The Diffusion Equation. According to Fick's law for

binary mixtures, the one dimensional flux of species K due to

it o i b e
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the gradient in concentration is,

dYx ’ 4
Y U = =D &= . K=1,...,n;I ‘ (2-10)

where U, is the diffusion velocity of species K.

K
The diffusion equation for the Kth

species with D being
the common diffusion coefficient for any 2 species in the
mixture (could be a multicomponent mixture) interdiffusing

into each other and transported with the bulk of the flow is,

ﬁK = p Yp (utUp) K=l,...,n;I (2-11)

-

Substituting Egns. (2-4) and (2-10) in Egn. (2=-11):

. . dy g N

; me=mYy = pD |-z K=1,...,n;I (2-121

The conservation and diffusion equations given so far
determine completely the flow problem with chemical reactions,
provided, - we obtain an explicit expression for the rate of
production of the various species. This expression is given
inaEqn. (II-1) of Appendix II.

The differential equation for Y(X), defined in Eqn. (I1-8),

follows from Egqns. (2-2b), (2-12) and the expression for

/ ’ \ \
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Y, (X) in (I-7b): | SR

W

d [ | dy w
¢ a—i(mY"PD'-d—i = -3 X>0 (2~-13)

From the B.C's in Eq-.{s“(z-s) , it follows that Y obeys

the boundary condition: } .

!

MY - pD -g-;% = : at X = 0+ (2-14)
, ‘ ) ~ ]

The energy conservation relation now is developed by

using enthalpy relations which are useful in defining a

- ~ ¢
partidular dimensionless variable T representing temperature,
| |
The to atig) enthalpy h in the mixture is defined as:

- - - ~

&
1

e ;

n ,
h = Z hKYK + hIYI (2-15)
. K=1

LS -

“

and it follows from Egns. (2-8) and (I-7) that h is a function

of Y and T only. For Y =0, h(Y,T) is expressed as:

r

a W raW
h(0,T) = ) —SE_h (1) + 7 h_ (T) - Gq (2-16)
- K=1 total total .

- r

1




-Now, when the di)veurgence of the total energy flux

(Eqn. (2=7)), is integrated from X = -» to X = 0 and the

conditions T + T0 and“k(%%) + 0 as X + -o are imposed, where

Ty is the initial or pre-ignition temperature of the mixture,

o

then the equation

n

' . . ar .
2: h + h.m - 1A = mh(T,)
L KK~ "TI| 4o, ( a?) X=0+ 0

is obtained.

(2-17)

Let '1'i be the ignition temperature; by the use of Egns.

(2-5) and (2-16), Egn. (2-17) can be written as,

0

ar :
= = | h(0,T;) - h(T,) + Gq
( AX | x=0+ [ i 0 ]

The final equilibrium flame temperature T ‘is defined

here by the equation: ' /

a L

n(o,T,) = h(T,)

The definition of T .is basically a statement of overall
conservation of enthalpy for a completed reaction. The

dimen,sionlé.iss temperature variable T is then defined as:

b
=

S

(2:18)

(2-19)
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N O VUV —_—— ¢ NSRS, S
‘ 3 - = y
\ h o .
J . |
, - 22 - '
I ‘\ }
° - _d4
. T .
. h(o,T) - h(0,T)) o . 507"
T = - c_(T)yar 2=~
= - [ g me e 0
A ‘ Tu,
‘avé v ' - ‘ ) +
E : \ s D
Since ip the present study'EP is a constant effective specific
:heat,wfhué: ° . . E :
", . o . W@hy -, [
“ T = cp('r-'rm)/cq
BY use of the definitions of Egns. (2-19) and (2-20),
we can .transform Egns. (2-7}) and (2-18) respectively into the
.following diffgrential equation. and boundary conditions for
T(X) s - ' ° B
. af.x_ x| v & -
dX( T 6—-— a—i{-) = G X >0 ‘ (2 21.)
P .
- - A dl _ 4f = at X = 0+ ST (2-22) '
. &, 4X 0 .
. o) (
The result ) )
TAX) + Y(X).= O ' X220 (2-23)

!
1
’

kS p
° -

follows from Eqns. (2+13), (2-19),,(2*%1) and (2-22) by making

this important assumption that the Lewis number (Le = X/pCpD)L |

is egual to unity or, eguivélently that,
- . , LY




This assumption implies essentially that the thermal
diffusivity, a = A/Cp, is equal to the mass diffusivity, D.

Developments in simple kinetic theory show that,

&

™

where v is the kinematic viscosity (momentum diffusivity).

=4

Thus from kinetic theory as a first approximation:\“”i7
Pr = Sc = Le =1

where Pr, éc and Le are the Prandtl, Schmidt and-Lewis numbers
respectively. Egn. (2-23) implies that if the reaction
consumes all avaiflable reactant as X + « (this condition is
written as Y(«) = 0), then T + T_as X + = (T (w) = 2). The

initial value problem consisting of Egns. (2-21) an@ (2-22)

4 R
together with a prescribed value T(0) has a unique solution
5(&). If, in addition, T (=) is prescribed, the problem is
over specified and becomes an eigenvalue problem for the

determination of a certain parameter which involves the

Y
burning rate. When the dimensionléss coordinate f{ defined as

.

~ ‘ . ax.
‘ T = T: ‘7- oD ) (2-25)
1

ettt St o o1
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is introduced into Egns. (2-21) and'(2-22L and when Eqns.
(2-23) and (2-24) are used, the combustion problem is reduced

to the following equation and béundary conditions for 5(:): i

Fr(g) - o) = 2 (2-26a)

Gm
= - T* (0) =1+ T(0) - (2-26b)
T(w) = 0 (2-26¢)

# 4
As shown in Appendix II, with the assumption of a single step,

forward reaction Bnly, Egn.  (2-26a) becomes:

\ - - 'r - - Y
Frg - By = LRLE @) BV (2-27)
: a
\
where ﬁ%i) is defined as: “ . |
) r a W v'
- ~ K K ~ K -
HT) = u.(T) I — - 1~ T (2-28)
£ K=s+1 (thotalyK

L

The indicated product in Eqn.A(z-zel,;L to be interpreted as

1if s =r. ' (T) (Egn. (II-10)), is positive for all ,
-

positive values of (-T) for which T is positive.
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Since 0 < Y(X) < 1 it follows from Egn. (2-23) that:

a /

-1 < T(g) <0 (2-29)°

Hence, the product in Egn. (2-28) is poéitive. .
dghseqﬁently, u(T) is positive for all T in the interval (2-29)

" for which T is positive. For the case of stoichiometric
proportions of the fresh mixture, which was the case treated
in [8], we have in Eqn. (2-27), v = Te and u(T) = uf(i).

In summary, the right-hand side of Eqn. (2:27), is in
general, a non-linear function of T which is positive in some
left neighborhood of T = 0 and which has a zero of order v at
T = 0. ,

. : e TEOC2 .

The dimensionless ratio (Kp). /u0 which appears in Eqn.

(2-27) will be denoted by A, the eigenvalue: . )
\ f
- )rf

r = {ERL (2-30)

Yo

Eqns. (2-26), with Eqn. (2-26a) written in the form of
Egn. (2-27) constitute a boundary value problem for T(c)..
For each A on a certain semi-infinite interval, it can E
shown that this problem has a unique solution [9]. THe value
of #(0) can be specified in addition to the boundary’conditions
of Eqns. (2-26). The symbol Ti (the non-dimensional ignition

temperature) is used to denote the prescribed value of T(0).

’

hY




.Eqn. (2-27) will be generalized by replacing the function
u(F) (-F)Y with a function ¥(T) which .is a continuous function
of T on a finite interval T, < T < 0, ¥(T) > 0 if Ty < T <0
and ¥(0) = 0.

Therefore, the boundary value problem becomes:

, F(g) - T'(3) = - AY(T) £ >0 (2-31?)
T(0) = T, (2-31b)
T'(0)y =1+ T, (2-31c)
T(=) =0 \ (2-314)

A necessary condition that Egns. (2-31) have a solution
is that A > 0. Negative values of A have no physical meaning,
while the value 0 can be interpreted only as a limit.

Also ﬁi must be restricted tP the interval determined

by the following inequalities in order for Egns. (2-31) to

' have a solution:

< ii <0 (2-32a)

and

-1 < ii (2-32b)
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Using the transformation:

L
e 1

u = T(L) 0<% <, (II-13)

the interval 0 s ¢ < g, is mapped onto the interval Ti <£u <0
and Egns. (2-31) are reduced to a first-order boundary value-
problem as shown in Appendix II. .

After some mathematical manipulation presented in detail

in Appendix 1I, the following inequalities are obtained:
- +
A <A< A (2-33)

where A, the lower bound and A+, the upper bound of the

eigenvalue are found to be:

-1

A= |2 jf —31917 du (2-34a)
. (1+u) )

. Ti !
-1
+ ¥ (u) -
A= 2 T du (2-34b)
Ty
v

Eqn. (2-34b) implies that A% 0 (given ¥(~1) > 0) as
Ei‘+ -1 and according to Eqn. (2-34a), A + = as ii + 0. From

H

et
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Egn. (2-30) it follows that the upper bound for “the eigenvalue,
Af/éill result in a lower bound for the burning velocity, Ug
and vice versa (K, p and ry are constant for a given mixture

composition).

—

An itergtive technique for obtaining ;uccéssively
narrower upper and lower bounds for A has been developed by
Johnson and Nachbar [9]. This method constitutes a truly

- rigorous érocedure for obtaining solutions of any desired
accuracy. However, for most applications, Egns. (2-34) will
be sufficiently accurate and it is unnecessary to employ the

iterative method. _/ /

2.3 APPLICATION OF THE ANALYSIS TO HZS—AIR MIXTURES

The difficulty in applying the Johnson and Nachbar

method or any one of the other existing analytical methods

is that they rely on the chemistry and kinetics of the combustion
7aqgsess. The only way to cvercome%this difficulty, at least

in part, is by making use of chemical kinetic parameters

already known for certaiq reactions and since they are

determined by the nature of elementaryf42:ct¢pn processes, it
is possible to extrapolate ;heir values to other similar
reactions within an acceptable range of values. E.g., for a

second-order mweaction, values of activation energy, E, or the

pre-exponential factor, 3TB, could vary within certain
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acceptable limiis. This fact facilitates-the task of performing
a parametric study if necessary and getting a best fit with
experimental resulti.

A consistent reaction mechanism for st—air combustion
is still lacking. . A search of the published literature on
H,S oxidation has revealed that little information is available.
A good review of the chemistry of sulphur oxidation process
with respect to the kinetics and mechanisms of the various
processes involved is given in Ref. [24]. A comprehensive
list of literature dealing with this subject is given at the'
end of Ref. [24] including the work of the authors Levy, A.
and Merryman, E.L.

Even for ée tions that are knownyto take place, rate
constants are not| available [25,26]. The lack of data prevented

/

us from carrying out chemical kinetic calculations in &6¥Yder

\
to find the effective overall activation energy and frequency
factor. Those two parameters are/}equired for the sqlution
of the flame's eigenvalue problem.

A recent gtudy carried out here, at McGi}l Uniyérsity,

by Frenklach and Lee [27] to determine the correlation

//
///’ foé induction times in st-air and st-air-Hzo mixtures by

e

—

pressure measurements behind reflected shock waves, shows the
overall activation énefgy, E, for the H,S oxidatiou to be
about 26 Kcal/mole. This is. the value used in the present

calculations and is required to determine the eigenvalue's

o e -

i o
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upper and lower limits, but leaves still the burning velocity,
LhY unknown. ,
The calculation of u, requires the knowledge of the over-

-

all frequency factor, Bf as shown in Egn. (2—-44). ‘The
procedure employed ;h establishing a v lue for Bf will”sﬁortly
be explained. - | .

The analysis in section 2.2 is applied in the present
work to the stoichiometric st-air mixture for which the
resultant burning velocity is approximately maxifim. Other
compositions (on the lean or rich side of the stoicﬂiometric
composition) ‘cbuld be analyzed as well by simple extensions
of the approach used here based on the general equations and
mathematical‘gormulation of the eigenvalue problem shown in
section 2.2 and Appendix\gl.

The overall stoichiometric reaction to be considered

~

here is:

+ traces of'CO2 and A +

S + 1.536 O2 + 5.727 N,

.035 0, + 5.722 N, + .009 NO + .9879 H,O0 + .0094

HO + .007 HZ + .0048 SO + .9952 SO2 + traces of CO2

and A.* - (2-35)

Thus, approximately 12% H,S and 88% air is the reactants'

~ !

* R [
The chemical equation is derived from equilibrium considera-
tions by solving simultaneously the atom balance and chemical
equilibrium equations,

s

-

e e




B e P—y [ e A G o g

- 31 -
stoichiometric composition and the air is mainly represented

by about 19% O, and 69% N, on the left-hand side of Egn. (2-35).

2 2
For our purposes, a simplified appréximate equation should

be sufficient:

o H,S + i.SxO2 +5.72 N, + S0, + H,0 + 5.72 N, (2-36)
The other species appearing in Eqn. (2-35) are omitted from
this equation due to their insignificant mole fraction in the
mixture. ‘

Egn. (2-36) is a particular case of Eqn. (2-1) which
was the basis for the theoretical analysis. Based on that
analysis, a numerical scheme for the selution of the eigenvalue
problem was dewveloped. It involves reasonable approximations
and casting the equations in a form suitable for the numerifal
solution, whiah will now be discussed.

The\integration of Egns. (2-34) for the upper and lower
bounds of the eigenvélue requires the evaluation of the
function ¥(T) or ¥(u) if the transformation u = T(Z) of
Egqn. (II-13) iis used) at each step in the integration process.
Using the defimition of ¥(T) in Eqn. (2-27) . together with

\

Egn. (2-28), where s = r for the stoichiometric case and the

definition of uf(i) in Egn. (II-10), then,

)
e

O ¥(T) =| 2

exp[-E¢/RT(T) 1 (-F)" (2-37)

O st ety e oM e R S L Birtad
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Interpretation of the various parameters in the above
equation as applied to the numerical scheme and some of the
approximations made will now follow.
The reaction order in the stoichiometr;c equation (2-36)
is: ‘ i
Ie=v = 2.5 , (2-38)

/
/

By using Eqns. (I-7), (I-9) (with equality holding for

all K), (1-10), RII— ) and (2-23), it can be shown that

r n
GY, * GY,*
-~ =] = - K ~ K ~ l _ N
W(T) > W T > W T(Z) + =6y (2-39)
K=1 K=Y+1

is the inverse of /the mixture average molecular weight, W,

I

as a functioq/of T. W(0) here is the final average molecular

>weight at_the hot boundary with T = 0. It is calculated in

the program’from the product species coefficients on the
righﬁ-hand/gide of Eqn. (2-36). From Egqns. (2-36) and (1—10),
G = .3388;/is in this case (stoichiometric ratios) the

reactant species, H,S and 0y initial mass fraction. Numerical
tests perfPrmed, proved that the ratio §%§%~throughout the
range ~1 < T <90 is_close to unity which means that the

average molecular weight does not change significantly in the
reaction. It is shown in the sample computer outputs of

Appendix IV. Thus assuming this ratio to be equal to one is
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an excellent approximation.

The sum Bf +a - rg in Eqn. (2-37) can to a good
approximation be assumed zero. Bf, the exponent of the
temperature, T, in the pre-exponential factor of the Arrhenius
equation; Egn. (II-2) is féund from k;petic theory to be 1/2
since the relative velocity of the molecules is proportional

to Tl/z. However, the temperature dependence of the pre-

172 ¢ rBE

exponential term is often modified from T
(B = 0, *1/2, 1 etc.) according to Penner, S.S. [23, Chpt. XVII]
in order to ppovide a better fit of the experimental data.

This temperature dependence of the pre-exponential term,

BfTBf, may be considered negligible in comparison with the/
temperature sehsitivity of the term exp[—Ef/RT(f)] in the rate
expression (2-37). |

In the term exp[—Ef/RT(@)] of Egn. (2-37), the expression
/

for T(T) based on the definition of T in Eqn. (2-20) becomes:

(2-40)

H
<

it

i
o 18
=3

+

=3

where, Ep, is the effective‘averAge specific heat at constant
pressure of the mixture, calculated at about the middle
temperature between the initial and final temperatures

LT = 1200°K) and equal to .28 cal/g °K.

g is the total heat released per gram of reactant species

S Rt 5 i L A o e bl o, B, £ e £ b
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calculated from Egn. (2-9) with the reference mass fraction
values, YK* deri&ed from the chemical reaction equation (2-36)
and the values of the standard enthalpigs of formation for
the reaction species given in Table 1. The enthalpies,
together witﬁ other thermochemical properties of the reactant
and product species appearing in Table 1, were compiled from
Refs. [28,29]. g is found to be equal to 1637.2 cal/(gram of'
reactant species). )
T_, which is the final equilibrium temperature must be
known in advance in Eqn. (2-40) for the integration of Eqns.
(2-34) to be possible. When all the heat evolved in the

combustion process is used to heat the product gases, the

product temperature, T, al is defined as the adiabatic flame
14 .

1

temperature.
For a reacting system whose product temperature is less

than 1250 °K, the products are the nérmal stable specieé.

However, most combustion systems reach temperatures appreciably

greater than 1250 °K and dissociation of the stable species
occurs. Since the dissociagion reactions can be quite
endothermic, a few percent dissociation can lower the flame
temperature substantially. . The determinatién of the final
temperature is therefore much more complexed and requires the
use of equiliﬁrium relationships’which exist among the product
composition in the equilibridm system. Here, atchGill,

the final equilibrium temperature of the stoichiometric
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H,S-air f£lame including the dissociation reactions, was
calculated by Dr. C. Guirao and is approximately equal to
2069 °K. The adiabatic flame temperature without dissociation

was found in the numerical scheme of the present work “to be

_equal to 2275 °K; 206 °C higher than the one with the

dissq?iation effects included. The final flame temperature

\
considered in this work was T = 2069 °K.

co'a

As a result of all the definiﬁions and'assumptions made
above, the expression in Egn. (2-37)for the function ¥ (T)
is approximated by: -~
Te

¥(T) = exp[-Eg/RT(T))] - (-T) (2-41)

j
where Eg = 26 Kcal/mole is the activation energy whose value

i

,was discussed previously in this section and R = 1.9867 cal/
mqle °K, is the universal gas constant. '

Egn. (2+-41) is the equation used in the numerical
integration of Egns. (2-34). The integration of each of
those equations is repeated four times starting every time
from a different ignition temperature (ii = -.9; ~-.8; -.70
and -.6) with step inbrementg of .01 up to T = 0. The
insensitivity of the solution to the change in the ignition
temperature mentionéd before in this chapter is proven to be true
from our numerical results (Chpt. V). 'The coﬁpletion of the '

integration yields the upper and lower bounds for the eigenvalue

=
ER 2l
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%(A+“and A~ respectively).

“ Left to be determined now are the corresponding values

of the burning veloclty, Uy, using Egn. (2-30). This can be
%ccomglished only éfter the freguency factor,\Bﬁ@ which appears
in the expression for K has been assigned a definite value.

From Eqﬁr (II~11) we have:

]

, 1/rf _
’ K=8_" - K*° (2-42)
. ' ] f
where K* is implicitly defined by Eqns. (II-11l) and (2-42).
L . « ! —
With -some manipulations, K* becomes:
' Q ‘“\_‘./
T = (T*)Bf-ﬂl-rf RTO 2 X W(O) rf‘“‘
p(@,) | & %\ B
’ 0 p =,a : .
' |
” B B ©
X T r Yer) vy ;f-l /g
- E: v'KWk | Wi - G (2-43)
‘ K=1 K .
\ K=1
| v
N L. Bf"‘a_rf X ; v
where the term (T¥) , ~ drops outtbecause of the assumption
B}tu-rf‘=@0/fhich wés previously discussed. ﬁ(io) and W(0)
- . ° . '/r ., . .
are’respegtgykly the ini}ial and final average molecular \
. i ] ; N
weights pf\the mixtGre. X, the effgctive average thermal
conductivity is calculated in)a way similar to that of the Ep
calculation and is equal to 2.693 x 1074 cal/cm sec °K.
7 ‘) N f) 14 w9
' & IW‘& v 43‘3

-
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The above equation indicates the need to use the

experimental value for the burning velocity,

in the

stoichiometric H,S-air mixture in order to determine the value

- of Bf. Using Egqn. (2-44) with the results for the upper and

lower limjts of the eigenvalue:

B

-*1 r ‘
.’-
A .
and - ‘
k7 Tk rf
o= K .EA_z k

@

\ - +

(2-45a)

. (2-45b)

-~

Substituting both, the value of ¢ from Egn. (2-45c)*

(p = 1 atm and is considered constant throughout the reaction

zone) and the experimental vaiue for u, which is abouk 41 cm/sec
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for 12% H,S in air mixture (stoichiometric) in Eqn. (2-44);

‘a value for Bf,(/Bf = u02/¢) is obtained:

13

For T 2.8625 x 10

2069 °K + B

8

]

rh
L]

’

12

9.0670 x 10

]

and for T a
4

2275 °K u + Be

?

Both values are reasonable though a little high for bimolacular

reactions [30, p; 805].

B, = 2.8625 x 1013

computations of the burning velocities for the H,S=~air-water

is the value used later in the numerical

spray mixtures. This, of course, requires the assumption of

the constancy of Bf throughout with, or without water sprays

in the gaseous mixture. »

]n
/

2.4 ANALYSIS OF THE LAMINAR’FLAME PROPAGATION IN A GAS AND

WATER SPRAY COMBUSTIBLE MIXTURE

The water droplets considered here are diépersed1ykthin
a combustible mixture in which they are assumed to be )
completely inert. The ignition of the mixture and the
subsequen? propagation of a 1aminaé flame causes the dropleté
to undergo\éxgartial or total phase change from iiquid to gas
(vapor) withinAigpiréaction zone of the deflagration wave.

7

In flamefcoéraiﬁi . it canm be stated that a cold, fresh

\
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9@
gaseous mixture with water droplets (no vapor present) is
flowiné from negative infinity (X = -=) into the stationary
flame surface (X = 0) where the fraction of the dropiets
evaporated depends on the heat transfer rate into the individual
droplet, the droplet size, its relative velocity and the
surrounding thermodynamic conditions such as pressure and
temperature. If Lhere is no total evaporation, the reduced
size droplets flow out of the reaction zone together with the
c&mbustion products and vapor formed to reach an equilibrium
temperature at positive infinity (X = +=}. )

In this research we were primarily concerned with the
physical and not chemical effects of the water ?roplets on
the flame inhibition mechanism and therefore the droplets
were assumed to be inert. Experimentally, this was achieved

*»
by saturating the water with st prior to spraying it into

the flaﬁmabifity tube. E\\\\ . i\
The water droplet experiences both, heat and mass transfer
in the reaction zone. It acts as a‘heat sink, absorbing
some of the heat released by the reaction via sensible heat
tranéfer from the flame front to its surface and then due to
the latent heat of vaporéggtion.” Less heat is then available
for heating the combustion products and since the process is
considered to be adiabatic, the final equilibrium temperature
S

is lowered.

With the boiling temperature reached, the vapor is flowing

, f
N

/
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outward from the evaporating droplets surface into the
surrounding gases by diffusion. The vapor molecules diffusing

into the flame front further dilute the reacting mixture and,

2

consequently, change its effective specific heat, Ep, by

|

increasing the inert species, contribution. As Ep is increasing,

the heat capacity of the overall mixture increases too and the
temperature is then decreased.

The spray, with many droplets contributing their share

'in the process, affects the magnitude of the burning velocity.

The objective here is to find a way in which a theoretical
estimate of the change in the burning velocity could be made
with a special reference to.-the case of st—air mixtures.

\

It is important to notice that the coupling between the
fiqid dynamical equations of motion of the gas and the
statistical spray rElations (Appendix III) is so complicated,
that the possibility of accurately incorporating all the
asbects involved appears remote and solutions can be found
for only a few simple caées.

The steady state conservation equations for a gaseous
mixture containing a dilute water spray along with other

v —

. . . R .
governing equations and necessary assumptions will now be

presented: -~—\ )

Conservation of mass: The flow is considered one- /

dimensional and all droplets are assumed to have the same

average velocity, v, which can pe expressed from the spray

\

e}

<

«




O

¥

statistics equations in Appendix III as,

_ ‘ /

- -
‘I.v £ dv
R (2-46)
7

by integrating the product of £ and v over all the velocity .
spaée and then dividing by, H, the number of droplets per
unit*volume per unit range of radius (Eqn. III-1). The
result is a statistical average for v. The overall continuity

>l

equation then becomes,

bgu tpg ¥ = @ = constant (2-47)

pg is the gas density and Pgr the spray density, which is in

fact the mass of condgnsed phase per unit spatial volume:

(-]
- 4 .3 -
p —-0[p231rr Hdr (2-48)

Py is the water or condensed phage density &nd hence Py % wr3

is the mass of a single droplet radius r.

Because of the low.Mach n er of burning velocities in

laminar flames as shown in seagtion 2.2 (Eqn. (2-6)), and
\
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since the initial relative velocity of the droplets and the
: [ 4
gas 1is zero and the velocity gradients are small, all droplets

will be assumed to travel at the same velocity as the gas

(v = u). Estimates of the droplet acceleration based on the

drag force acting on it indicate that in the present problem,
this approximation is valid [10, Chpt. 11, Sec. 7]. Egn.

(2—47) now becomes:

: pu = i (2-49)

where p = pg + pg is the total density of gas plus liquid.

It should be noted here that Py is smaller th

the usual

density of the gas because of the volume occupied by the

, droplets but according to the definition of a dil\te spray

(Appendix III), the fractional volume occypied by [the droplets-

is small and hence it is an excellent appgqximatiolr to consider

pg as the density of the gas mixture withog§t water droplets.
Finally, Egns. (2-2) and (2-5) for the)\ species mass

conservation and mass fluxes at X = 0+'épply he as well,

Conservation of momentum: The force per unit mass exerted
T

on a droplet by the surrounding gas is denoted by:

F = HE i , (2-50)

{

\ = .
Among the effects' that may contribute to F, are: (i).

4 . %
. skin friction and separation drag, (ii) gravity aﬁd other body
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forces, (iii) rotation of the droplet with respect to the gas;
and (iv) pressure gradients in the gas. It can be shown [33]
that the first of these effects is usually the largest in
sprays. For effect (i) we may express F in terms dé a drag

coefficient CD through the equation:

, F=32 91 |uv|(u-vcy (2-51)

© LQ'D
P

F is in fact the aerodynamic drag force per unit mass of a

spherical dropiét of radius r. The wvalue of CD depends

mainly on the Reynolds number

. Re f Py ju-v]| 2r/ug | (2-52)

where uq is the viscéﬁﬂty of the gas. In most sprays the

particles are so'small that the flow about them is laminar =«

and the classical Stokes or Oseen formulae 110, Chpt. 11] are
approximately valid. In terms of the force on individual
Qgrticles then, the average force per unit volume exerted on
the'spray by the gas can be found. 1In our case this force
is zero because it was assumed that ;he relative velocity
of the droplets is zero (u = V).

Another term which should be accéunted for due to the

spray is the one describing the momentum carried to the gas by

Al
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the v;por coming from the droplets. Again a zero relative
velocity implies zero momentum here.
As for the momentum of the gas flow, the assumption of
a constant pressure deflagration {s valid here too'and Eqgn.
(2-6) applies. /

Conservation of energy: Same as Egn. (2-7) except that

here, two more inert species take part in the process; liquid

water and water vapor, hence:

o™=~

n ' ¢

d : i . . ar | _ _
. ax E: thK + hImI + thV + h£m2 - ax =0 (2-53)

=1 . N \
v

* " is the energy equation where hv' thq\vapor's specific enthalpy

is related to hl, the liquid's specific enthalpy by the follow-

ing expression:

hv(T) = hz + hfg + va(?:?b) (2-54)

H .7

h. , C and T, are the latent heat of vaporization at

fg" “py
T = T, the vapor's specific heat and the boiling (saturation)

temperature of the liquid droplet respectively.

—

apply here too with YK now defining any gaseous species mass

;
The diffusion equation: Eqmns. -(2-10), (2-11) and (2-12)
fraction (including water vapor) in the overall mixture .
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(gas plus watér). This point is further elaborated on, in
Appendix Irr. ,

The droplet vaporization equation: The rate of change

of the size r of a droplet is defined as:

3

o dar B
R= & (2-55)

i

'

and with H defined in Egn. (III-1) as the number of droblets

per unit volume per unit range of radius we have:

*

d(p_u) 2
__ag__ = - | p, 47r°RH dr (2-56)

where the expression on the ;ight—hand side of the equation /
above is equal to the grams per unit volume per second of
vapor added to the gas due to the vaporization of water
droplets.
The disappearance of the liquid phase is the cause for
the appearance of the vapor phase as the reaction progresses,

hence:

(2-57)
LY

;

where Z, the gas mass fraction, was defined in Egn. (I-14) of

+»

v *RHY
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Appendix I. From Egns. (2-56) and (2-57) then:

(-]
g% = —f p14‘nr2RH dr/h (2-58)
0

which is b‘asic,ally the most general vaporization rate equation
and describes the change of the parameter Z through the reaction

zone. By further assuming the spray to be monodisperse,

meaning all the droplets are considered to have the same 4

average radius, r, (a statistical average for r could be found
the same way it was done for v in Egn. (2-46)), Egn. (2-58)

could be written in the form:

daz

...2 - ’
Jx = PpdTr Rn/m (2-59)

where n, the number of droplets per unit volume was defined

in Eqn. (III-2). The equations and assumptions discussed so

far in this section and Apf)_;hdix III determine completely the —

combustion with water sprays problem, provided, explicit
expressions for w and R are; obtained. The expression for w is
derived in Appendix II and given in Egn. (II-22).

It remaims to find an expression for R defined in Eqn.

(2-55).

A prerequiisite for a comprehensive treatment of spray
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problems is a thorough understanding of the evaporation (or
ignition and burﬁing in reacting sprays) mechanism of a single
droplet. By now, as stated in Appendix III, the steady state,
spherically symmetric evaporation or combustion of a droplet

a quiescent atmosphere is well understood. Spalding, D.B.
[60], Codsave, G.A.E. [61], Blackshear, P.L.Jr. [62]; who
adopted Spalding's approach, and many more investigated this
pﬁenoménon.

Spme impo?%ant assumptions upon which the analysis of
single droplet vaporization is based are as follows:

(a) The droplet surface and the differential volume in the
vapor 7or flame front for a burning droplet) form concentric
spheres.

(b) Convection effects may be ;eglected.

(c) Steady-state conditions are assumed for fixed droplet
sizes. One can -consider ;ﬁe droplet surface regression
to be(insta;t and the droplet to reach the radius used in the
steady-state solution. The problem is therefore defined as
quasi-steady.

(d) The effect of heat transfer by radiation is neglected.

(e) The temperature of the liquid droplét is assumed to
be uniform and equal to the boiling tarperature, T}, - According
to Penner [23, Chpt: XXII], although this aséumption is

questionable, it does not exert a large effect on the

theoretical results. Glassman, I. [12, Chpt. 6] claims that

Y




the surface temperature is’ orly a few degrees below the

boiling temperature. \ .

(£) The pressure is assumed to be uniform throughout
\Q . ' |

the system.

Based on the above assumptions and considering the heat
and mass transfer taking place without chemical reaction in
the droplet and its surroundings, the following expression i

derived for R [12, Chpt. 6]: \

- C -T.) t
R=--2lpn |1+ R 22 (2-60)
CoPy fg

where X and Ep are the constant average thermal gonductivity

and specific heat of the gas around the droplet surface which

'is the water vapor in .the present study. Te and Tz are the

free stream and tﬁe droplet surface temperatures. Tl = Tb ’
from assumption (e) above and Te = T,, the adiaba%ic flame
tempera;gre,‘(This is only an approximation since Te is changing
through the ;eaction zone). The expression for R in the case
of a burning droplet is similar to Egn. (2-60) with just one
more term in the logarithmic brackets due to the reactioh as
shown in Refs. [12, Chpt. 6; 23, Chpt. XXII].

-

In the present study Xv and Ep are calculated at the
v

film temperature Tw+Tb/2 to be 2,75 x 10"4 cal/sec cm °K and

.53 cal/g °K respectively.

|
i
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Since we have a constant pressure deflagration at .
1 atm. pfessure and based on assumption (f), the corfesponding
boiling temperature for the water droplet is Ty, = 371;}( (100°C)
and the latent heat of vaporization, hfg'= 539 caL/é at th?qt

/ ' L)
temperature. Thus, as soon as the droplet surface reaches

the boiling temperature, it starts to evaporate and remains
at this temperature throughout the reaction zone with the
saturated vapor pressure assumed to be at 1 atm. (assumptions
(e) and  (f) above). o

The water droplet density, CPY at‘ 373 °C is .972 g/-cm3
and with this last value Egn. (2-60) is completely defined in

terms of its parameters.

From the various equations for R, [33] it_ is seen that in
all known cases of droplet evaporation and ‘combustion, the *

¢ /
relation, / .
|
|

!

R = - y/r% : (2-61)

is valid, where the nonnegative function x‘ is independent of

¢ )
dropleNi{;ef/and the expon/ent k is always within the range
0 <k £1.

L -

In Eqn. (2-60) for R, where only evaporation is corisidered,

o

A Cp, (T~T,)
+ BV £ % (2-62) -

fg




RN

. r - ' e " o F
e v
A ’ = = - .
. r=r, . t to u i
e p *
B At ! ’ '
Botlh' sides of this equation are integrated to give 'the following
relation: - .y
- ” ~ i » N : 2 ) 2 ~ ‘
L o r® -, £ - x(t=ty)
B , w0 - .
" , 2 _ 2 .
o or ‘ ) o =ry —_x(t-to) . . (2-64) “
1y o ‘ ’”‘\,Q'
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U

Therefoye, from the definition of R

" and the exponent,’k = 1.
. ® . (

in Egn. (57553, the resulting equation is:.

. { ‘ . /r i
, B ~ . RN

‘g“ dr \/ e
Yy . . = e r (2 -6 3 )
. at o (%

- . . ot A b ' s
! \0 . . _(’. ' ] i

]

which is an ordinary 15t order differential equation. With
»- - - o b Ld .
the initial radius of a droplet Xy at time, t ='t0, known;

1 ? - N
its radius r, at a later time t, in the evaporation process - .

o

can be determined from Egn. (2—63)"above,

% }

.
r : . . .

2 . ' 5 !

This is the most common form of the evaporation rate

equation (or burning rate equation for the case Q§ réacting
\

- I

droplets) with x referred to as the "evaporation coefficient"

or "eva‘fration constant”. Egn. (2-64) has also been verified
L ) - @ s L}
x N k "

3 | ’ '
N . . ) ?
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¢ |

by many experiments to holh for both, evaporation and burning .

\

of single droplets [lz,ggh?t. 6; 23, chpt. XXII]. It is an

. |
\ empirical relation confirmed by theory as well. It is also

important to note that for\r = 0 'in Eqn. (2-64), At = t-t, is
£he time it takes fér the tbtal'evaporationﬂof the droplet
whose initial radius was ro‘

B " As it stands now, everYthing~is set for the formulation

- of the eigenvalue problem.

1

The unknown dependent variables

1

of the problem are r, p, u, 2, T and Y, while the initial values

EO' Pgr Zgr Tg and Y are controllable by the experimental

K,0
conditions. From the governing equations and tee governing

) physica} conditions as stated, it can' be shown that a system

{ of first-ordex differential'equations (enexgy, diffusion

-

o and evaporation rate) and algebraic equations (equation of
v

o

state, mass, momentum, etc.) will be sufficient to solve for

Ll N

those unknowns. y uﬂ”“ %

An additional .bowhdary condition here will be z + Z_ as
X (> « (2,= 1 for total evaporation). The other boundary

conditions remain the same as in Eqns. (2-31) for the ‘case

1 ]

without water spray. .
#i

The representation and combutation of "the eigenvalue

r ‘ ™~
. problem is quite complexed, making it impossible to get aQ
closed form solution. .Instead, a simplified ‘model which is

basically the modified q%hnsdn and Nachbar method,will be
presented here. The procedu#e.in section 2.2 had to be
[ - ] 9 i
, I

B

>

Fe

[
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extended in order to. incorporate the presence of water ‘//“’

droplets in the mixture. Accordingly, a numerical scheme

"

was developed, wery similar to the one outlined in section
2.3, fér the stoichiometric st-air mixture with water sprays
of various droplet sizéidistributions and densities,

To start with, it is required tdlcalculate Z0 and 2,
Fﬁa\}nitial and final mixture gas mass fractions respectivelyf
The knowledge c©f these two parameters is an indication of
the amount of water evaporated in the process.

Eqn. (I-16) of Appendix I tells us that, Y = Z~Zgw is

v fﬁ

\
the mass fraction of the vapor at any time in the reaction zone

and consequently, Yv = Z,-2, is the final vapor mass fraction
o©

.

at the hot bonndary.

qpe values of Z, and 2 depend directly on the initial
spray parameters: (i) the initial droplet size distributio
and kii)athe initigl spray density, pSO; which are controll§ﬁ
experimentally. .Droplet size distribution curves were
supplied ?y the manufactufer of the nozzles used and are
shown in Figs. 3-8. Since the spray was assumed ;o bermoﬁo— x
disperse, it is the median volume diameter, 30, which was ) ‘*T//
used as the awverage droplet diameter.: (For the experimental“mg
detéilsurefer to Chpt. IV). The spray was alsq assumed to . lj
be uniformly distributed thr;ughout the flammability tube ) \

can easily

with gravitational effects neglected. pSO and pgo

be calculated and\then the value of 2, can bg determined
' o | 5f ‘ ®
o »

-
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Z, = , +
( 0 Pgd/(pgo pso

The determination of Z_ is somewhat more‘complicated and

).

depends, of course, on the extent of the evaporation.

In the evaporation rate equation, Eqn. (2-64), r, is

0
known and x, the "evaporation coefficient”, is found from. Egn.
(2-62), but the fipal radius, rwf/of the droplet at equilibrium
and the period of time elapsé? from beginning to end of tke

exfporation process are unkﬁgyn. Here, the time pffarameter,

At=t_-t;, is the period through which a statiohary\droplet

\

wpuld be ih\sontact with the moving\flame front referred to
as the re;idénce time' of that droplet in the flame's reaction
zone. An estimate of At\is obtained by the relation, At

: At = 6/usp ‘ (2-65)

X
where, &, is the reaction zone thickness and u is the :

. sp

sSEEiaL or observed velocity which is the flame velocity as
measured in the experiments. The approach here @qgsimilar to
the one employed in Ref. [7].

An estimate of §, based on laminar flame theory [10,

Chpt. 5] is given by, (

y
§ = X/(E:‘ppouo) (2-66)

[

where it is assumed that in an adiabatic flame with no energy

[y
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\

lost downstream, all of the heat released must be conducted up-

stream, viz., Ep(Tm—To)ﬁG = X(T,~T4)/8, thus,

. L4

i | 5 = /X7(Tw) (2-67)

)

And since mass conservation implies that:

U, = wé Coa  (2-68)

Eliminating w between Egns. (2-67) and (2-68) leads to
the relation (2-66) for the estimate of § which is found to be

t
around 2 x 1072

cm for the stoichiometric st—air flame,

As to the use of usp'in the relation (2-65) , (the un?urned
gag velocity is considered to be practically zero), rather
than, ﬁo, tpe burning veloi?ty,.it if justified due to the
fact_i:hat,usp is the axial velocity Sf the flame alpng the
tube measured with resbect to a stationary observer which could
be assumed to ride on any stationary.droplet., In other words,
the flame front sweeps through the statlonary droplet at the

LN
and not at the burning velocity

~

sp
which is normal to the curved surface of the flame.

Once At is\determined, the f1na1 droplet radlus,rw, ggn
. ]
then be easily calculated from Egn. (2-64). With Q?P' measured

experimentall§ to be about 80 cm/sec in the stoichiometric ’

r

/ N -
.
~—_

,
I S K

\\/
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{

st—iir mixture, At, viz. Egn. (2-65) is equal to 2.5 x 10-4

sec. Knowing r_, the fraction of liquid evaporated (%) is now,
[ .
}

% F, (by mass or volume) = [1-(r,/rj)>] x 100 % (2-69)

, .
With the total mass of the water spray initially present

in the tube known and the liquid fraction evaporated,
Y R -

calculated from Egn. (2-69), the total mass of the vapor added

is then derived.

*

The expression for Z_.becomes:

i# ‘ o
) total vapdr mass .

+ ) L] X §
o 0 Voo 0 total mixture mass (gas plus liquid) ¢

(2-70)

Now Ehat Zohand 2, are known, it remains to derive the

/
governing differential equation and boundary conditions

3

applied ta. the simplified model developed presently. The

following procedure is basically the same as the one

- N A
represented in section 2.2 viz., Egns. (2-15) - (2-34),
but it considers in aégition the effect of water droplets
and water vapor in the combustible mixture. We begin by

defining the total static enthalpy per unit mass of the o%§r4

¢ (

n ) -
h.= Z hKYK + hIYI +'h_va + (1—2)112
K=l ! ¢ ¢

all mixture:

3 .

(2-71)
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where all the variables .have previously been defined. Again

i ’

h can be expressed as a function of Y and T as &as\the case
¥

in Egn. (2-16) but now it depends on a‘third variable, 3.

For Y= 0, h(Y,%,T) can be expressed as:

" . '
ay¥y '
h(o Z,T) = 2: h () + m—— h_(T) - Gg + Y _h (T) + (1-2)h -
Wtotal Wiotal T . vy X

| (2-72)

E & \

! : Using the relation betWeeﬁ hv and h2 in Eqn. (2~54) we can

{ N 3

: write: , ’ ‘\ ‘

| i

‘ ‘r &

: 1 -

] h(0,2,7) = gt E: agilghy () + aizh, (T) 6q
total —
K=1 \

(n
v/ ; ? + (1-3)h, + (2-24) [he s (T-T,) ]

! , o . T=Tb * gTsz pV
r \ IS ,

* J ’ . \ ( 2— 7 3 )

where the liquid dropletg are assumed to be at the boiling
temperature, Tb =0373 °K (assumptioq (e) in the analysis of a
single droplet). ' f =

At this point a major simplification is introduced in
tﬁgt h is made to be a function of T only, with 2 = 2_. Eqn.

]

(2-73) will now be %ggiien as:

N
R
C - Py - o
() . . . °
.
' ]

[ - [l Iy

o
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r C
1 ‘
B(0,2,,T) = g—— | ) aWh (1) +amwn (1| - G
wtotal —~ K'K'K I'TI 1 -
- @
+ (1-2.)h,- + (2 -2.) [h + C_ (T-T.)1]
0 2’T=Tb o “0 ng=Tb P, b
” (2-74)

4

This assumption simplifies enormously an otherwise complex
problem, since 2 is a variable changing in the reaction zone

from Z0 to Z_ the same way Y changes from 1 to 0. By relating
\ v

these two parameters to the hot‘boundary, where Y = 0 and
Z = Z,, the need to account for the variation of Z is eliminated.
Rl |

This is made further possible by defining the following

dimensionless wvariable T as:

F = . o ‘ —
Gg - (zwkzo)hng=T (1-ZO?C§E3Tb‘TET
b
¢ ) o Lo~
) [zocE>+ (24,=24) Cpy, ] (T-T,,) } Cpq (T-T,) (2-752)
(G“Fl)q Jq
’ ' ¥

) %

Where the definition of h(0,Z ,T) in Egn. (2-74) was used and

p T

where: ///// " .
ra - C + - C -
S, = 200, + (3,-2()C (2-75b)
- g * v - L ‘
{ ne = N
’ 14
\ . - Sy,
) )
\ ¢

Mia st ot e
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is the average gas phase specific heat per unit mass of the

overall mixture. The first term on the right-hand side denotes
o

all the reactant and inert species contribution while the

second term stands for the total vapor contribution to Ep .
g

it shoukd be noted that without the very important

assumption of Z = Z_ = constant, the vapor tefm in Egn. (2-75b)
. #
abqve should read, (Z—Zo)cpv = YVCPv ,°wherg, Y

in the reaction zone from 0 at the cold boundary (x~= 0) to,

v is increasing

-~

Zw-zo,at the hot boundary (X = =), Here it is considered

constant and equal to its hot boundary value, Y; (n:zm-zo,
', ©
all the way through. Next,
Cyg = (Zm_zo)hfg o + (l—ZO)sz(Tb-To) (2-75c)
i \T_b

" & )
Fn
is the heat lost per unit mass of the overall mixture, due
to the latent heat of vaporization (lst term on the right-
hané;zide) and due to the sensible heating of the water droplets

from’ the room temperature, TO' up to the boiling temperature,

nd

Tb (2 term on the right-hand side) and finigfy .

N

é
(—\ L J¢= G-C; . (2-754y
{

”

A s
by definition where 0 < C; < G. Jq, in the denpminator of

Eqn. (2-75a) could be considered to represent t%s apéarenk

[y
-
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or pseudo heat of reaction per unit mass of the mixture. It

‘has a lower value than the heat of reaction per unit mass

? ,
of the mixture without water droplets, Gg, (Eqn. (2-20)),

LN

because obviously J < G in Egqn. (2-75d).

\ In light of the discussion of Egqns. (2-75) above, again

-

like in Egn. (2-20), the definition of T in Eqn. (2-75a) is, ;

v T \ P

,NO more than a statement of overall conservation of enthalpy.
Furthermore, the value for the adiabatic flame temperature,

T, 5+ Without dissociation effects considered, is derived from.
f 4
—

the overall conservation of enthalpy relation, which keads: -

)

1]
v
( i

0!

—-— —‘ - - L— —f/ -
ZOCP(T T0)+(Z°° zO)va(Tm,a Tb) Gg=(1 ZO)Cp gTb T

L

ca'a

‘ = (z_-~2

oo

)h
0 f gT=Tb )

[

I
, - where the definition of T in Egn. (2-75a) was used. ¢

Tﬁé definit%?n‘of T is also used in %he‘transformation of

L]

-

Egn, (2-53), thﬁmenergy equation,intq the following

+«differential equation:

e 1

oo
;o ' :

A 4a T -
. ax i — 0
Pg

/ .
$\ d
AN ¥
. . .
L4

B M f}s;“

X > L(2=11) -

d~
i

-

(2~76) !

e
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/
T(X) becomes: B
=] N w
“a A_daT _ G- -
i - -mT + E—'—p ax = (E)m\ at X 0+ (2-78)
- g

‘

t

If now the differentiat equation for Y(X) and its boundary -
cgndifion in Egns. (2-13) and (2-14) are both multiplied_

throughout by the factor (G/J), it follows that,

a . day*\ _ _w _
Eﬁ(. (mY* - ODgﬁ—) = :J.- X>0 B (2 79)

< o

with the boundary condition for Y* (X):
¢

s - o0 2 = S at X = 0+ # (2-80)

where the new function Y*(X) is defined as:

e A
v (x) = 2.¥(%) | . ©(2-81)
) . \
Thus, the result, ) % i
. Y
! %' . .
) T(X) + Y¥(X) = 0, X>0 (2-82)

Y ;Z’é! '
follows: from Eqns. (2-77) - (2-81) byﬁissuming again le = ],

<

=2



W

k:

¢ ' - 61 -

implying an analggy between heat and mass diffusion, as was

the case for the combustible mixture without water spray

(Egn. .{2-23)). ~
? X ,
Using the transformation { = m %%% in Egns. (2-77) and-
]

(2-78), together with the result in Egqn. (2-82), the combustion
problem reducef to the following equation and boundary

T -
conditions for T(g):

3
\ - #//
L] «*

: Fr(g) - Tr(g = 2854 (2-83a)
Jm
‘ ‘ 1 (0) = § + T(0) " (2~83b)
¢
- T(w) = 0 (2-83c)

Eqns. (2-83) above are analogous to Egns. (2-26).

In Appendix II the right-hand side of Eqn. (2-83a) is
brought to a form suitable for the determination of the I
eigenvalue, upper and lowei»bound%. The procedure is the same

as without water spray except for few changes in the

expression of e.g. W, p, etc. shown in Appendix II. )
The final resdlt for A~ and A' is:
, . . e 2 \ «&-
) : o ¢ - -1 '
AT = 2f ..!_(lll.idu‘ N
¢/ P (a+u) '
i




o e = 4 ke e o e e Ao p—— s v e P

At = 2J[ 7%§%§: du (2-84b)
i
i

The "scale factor”, K,in the expression for the eigenvalue
A, Egn. (2L30) becomes now:

BN ~

B_+o-r _ re
o U/Te ) ey £E A foy-al -
R 2 Go (. )% | ReZo )
po pg w’a o
o - 2
L £ [y Vg 1 Vre
' - — -
K=1
. ﬁk!

where use was made of the explicit general expression  for R
N, B

in Eqn. (II-11l). In the numerical scﬁEme the rélation

[N

(2-85) above is further simplified ba on the asgumptions -
previously made in sgction (2-3) andézzgch resulted in the
expres;ion for K* in Eqn. (2-43). N

The integrat;on of Egns. (2-84) starts from ii' the
non-dimensional ignition temperaturea The\inteérations are

_done for T, = -.9; -.8; -.7 and -.6 as for the dry H,S-air
(mixtures. o “

In" the defipition of T in Egn. (2;75a)} which has in ‘

the numerator a term accounting for the vapor added, it was

assumed that the water, droplets start to evaporate in the—— ——

A - >
preheat zone (Fig. 2), even before reaching the ignition plane

P4

° ' £

£

b
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;Sr at the latest in‘thé fqnitlon fYame. ~Thus: evapEEffion
starts in the region X < 0 and therefore Tb < Ti <0 (Tb‘
corresponds here to T, = 373°K) is the range of physically
. acc?ptable values for ii in the integration of Eqns. (2-84).
The numerical integrqtion is perfo;med separately for

twoucodbqgnt ¢alues Of 2z, (i) 2* = Z_. according to the fore- l

going analysis and (ii) 2Z*.= (zo+zw)/2 which is th!fva@ue of

’ 5 .
2, midway between zo and Z_,. 1In using this value, ‘it is the
approach of William, F.A. [32, p. 238] which was Aadopted. .
@

With a parametric study done for both values of Z, their

relative effect on the burning velocity results is discussed )
" 1
¢ in Chapter V of this thesis. - ' -
s ‘ - ) ' - .
PO N - ‘ :gw
y; )
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o ., CHAPTER TII

s - ’ ‘
_MEASUREMENT OF BURNING .VELOCITY

e LN )
' 3
)d)

7

! ’ L] ‘ -
d o rd

- ~ .In laminarrflame“propagatioﬁ, the fundamental parametér
T LT ) -

is-the laminar burning velocity. It is the velocity normal

to the flame surface as it propaga%es throughnthe adjacent

layerSeof unburned gas.

The burnlng veloc1ty is determined bylthe thermochemical

and transport properties of thHe combustible mjxture and

is there?&re a fundamental constant of the particular gas

- b

mlxture at a given pressure and temperature, independent of

v . 3 —

. 1N
other experimental conditions. The aim of laminar flame .

P

theorles is to predict burning veloc1ty (Chpt II).

_The difficulty in measurlng burning velocxty is that 1n

4

the . velocmty of the gas stream. 'The flame front is either

N
curVed in propagating flames or conlcal i stationary ones.

NN ¥

\ There are several methods fof mé’surlng that velocity. »

2}
These'methods can be divided into two groups: (i) those

”“.nearly all practical cases the flame front is not n%?hal to \

~

,1nvqlv1ng stationary flames (burner methods) and (ﬂn) thbse .

1nvo1v1ng propagatlng flames. ,.

4

There are limltatlons to the methods of both groups.

For the various burrier methods, the flame is stabilized.on

. ‘the burner rim, which acts as a sink for heat and active

Y
s a

oA

N |

-

¢
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_ species. There is also a variatioh in tﬁg gas velocity across

the cross section of the burner tube, arising from the flow
development in theﬁtube and the interaction of this yith\the
pressure fleld generated by the flame. éor\those burner
methods, ’{he burnlng velodlty is equal to the component of

the fresh gas flow normal to the flame front.’ Typlcal methods
~of this group are the Gouy s flame-area method, cone angle
methods, the particle track met@gd,ietc. [12, Chpt. 4; 35,

Chpt. 1v; 36, 37, 50, 52, 55]. LA

“For propagatlng flame methods, which are of 1nterest 1n#
the present work, the gas mov@ments produced by the flame
itself and the shape of the flame surface must be taken into

‘account. ~Furth\ermore, non-uniﬁogm and unsteady flame

ok

propagation observed in some situations must be avoided. The

1
tube method (used here) #the spherlcal bomb method, the double

kernel method, eth)are just a few examples of propagating
flame methods [12, Chpt. 4; 35, Chpt. IV; 36-42, 49, 51, 53,

54]. Ref. [12, Chpt. 4; 35, Chpt. IV; 36, 37] iﬁtlude surveys

T
p . ;

and criticism of both groups of methods.
The cylindrical tube meth%d, mhigh,was first 1ntroduc%d o

by Coward and 'Hartwell [40], further geflned by Coward and

Payman [41] and:later By Gerstein et al. [42]y~-is the method

adopted for this investigation. ' .

)

' For an ideal plane flame front as shown in Fig. 1,‘the

burnlng velocity u, is the velocity of the flame front relative

[N N
- . e
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to the unburned gas immediatgqly ahe#d of it and is defined

by the relation:

= u: : ‘ (3L1)

u
N N k]

>

uSp is the spatial or absolute velocity. ﬂ o | <$he axial

flame velocity measured with respect to a fixed: observer,
i
3
. sp is the veloc?ty actually measured by using the tube
4
method. u the unbuﬁned gas velocity ahead of the Tlame
e

al

front, can alsovbe measured as an average value by e.g.
observing the displacement of § soap bubble through an opening
at the ftop end of the tube [42].

The velocity U, is éffected by the flame becaéée of
pressure waves propagating from the hot, expanded %Pmbustidp
products through fhe flame front into the initially quiescent
unburned gas which is now set in motion;, Thus, Eqn. (3-1)
a¥counts- for the fact that the flame is propagatlng within a-
moving s buff the effect of curved flamex?urface which is

-

the actual case 'is not incorporated.
&

Obviously, a curved surface is iarger than the cross

tﬁ

section of the cylindrical tube in which the: flame is
'propagating? This implies a higher rate of consumption of
3y
the combustible mixture or in other words a higher conversion
)

rate of reactant species to product7species due to a larger:

surface of the geaction zZOne,
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N

It follows from the def;Pition of bprning velocity that:,

A(p,V.)
0w _ _ _
—5 = PoPegl (3-2)

- . .

Where the relation above describes the mass of unburned gas
mixture consumed per unit time. Vi is the volume of the
remaining portion of the'upburned gas at any time and.Afl is

c ¢
the flame surface area. 1It.is assﬁmed in Eqgn. (3-2) that u,

Jhas an average constant value over the entire curved flame

S * ﬁ“

I
surface. 1If Po is also constant, then ‘ ' ¥
BV, ' o
’ 3E - " Red% (3-3)
\ LS
4 i i ®

is the expression for the volume burning rate.

Also from the definition of u
. , > vw
axial velocities in a direction normal t6 the tube cross

sp and/uu which are- both

section and Eqn. (3-1), it follows that‘ ﬁ{ N
) o l . * 1 * P\?\ ’
Ap,V.) _
0w _ _ - = - 2 _ 2
5 = pOA.t(usp u,) ,ponR‘(“sp u,) - (3=4)

. ; { ' o
Where R is the radius of the cylindrical tube with cross

sectional area A_ and where the right-hand side is again -

t
equivalent to the mass burnin?‘rate. Since Po is constant,
b

¢ .7 . -
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= - 7Rre - ) o (et
5¢ = - "R (usp u,) \% (3-5)

~

Equating&the right-hand side of Egns. '(3<3) and (3-5) and

substituting foy ué, we get
4’8
@

_ - 2
uy = (uS uu)nR /Afz

. ‘ ' P g (3-6)
W& ( _ P

. That, is the expression féom which u, can be{determiqed
once all the parémeters on the right-hand side are nmasu;ed

and determined experimentally. It follows from the expression

for u, that the higher the ratio A, /A, the higher will be

spatial propagqéion velocity, u of the flame since ub and

sp’

u, remaigiappioximately unchanged.‘

Anoth%@fpﬁrely mathematical
proof of Eqn. (3-6) based on Eqns. (3-2) hﬁd (3-3) is giﬁen

in Ref. [37].

Ll

When, the velocity of the unburned gas u, is negligible

or“zéro, Egn. (3-6) becomes

~r

2
- Yy = Ugp %E_ o (3-7y
£ ey,
- ’
Coward ghd Hartwell [40] were the firstuto prove the
. . 't
el?tion‘in‘(3-7).experimentally, and acknowledged the
fundamental importahce of the burning velocity parameter.
K X
¥
\ 4
T

N
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By running flames Eﬁ%pugh thf e different diameter tubes and

measuring thgir spatial, axi speeds and the area of the

flame surface, Coward and Hartwell [40] confirmed for a 10%
methane-air mixtuge the constancy of the ratio, u, = volume !
burned'per sec/area of the flame surface. This ratio is

cleérly equivalent to the expression in Egqn. (3-7). They -

. concluded, therefore, that the ratio u, is the linear speed

of flame, in a direction normal to its surface, through a

1

gaseous mixture at rest and at* constant temperature and pressure

just ahead of the flame. ‘They suggested that u, be described
v . '

as the "fundamental speed of flame", defined here as the
burning velocity. 73 s
//‘5‘/; - ﬁ&:‘

. € coward and Payman- [41] whose modification wassigybr adopted

by Gerstein et al. [42] considered, also the velocity of the
4

&
unburned gas ahead of the flame, u  and therefore came up

with the ref%tion in Egn. (3-6). ’ .

»>

: [
In our experiments, L could be assumed close to zero

because the closed top of the tube represgnté*a zero velocity
boundary with no efflux of unburned gas as would be the case
with an orifice at the top. Besides, as %ill shortly be J
° @

explained,cfgéorifice at the bottoglend was used to minimize-

the effects due to the back flow of expanded gases by reducing

T &
the préssure waves, and thus keeping the pressure almost,.

2
constant thrdughout the g&ammability tube or both sides of

the flame front. With very small pressure gradients due also

< @
)g
«
&f .
. ) *

#

’,

PP
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~
and a\&Lpsed boundary

to ggﬂativelf low burning velociﬁiegf

at theztop, the bulk of the unburned gas trapped between the
lflame front and the top end iivpractically undisturbed except i

for the layers adjacent to the flame front and the assumption«J
0 h¥lds. |

Althbugh there are some drawbacks to the cylindrical

of u_ =
u

tube method, it was adopted for the followiné reasdns:

(a) Tﬁe requirement for a dilute spray which is important
in this study and was ?ne of the major assumptions in‘tgf
theoretical an3lysis of the combustible migture with water
spray (section 2.4), can be easily?achieved in the relatively

T long and large diameter tubes used for this,type of experiment

t as compared to the opeﬁ,tube or posous flameholders. 1In

R o

6 porous burnets, the spray distribution which we are interested

¢ \ k4 1
in as an experimental®and study variable,is?des$royed at the
scriﬁn or grid on the bufner mouth. As for the open tube
.burners, usually they are limited in size especially at the

inlet tubes, and this makes it almost impossible to flow Py

A <! *
gaseous mixture together with a water spray without a'highk

‘degree of collision and coalescence of the droplets inside.

Besides, in most of the burner methods, the fixed flame

5 .. surface or cone angle are very important in determining the
‘ I ) N .

burning velocity and unevaporated droglets which still had

enough inﬁﬁfia to flow thrbugh the flame surface could have an

+ s

£y
adverse effect on tle measurements.
P L
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(b) The c%iindrical tube method is easy to apply and

B R e,

quick to operate. The equipment necessary is also simpler A

and cheaper especially when a simple Plexiglas or glass tube

L
.

is ysed. o " /fxl ‘ [
{c) ﬂOne can ideritify instantly on the s%me\pictur,e‘, non-
uniform movement of the flame, where it occurs in the¥ tube,
the flame spatial velocity,w and its shape or surfgce' area,
(d) The bhotographic set-up for the direcot photography
of the luminous zone in the flame front. is cheaper 'and simpler

than other common methods of flame photography such as shadow-

AN
graph, Schlieren, streak or interferometry methods. N

(e) One gets repr::ducible and comparable .results. ‘ "

THe difficulties in applying the ’cylindrical tube method
are: . v ?‘

(a) The.curvature of the flame front due to effects such
as coqling allt tﬁel tube walls, ‘viscosity of the bur{:xed gases,
etc, [43, Chpt."“E] makes ite a little difficult to determine
accurately th/e’ flame surface area as can be seen in Figs. 9-11.
Henderson and Hil;l [53] have shown that the value of the
flame area depends on the methdd used to evaluate it, and that
some calculations may overegftimate the value of it by 20%.

i

The flame shape might also change due to noh-uniform movement.

& When -comparing the pictures for methane-air flames in
Fig. 9, to those fgn\uzs-éir flames in Figs. 10 and 11, -there

is an obviows difference in that the surface area of the

-,
Y ~
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methane-air flames is larger than that of the H,S-air flames.‘
Measurements of two out  of the three principay“axes for

both types of flame surface, in the plane of the piétures

taken, have shown th methane-air flame surface to be agmnxﬁmﬁzly

that of half a prolate spheroid and the H_s~air flame surface,

2
a hemisphere. 1In both cases the flame surface is tangent’
most of the gime, particularly, in uniform movement of‘the‘
xS flame to the inner wall o§ thé tube. \This q?s‘congirméd by . 7
g;t;aking pictures at different positions argund the tubé. In
each of the two mixEu;es, based on the pictures in Figs. 9-11
and many more, Ehe fiame surface area was assumed constant }
, over the’entire’ flammable composition’ range. ‘ ) //
Keéping the flammability tube in jhe vertical positi#g
+ was useful in avoiding the buoyépcy effects which aée \
significant in flames propagaging in horizonﬁai tubes and :§
distorting the flame’ front. Friedman and Burke [45]. had shown
é:jt, for any givén'mix£ufe, the Elame area bears a nearly
constant ratio to the tubeﬂcross %eqtion, thus c¢onfirming our
assumption. Gersteln et al. [42] went even further by
assuming that in using the same experimental tube the flame

[ t £

front suqface area remained constant for all of the hydro=-
]

carbons studied in their research (37 of them) which is doubt- .
' ful, as was also shown in Ref. [45]. ) L :
uNJ,// ! As for the shape of the flame;, various concepts exist!

CoWward and Haré&ell [401], for 1nstance, calculated the area‘.'

m
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of the flame éront by matching it to a portion of ellipsoid
symmetfic about the vertical plane through the axis of *the
tube. Gerstein et al. [42] assumed the same shape fg& the
flame frdht as Coward and Hartwell's [40] bpﬁ'subgracteg from
this surface the area of halffa prolate spheroid. Guénoché
and Jony [%§;45] doubt both and other methods which they

cr;tically\ sess in [45]. According to them the flame front°®

? ¥

has thé appéarance of a "spoon" [44] tangent to the %pner wall
® Y !

of the tubg, which takes up some position in the tdbe and
travels the length of the tube mainéain%pg a cos%ant area.
Guénoche and Jouy [45] end up the;f discuss;on of the various
methods for the calculation of the flape front area by
concluding that éhg,eomplex shape of the flame together with?
its luminasity and the éptical limitations of the direct
photography Tethod are the main source of efrorvin estimating

o
the burning velocity. - ’

N (b) The flame movement could be'a$ times vibratory and/

unsteady. When this o?curs, thgvflame“front undergoes chahges
whichtare undgsiréble iﬁ the context' of determining burning
velocities. . . - '?Bm \ e e
The tuhe with it8 two columns o% unbprnea and burned gas
fo;ms a resdna&or that can vibrate in various mode;'above

the fundamental fgsguency depending.on the boundary conditions

}

of the tube, its cross section and the mixture used.: The flame |

~

auh
front between the two columns acts like a piston fro? which

’
?

/

o e ke e
. .

ek



'compression waves are emanating towaras the unburned gas,
while rarefaction waves are propagated backwards into the
expanding burned gases. The inﬁeraction between those waves
and the gas column results in acbustic vibrations:. By

_.introducing the proper boundary conditions in the tube, the
4

vibrations can be almost completely suppressed down to the

fundamental frequency and a very small amplitude. The result

-

will be g/uniform flame propagation.

. f
y Guénoche 3nd Laffitte [47) achieved this by partially

]

closing the bottom open end of the tub& using an orifice.
Gu&noche, Manson*and Monnot [48] showed a theorefical way to

« calculate the tube I.D./orifice diameter ratio on the basis
of the action of the orifice on the reflection of waves reaching
/ tpe ignition end of the tube. Clearly, the orifice alldks

the hot, expanding burned gases to flonautwqrds and based
]
on acoustifc impedance matching at that end for the gas column,

4 <
the reflexion of waves:.can be vgry much attenuated and the

pressure kept nearly constant on both sides of the fl§me front

N

*all along the tube. Gu&noche g%:gl, [48] established that

™y

a uniform movement of'the flame is possible when:
Y . -
- P
& ' - “\
“ i "3 < Tube I.D./orifice diameter < 4

a
»

for P(} “/

10 mm < tube I.D. < 26 mm.




*

- In tﬁe present work it was fqpcd experimehtally that for a
tube I.D. ranging from 2" (50.8 mm) to 3" (76.2 mm) a 1" (25.4 mm)
diameter orifice at the bottom ignition end gave good results
for botﬁ types of mixtures investigated, methane-air and H,S-
air (see Chapter 1V).

(c) The stroboscopic photography method used here could
be defective if the burned gag is bright enoughfio impress
the photographic fﬁlm.” Here the problem arose particularly
with fuel rich st-air mixtures and was solved b& reducing ¢
the exposure rate with decrea51ng the number of opened sllts
in the rotatlng disc (Fig. 14) thus gettlng less snap-shot$
of thedflame front but a beﬁter and clearer separation.

Summing up it should be noted that with all the dlfferent
meg&ﬁds for the determination of‘burplng velocitigs developed
so far, there is no agreement on a st ndardized one [37].

£

Laffltua[66] and Combourieu [67] have drscussed exper1menta1
details and theoretical relaggonships for rhe buroer, soao<
“bubble, explosion QeS%el and” tube methoos. They conclude
by favoring the vertical tube methofl and present a compilation
of experlmeatal values of burglng veloclty for various gases.
In a later review [68], they conclude that the tube method
is best for burnlng velocities up to 80 cm/sec and that the
- constant voiume bomo me?hoo is beﬁé for the’higher burning

\velocitles. “ By using a1:1'xe vertical tube method we measured

values ?f’burnlng jﬁ}ocitxes comparagﬁe to those of other
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investigator":s. The results are discuase::l in detail in
Chapter Y,zf this thesis.
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4.1 THE EXPERIMENTAL APPARATUS

< - .
" The units used in this chapter and the following ones will be

7 3
1
~J
~3
1
R
/ %
Q
X
v

CHAPTER IV

/ v
' ' ~ EXPERIMENTAL . DETAILS .

T

1

AN

Y
A schematic diagram of the ‘expeFiméntal aj al apparatus  is

&, - . :
shown in Fig. 12. There are three main parts: »
ae

(a) The flame appaxgatus and its affiliated gas supply and

R o
Vo ?z
R

" )

exhaust systems;

(b) The water .supply system;

° v

(ciu The photographic set-up. -
~ Figure 12 illustrates\gz apparatus used for the st-‘a:‘i.r'.. <
expiriments. To insure the reliability of the cylindrical .. " ,
C \
tube method a test series of experiments with methane—aiﬁr

mixtures was. performed 1n a 51m11ar but snmpler apparatus

Our set-up in tei*ms of : "o
the flame apparatus and. water supply system/l/s similar to the ,.
[71.

of our study were the droplet size dlstrlbutlon and the spray -

prior to the st—alr experiments.

i

one used by Sapko et al ' The key experimental’ variables >
dens:.ty (water mass -concentration) at vaﬁous gaseous mlxture .

compos:.t:.ons. o X a5

/
A detailed description of each of the three main parts ™ °

o~ PRI

of the system now follows*: : . R T

PV N
. =

1
b

from both the SI and the British system of units, where reference
to manufactured items employed in the exgeriments is made based
on the manusfacturer's specifications. . for

the numerical . analysis it. is strictly the

%arwx se, e.

which will be uéed \

\

o,
Ll

Pre

-

SI system O
ke (‘1

units
o
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(a) 'The flame apparatus: Since hydrogen-sulfide is a

highly toxic gas, it was important to have a seal-tight,
leakage proof apparatus-and an efficient‘ventilation system.

The HZS—air experiments were initially conducté&d in a
Plexiglas tube, 7268 cm 0.D., 6.7 cm I.D. and 135 cm long.
Unfortunately, the st-air flames caused sulfur to deposit
on the tube walls especially in fuel rich mixtures, thus
making thé éube walls opaque to the point at which the flame
could not be observed by photographic means unless

The cleaning was made easier by

inserting a glass tube 6.32 chO.D., 5.82 cm I.D. and 122.5 cm

was thoroughly cleaned.

i

long into the Plexiglas tube. The‘glass tube could be easily
removed .whenever necessary.

As shown in Fig. 12, there was a dove tail type sliding
plate mechanism between the~flammability tube at the@top and
the floy inlet section at the bottom designed to switc@ from
the flowing in of the mixture position to the ignition position
and vice-versa, by shifting siéeways the flow inlet section -
The flow inlet

. ¥
dection was'a 19 cm long Plexiglas tube with the same O0.D. and

relative to the static flammability tube.

I.D. as the flammability tube.

The sliding mechanism is shown in detail at the two
poéitioﬁs in Fig. 15. Delrin end shoes were glued to the
bottom of the flqﬁmability tube and top of the flow iglet

N .
tube using a special resin. The end shoes were clamped to

° &

L

N
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r

the upper and lower plates of the sliding mechanism by
aluminﬁm top ana bottom clamp flanges with "O" rings between
them to avoid any possibility of leakage. The top static
plate which was connected to the flammégility tube was an’
aluminum piece with a hole of diameter equal to the tube's

I.D. in the center and two stopper pins, one on each side,

Y

for fixing the bottom sliding plate in the required position.

The bottom sliding plate which was made out of Teflon (Teflon

is a self-lubricating material and was chosen for this
reason) was connected to the flow inlet tube. It served as
the moving part and had two holes corresponding to the two
positions of the plate: filling and ignition. The larger
hole with diameter equal to the tube's I.D. was to connect
the flammability and the inlet tubes into one uniform tube,
160 cm long as shown in Fig. 13. 1In this positiog the two
gasé; were flowed in from the bottom in the desired proportions
anﬁ mixed in the tube over a certain period qf time, ensuring
this way good mixing. The smaller hole, 2.5; cm in diameter,
prov%ded the orifice necessary to ensure uﬂiform propagation . .
of the flame as described in Chapter III. It -was brought to
the bottoﬁ center of the flammability tube just prior to the
ignitipn by sliding the bottom plate to the second position and
thus disconnecting andLblocking the inlet tube as shown in
Fig. 13.

The orifice size required was initially determined

[l
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experimentally for methane-air flames in a flammability
tube of 7.62 cm (3") I.D.. A 2.54 cm (1") diameter orifice
gave the best results. Although the tube's I.D. was a bit
smaller«for the st-air flames, the same size orifice was
used and the resulting movement of the flame was mostly uniform.
The desired mixture composition was flowed into the
flammability tube from a gas metering system comprising of
two manometers, one for the fuel and one for the oxidizer as
illustrated in Fig. 12. The two manométers had to be
calibrated for any of the gases flowed through (methane,
hydrogen-sulfide and air) and then curves of volumetric flow
rate (cc/sec) vs manometer re_ad;ngs could be plotted for each
of the gases used. The calibration was.done at a flow pressure
in the second stage of the pressure regulator of 10 psig using
the soap bubble method. Depending on the required composition,
the fuel gas and air were flowed into the flame appar,atus at
10 psig delivery pressure via a 1/4" T corinection at pre-set
volumetric flow rates which were determined from the
calibration c‘urves. E.g. for 12% H,S in air mixture. 19.1 cc
H,8 and 140 cc ‘air per second were flowed into the tube
corresponding to manometer readings of 13.2 and 73 respectively.
Those readings represent the difference in-.the liquid levels
inside the manometer U shape tube. Both, the fuel and airi'
were coming via one 1/4" tube into the flame apparatus where
they got further mixed by purging the tube's volume a few

© ]
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times over (10 times on the average) and due to the turbulent
action of the flow just outside the 1/4" inlet tube. Homogeneous
mixing was ensured this way for any desired mixture composition.
The top of the flammabglity tube’ was closed with a
tapered rubber cap which also served as a pressure release
valve, in that the cap was designed to pop out before any
accidental build-up of pressure in the tube could aamage the
tube itself. The top cap had a 1/4" center hole from which
a 1/4" ﬁlexible tube led to the inleﬁ of a bunsen burner
also shown in Fig. 12. The burner was positioned near one
of the ventilation ouflets. The mixing Eook place at
constant atmospheric pressure and hence the excess gif, while
preparing the mixture, was fed from the 1/4" center hole in the
top cap straight into the burner. {p this way the HZS—air
mixture was burned to its combustion products and the free
H,8 eliminated.
The ignition source was located at the bottom of the
flammability tube (Fig. 12) about 1 cm above the Delrin
end shoe and consisted of a 0.5 cm spark gap, the spark being
produced by the discharge from a 30 KV triggering module
transformer between a pair of brass—-copper electrodes. #
The flame apparatué was enclosed in a transpar;nf |
Plexiglas fume hood designed so as to ensure that any unburned
or burned gas flowed to the ventilation outlet right above

the hood.
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All the tubing used for the H,S gas was 1/4" stainless
steel. Copper and Tygon (P.V.C.) tubing reacts with H,S

leading to degradation of the tubing.

{b) The water:supply system: For the methane-air

experiments, water a¥ room temperature was pressurized with

nitrogen gas (NZ) iq}a 4000 cc steel reservoir and was fed

through 1/4" stainless steel tubing to the spraying nozzle

loc&égd at the top of the flammability tube. For the st—air
experiments, the water was saturated in a'4000 cc flask with
st prior to f£illing the pressurerreservoi; in order to avoid
interaction between the HyS and water before the mixture was
ignited. H,8 is known to dissolve easily in water and with
the water saturated by H,S5, the droplets were rendered inert,
(for more details, see section 4.2.(b)).

A schematic of the stfair water supply system s shown
as part of the whole assembly in Fig. 12. Mounted on the 1line
from the reservoir to the nozzle were a strainer, a pressure
gauge calibrated with dead weights, a solenoid valve and a
timer which could provide a delay up to 15 sec. The timer
controlled the period in which the solenoid valve was open'
for water flow. The spray was turned ;n by a manual switch
a&tivating the solenoid valve. Up to 15 sec of spraying
the solenoid was de~activated by the timer limit switch. For
more than 15 sec of spray flow, the solenoid was de-activated

a
with the same manual switch used to activate it and the time

T e e e s e el s b Ve e oot ot
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was measured independently. Being able to cont}ol the spraying
time allowed us to get different spray densities or water mass
concentratidns and learn their influence as a Qariable of
study on the propagating flame.

For the st—air experjments, the water was fed through
Spraying Systems Co. stainless steel hydraulic atomizing
nozzles of the 1/4 LN series. These nozzles produce hollow
cone spray patterns with the finest possible atomization using
hydraulic pressure alone (no air). Flow capacities and spray
angles for any given type of nozzle in the series and a given
pressure are §ummarized in Table 2 from the manufacturer's
specifications. Also shown in Figs. 3-6 are the manufacturer's
curves of particle size (microns = um) vs accumulated volume

percentage for the whole range of 1/4 LN nozzle series at

various pressures up to 500 psi. Curves of the particle median

volume diameter (um) vs pressure (psi) appear in Figs. 7 and 8.
These curves are all based on Log-Normal size distribution
of the water droplets in the spray.

Tge maximum pressure limit specified by the manufacturer
for those nozzles is 1000 psi and the higher the pressure,
the smaller are the spray particles produced as can be seen
from the size, distribution curves. It is osserved in Fig. 7
that for finer nozzles (finer than 1/4 LN 4), increasing the
pressure above 300 psi up to 1000 psi, does not reduce almost

at all the particle size median wvolume diameter. ' In the

o BB 0

. A K B 8 e S At

%

a
S s im0

.r;

/ ,

i




¢
L

. —. R

present éet-up, 350 psi was the maximum allowable pressure in

the water steel reservoir used. Located at thekreservoir's

outlet was a safety valve designed to protect thé“sysﬁem

from excess pressure. i ) ’
At the bottom of the flame apparatus (&he bottom of the

flow inlet tube) was located a 1/4" draining valve to get

the accumulated water out of)the system.

. (c) The photographic set-up: As shown in Fig. 14, a

?

30 cm diameter aluminhm disc with two réctangular slits

(10 x 2.85 cmz), 180 ° out of phase and covered with black

cardboard on both faces to Avoid reflection was mounted on
l

the shaft of a 27 v D.C. m&

tor. The motor was powered by a
D.C. - fixed, converted to variable - Hammond power supply,
especiallf built for this purpose.

The disc rotated in front of a Polaroid Land camera
mounted on a tripod with a TACUMAR lense (f 1:1.8, 85 mm
foé%l length) which was fitted into the camera box.

The film used was Polaroid type 47 rated at 3000 ASA.

The flames were run in front of an open shutter in
a dark room, The shutter'ﬁas opened or closed by means of
a black plate which could be slidyto the required position.
Every time a slit swept in front of the 1ense,A§n exposure was
recorded on the film. This way successive exposures of the

luminous flame front could be recorded on one picture. For

slower or too bright flames, one slit was covered and only

.
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one used. With the rpm of the D.C. motor kept virtually
constant,%the use of one slit only: rather than two, resulted
in fewer flame fronts recorded on the film and hence a better
and clearer separation of successive exposures. This way,
also a higher accuracy in the measurements was ensured.

As to how the flame speed was deduced from the pictures

please refer to section 4.2.

4.2 EXPERIMENTAL PROCEDURES

(a) Methane-Air

The methane-air experiments were designed to give some
insight into the various problems which could arise before
proceeding with the st-air experiments

Extensive research has been done/on the combustion
properties of the methane gas. The burning velocities of
methane-air flames have been measured by many investigators
in a variety ofimethods [37; Chpt. V'in this thesis], thus,
by comparing our results with other sources, we were able to
confirm the reliability of the cylindrical tube method used
in this work. A detailed discussion of the results is given
later in Chapter V.

The apparatus used for the methane~air experiments was

essentially the same as the one used for the st—air experiments

and described in section 4.1 but simpler. It had no sliding

i
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mechanism, no water gaturation system and the unburneé}exhaust
gases could be safely flowed outside to the free atmosphere
and not through a burner. It was basically a flammability
tube which had a diaphragm with the 2.54 cm (1") diameter
orifice clamped to’the bottom and which could be removed
whenever filling the tube with the mixture. The orifice size
was, as mentioned before, determined experimentally by
observing flames in different methane-air mixture compositions
for various orifice sizes until a uniform flame propagation

in all compositions was observed for the 2.54 cm diameter
orifice.

Experiments in methane-air mixtures for which, the
flammable ‘range is 5% -~ 15% methane in air [29], were done over
the range of 6% - 13% methane in air, the stoichiometric
composition being at 9.5%. Few experiments (three to four)
were performed at each composition beginning at 6% methane in
air and going up by 1% increments thereafter. In addition
experiments at the stoichiometric composition Qére performed.
Photographs were taken of each flame using the photographic
set-up described in section 4.1 and illustrated in Fig. 14.

The rotational speed of the disc (rpm) was calibrated
against the voltage output of the D.C. power supply to the
motor using a strobe light. We found that for a rotational

speed of 275 xrpm, the number of flame front exposures appearing

on each picture was sufficient for the purpose of measurements
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and analysis at all the methane-air and st—air compositions.
The framing raéégwas fixed at that value for all the
experiments with maximum 3%(pp and down swings in the rpm.

In each of the experiments, the tube volume was purged
approximately ten times with the appropriéte gas mixture,
the 1/4" inlet tube removed and replaced by the diaphragm -
witp the 2.54 cm diameter orifice. The mixture was then
ignited ané the upward propagation of the flame rec#rded on
the film.

On each of the pictures 8btained, such as those shown in
Fig. 9, it was the spatial-velocity, usp' or the observed
axial flame velocity as it is defined, which was measured. On
#he Plexiglas tube were glued two black markers and with the
distance betwgen them peasured on the tube and on the picture,
the magnification ratio, M.R., could be determined. The
separation distance between two successive flame fronts, s,
was measured using a Vernier calip#r while viewed through
a magnifyiﬂg(glass. For uniform flames, one value of s was

sufficient but in the case of non-uniform flames, s was

‘\

measured in the sections of’maximum uniform movement between
three or four consecutive flame fronts and then averaged.

The spatial velocity was obtained using the following relation:

- S x M.\R. x rpm x n
8p 60

. u cm/sec | (4-1)
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where rpm stands for the rotations per minute of the rotating
disc and n is the number of open slits used (1 or 2 in the
present study). Egn. (4-1) is just an expression of the
separation distance divided by the time elapsed, ¢t, bétween
two successive exposureé in seconds where

60

, t = I:p—m sec (4"2)

The spatial velocity, usp, was determined this way for all
the experiments performed in this study.

In the next experimental phase, water sprays were added
tJ the gas mixture. Water from the nitrogen-pressurized
reservoir was dispersed into the top of the flame tube through
Spraying Systems Co. UNIJET nozzles with full cone spray
tips (the hollow cone tfpe nozzles were used in the st—air
experiments). Both, the nozzle size and pressure were varied
to obtain different droplet size éistrgbutions.

The effective spray volume left in the tube from which
in turn the spray density could be calculated, was determined
by the difference between the mass of water input to the tube
and the mass of water collected at the tube drain as was done
in [7). This was accomplished via a calibration procedure -~
for the various nozzles used in the methane-air and st—air

experiments. After wetting the tube's wall, the specific

nozzle to be calibrated was turned on for a predetermined
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period of time at a preset pressufe. Once the spray was

turned off, after waiting a few seconds for the bulk of the

drain to come out mainly from the tube's wall, its volume d

was measured. The difference between the spray input volume

known from the manufacturer's nozzle specifications given in

Table 2 and the volume of water accumulated in -the drain was

then calculated to give the amount of water left inside the

tube. Those measurements for various nozzles, pressures and

time durations were reproducible to within 5% on the average.
.With the nozzles calibrated, the experiments with U

methane-air mixtures over the range of 6% - 13% methane in

air were repeated but this time with water sprays. Mixing of

the fuel (methane or HZS)—air—water constituents was affected

by the turbulent spray action coming out from the atomizing

nozzle. ” /
An example of a series of experiments performed with

methane~air-water spray mixtures and discussed in Chapter V . -

is the series in which a UNIJET TG 0.4 full cone spray tip

nozzle was used. It had an orifice diameter of .022" through

wpich the water was sprayed at a pressure of 100 psi and

corresponding flow capacity of .13 gallons/min (8.2 cc/sec).

The spray was on for the last 10 sec of flowing in the mixture,

just prior to the ignition. The experiments°were repeated

as before, a few times for each methane-air compos;tioh.

Essentially, the same procedure was applied to all the
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experiments with water sprays for both, methane-air and HZS—
~air ;ixtures and for various spray pafameters.

It should be noted that the full cone nozzles did not
*rpduce as fine a spray as the hollow cone nozzles which were

used in the st-air mixtures. The particle size median

volume diameter for the TG 0.4 nozzle at 100 psi was 300 microns

¢
[y

(um) compared to e.g. 52.5 microns ¥for the 1/4 LN .6 hollow
cone nozzle at the same pressure of 100 psi.

Most of the spray was lost to the tube's wall., The
spray hit the wall at a shortxaistance from the nozzie depending
on-the-spray—eone angle, thus most of the drained water cam§:=f=£ﬁ:;*:
from the flow along the tube's internal surface. Examples
of spray angles for ;ivén nozzle sizg in the 1/4 LN series

., /

and pressure are shown in Table 2.

v
»

The apparatus for the st—air experiments described in

.section 4.1 and shown in Fig. 12, was more complicated than
the one used for the methane-iir experiments due to the:
nqcessit& of isplating the toxic H,S.

/ First, a series of dry flame experiments was performed:
for different coqpositions beginning at 7% H,S in air, going
up by‘l% increments up to 16% (Stoichiometric composition
for H,S-air flames is 12%) and then at 20% H,S in air. The

4

flammability limits of st-air mixtures range between 4% and
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44% H.S in air [29].-
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The same experimeﬁts were repeated with watér sprays. -
Three calibrated nozzles, the 1/4 LN .6 [(the finest'in the
1/4 LN series with .016" nominal orifice diameter), 1/4 LN 3
and 1/4 LN 8 were used in thes% éxperin{gnxts*at various
pressures (up Eo 300 psi) and flow time durations (upﬂto 60
sec), for a given mixture composition. Also here, each
éxperimént was‘repeated 3t least three times- for each
composition. 1 o

There were two more series of experiments carried out.
One series yassdeéigned to determins, the relationshfg between
the spray dénsity (water mass concentration) and the maximpm
burping velocity for a constant droplet size distribution,
throughﬁht. For these experiments, the 1/4 LN .6 nozzle
was uéed at 160 psi with spraying times from 10 sec up to
60 sec. The other series of exé%riments was designed to
investigate the droplet size distribution vs the maximgmv‘
burning velocity rélatiéﬁship[ with tPé Spray density being
éonstaq;. |’

Since H,S dissolves easily in water, the water had to
bexpre-saturatedawith H,8 in order to prevent stJfrom beiﬁg
absorbed in tﬁe watefq thus leading to a shift in mixture’
é;mposition to thé lean side. Such a shift before igniting
the mixture would have ipplied that besgdei the influence of

water on the flame, there would also be the influence due to

~
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the change in the percentage of the HZS gas present in the
mixturéo’ l . X ‘t’
The saturation process took place in a 4000 cc ball type

glass flask shown in Fig. 12 with the H,S gas bubbling through

S
the water from the bottom of the. flask v;a a special grid to

ensure efficient saturation. The gas bubbled thréugh the
wager to the top of the flask and olt to the bunsen burner.
A change oflcolor iﬁ;the bunsen burn r flame fromhﬁlue to
violet, for a whi}e, served as an indication that the‘water
becamefsaéurated. Once saturated, the water was flowed down
to the s?eel water reservoir from which it was pressurized
out and into the spraying nozzle.

. For each run the mixture was metered through the flow
i&&et tube which together with the bottom (Teflon) sliding
plate were then in the filling position (Fig. 13). Towards
the end of the filling process, the spray was turned on, then,
after a predetermined period of time, the gas and spray flow
were both stopped.and the excess water drained out. The
bottom sliding plate was then moved to the ignition position
(Fig. 13) with the flow inlet tube now blocked so as to avoid
flash back. With the orifice in positioq, the mixture was
now ignited and the resulting flame photographed.

It sﬁgrld be noted that with increasing the H,S or

methane concentration, the brightness of the flame increased

too. The higher flame luminosity required the reduction of

e
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the photographic lense aperture, otherwise, the pictures
became smeared by the luminous tail of the burned products,
overriding the flame front exposures.

Also, fﬁe amount ‘'0f sulfur deposited on the tube wall
' inérease@ with increasing HZS conecentration, e.g. for the
20% HZS in air flame, a sulfur cloud was practically formed

Nl
and the glass tube had to be cleaned after every run.
5 I ' {
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CHAPTER V =

RESULTS AND DISCUSSION
1

» e,

Throughout Chapters II to IV in the present study of
laminar flame propagation, it was shown that for a given
combustible mixture at a certain4pressure and temperature,
the’burning velecity is a constant.

Changes in the burning velocity magnitude ?an be due
to physical, chemical or a combination of both effects. Here,
the experiments and numerical computations were done primarily
wiéh the aim of detérmining the relative change of bﬁrniné
velocity és a function of: (i) mixture composition, (ii) type.
of water spfay. ‘ \

_The results presentea in this work %eal with the physica;

aspects of the introduction of water spray\in a combustible
mixture. With the water assumed to be an inert species in
the mixture, tﬁe physical efféctsfsé‘zﬁ§"ﬁ£éer spray directly

influencing the magnitude of the burning velocity are:

¥

(iy the extent of the heat removed from the flame front and
absorbed by the water droplets via sensible heating and
vaporization, (ii) the dilution capacity of the vapor. Both
effects are strongly dependent/bn the type of water spray
introduced and will be discusséd in the context of the results

o
obtained.

e e ottt il

Sk



- 95 -

Initially the discussion concentrates on the overall
experimental results for the burning velocities in methane-air
and hydrogen sulfide-air mixtu;es without and with water
sprays. Following this is a discussion of the maximum burning

velocities in st-air stoichiometric mixtures as a function

of two important spray parameters: (i) the droplet size

distribution, (ii) the spray density. For this part, both

experimental and numerical results are discussed.

' A general computer program was developed to solve for
the value of burning velocity in any stoichiometric mixture
with or without water spray. Numerous runs were undertaken to
establish the burning velocity, flame tempefature and other

3

physical parameters for the HZS-air stoichiometric mixtures as
a function of the water spray used. All of the numerical
computations were repeated twice for two constant reference

values of the parameter Z, the gaseous mass fraction:

z* = 7 and 2* = (Z,+2_)/2.

The experimental burning velocities were determined by
. . 2
using the ;elag;on (3-7): ‘uo = (TR /Afﬂ usp' Based on a
careful.examination of the experimental pictures (Figs. 9-11)
and the analysis of the flame surface area, Ag,» given in

Ry

Chapter III, we have the following:

[ .
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For the

CH4—air flames ——r v, sp
and for the '
st~air flames ——+ u, sp .
where Afg was considered to be the surface area.of a semi
prolaté spheroid and a semi sphere for the CH4~air and st—air
flame fronts, respectively.

The thorough investigation undertaken here gives a deeper
insight into the general problem of two phase flow with mass
transfer and heat transfer between the phases. The siméle
theoretical model developed is very instruﬁental in predicting
roughly, the physical inhipitive effect of water in combustion
systems. To the best of our knowledge, the results obtained
for the st—air mixtures with water sprays are published here
for the first time.

A discussion of the results which are summarized and illustrated in

tables and figures at the end of this thesis, will now follow.

5.1 OVERALL BURNING VELOCITY RESULTS

(a) Methane-Air

Figs. 15-17 relate to the burning velocities in CH,-air
and CH4—air—H20 mixtures. As noted previously, the comparison

of our results with other sources served as an indication of

= .36 *u (5=1)

= .5 +u . (5=2)
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“the reliability of the cylindrical tube apparatus.

A A
\

: The burning velocity as a function of the equivalence

t

ratio, ¢ defined as the fuel/oxidizer ratio divided by the

stoichiometric fuel/oxidizer ratio, is illustrated in Fig. 15.

The burning velocities we obtained for flames in CH4-air

mixtures without water sprays are compared in Fig. 15 with
results obtained by other investigators [39,40,49-51] who used
various measurement methods. For all the curves, the burning
velocity reaches its maximum value around the stoichiometric
composition., Our curve fits somewhere in the middle with the
at 9.25% CH4 in air equal to

u
Omax’
36.3 cm/sec. (The stoichiometric ratio is at 9.5% CH4 in air).

maximum burning. velocity,
/

The ratio of u0ma for methane-air mixtures obtained from
X
other sources, including those of Fig. 15, over the present
value for uOmax (36.3 cm/sec) is illustrated in Fig. 16. The

values for uOmax shown, vary from Coward and Hartwell's [40]
value of 27 cm/sec up to Andrew and Bradely's [37] value of
45 cm/sec.

Andrews and Bradely [37], in deducing their value claim
that unless an allowance is made for the quenching effect at

the tube wall, the derived value of the burning velocity will

be toco small. They recommend a correction factor of 1.17,

by which the burning velocity value determined from the cylindrical

tube method should be multiplied. This effect which would

have increased our burning velocity results for both the

M
.
i
H
1
i
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CHy-air and H,S-air flames by 17% was not incorporated in
the present study. It can be seen in Fig. 16 that our value

of 36.3 cm/sec for u 'compares very well with results

Omax
obtained using the cylindrical tube method by Henderson and
Hill [53] or Egerton and Lefebvre [54]: &

The burning velocities for CH4-air with water spray
mixtures vs the equivalence ratio, ¢, are plotted in Fig.v17l
and compared with the values for the dry CH4-air_mixtures,
shown on the same figure.

The water spray is defined and identified by two
parameters: ®

(i) The initial spray density, OSO, measured in milligrams
of water per cubic cm of the overall mixture (mg/cm3). It
indicateg\the amount of water present init#ally in the
mixture. Assuming the spray water droplets to be dispersed
evenlyqin the tube with their total mass and volume known, -
pSO, can then easily be calculated.

(ii) The initial droplet size distribution is the other
parameter defining the spray. The statistical description of &
the spray, in light of the simplifying assumptions made in
Chapter II, is reduced to oné single parameter which is the
median volume diameter, MVD, denoted here by ao.

The value for 30 is found from the distribution curves
in Figs. 7 and 8, where the droplet MVD is shown as a function

of pressure and type of nozzle used. The MVD is a means of

S | e RS & M MR L,
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1

expressihgﬂgroplet size in terms of the volume of water spxayed,

where 50% of the total volume of water sprayed is made up of

droplets with diameters larger than the median value and

" ;ﬂ‘/:
the other 50% made up of droplets smaller than the median value.

“¥,

The CH4—air—H20 curve in Fig. 17 is fofﬂﬁ water spray
with medién volume diameter, 30, of 300/um and spray density,
DSO, of 5.3 mg/cm3. A down and to the right shift of theaCH4—
air-H20 curve relative to the CH4—air curve is observed in .
Fig. 17. The down shift is, of course, due to the lower
burning velocities. The maximum burning velocity for the
mixture with water spray is 35 cm/sec compared to 36.3 cm/sec

for the dry mixture. This implies a 3.6%, reduction in the

peak burning velocity due to the addition of water spray.

The shift to the right is noticed by an overall horizontal

displacement of the CH,-air-H,0 curve relative to the CH,-air
curve, with lower burning velocities on the lean side and
higher burningrvelocities on the rich side of stoichiometric,
for the CH4~air-H20 mixtures. This could be justified by

considering the probable pre-ignition adsorption of methane

at the water droplets surface thus decreasing the,péfcéntage

of methane in the mixture composition. This effeEF;Yas found
to be almost constant for any of the compositions iﬁﬁtyg

N g LN
experimental range of 6%-13% methane in air. On ﬁhe ave}gge,
about 0.4% methane was adsorbed from? he initial CH4—air

composition thus displacing the curvé to the right in Fig. 17.

4
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(b) Hydrogen Sulfide-Air

o

The results in Figs. 15-17 are introductory and their
general physical aspects are discussed in more detail with the
st-air mixtures. .

In Figs. 18-25, the results for the Hzé-air and st-air-
H20 flames are illustrated. Like Figs. 15-17 for the CH4-air
expériments, the measured burning velocities in the st—air
mixtures with and without water sprays are presented as a l
function of the equivalence ratio, ¢, over the experimental
range of 7% - 20% H,S in air.

First, in Fig. 18 our results for the burning velocities
in dry st—air mixtures are compared with those of Chamberlin
and Clark [58] and Gibbs and Calcote [59]. Refs. [58,59]
were the only ones we could find for the purpose of comparison
because of the limited amount ‘of data in the literature about
burning velocities of st;air laminar flames. Ouf curve has
its maximum value for the burning velocity,‘uoma;, at the
stoichiometric composition (12% st in air), equal to 4i.1 cm/sec.
At thé two ends of the experimental range, 7% and 20% st in
air, the burning velocity is 16 cm/sec and 18 om/sec, respectively.

The results obtained for the burnﬁng velocities as a
function of fuel-air ratio are typical to all gaseous
combustible mixtures known. If the mixt&re is over-oxidized,

there is excess oxyden which must be heated to the product

.
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*T712,35]). This mresult occurs because, if the system i% s@ightly
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temperature and thus the product temperature drops from the
stoichiometric value. If too little oxidizer is present, i.e.
the mixture is under-oxidized or rich, then there is
insufficient oxygen to burn all the fuel to its most oxidized
state, the energy release is less aﬁd the temperature drops

as well. The variation of the flame burning velocity with fuel-
oxidant ratio follows the variation of temperature which peaks
at the stoichiometric mixture ratio.

A higher temperature implies a higher reaction rate which
in turn results in a higher burning velocity. The bprning
velocity is praoportional to the square root of the reaction rate o
as shown in Egm. (2-68). The flame temperature appears in the
exponential temm of the function ¥(u), the non-dimensional
reaction rate defined in Egn. (2-37), and from the expressions

for the eigenwvalme in Eqns. (2-34) it is obvious that the

burning velocity depends strongly on ¥ (u). Thus small changes

in flame temperatture can give noticeable changes in flame
burning velocities. j
In reality, some mixtures have their temperature or

burning velocity peak slightly on the rich side of stoichiometric \

under-oxidized, the specific heat of the products is reduced
and thus the temperature or burning velocity increased.

Nevertheless, for HZS—air mixtures, the maximum burniné velocity

AN 1% Fo e T St ot s it

according to Levy et al. [24] ogcurs slightly on the lean side

~
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&
at 11.8% H,8 suggestiné the possibility of some decomposition

in the preflame zone. Our result of the burning velocity

peaking af 12% st in air is pretty close to that of Levy et al.
[24]. ' ’ 7
The results of Chamberlin and Clarke [58] plotted in

Fig. 18 do not,ipclude the value for u

- Omax
they reported is 49.5 cm/sec at 10% H,S. On the other hand

. The highest value

Gibbs and Calcéié’[SQ] regorted results (also shown in Fig. 18) for
fewer compositions but included, uomax'*WhiCh is according to
them 40.9 cm/sec and very close to our result of 41.1l-.cm/sec.
Plots of burning velocities for both st—air and st—air-
H,0 mixtures vs the equivallence ratio (7% - 20% H,S in air)
are p?esented in each of Figs. 19-24; the former being shown
by broken lines and the latter by solid lines. Each curve
fo£ the st-air-HZO mixtures corresponds to a particular value
of spray density, pSO, and droplet MVD, ao. «lt can then be
compared to the curve for the dry st—air mixture plotted on
the same graph as was done in Fig. 17 for the CH4-air.results.
The most important and immediate observation in Figs,
19-24 is the reduction of the flame burning velocities
especially in the region around the stoichiometric mixture.
On the lean sidé, and on the rich side mainly between 14% and
16% H,8, the water droplets do not seem to affect the flame
speed too much. |

Interestingly enough& chemical flame suppressants such

e 3 ¢ ! T e s et o gy,
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as halogen compounds (e.g. freons), halogenated hydrocarbons
(e.g. the various halons) and inert powders are all very
effective in fire fighting but their effect on the flame
burning velocities is different than that of water sprays in
é%e present experiments. Rather, those chemicalﬁinhibitdrév
affect the burning velocities far away from the stoichiometric
composition on the rich and lean sides of the mixture- [12,
chpt. 4]. Their effect in a large region around the stoi-
chiometric mixture ratio 'is not too pronounced, hence, opposite
to our results. The reason is that the high temperatures
generate many rgdicals (e.g. 0, H, OH, etc.) via chain branching
and the elimination of some of them does not affect the reaction
rate. ' ‘ ,
According to Glassman, I. [12, chpt. 4], halons and powders
reduce the flame speeds to a certain extent even around the

stoichiometric ratio. The investigators performing these

experiments have argued that flame inhibition agents affect

\ 4

the flame burning velocity around the stoichiometric compositiqﬁ :

in the same manner that the burning velocities in the lean or
rich mixtures are affected - by reducing radical concentf%tions.
Glassman, I. [12, chpt.” 4], questions this explanation, sayigg
that the quantities of those agents added at the mixture
compositions around stoichiometrié, are such that they coula
ab#orb sufficient amounts of heat to reduce the temperature

and thus the flame speed.
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From the results/in Figs. 19-24, the water droplets appear
tol be acting more as® a heat sink and a diluent agent than as
a chemical inhibiting agent.

Heat from the reaction i€ absorbed by the water droplets
via sensible heating and vaporization. Moreover, the wvapor
added to the combustion process has a higher specific heat
(.59 cal/g °K at about Tg = 1200 °K) than any of the reactant
or product species;’thus increasing the heat capacity of the
_overall mixture. The higher heat capacity causes a reduction

’

in the final equilibrium temperature or equivalently a i

reduction in the rate of flame Qropaéation. With heat removed

from Fhé reaétion zone and the combustible mixture diluted, i
the mixture burning velocity could be reduced in a coqtrolled

manner doﬁn to the point where the mixture, if ignited, would

v

not propagate a flame:

Frohuthe foregoing, it is clear that away from the
stoichiometric st-air mixture ?here the flame temperature is
lower, a smailer temperature differential exists between the
droplet ﬁfface and the surrounding hot gases. Less heat is
then aszﬁbed by the droplets implying that a smaller fraction
of, the sﬁray is evaporated This explains why the burning
velocities on the lean and rich sides of the st—air-ﬂzo

‘mixtures are. not reduced by the presence of the water spray as

/ ]
much as they are around the stoichiometric composition. It

is illustrated 'in Figs. 19-24.

vt
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. The extent to which the flame front is cooled due to the
heat removed from the process depends on the initial conditions
of the water spray, namely, the spray density, pSO, and the

droplet MVD, ab. The values of, p and, ao, for which the

so’
results in Figs. 19-24 were obtained, are indicated on each

of the figures. Also indicated are the type of nozzle and

pressure used to produce the particular spray.
!

For a water spray with pSO = 1.09'%@/cm3 and ao = 52.5 um,

i

the maximum burning velocity, u in Fig. 19 is down to

Omax’

33.75 cm/sec compared to u, 0= 41.1 cm/sec for the dry H,S-
max

x,
é?{umixture, a reduction of 18%. Keeping the same spray -

dehsity, pSo 1.09 mg/cm3, but with a smaller droplet MVD,

ao = 40 um, as indicated in Fig. 20, we measured u = 31.9
AN

1

Omax
cm/sec, a reduction of 22.5% relative to the -value of u, ax in
. m

the dry mixture. This implies that a water spray con%aining
smaller droplets ié.more effective in reducing the £lame

burning velocity for a given constant spf%y density. It is
analyzed when discussing the results in Figs. 26-28 (gection 5.2).

The results represented in Figﬂ 21 for p80 = 1.09 mg/cm3

3

and d, = 35 ym yield u = 33 .cm/sec. Hence for the same

Y Omax
spray density and smaller droplet MVD (ao = 35 uym compared to

ao = 40 um in Fig.’ 20), we get a higher value for the\jiximum
! =/ 31.9

burning velocity (u = 33 cm/sec compared to u,

Omax max
cm/sec). Further in Fig. 22, for the same droplet MVD as in

Fig. 21, ao = 35 um and a hidgher spray density, p_, = 2.32 mg/cm3,

S0
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the result u, = 33.5 cm/sec is even higher than that of
max ©

L N

F;g. 21. ’ Y .
This con%;adiction could be explained»by zealiiing/that
wafe; wésusﬁfayed at a nozzle pressure of 300 psi in the
experiments of Figs. 21 and 22 compareq to 100 psi and 200 psi
in those of Figs. 19 and 20, respectively. Due to the hiéh
pressure combined with the tube wall effect, the droplets
collision; and coalescenee are increased in réte and intensity.
It results in shifting tge droplet size distribution towards
the larger droplets more tpan at the lower pressures and thus
reducing the water spray effectiveness in siowing‘down the
flames. . ‘ ;
In Figs. 23 and 24, fésélts for larger droplet MVD and
higher spray déﬁsiti?sfare shown. p = 6,48 mg/cm3 with

S0

30 = 80 um and Psy = 5.71 mg/cm> with &, = 145 um are the

0
water spray initial conditions for the results of Figs. 23 and
24, respectively. 4

Thé H,S-air-H,0 burning velocity curves of Figs. 19, 20

. and 23 are plotted together with the curve for the burning

yelocit?gs in the dry Hés-air mixture 2n one graph in Fig., 23.
It shows again the important effect of the droplet size
distribution . It could be expected,that a higher spray
density, up to a certainh limit, will be as effective as a spray
of lower density, but with smaller size droplets: Thébresglté
in Fig. 23 sho& that although the water mass concentration in
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the mixture is increased about six times (6.48 mg/cm3 compared
EN ' .
to 1.09 mg/cm3) the resulting burning velocities are still
higher, e.g. uomax = 37.15 cm/sec for d0 =.80 ym in Fig, 23,
than the ones obtained with lower spray densities but smaller

droplets. e.g. u = 31.9 cm/sec for ao = 40 pm in Fig. 20.

Omax
This implies that although the amount of water present in the
mixture plays an important role in reducing the burning

U
velocities, 'its effect is not as drastic as is the effect of

éhange in the size of the droplets.

The curves for the H,S-air-H,0 burning velocities in
Figs. 19-25, generally, do not appear to be displaced
horizontally with respect to the c¢urve of burning velocities‘
in the dry H;S-air mixture. This is due to the saturation of
the water with H § before it was sprayed.

The interaction between thé water droplets and the
surrounding gas is similar to a heterogeneous process, which
is a process taking place at a phase boundary, e€.g. at the
droplet surface. At the saturation limit, an equilibrium is
established so that the rate of adsorption of molecules onto
the surface is equal to the rate of desorption of molecules
from the surface. The water droplet surfaces are thus at
equilibrium with the suffounding st—air mixture throughout
the pre~ignition period and hence do not change the mixture's

composition. This way the resulting curves for the st-air—ﬂzo

flames in Figs. 19-25 are almost not displaced at all with
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respect to the curve for the dry H,S-air flames.

In all the st—air—HZO expgriments discussed so far, and
those whose results are shown in Figs. 26-34, we were unable
to bring the mixtures down to the limit where they would not
ignite or even if ignited would then propagate a limited
distance along the tube. Every ﬁixture/in the range of 7% - 20%
H,S in air, which was the range of stud&, did ignite and did
propagate for any typé\of water spray introduced.. Only close
to the lower flammability limit (4% st) at 6% H,8 and below
did the mixture not ignite, no matter what water spray was used.
Sometimes' it was hard to ignite even a 7% H,§ mixture.
Setting the 30 KV trigger transformer at its highest energy
output to the ignition electrodes did not help.

It was shown [12, chpt. 4] that reduction of the radical
concent¥ations in the pre-ignition reactions or near the
flamqebility limits can have remarkable consequences on the
ability to initiate combustion. In these cé;es the radical
concentrations are such that the chain branching factor is
.very close-to the critical‘félue for ignition. Any reduction
could prevené the explosivé condition from being reached. 1In
our experiments, the quenching efféct of the tube wall could be
considered minimal because its I.D. was large enough (5.82 cm
I.D.)' to avoid almost coméletely th;t effect. The relatively
easier igni?ion of the 6% H,8 in air mixtures without water

13

sprays was a proof of that, / .
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+ It seems that the major contributing factor to the
vreducti‘op of radical concentrations in the present experiments
are the water droplet surfaces similarly to what many believe
is the mechanism of various antiknock compounds in combustion
systemé [12, chpt. 4].

In the inerting experiments reported by Sapko et al. [7],
a combination of steam and fine water droplets (< 10'um) was
used where the steam helped to atomize the secondary water.

For a water saturation temperature of 60°C, Sapko et al. [7]
determined the amount of water liquid plus ¥ater vapor (81 plus
19 mole-percent respectiQely assuming 100% saturation) in terms
of mole-percent necessary to prevent ignition and subsequent
propagation beyond a certain limit, of methane-air flames over
the entire flammability range. E.g. for the stoichiometric
methane-air mixture they got an inerting limit of 28 mdle-
percent at 60°C. A

» Comparing the results of Sapko et al. [7) to ours, it

should be noted that the finest water spray produced in the

, present experiments had a droplet MVD of 35 um compared to

less than 10 ym diameter droplets reported in [7]. Besides,
there was no vapor introduced with the spray and all the water
sprays were at room temperature. Sapko et al. [7] made several
attempts to extend the inerting data down to room temperature

but with little success because of nozzle flow limitations

and excessive droplet loss on the walls of the flammability tube. -
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It is understood that the closer the water droplet
temperature is to the boiling point, the sooner it will start
to evaporate in the flame reaction zone and thus more of it
will evaporate. A larger fraction evaporated will remove more
hegt from the flame front and further reduce the flame burning
velocity to the point in which the mixture will not be able
to sustain a propagation.

It is also shown in [7] that water droplets of less than
10 ym are effective in inhibiting the propagation of methane- :
air flames. In Fhe present study, the residence time of a water
droplet in the'H28~air flame reaction zone was found in
section 2.4 to be 2.5 x 10_4 sec. Since the final radius, r_,
for a completely evaporated droplet is zero, it is deduced
from Egqn. (2-64) that only droplets with a maximum in;tial
diameter of 10 ﬁm or less will completely evaporate within

2.5 x 107¢

sec, in the st—air flame reaction zone.

Our numerical calculations have shown that for a water spray
with droplet MVD, ao = 10 um and density, psO = 1.09 mg/cm3 in
the stoichiometric st-air mixture, the burning tvelocity is
close to zero. In this case, from a total of 291.3 calories of
heat released per gram of the mixture, 220.5 cal/g (75.7%) is
removed by the water spray heating and evaporating. Thus,
extrapolation of the above result indicates that water sprays

with both 3 £ 10 m and pgy 3 1.00 mg/cm® would inhibit flames

in any st—air mixture composition.
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5.2 EXPERIMENTAL AND NUMERICAL RESULTS FOR THE HZS-AIR-H

22

MAXIMUM (STOICHIOMETRIC) BURNING WELOCITIES

It has been shown in section 5.1 from our experimental
results and those of other investigators [12,24,35] that the
assumption of the maximum burning velocity occurring at the
stoichiometric st-air composition is an excellent one.

YWnax is a eritical parameterg}n that a flame propagating
at the maximum burning velocity is the most difficult to
suppress by both, ;hemical and non-chemical agents. Since
the effectiveness of these agents (including water) is measured
by the relative reduction of the flame burning velocity for
a given concentration, the largest concentration of these
agents will be required for a mixture composition yielding
the maximum burﬁing velocity as was also shown in [7] for the
case of water in methane-air mixtures.

The effect of the water sprays in terms of Psq and ao

on the value of U0nax and the other related physical parameters

was extensively investigated. The experimental anE numerical

results are illustrated in Figs -34 and jummarized in

Tables 3-10 of this thesis. In Appe V, two sample

computer outputs for both mixtures and without water
sprays are presented. With some minoTr modifications based’
on the theoretical analysis of Chapter II, the numerical scheme

can be extended to non-stoichiometric mixtures.
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The effect of each of the two spray parameters, pso and

do, on the results will now be discussed:

(a) Varying the Droplet Size Distribution for a Given Constant

Spray Density (

We have shown previously that the smaller diameter
droplets are more effective in reducing the burning velocity
off&he HyS-air flame.

In Fig. 26, both, the experimental and theoretical curves
are plotted, where the maximum burning velocity, UG s is
represented as a function of the droplet MVD, 30, for a given
constant spray density, pso. The experimental curve shows
u to increase continuously from 31.9 cm/sec at 30 = 40 um

Omax
to 39.3 em/sec at 3; = 145 um, while p_ = 1.09 mg/cm> and
is constant. With increasing droplet size the curve flattens

and approaches asymptotically the value of u for the dry

Omax
st—air flame (41.1 cm/sec). At the limit where the droplets
will be very large, their effect will be nullified and the
flame will propagate at U = 41.1 cm/sec.
max

The two theoretical curves in Fig. 26 are represented in
the form of upper and lower bound curves and the corresponding
average value curves, all plotted from the numerical results

summarized in Tables 3 and 4 for 2* = Z_ and 2* = (ZO+Zm)/2,

respectively.
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All the numerical results in this study were tabulated
exactly as they appeared in the computer output, with the
same number of significant fiqures. Tables 3 and 4 show
the numerical results for the upper and lower bounds of the
eigenvalue and the corresponding burning velocities for each
o% the droplet sizes (30) used in the experiments. Correspond-
ing to each droplet size (e.g. 35 um, 40 um up to 145 um) there
are four séts of results for four ignition temperatures,

\

tabulated ip non-~dimensional form (ii = -,9, -.8, -.7, -.6)
and the equivalent in degrees Kelvin. As already mentioned
(section 2.2) the resultant eigenvalue is independent of the
choice of the ignition temperature [23, p. 319] in the range
-a < @i < 0 (a = 1 when no water droplets are present in the
mixture by Egns. (2-32)). This is confirmed by our results
since for any given droplet size the four sets of eigenvalues
and burning velocities are almost idenéigal.
Also given‘in Tables 3 and 4 for each droplet size is the
final equilibrium temperature, Tw,a' It is the adiabatic
\\\\TIame temperature calculated from the overall conservation of

¥

enthalpy relation in Egqn. (2-76). 1In de&;cing waa’ defined
here also as the ideal flame temperature, dissociation effects
were neglected. It has been pointed out in section 2.3 that
dissociation reactions are guite endothermic and in reality

the flame temperature will be lower, especially at high

tempe}atures where more heat is absorbed due to the higher rate
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of dissociation reactions.

We have shown the higher burning velocity to be tied
up with a higher flame tempefature. Thus, by using the
adiabatic flame temperature without consideringldissociation
(Egn. (2-76)), in the nume?ical computations, we should expect
higher values for the resulting burning velocities or have

the theoretical curves (of u vs ao) above the experimental

Omax
curve. As illustrated in Fig. 26, (It applies also to

Figs. 30 and 31 as well), indeed, both theoretical curves
except for a small part (mainly of the curve for Z* = Z_ ) in

the region of the smaller droplet sizes, are above the

experimental curve. The reason for that part of the theoretical
i

curves being below the experimental curve in Fig. 26 has ‘

probably to do with the choice of certain parameters in this
parametric study such as e.g. the frequency factor and also
because of possible experimental errors incurred such as e.g.
the determination of the flame surface area.

R Moreove}, when Z* = (z0+zw)/2, all the results for Ug ax
and Tm’a are higher than when Z* = Z_ as can be observed
in Figs. 26 through 32, This is because Z* = (Zo+zd%¢% which
is a middle value between Z0 and Z_, .represents a smaller éés
mass fraction than Z* = Z_. A smaller gas mass fraction
implies less evapor;tion which in turn causes the flame to

propagate faster and at a higher temperature.

The theoretical curves of Fig. 26 show the same trend
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as the experimental one (refer also to results in Tables 3
and 4), namely, increasing burning velocities with increasing
droblet sizes up to the limit where the burning velocity value
in the dry mixture is reached.

The increasing gap between the theoretical curves
(especially the one for z* = (Zo+zw)/2) and the experimental
curve with increasing droplet size could be attributed to
the fact that at higher burning velocities and hence higher
temperatures, the dissociation reactions are accelerated.

The difference, then, between the actual flame temperature
and the ideal one is larger than their difference for the
smaller droplet sizes and lower burning velocities where the
aétual flame temperature approaches the igeal one.

Table 9 summarizes the experimentai and numerical valﬁes

. . . C
of the maximum burning velocities, e and u,
' Omax max ¢

.

respectively, for each of the droplets MVD generated in the
experiments. The percentage discrepancy corresponding‘to
the gap betwgen the experimental and theore?ical curves in
Fig. 26 is also given. The second part of Table 9 relates
to the varying spray density and constant droplet MVD
experiments. The values of ugmax are the average between the
upper and lower bound values.

From the foregoing analysis of the results reporéed in ]

Tables 3, 4 and 9 and illustrated in Fig. 26, it is clearly
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indicated that a finer water spray is more effective in

“feducing the maximum burning velocity. This stems from the

fact that for a given spray density smaller droplets will
increase the effective surface area of the spray per unit
volume of the mixture. An increased contact surface between
the cooler water droplets and the hotter surrounding gases
means that for a given hgat flux into the droplets more heat
will be absorbed per unit time. Therefore, with a higher heat
flow rate, more of the spray will be evaporated with the heat
absorbed via the sensible heéting of the water droplets and

I@tent heat of vaporization. Besides, since mQre vapor is

o~

added, the mixture's heat capacity will be further increased
via dilution. The net result will be a furthér decrease of
the flame temperature and hence the burning velocity.

In Figs. 27 and 28, the results for the adiabatic flame
temperatures from Tables 3 and 4 are plotted Yersus the droplet

: 7\
size for zZ* =z, (Fig. 27) and Z* = (2,+Z,)/2 (Fig. 28).

oo
Those results show clearly the increase in the flame temperature
with increasing droplet size.

Plotted also, on Figs. 27 and 28, are the curves for
what we d;fine in the present study as empirical adiabatic
flame temperatures. These temperatures were found numerically
to give back the'experimenta% values of the maximum burning 7

velocities. This was done by substituting trial values of

Tw‘in the definition of i, (T = Epg(T4T§T/Jq from Eqn. (2-75a))
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and then integrating the eigenvalue equations, Egns., (2-84),
in which T(or u) is the variable of integration. Thus, we
fitted values of final equifibrium temperatur&i_in order to
get back the experimental values of Uy’ S29e for d, = 80 um P
and z2* = (Zo+zw)/2 (pSO = 1.09 mg/cm3 =‘constant) the ideal
adiabatic temperature, T ar is 1977.6°K and the empirical

14

adiabatic temperature, T , is 1910°K. This value of T
14 ’

when used in the numerical computations will yield the

corresponding measured burning velocity, = 37.15 cm/sec.

u
Omax
The results of the empirical adiabatic flame temperatures

which aré probably closer in value to the actual flame
. temperatures are illustrated in Figs., 27 and 28. It is easily
observed that the position of the T 5 Curve with .respect to

* ’

the T ‘curve in each of the figures, correspbnds exactly

1

e

to the relative position of the u’ curves to the uS - T
Omax: Omax

curve, respectively, in Fig. 26. Therefore, the fact that

a vargation in the flame temperature is followed by a variation

in burning velocity or vice-versa, is confirmed by our

numerical results.
The results for T and T with varying droplet |
®, a w, e ;
size and also with varying spray density are summarized in

Table 10, and the bercentage discrepancy between the two

@ values in each case is given, as it was done with the maximum ﬁ
' i
burning velocity results in Table 9. !

Finally, the effect of varying the spray droplet size
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distribution on various mixture apd combustion parameters

was computed and ;:he results summarized in Table 5. Since
the 5p~ray density is kept constant at 1.09 mg/cx;3, the '
initial reactant mass fraction (or "dilution" factor) G and
the overall initial gaseous mass fraction including the inert
:;species, ZO' are also constant and equal to .1779 and .5250
respectively. The value of G for the dry flame was .3388
indicating clearly that the reactant mass fraction is reduced
almost by half due to the presence of close t’c‘i‘SQ‘% water by
mass in the mixture, ((1—20) is the initial water mass
fraction in thé mixture). Next, the values of 2. Fv (%),
and K, the final gaseous mass fraction, the percentage fraction

evaporated according to Eqn. (2-69) and the scale factor

(it is a constant for a given mixture), respectively., are

tabulated. \%
As expected, % decreases from ,5824 for 50 = 35 um down

to .5285 for ao = 145 uym, implying smalle:? final vapor mass

fractions for coarser sprays. These results for 2, and Zo

vs d, are plotted in Fig. 29. The scurve for 2 seems to

approach asymptotically the constant, z0 line at the larger

droplet diameters, where very little evaporation takes plack.

Also, the fraction of the spray e\;aporated decreases from

128 for d; = 35 um to .7 ¢ for d; = 145 um. The ¥ values

are increasing with increasing droplet size and,for given

droplet size K is a little higher in value for z* = (24+2,) /2

<
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than for z* = 2_. ‘ ‘

o

T

(b) Varying the Spray Dendity with Constant Droplet Size

Distribution
s

'

The effect of increasing the water spray density on the
burning velocity of the st-aitlflame for a given d}oplet ’

gize distribution, is to reduce it. In this sense it is

°

analogous to the effeg¢t, although not as drastic, of decreasing
the droplet ®ize distributions for a given spray density.

This time instead of reducing the droplet size in order

B
-

to increase the effﬁétive surface area of the spray per unit
volume, we achie;e‘that‘incrgase in 'surface area by increasing
the amount‘gf spfaf per unit voluﬁe while the dropie? size
‘distribution is kept constant at 52.5 ﬁm droplet MVD.

The experiﬁental and nﬂmerical results are suymmarized
and, illustrqted exactly as it was done with the results for
v;ﬁ&ation of the droplet size distribution in 5.2 (a). Most
of the points brought up in that Qnalysis apply as well to
the present case. -~

The experimental and numerical values for the maximum

burning vel7c;ties,u0max, in st—air-Hzo mixtures with

Iy

, are given in the bottom part of:

o

changing sprdy density, pSo

Table 9, including the percentage discrepancy between them.

Those results are plotted in Figs. 30 and 31.
‘ 2}

’
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s

IQJFig. 30, thg experimeﬁtal and numerical results ;how
uﬂﬁéx decreasing with increasing the volume of water sprayed;
That volume is derived from the nozzle flow rates given in
Table 2. It is observed that at[sm?ﬁlé} volume input (< 20 cc
water spray), the theoretical curveéiﬁor Z* = 2 _ and 2* =
c(zo+zm)/2, are far steeper than at the larger voluge input.
This is so because increasing the volume of water sprayed
above 20 cc (up to 60‘Ec) does not producg as large an increase
in the amount of water left in the tube (defined here as the
effective spray volume, Veff) as it does below+20 cc. This
was determined by calibrating the 1/4 LN .6 nozzle at 100 psi
according to the procedures described in Chapter IV of 'this
thesis.

;n Fig. 31, the experimental and theoretical plots'of

u Vs p

Omax 1= or equivalently Veff are shown. Here as in Fig.

50
30, the maximum burning velocity decreases with increasing

spray density. The experimental result§ for ugmax show it

decreasing from 38.9 cm/sec at Pgg = .317 mg/cm3 down to 29.3

0
cm/sec at Psp = 1.347 mg/cm3. In both, Figs. 30 and 31 and

also frﬂp the resiilts in Table 9, it is observed that the

discrepancy between the theoretical and experimental values

of U0 ax is greater for the smaller spray densities where
ku o
uomax is higher. Here, as for the case of droplet size

variation in 5.2 (a), since it is the adiabatic flame temperature

" without dissociation effects which was considered in the
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numerical computations, the higher the flame temperature or
burning velocity, the more pronounced will be the
dissociation reactions. Therefore, the greater will be the
discrepancy between the experimental value for uomax or the
corresponding actual temperature and the numerical ‘values of
r T a 2S seen in Figs. 30 and 31. -

u o
Omax bl
j Summarized in Tables. 6 and 7 (same way as in Tables 3

and 4) are the results for the upper and lower bounds of the
eigenvalue and burning velocities for a given spray density,

+ ignition femperature and the computed adiabatic flame
temperature. The results in Tables 6 and 7 are for 2* = Z_
(Table 6) and 2* = (z0+zw)/2 (Table 7).

Figures 32 and 33 illustrate the variation of the empirical

and ideal adiabatic flame temperatures with the spray density

as was done for the variétion of those temperatures with the

spray droplet size in Figs. 27 and 28. The temperature (Tw,a
or Tm’e) decreases with the increasing spray density, hence
the more mass of water present per unit volume of the mixture,
the more heat will be absorbed from the reaction and the
cooler will be the flame front. The results illustrated in

Figs. 32 and 33 are tabulated in the bottom part of Table 10

for each of the spray densities used. Also given in that

table is the percentage discrepancy between T a and ‘T, e*
’ ’

~

Here again, the temperature variation caused by the introduction

of water spray has the same pattern as the burning velocity

B
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variation. -

Finally, like Table 5, Table 8 summarizes the effect of
changing the spray density on various mixture and combustion
parametef%u By increasing the spray density from .317 mg/cm3

up to 1l1.347 mg/cm3, G, 2, and Z_ are decreasing, G from .2682

0
from .7916 down to .4721 and 2 from .8029

down to .1600, Z0

down to .5008.
These results for G, Z0 and Z_ are plotted in Fig. 34.
It is observed that while Z0 and Z_ are both decreasing due

to the increase in the initial water mass fraction, (1—z0);

—
.

the difference, Zm'zo' is increasing as thenspray density, Pgo’
increases. This implies a larger amount of vapor added to

the combustion process if more water is added to the mixture
initially. The difference, Zw_ZO' representﬁ%the figal vapor
mass fraction in the mixture. Thus, althouéh percentage-wise
the fraction of spray evaporated, % Fv (Egqn. (2-69)), is
constant and equal to 5.43%; the higher the mass of, water
present, the higher will be ‘the mass of the fraction evaporated
for a given constant droplet size distribution in ghe waterxr
spray.' Those results are just another means of showing that
the more water there is in the mixture with (a) constant
droplet sizetdistribution,-the greater will be the reduction

in the burﬁing velocity of the flame.

One more comment should be made at this point. 1In

reality, when increasing the spray density, especially in
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[l

confined space experiments such as ours where some flow
limitations exist, the droplet size distribuéion of the spray
will not always be constant. ﬁy increasing the volume of
water sprayed into the tube, the probability of coilisions
and coalescence taking place among the éropleﬁslis greater.
This could be due to the tube Qall effect whereby more water
is lost and hence more droplets could bounce back into the
main stream. It is also possible that in the initial unsteady
state period whe? the water is sprayed into the tube, later
incoming droplets might collide or coalesce with droplets
of a lower velocity already in the mixture. This, in turn,
could cause a slight shift in the droplet size distribution.
In our experiments, due to the low flow rates used, the

assumption of a constant droplet size distribution is a very

good one.

S e e c et e cm—————— . . - et A 5 KN Sl A s

tial m B ke




,

——

- 123 -

CHAPTER VI

CONCLUSIONS

The primary aim of the present study is to investigate
. C
both, experimentally and theoretically, the influence of

n

' water sprays on the burning velocity of laminar propagating

flames in various hydrogen sulfide-air mixtures.

For the theoretical model, the water droplets are assumed
té be inert in the mixture. In other words,mit is assumed
that chemical interaction between the liquid droplets and
the surrounding gas has negligible effect on the combustion
process. Thus, the theoIetical investigation deals with the
thermophysical effects o% the water droplets in the reaction
zone of the st—air flames,

Each of the individual droplets is assumed to act as a
heat sink via sensible heat transfer through its surface from
the surrounding hot gases and via the latent heat of
véporization. As less heat is then available for heating
the combustion products, the flame temperature drops causing
a reduction in the burning velocity.

. Moreover, with the liquid droplet surface undergoing
a change of phase, the vapor created diffuses into the

surrounding gases and dilutes the combustible mixture. This

dilution leads to an increase in the heat capacity of the

.
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st-air mixture due to the addition of inert vapor,, therefore,
further 1owéfing the adiabatic. flame temperature and reducing

the burning velocity.

The effectiveness of a water spray in reducing the
burning velocity for a given mi i;re is shown to depend on:

(i) the water spray droplet size distribution and (ii) the

water spray density or equivalently\the water mass concentration
in the combustible mixture.
By decreasing the droplet median volume diameter for a
given spray density or increasing the spray density for a given
droplet size distribution, the spray suigépeéarea per unit

\

volume is increased. With the heat flux across the reaction
zone being constant (from the energy équation, Eqn. (2-53)),
an increaée in the spray surface area then implies a higher
rate of heat transfer from the hot gases to the cooler
droplets. Consequently, more of the liquid phase is evaporated
and the net result is a furtger reduction in the flame
temperature and thus in the burning velocity.

The burning velocities of flames in HZS—air mixtures

[ ]

with and without water sprays were measured expgé;ﬁentally

"over the composition range from 7% to 20% HZS in air. The

results are illustrated in Figs. 18-25, 26 and 31. Without
water ‘spray the burning velocity reaches its maximum value
of 41.1 cm/sec for stoichiometric st—air mixture (12% H,S in

air). A water spray density, p = 1.09 mg/cm3, and droplet

50
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median volume diameter, 30 = 145 um, reduces this burning
velocity by only 4.4% down to 39.28 cm/sec. For the same
spray density but smaller droplet median volume diameter,
e.g. ao = 40 um, the peak burning velocity of 41.1 cm/sec is
reduced by 22.5% to 31.9 cm/sec. These and more data are
presented in Fig. 26 and tabulated in Table 9.

Also measured experimentally were the burning velocities
with increasing the spray denéity for a given droplet median
volume diameter, 30 = 52.5 ym. For a spray density, DSO =
L3172 mg/gm3, the burning velocity in stoichiometric st—air
mixture is 38.93 cm/sec, a reduction of about 5.3% from
41.1 cm/sec. With the spray density increased to a maximum

pSO = 1.3474 mg/cm3, the burning velocitf is reduced by

28.8%, down to 29.28 cm/sec. These results are illustrated

’\

in Fig. 31 and listed in Table 9.

In our experiments we were able to inert the HZS—air
mixtures only from 6% H,S and down. Inerting limits are
defined here as the combination of spray density and spray
droplet size distribution thét are required to prevent

incipient ignitions of flammable H,S-air mixtures from

2
developing into self-propagating flames. Sapko et al.

3
succeeded in inerting methane-—-air mixtures by using steam and
fine water droplets, less than 10 ym in diameter and at 60°C.

They were unsuccessful in trying to extend the inerting data

down to spray at room temperature.
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In the present ékperiments, the spray densities achieved

were quite high but 'the smallest droplet median volume

At —_—

diameter that could be generated was 35 um and the water
sprays were at room temperature. Therefore, the inerting of

the H,S-air mixtures in which the burning velocities are of

2

the same order of magnitude as those in the methane-air mixtures,

aid nét occur beyond 6% HZS' Extrapolation of the Ybresent
experimental results indicates that with smaller droplets
at a temperature higher than the room temperature, inerting
of any H,S-air composition is..feasible. 1Inerting of the
higher burnin§ velocity st—air compqgﬁ}%ons'will naturally
require higher spray densities for é given droplet size
distribution.
The numerical scheme developed and used to calculate
the burning velocities in stoichiometric st—air mixtures with
water sprays could be extended to include all other mixture
compositions, although this would require some modifications.
The final expressions for the upper and lower bounds of the
eigenvalue (Egns. (2-34) or (2-84)) would remain unchanged.
Considering the approximations and assumptions made
in Lhe theoretical analysis, the results aresin good agreement
with experiments as shown, for example, in Figs. 26 and 31.
Comparisons between theoretical values for the burning
velocity and experimental results are few and usually far

between. The only published comparisons are for the simple

B TR,
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hydrazine decomposition flame, and even there one could argue
that the agreement is fortuitous [12]. 1IN order to calculate
the burning velocity, one must know the thermophysical
properties of a complex mixture at high temperatures and havé
accurate reaction rate data. Such data, as for example,

the overall frequgncy}factor, overall activation energy,
chain reaction and their rates, etc., are in many cases not
available.

In our calculations for st-air-Hzo mixtures, the Q v
frequency factor (Bf = 2.8625 x 1013) was chosen to give the
experimental value of the peak burning velocity, uomax = 4]1.1
cm/sec, in the dry stoichiometric H,S-air mixture. Using/
this same value of Bf, computation of the burning velocfties
for stoichiometric st—air mixtures with various water sprays
yielded results which agreed reasonably well with the exper-
imental burning velocities {(Table 9).

It should be noted that the numerical results for uOmax
as they appear in Table 9 are based on an ideal adiabatic:
flame temperature; dissociation effects are not included.

Since the burning velocity depends on the flame
temperature, the adiabatic flame temperature is an important
and necessary input parameter into the burning velocity
calculations. For a given temperature, the corresponding

w

upper and lower burning velocity bounds are calculated. Thus,
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once the adiabatic flame temperature is known, the burning
velocity can be found and vice versa. In this thesis, the
experimentally measured burning velocities were used to .

determine the corresponding adiabatic flame temperatues,

T . The values for T,

©, @ o shown in Figs. 27 and 28 (as a
B [

function of increasing 50) and Figs. 32 and 33 (as a function

of increasing pso) show the same behavior as the calculated

" ideal adiabatic flame temperature, T_ a’ illustrated in the

’

same figures; namely, the temperature decreases with. decreasing
droplet sizes or increasing spray density.

Based on our calculations we would predict that a droplet
of 10 ym or less will evaporate completely in the stoichio-
metric st-air flame reaction zone. For a spray with, ao =

10 um, and density, DSO =1.09 mg/cm3, (47.5% water concentration

by mass) the numerical computations give an almost zero
~

bufning velocity in the stoichiometric st—air mixture., In
this case, the total heat released per gram of the overall
mixture (liquid plus gas) is 291.3 céi/g and 220.5 cal/g
(75.7% of the total) of this is removed by heating and
evaporation of the water droplets and subsequently by vapor
dilution. By.decreasing the droplet sizes or increasing the
spray density, the part of the reaction heat absorbed byﬂ

heating up the liqujid droplets to the boiling temperature is

reduced. 1In the ahove for example from a total of 75.7%

heat removed, only 12.2% went into heating the water droplets
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to the point where evaporaﬁion stafts; the rest was removed
due to evaporation and vapor dilution. |

Our calculations therefore indicate that with water sérays
of less than 10 um MVD droplets at room temperature and spray
densities abovg about 1 mg/cm3, inerting of the stoichiometric
HZS—air mixture and hence any oéher’non—stoichiometric st-air
mixture composition, may be possible.

The complexities and efforts involved in a full and
comprehensive analytical model are beyond thé scope of this
work. A better knowledge of the thermophysical and transport

properties, and the chemical reactions for st-air mixtures

" would be required to justify a more detailed analysis and

computations.

In conclusion, an experimental and theoretical
investigation of tée’combustion of st—air mixtures with and
without water sprays has been undertaken. To the author's
knowledge, the results of this investigation are the most
comprehensive available for this particular system at the
present time.

It is hoped that this work will be at least considered
as a small contribution to the scientific effort needed to

further explore the interesting and mostly unknown combustion

field.
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] Table 1. Thermochemical Properties\?f st-air Combustion Species at 1 atm Pressure.

o -
Reactants hK (Kcal/mole) Wy CpT=298°K(ca1/g °K) AT=298°K(cal/s cm °K)
~ H,S (g) -4.88 t .15 34.08 .2396 3.32 x 1077
! 0, (g 0 32 .2198 6.27 x 10™°
f N, (g) 0 - | 28.016 .2486 6.176 x 107> .
Products hKO(Kcal/mOIG) Wy CPTQ=2069°K(cal/9 °K) A (cal/s cm °K)
50, (g) -70.947 64.066 ,2177 4.47 x 107> T=600°K
H,0 (2) -68.315 18.016 .6834 1.15 x 1077 T=600°K
| N, (g) 0 28.016 .3075 2.885 x 10~% T=2100°K
—
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Table 2. The Manufacturer's Specifications for the Spraying Nozzles.-

. CAPACITY GPH (Gallons per hour) SPRAY ANGLE
Nozzle Olr).;z;ce Core
No. No. Nof 30 40 60 100 200 300 500 700 1000 40 80 300
psi psi psi psi psi psi psi psi psi psi psi psi
< 1/4 LN .6 .016" " | 110 - - - .95 1.3 1.6 2.1 2,5 3.0 - 35° 65°
1/4 LN 3 .028" 220 2.6 3.0 3.7 4.'7 6.7 8.2 10.6 12.5 15.0 65° 70° 73°
1/4 LN 8 .060" 225 6:9 8.0 9.8 12.6 17.9 22 28 34 40 85° 89° g91°
sy
\
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POV -

- LET -
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Table 3. Numerical Results for Varying Droplet’ Size (30) and given Spray Density
- _ 3, . _ .
(pso = 1.09 mg/cm™); Z* zZ,-
d.(um) T  _(°K) T. T, (°K) Ak 1070 (cm/sec) AT ox 1070 (cm/sec)

0 ®,a i i 0 max Y9 max ec
~.9 436.1 14.33327207 12.35992785 9.795848620 14.95090822

35 1553.1 -.8 560.2 14.33344603 12.35985285 9.796302129 14.95056215
Tt =,7 684.3 14.34201845 12.35615847 9.811060897 14.93931286

-.6 808.4 -~ 14.45650671 12.30713394 9.958857830 14.82804317

-.9 443.1 8.030384777 16.91232285 5.442195750 20,54396936

40 1647.2 -.8 576.9 8.030489588 16.91221248 5.442463652 20.54346372
* -.7 710+ 8.035938682 16.90647750 5.451684926 20.52608221

- 844.4 8.108309612 16.83085879 5.543675537 20.35506700

-.9 453.8 3.644638490 26.05506351 2.437922739 31.85733158

52.5 1792.9 -.8 602.6 3.644693911 26.05486542 2.438060274 31.85643300
* ' -.7 751.4 3.647740008 26.04398440 2.443081746 31.82367756
-.6 900.2 3.687331328 25.90378836 2.492234598 31.50829511

-.9 463.5 1.960843405 36.72117729 1.296418224 45.16120160

80 1923.7 -.8 625.7 1.960878593 36.72084781 1.296503342 45.15971911
: -.7 787.9 1.962866679 36.70224678 1.299706231 45.10404084

-.6 950.2 1. 987967198 36.46980534 1.330232995 44.58350358

-.9 469 1.415988599 44.03958566 .9289626626 54.34259165

145 1999.2 -.8 639 1.416016788 44.03914730 .9300298802 54.34062781
. ° -.7 809.1 1.417622562 44.01419816 .9325834302 54.26618052
-.6 979.1 1.437500281 43.70882517 .9564789796 53.58403175

i
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Table 4. Numerical Results for Varying Droplet Size (30) and given Spray Density
N (ps\r = 1.09 mg/cm’); 2¥ = (B4%2.)/2 g
)
4 (um)\ T (°k) T T. (°K) At x 1072 . (cm/sec-) AT x 1072 ot (cm/sec)
0 ©,a i i 0 max 0 max
) -.9 452 4.122528137 24.34780988 2.763560972 29.73768732
35 1768.7 -.8 598.3 4.122589091 24.34762989 2.763712971 29,.,73686956
* -.7 744.6 4.125915158 24,.33781411 2.769219630 29.70728861
-.6 890.9 4.169339435 24.21074143 2.823340067 29.42118227
~-.9 456.2 3.109561926 28.43875529 2.0740é2127 34.82164701
40 1824.9 -.8 608.2 3.109611066 28.43853059 2.074183305 34.82062982
- -.7 1760.3 3.112334987 2&.42608314 2.078648267 34.78321214
-.6 912.4 3.147513173 2%.36678471 2.122100256 34.42526090
. ; -.9 462.3 2.109067969 3511.2,6252462 1.396426387 43,.33608427
52.5  1907.4 ~—-8 622.8 2.109105007 3576221500 1.396516261 43.33468978
* * -.7 783.4 2.111192515 35t24477738 1.399888820 43.28245816
-.6 944 2.137653557 35,02595856 1.432151576 42.79215892
-.9 .467.4 1.550959445 1.85256543 1.020548261 51.59475225
80 1977.6 -.8 635.2 1.550989402 41.85216124 1.020619987 51.59293927
- -.7 803 1.552692763 g 8291982 1.023338775 51.52435809
-.6 970.8 1.573901869 41..54640778 1.048919292 50.89220504
-.9 470.3 1.318633033 45.83282415 .8647146520 56.59814341
145 2016.4 ~-.8 642.1 1.318659930 45.83235672 .8647785804 56.59605138
‘ ~-.7 813.9 1.320193874 45.80572248 .8672107557 56.51663114
-.6 985.7 l.339092§80 45.48134256 .8898700973 55.79243133
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: Table 5. The HZS—Air-Water Spray, Mixture and Combustion Parameters for Varying Droplet
i
| Size (ao) and given Spray Density (pSU = 1,09 mg/cm3) ]
: _ 3 3 - _ —
dg (um) DSO(mg/cm ) pgylmg/cm”) G Zg zZ, T F, Kz*=zw Kz*=(zo+zw)/2
35 .5824 1z2.07 2168.5 2265.9
40 .5692 9.29 2210.3 2292.0
- 52.5 ' 1.0901 2.2953 .1779 .5250 .5508 5.43 2277.1 2330.7
80 - .5362 2.35 2338.3 2363.8
145 .5285 .72 2374.1 2382.3
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- Table 6. Numerical Results fex Varying Spray Density (DSO) and given Droplet Size ('Elo = 52.5 um) ;

Z* = 2 .,
oo

3 a + -5 - - -5 +
Oso(mg/cm ) w'a(?k) T, T;(°K) AT x 10 Uy nay (CM/SEC) AT x 10 Uy 1oy (CM/SeC)
< -.9 482.7  .8512071225 51.46014219 .5519115207 63.90780134
3172 2125.2 -8 665.2  .8512300579  51.45944892 .5519648427 63.90471439
.. . -.7 847.7  .8524672393 51.42209394 .5538859675 63.79379303
-.6 1030.2 .8668118676 50.99483396 .5707644920 62.84346645
-.9 468.4 1.655814482 37.63916371 1.090089964 46.38895968
6861 1960.9 -8 634.2 1.655847888 37.63878403 1.090170119 46.38725427
. . -.7 800.1 1.657685925 37.61791137 1.093108283 46.32487022
-.6 965.9 1.680305760 37.36385223 1.120422940 45.75671184
-.9  455.9 3.234934456 27.53954784 2.158964499 33.71062449
1.0313 1816.¢ -8 607.1 3.234985585 27.53933021 2.159090768 33.70963873
- . -.7 758.2 3.237800705 27.5273555 2.163711021 33.67362877
-.6 909.4 3.274128526 27.37421580 2.208632556 33.32942442
~.9 4%4.1 3.588420701 26.24385578 2.399614744 32.09287010
1.0825 1795.9 -8 603.2  3.588475538 26.24365526 2.399750745 32.09196069
. A93.9 _ 7 752.3 $3.591490330 26.23263813 2.404717773 32.05880003
-.6 901.4 3.630639009 26.09082335  2.453295991 31.73981160
-.9  450.4 . 4.461451971 23.72160628 2.995483817 28.95000984,
1.1882 1753.8 -8 595.2 4.461515717 23.72143682 2.995643292 28.94923924
. ‘ -.7 740 4.465004738 23.71216686 3.001437122 28.92128463
~.6,  884.9 4.510868044 23.59131465 3.058754430 28.64902846
-.9 445 6.253474995 20.28903051 4.223788664 24.68714762
1.3474 1691.8 ~-8 583.5 6.253556253 20.28889870 4.223994603 24.68654581
. ; . -.7 722.1 6.257958113 20.28176182 4.231390441 24.66496218
-.6 860.6 6.316782239 20.18710544 4.305689862 24.45122555
&4
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Table 7. Numerical Results for’Varying Spray Density (pso) ‘and given Droplet Size (30 = 52.5 um);
Z* = (2,+2.)/2. ' :

3, - o ~ : + -5 - - -5 +

Dso(mg/cm ) Tw,a( K) T; T,(°K) AT x 10 Uy nax(cm/sec) = A x 10 Uy max (CM/sec)

, -.9 485.7 - .7358932441 55.88998699 .4755170571 69.52778060

3172 016407 -8 672.2  .7359142565  55.88918908 .4755655589 69.52423502

L * -.7 _ 858.8 7370462946 55.84625215 .4773119534 69.39693043

-.6 '1045.3 .7500164998 55.36126531 .4924851727  68.31952475

-.9 . 474.3 1.192805471 45.23530050 .7798491233 55.94444848

6861 2039.¢ -8 648.2 1.192832333 45.23479115 .7799126267 55.94217083

. . -.7 822.1 1.194318960 45.20662941 .7822572910 55.85827002
-.6 996.1 1.212228585 44.87144243 .8036262025 55.11061362~.

. -.9 464 1.935399792 36.61075465 1.279100851 45.03411495

1.0313 1926.4 ~—+8 626.5 1.935435003 36.61042162 1.279185969 45.03261663

- g -.7 789 1.937415875 36.59170104 1.282375075 4497658654

-.6 951.5 1.962347562 36.35850864 1.312677439 44.45442688

-.9  462.5 2.085583495 35.43533450 1.380550599 43.55361051

1.0825 1909.9 -8 623.3 2.085620288 35.43502194 1.380639835 43.55220297

. . -.7 784.1 2.087693529 35.41742271 1.383987827 < 43.49949270

-.6 944.9 2.11394\9726 35.19678538 1.415987740 43.00516129

- -.9 459.4 2.439476451 33.09210039 1.620098986 40.60709047

1.1882 1g76.1 -8 61b.8 2.439516871 33.09182624 1.620197689 40.60585355

. . -.7  774.2 2.441800563 33.07634807 1.623908739 40.55942960

-.6 931.6 2.471085237 32.87977108 1.659802363 40.11847896

-.9  454.8 3.108902640 29.77006243 2.074798409 36.44142515

1.3474 1825.7 ~+8 607.1 3.108949616 29.76983751 2.074914307 36.44040739

. . -.7 759.5 3.111609551 29.75711054 2.079277664 36.40215227

-.6 911.8 3.146338874 29.59242517 2.122208918 36.03207216
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Table 8. The st-Air—Water Spray, Mixture and Combustion Parameters for Varying Spray Density

(pso) and given Droplet Size (50 = 52.5 um) .

X
v

>

Psg (mg/cm?) Vaoes (cm3) Po (mg/cm>) G Z, zZ % F, iz*=zm Kyue (2o+zm) /2
.3172 1.036 1.5224 .2682 . 7916 -.8029 ) 2193.8 2211.0
.6861 2.24 1.8913 .2159 .6372 .6569 2229.0 2264.7

1.0313 3.366 2.2364 .1826 .5389 .5639 2269.4 “ 2320.6
1.0825 3.534 2.2876 .1785 .5268 «5525 >e 43 .2276.1 2329.4
1.1882 3.579 2.3934 .1706 .5035  .5305 2290.4 2348.0
1.3474 4.399 2.5526 .1600 4721 .5008 2313.4 2377.2
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Table 9. Experimental and Numerical Vhigggi\if\%he Maximum Burning Velocities.

b
|
§

Theory $ Discrepancy
5
i- Experiments ' ug (cm/sec) (ug -ug )/ug x 100%
a,{um) ug (cm/sec) max max —-max max
) max
| g*=7_ 2*=(2,+3,) /2 : Z*=3_ 4= (2,42,,) /2
,
z . : .
{ 35 - 13.66 |- 27.05 - - h :
‘ 40 . 31.90 18.73 31.63 ~41.3% -.8% ‘
52.5 33.75 - 28.96 39.3 -14.2% 16.4% |
80 . 37.15 40.94 46.73 '10.2% 25.8% S °
145 39.28 49.19 51.22 . 25.2% 30.4% - o
N ~ - s « 5 [
P (mg/cm3) : : T ) > :
Bo _
.3172 . 38.93 57.69 62.71 48.2% 61.1% \
.6861 37.62 42.02 50.59 11.7% . 34.5% ) |
©1.0313 34.52 30.63 40.82 -11.3% 18.2% :
. 1.0825 33.75 29.17 39. 49 ~ -13.6% | 17%
: 1.1882°; 4 ~30.00 26.34 36.85 T -12.2% . 22.8%
o 1.3474 © 29.28 | 22.49 33.11 © -23.2% |- 13.1%

c

* ) . -
The values of ug are averaged between ug and u
max max

Omax
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Numerical Values* for XKdiabatic Flame,Temégpﬁtures at, Maximum Bufning Vq}odities.

1 ;
{3 ' ;
e E ~ H

Table 10. -
’\v&~ - ~
- -3 § - ‘e - "
- = - * = -
B . 2%=Z_ Z¥={24+2,) /2 (T, o"T, o)/T, o X 100§
- dy (um) . .
o ° o ° ' s *=
T, a(°K) | Ty, o (°K) Tp 7al°K) | T o K) Zr=3, | B*=(Z,+3,)/2
P —4 ‘ .
40 ~ 1647.2 1775 1824.9 1825 -7:2% . 0.0%
52.5° 1792.9 1835 1907.4 1855 -2.3% 2.8% ‘
80 1923.7 1900 1977.6 1910 1.2% 3.58% ° o
145 1999.2 1930, 2016.4 1935 L 3.6% 4.2% ° ; :
“ L]
- 3 - + f:’ — - = ?
C " ko
Peq (mg/cm”) ! 1
: . :
.3172 2125.2¢ 1995 _ 2164.7 . 2005 6.5% 8.0% n ;
i - z
.6861 1960.9 1930 h 2039.6 1945 1.6% 4.9% ! '
1.0313. 1816.6 1850 % . 1926.4 1875 -1..8% 2.7% f
1.0825 ' 1795.9 1835 1909.9 1865 -2.1% 1.  2.4% ‘]
1.1882 1753.8 1787.5 1876.1 | 1825 ~1.9% 2.8% - i
1.3474 1691.8 1757.5 1825.7 | 1795 - =3.7% 1.7% b,
, ; {
*Ta a and T, o are the ideal and fitted adiabatic flame temperatures, respectively. o f
[ 4 = .
N 4
i .. .
5 T o
//‘ & .
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zone involving heat conduction, digfusion,
reaction and viscous egfects.
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DEFINITION AND INTERPRETATION OF PARAMETERS IN

v

a .
. THE ANALYSIS OF LAMINAR ‘FLAME PROPAGATION

Y ~
The stoichiometric equation for the combustion process

introduced in section 2.2 reads:

~f |

| , r Kf' n ,
Yovig M == ) vM - (2-1)
K=1 Ky K=r+l

&

Reference mass concentrations YK* for the stoichjometric

.

reéaction {(2-1) are defined as:

: v W
ot For the reactant speé?i/.es: YK* = T—K———IS— . Kk=1,...,x. (I-1) &
K 7
’ ] - £
: E:N "3 /
J=l
and
/_/\-'\7 " WK )
' for the product species: YK* = —}-—-—&-——— K= r+l,...,n
i 4 '
. 2:“ M3
‘ . J=1

where WK is the molecular weight of species K. ~
Each species in the flow has a mass fra\ct:'.r:md{K (or YI

for inert species), a mass flux mx (g/cm2 sec) and a specific




i
ot
-3
-J
Ty

enthalpy hK (cal/g of species K).

If ay and a, are the coefficients (not necessarily stoi-

chiometric) in the chemical'equation of the reactant species

prior to the reaction;

) r K, . |
. ova— -
- 2: + aIMI .#ir_.‘Products + aIMI (1-2)
- K=1 : '

b v |

1

Then the following equalities hold:

r n r

Z +WIIE].
total total

zm

n
g
NK:

*
i1
™1
ad
=
*
n

K=1 + K=1 K=r+l K=1
(I~3P
Where: !
Y, = — =
- K p r y
s
/ Z WXy + W Xp
J=1
and (1-4)
P W, X o .
| YI = .—I = I I {
P T
Z WiX[ 4 WXy
J=1 Y
b t ’ P

with Pge Prr Py Xx and xI representing respectively the species
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1

K density, the total density oﬁ\the inert species, the gas

mixture overall densfty, the réactant qpecies K mole fraction

b
P

and the inert species mole fraction.

' Now, if ) /

a /,.7
a = min- ‘\',"r" ’ﬁ K=1, XN r (1-5)

o /
"o . ¢

¢

K
K

then the mass fraction of consumable reactant species available
4

”

for combustion initially is giveﬁ by the "dilution”, G,

defined as: .

r
G= a §Z v'KWK/Wtotal (I-6)
K=l |
IS ‘ I @
. , b
It follows that: S .
a.w
| 0 <G<1- L1 .
total \ [

D

and equality on the right is equivalent to stoichiometry

/
of the reacting gageous mixture.

It can be shown [9] that‘all mass fractions are represent-
able as linear express®ns of a single function which will be

called Y(X):

L agWy ,
‘ total ,
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[y | ¢ . \‘
YK(X) = GYK{[1—Y(X)] K=r+l, ..., n (1-7b)
>
" . a.wW b :
’ ¥, = ot , (1-7c)
. total
o ' *

~

From Egqn. (I-3) and the summation of Egn. (I-7a),.the

definition of Y(X) is: .
N
S | - aW;
Y(X),.= & ZYK“ +6- [1-25 (I-8)
C; K=1 total

The definitions of Egns. (I-1), (I-5) and (I-6) imply that

i

' * - -
aISWK _>_ G Wtotal YK K l' ooy r (“I 9)

:

with equality holding for at least one value of K.

'

1f,
a W
G=1-—.ﬁ._I__:£_
o total

(I~-10)
then the equality holds in (I-9) for all k; otherwise
there is always at least one value of K for which the equality
in (I-9) holds. For a physically sensible solution, it is

\ :
required that 0 < Yp 2 1 for all K; by Egns. (I-7) and (I-9)

this is equivalent to the requirement that,

!
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.

0 <YX) <1 X>0

-

L

Equality on the left for any X is equivalent to complete

combustion at that value of X. -If G = 1, then ai = 0 and

it follows from Egn. (I-8) that Y is simply the sum of all of

the reactant mass fractions (Q was defined this way in Egn.
(2-10c) of [8]).
\ If G < 1, then for each of fhe feactant species, that
portion of the species mass fraction which is avaiiable to
be consumed in the forward Feactién of (1-2) is YK*GY (K=1, ...,
!r). The total "consumable reactant mass fraction" at each

point X in the flow is then:

i 5
Z (YK*GY) = GY (1-12)

K=1

{

The addition of water sérays to the.mixture is considered
in this work to be equivalent to the addition of one inert
species in the form of liquid droplets, converted partially
or wholly by the propagating flame to vapor, hence to another

From Egqn. (I-3) then: )

n
ZYK+YI+YV+Y"=1
K=1 .
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Where Yv and Yl are the vapor and liquid mass fractions

respectively. -t |
e We define the masg fraction of the gaseous part in the
: N overall mixture (gas plus liquid) by: ‘ )
f ! . R 2‘}‘
{
i P
p )
With pg representing the gas density and p the overall mixture
density including the spray density, Pg (p = pg + ps) .
. r )
| The definition of Z implies that the reaction species mass .

] fraction, YK in the combustible mixture with water droplets
(Egqn. (I-13)) is equal to Z times Yy in the mixture without
the addition of water droplets (Egn. (I-3)). The same thing

; applies to G, the "dilution" factor defined in Egn. (I-6) for

the mixture without water droplets which is now equal to 2

times that value, or

G = 2G constant (I-15)

L+g g

4 |
-

This stems from the fact that by adding more-species te_ -~
the existing mixture, the m%ss fractjons of the species already
in tye- mixture are reduced as can easily be seen from Egqn. (I-13).

The definftion of 2 also implies that,




LY = ?gha 1-2 | (I-16a)
and i .
3 . ' ', .
¥ ' o 22 e BB - -
] , PR ‘yv 5 2-3, ' __ (1-186b)
! -

Initially, the gaseous mass fraction is 25 and thg water
mass fraction, 1—20. As the reaction progresses, Z is
increasedndue to the evaporation of water droplets while the
mass fraction of liquid, 1-2, is reduced; For the case of
toégl evaporation, Z, = 1; this implies a completely gaseous

mixture at the final equilibrium with no liquid water left.
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APPENDIX IT -

CASTING OF THE GOVERNING DIFFERENTIAL EQUATION AND BOUNDARY

CONDITIONS, INTO A FORM SUITABLE FOR THE NUMERICAL SOLUTION

- 4

[

The governing differential equation and boundary conditions

~

were shown in section 2.2 to be:

!

.

Trig) - Fr(y) = ¥ " (2-26a)

T'(0) = 1 + T(0) (2-26b)

) ]
T(w) = 0 (2-26¢c)

4

The fight-hand side term of Egqn. (2-26a) is highly non-
linear. Therefore, it has to be brought to a form in which
the eigenvalue is defined explicitly.

/ The particulér form of w, the chemicai source fungtion,
which is derived from the law of mass action as applied to a

1

one-step reversible reaction, is,

. ' , ]
) r r [yl & no[yee\VR]
W = wev' IR (T 1| S -KL (M) T [ =1,
R A= R B DY g
K=1 :
Pal

C - 7 ' o ( N (1I-1)

;]
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e -

=

where Kf and Kb' the specific forward and reverse reaction
rate constapts, are defined based on the Arrhenius law as
expressions of the form (R is the gas constant 1.986‘\7 (cal/mole

°K))

& . ) 4
1

X = BTPexp(-E/RT) (II-2)

- 2
w

_The' frequency factor B, molar activation energy E and
temperature-exponent B are constants which aré generally

different for the forward and reverse rates. .

[

- If Egqn. (2-1) descrlbes an elementary reactlon step, then

———m— =

the y' K and " K exponents in Egn. (II-1l) are 1dent1ca1 to

vfx and v" K’ respectively. However, it is more usually the
case that Egqn. (II-1); repx:esents an empirically observed
rate law for the overall reaction, a‘ So- -called global"

approximatlon for a mu1t1 -step reaction. Then, ¥' X and Y"K

.~

are regarded as non-negative, empirically determined constants.
) W .

9 . R .
Thus the reaction is of the order Y'K with respect to species

. -
.K for K=1, ..., r and the overall order of the reaction for

Q

the forward and reverse reactions respectively, is re and rpy, . s
LN

- a -

defined as e 3

r | n :
e = ZY'K Ty = Z Yk (IT=3) .
K=1 K=r+l ¢

»

'l
v




hand side of ‘#qg. (2-26a)

puxpose, YK and T are expr

Egqns. (I1-7), (5—80) and (2-23).

Eqn. (18)], - [°
'; b

.. | ] _
}. PD = TRL(pD),, /(T )] SR

: .
i (8

«
-
1 » N

wper‘e"r°° a 1s the adiabatic flame temperature and a is a
4

numggr bet@een 0.5 and 1 [23H.

Since‘it is assumed that the entire mixtgpé/giijs the |
perfect gas law: )
) " (II-5)
[d
(R is the éas constant 82.057 atm“Eﬁaﬁwole °K) where the i '
[
. average molecular weaghtbw ,
. 3 X
4
§<= (11-6)
ﬂ -]
Hence, p can be expresse& also as a function of JI only.
”~ )
The résulting resfion for the righf-hand side of
, _ - )
' (:) i . Eqn. (2-26a) is: .
% ‘ wo

L

5 ool BL
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: N\
r v‘ -
* = f r a W ‘,,_ K )
e MRy ) N g -1 -7 (11-7) .
Gm Uy K=1 total K |
— “F
J,w'here the back readtion is not ixz_q/(u;d and the exponent y',
in Egn. (II-1) will be considered to'be identical to Q'K.
/’/ L~ . N '
' The overall order of the forward reaction then becomes:
! / -
/ ‘ r
. — re = Z v'K o (I1-8) .
K=1 ¥
’ ’ ) r b -
.~ Ean. (II-7) is irf dimensionless form. The constant K and
t@e d\imensionless specific reaction rate function Ue are
defined in terms of previously introduced physical parameters
as follows: - .
/ = L (11-9)
p
r B.+a=-x !
= 4 ~ £ £ - ,
W(rT) TTT) \ exp[-E¢/RT(T)] ' (II-10) ,
w(o) « ’ P . ]
o r "‘1 (1
- (pD), o | px ~ B PoC ‘f
K = T Bf (T*) T
o ©,a
v ]
: 2. x%

K=l ° .
v i o ’U'K l/rf ﬁ(o)z & ’
KE]_ (v 'K) . j B:W o (11~-11)
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Since Egn. (I-9) shows that a W, 2> totalYK*

.K=1, ..., r with equality holding for some K in this range,

for

r = i i ) .-;.. *
we can have K=1, ..., s species for which aKWK thotalYK

where 1 <8 < r. Ifs < r the fresh mixture is not in

stoichiometric proportions and aWy > thotalYK* for

K=s+1, We then, define the number v as the reaction

."u’ r,

!

order relative to the consumed species:

\ v = ZV"K o« (11-12)
K=1
Eqn. (2-26a), therefore may be written as,
3
- \ rf //
: (g - 3 (o) = ERL () By (2-27)
,uo
where p(T) is defined as: \
r a_w v!
~ ~ KK K
u(T) = u(T) T e D = 1 =~ T (2~28)
£ k=s+1 | Frotar¥x"

\

With the expression on the right-hand side of Eqn. (2-27)
}

! ~ - I . .
being replaced by AY(T), where A = (Kp) f/uo2 is the eigenvalue

defined in Egn. (2-30) and ¥(T) is the non-dimensional reaction
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' problem using the. following transformation:
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A

rate function, the boundary value problem in Eqns. (2-26)

1

was shown to become:

T () - T' () = - A¥(T) ° (2-31a)
' \
ﬁ‘O) = ii" (2-31b)
TU(0) = 1 + ii (2-31¢)
T () = 0

'where ii is the non-dimensional ignition temperature.

In order to formulate the eigenvilue solution, Egns.

(2-31) have to be reduced to a first-order boundary value

S

+

: u = T(g) 0% <, (II-13)

{ I '
Lx > 0 and may be finite or infinite. The interval 0 slc < T,

'

is mapped onto the interval ii £ u<0. Let
vi{u) = T'(f) (I1-14)

It can be shown fhat vi{u) > 0 if ii <u<o and so

o

/

(2-31d)-

A

|

|




<0

u
o
T.

' . i

&l
u
<
:
P
n
3
A
o

<
[}
cie
L k]

P«

A

<uc<'o (1I-15)

/
H l
+ It follows from Eqns. (2-31), (I1-13), (II-14) and (II-15)

that, v(u) is a continuously differentiable function of u
\

vhich satisfies the first-order Houndary value problem:

-

Cviu) =1 - %’{E“% - (II-16a)
<
‘ v(i-i) =1 + -I'i (1I-16b)
/ | v(0-) = 0 (II-16c)

Upper and lower bounds for the eigenvalue A will now be

derived. They provide a method for numerical computation of

t

approximations to A along with bounds for the error. Eqgn.

(II-16a) cag be written,

v
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Multiplication by 2(v-u) yields,

A, ' V4

] C vew?) = - ZA(I-\%)‘I'"

_Integrating and using boundary conditions, Eqn.s (II-16b)
and (II-16c), we obtain the relation,

]

. 0
L 2Af [1 - -ﬂ‘%)-] Y(u)du =1 " (11-17)
Ty .
u ’
-2  _én
v(n)
: T
Multiplication of Eqn. (II-16a) by 2ve i yields the
equation, |
-2 dn _ dn
T T
[e i vz(u)] = =2Ae 1 + ¥ (u)

Integrating from ﬁi to 0 and using boundary conditions, Egns.

(IT-16b) and (II-16c), we obtain a second integral relation:

u
[ _an
o &
e ! ymau= 1+ )2 (11-18)

N

- Ti
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Since v(u) > 0 and Y(u) > 0 for ii < u < 0, the substitution

of an upper bounq for v in Egn. (II-17) yields an uppeflbonnd
for A, whereas the substitution of an upper bound for v in
Egn. (II-18) yields a lower bound for A.

Now according to Eqn. (II-16a), v'(u) < 1 if ﬁi <u<o

and it follows with the use of Eqn. (II-le) that,

¢ 9

-

. , v(a) <1 +u if T, <u<0 (1I-19)

LI . s

2

Hence 1 + u is an ﬁpper bound for v{(u) and can be substituted'

in Eqns. (II-17) and (II-18) to obtain the inequalities

/

‘AT < A< At (2-33)
where
+ -1 /1‘
' A= |2 -"l‘ﬂ-é- du CT (2-34a)
Oy (l+u) . . ‘ '
i
H

h 0 -1 )

At = 2‘[~ 3'1%’- du (2-34b)
T, ) ‘

’

are the lower and upper bounds respectively for the eigenvalue A.
A FORTRAN program was written for the integration of

Egns. (2-34) to solve for At and A” in various cases described

‘

| | ’j
;
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~

in Chapter V of thi;_thesis. The numerical integration
scheme used was the three-point Newton-Cotes formula better
known as Simpson's method.

For the case of the laminarkgldme propég?;ion in a
combustible mixture with water droplets, the governing
differential equation and boundary conéitions were shown in

section 2.4 to be:

)

Fr(g) - B(g) = ZDY (2-83a)
Jm

Fr(0) = g + T(0) | (2-83b)

T(w) = 0 (2-83¢)

-

O

The above equations are similar in form to Eqns. (2-26)
where the case of a mixture, purely gaseous with no water

droplets,\¢vas considered. As a result, the procedure leiding

to the expre sions for the higher and lower bdunés of the

| . N
eigenvalue (Egns. (ZfQQL, shown at the end of this appendix)
is exactly the same again, except, for minor changes in some |

equations discussed previously in this appendix and those will

now be shown.

The form of w, the chemical ;;ﬁnce function, for f forwdrd

reaction only, was shown in Egn. (II-1) to be:

!




]
. L ‘ r R &
= ' .4
4 Z WKv X Kf(T) Kgl p W
K=1
rd
Also, considering a stoichiometric composition, Eqn. (I-9)
becomes:
= *
g = GWiotar¥x

Then, from Eqn. (I-7a) it- follows that:

(I1T-20)

v

Y (x) = Gvgrr ()

which is true only for the stoichiometric mthure. Whence,

p p GY 0. J(=T)
(pg+ps)GYK*Y o 7 YK* 7 YK* (11 21).

‘ g

~

where use has been made of the definitions for 2, YK and G,
with the wéter droplets included, in Appéndix I (Egns. (I-14)
and (I-15)) and the result, Y*(X) % T(X) = 0 obtained in

Eqn. (2-82). Substituting the expression for Y above

e

(Egqn. II-21), in the equation for w, we have:

v.x\ Yk 0 J(-T)
(-K— b A (11-22)

r ‘r
.« 'Y ~
W= ZWK\) K) Ke (T)K-El "
K=1
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Which in turn is then used on the right-hand side of the
governing differential equation, Egn. (2-83a).
i
The equation of state applies of course to the gaseous

part of the mixture only and thus assumes the following form:

P = pgRT/W = ZoRT/W

Qr

. X ZoT _ E = constant (21-23)

W

-

Where the average molecular weight, W, is now defined as:

v, ]t '
‘ Wi = }E 1, % = #i(H) (1I-24)
- e
‘ v ™ )

gD and not pD'which is used

v
as a function of the temperature. 3

A

Similarly to'Eqns. (II-16), the boundary value problem

B%gidesl in Egn. (II-4) it is now p

described by Eqns. (2-83) is transformed into the following

[
Lst order governing differential equation and boundary conditions:

©

A¥ {u)

vi(u) =1 - v

(I11-25a)

v(ii) = a + &i (I1-25b)

T PR e g et
"




T : v(07) = 0 ‘ (11-25¢)

where

Repeating the procedure in Egns. (II-17) - (II-19) and

| : l - g
realizing that now the upper bound for v(u) is a+u rather than /
1+u by using the boundary condition in Egn. (II-25b), we

obtain the following expression for the lower and upper bounds

of A:
-1
o= 2| gl (2-84a)
T (a+u) b
‘ i
' . : -1
’ + _ ¥ (u) ' _
) & = |2 L du (2-84b)
T3

[3
AL

Eqns.’ (2-84) were integrated numerically within a modified

numerical scheme wbich'included the effect of water sprays

-

(see 'section 2.4).

L)

L)

o
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APPENDIX III

GENERAL SPRAY STATISTICS

-~

4

The term "spray" is defined here to include all such

" systems in which theré are so many particles that only a

s

statisfital description of their behavior is feasible.
Aég%étistical description of the spray should be given

by a distribution function

flr,x,v,t)drdxdv -
which is the probable number of particles in the radiqs range
“ ar abﬁut r located in the spatial range dx about x with
velocitiés in the rﬁnge dv about v, at time t.f Here dx agd
dv are abbreviations for thé three-d%$ensional elements of e
physical space: and veloéity space, respectively.
The droplets are assumed to be spherical, thus one

parameter r is sufficient to determine the size of the droplet.

Integrating the function f over all the velocity space:

v e «
H = f £av (111-1)
0

we get the number %0f droplets per unit volume per unit range

o
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of radius and integrating H over all the radius range:

=
it
%
‘ Qg's

results in the number of droplets of any size, r, per upgit
volﬁme. Various functional forms for H were suggested and

one which agrees well with observed size distributions for
real sprays‘and simpl%&iesomaﬁy-theoretical tomputations is the
generalized RosinfRammlér distribution, first proposed by
Tanaswa [10, Chpt. 11; 63-655.

For formulations which have successfully yielded results,
the statistical assumptions are highly restrictive and equude
effécts such as droplet sﬁéttering, coalescence, nucleation,
deformation, ete. [10, Chpt. 11; 31, 33, 60]. In this work
cansiégrationdwill be restricted éo dilute sprays (i.e. the
ratio of the volume occupied by the condensed phase to the
volume occupied by the gas must be small), hence collisions
between droplets do not exist. Furthermore, the:droplets'
velocity relative to thé gas is small so that nucleation or .
particle break up are absent. This means thé ratio of the
dynamic force to the surface tensioﬁ force which is given by

the Weber number [10, Chpt. 11), ‘ . /

f fdvdar ( 111728
o ' .

2
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b . , 2rp_|v-ul?
: —_y

We = . << 20 - (I11-3)

here, s is the surface tension of the liquid, p_ is the gas

g
“mixthre degsiﬁy, vmrePEZsents the droplet velocity and u is
the velocity of the gas. When We << 20, droplets are nearly
spherical as 4ssumed in this work; 58 We %néreases, the v
"droplets defodrm and eventually break up at\We = 20.

Essentia;‘to all of these treatmgnts are explicit of
implicit statistical hypotheses which permit the deduction of
spray behavior from some known properties of single particles.

MQIn tﬂ%gprSent‘research ther emphasis is on the steady staée,‘
’ spheri;allé-symmetric evappration of a single droplet in a
&Quiespént atmosphere (see/section 2.4), a phenomenon understoodu' i

comparatively well [33] and eﬁbountergd in héterogeneous

burning investigations [10, Chp%. 11; 23, Chpt. XXII; 60].

£y
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APPENDIX IV ‘ )

SAMPLE COMPUTER OUTPUTS

.

Sample program l:~/ For a flame in stoichiometryc st—air i
3 : :
mixture without water spray. It calculates the value for
By which will give the experimental value of.u0 as an average
+ - )
' between u, and ?0 S i

[

: N L
Sample program 2: For a flamg in stoichiomeétric st—air mixture

!

with water spray,,pso = 1.09 mg/ém3, 30 = 52.5 ym. It uses o

the value of Be calculated in sample program 1.
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[

*BATCH WATFI
Skt kkkkRhkk

<

SWATF IV +TIME=E0,PAGES=]100

anAnnNndANANNONADANNAAANNAG

ann

[«
<
C

RERSABFEEE R SR REE R R SRR AR E KR AR AR RSB R R IR RN KRR KER R R KX
BURNING VELOCITIES CALCULATIONS OF H2S-AIR LAMINAR FLAMES
LR AR A MR AR AF R KR KE AR AR RERAESR R RRERRK AR BB KRk p SRR kR Rk

THIS PRDOGRAM SOLVES THFE EIGEN VALUE PROULEM FOR THE BURNING VELOCITY
0OF A LAMINAR H2S-AIR FLAME AT STDIEHIOMETRIC CCMPGSITION, -
IT INTEGRATES THE BOUNDARY VALUE EQUATION PROCEEDING FROM THE. CDLD

UP TO THE HCT BOUNDARY BE!NG AT

BOUNDARY WHICH IS AT IGNITION TEMP,
THE ADIABATIC FLAME TEMP,,

THE INTFGRATION 15 PZRFORMED TWICE AND KESULTS. IN UPPER AND ' LCWER
BOUNDS FOR THE EIGEN VALUE FROM WHICH THE CORRESFONDING BURNING

IGNITION TEMPS. IN AN -

« YELOQCITIES ARE DETERMIN

IT REPEATS THE INTEGRAT ON FOR FOUR DIFFERENT

INCREASING ORDERe

_SECTION 13DATA INPUT INCLUDING THE TWQO STUDY VAR(ABLCS DRDPLEY INIT AL
"RADIUS, RO (CM) AND WATER SPRAY TOTAL VOLUME

FOLLOWS,

INPUT V5S¢ CC
CALCULATION AND DEFINITION OF THE MIXTURE THERMDCHEMICAL PROPERTIES

AR AR EREERERAEEAREBES SR LB B R T IS SRS AR RKRERRRREER KRR R ER RS RS KRRERERER

~

IMPL ICIT REAL®*BLA-H,D-2)
DIMENSION VR(10) sH(10) , ¥
1

(103 Y (
IYeH(TI ) oWlI)sl=1,2

v

®2069+2D0¢2s50051eD0s298.D07

10)+WSPEC(10).HF(10)
)

13

P.TC-TFwﬂovP.T!NITglo986500.82.05700.o280500¢2.6930-04‘

DATA vDFAC.wPRDD.A.BoAvMOR.AVMOPoVTR.VTP.SUMH.sUML/lO*O./
cALcuLaTION OF THE COMBUSTION REACTANTS PROPERTIES.

DO 21=1,2
WSPEC{I )=V
N HF (1 )}=H(1)
VTHSVTR+VR
2 WREAC=wREA
REACM=1 ,D0
DO 31=1,2 ‘
Y(L)=WSPFC({I)/WREAC
AVMOR=AVHCR+Y(TI)/W(L) .
REACM=PFACMR((Y(1)/W(T))*sVR(1))
3 A=A4+Y(1)I%HF(I)

R
’
{
c

'CALCULATION JIF THE COVBUSTION PRCDUCTS PROPERTILS.

wii)

EC(L)
4 VIP=VvTARAVR(I
D0 S51=1%,4

YUT ) =WSPECTTI/WREAC ™~~~

4

=
%
©

SAMPLE

'\

ik e e e =




27
28

(%]
»

[
o

non

anntnnn

5

N
AVMOP=AVMOP+Y{ 1) /w( 1)
B=B8+Y(I)SMHFL])

TOTAL HEAT RELEASED PER GRAM OF COMBUSTION REACTANTS.

. FUIL=(RATEX(=-UL ) *%R0D

20

=

Q=A-8 ¢

G=1+D0~5,7200%28.,D0/( WREAC+S.72D0%28.00) ' ©o-
WINIT=(WREAC+5.72D0%284D0 )/ (VTR+5,7200) &
WEIN=(WPROD+5.7200%#28.D0) Z7({ VTP+5,72D0) )

C1=G*0/CP ‘

DENSE=(P*WINITI/Z{(RI*TINIT) =
53(TC"RE!C*REACM‘G*‘(RG-IoDO)/(OkNSE*DENSE‘CP*TF))‘t(!-DO/FO)#HF!

N/ RY

SECTION 2I:NUMERICAL INTEGRATION OF THE EIGEN VALUE EQUAT]ION AND
CALCULATION OF UPPER AND LOWER HBOUNDS FOR THE BURNING VELOCITY.
bl Bl S R L L L e i T T T I Y Y o TP
N=1

€x256000,00

X=s 0100 .

M=24S5

Z2==a29D2

DO 13Ju=1,4 .

Ul=2 -

DO (1I=14M

a:(N.EchiGD T0 7 , N

2 .-
UI22¥2% 1-1 14X
WU=1 o/ GEUT#(AVMOP~AVMOR) + 1 o /WE IN) .
T=CLAUL4TF .
RATE=DEXP(-E/(R*T))
FULH=(QATE®(=UT ) **R0) /( 1+ UL ) -

12T (14U TR (1401 1) .
GO TO(B:9+10) oN
SUMH=SUMH+FU 1N
SUML =SUML +FUTL )
GO TO .
SUMH=SUMH+A ¢FUTH .
SUML =SUML +8%FUIL
IF(1.50.M)G0 TQ 12
Ul=2+2%1 %X
N=3
GO TO 7
SUMHZSUMH 2 XFU I H
SUML =SUML +2%F Ul L, ~
CONT INUE
EIGENH=1 400/ (24D0%X/3.D0%SUMH) ,
FIGENL=1,D0/(2.D0%X/3.D0%S5UML )
IF(JoNEL1)GD TD 20 -
BH=DSQHT( (S*P)+*RO/E IGENH) .
BL=DSQRAT({S*P)%x*RN/EIGENL)
F= (844007 (AH+BL) ) x%2
SCALE=S*F*% (1 +D0/RD)
BH=DS0RT( ( SCALE* ) % #R0O/5 [ GENH)
BL=DSORT ((SCALE#P)* RO/ EIGENL )
T=C1¥Z+TF
WRITE(O16)TFsT+EIGENH.DHEIGENL » BL

N ’

e ——
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TRYING THE- NEXT IGNITION TEMP.

2224100
M=M-5 !
Nt
SUMti=0,s DO
SUNL=0.0D0

13 CONTINUE
WRITE(S.17)

Eai:

AND REINITIALLZING THE PROPER VALUES.

L4

'IQ‘FORMAT('l'-#lXc9TH= BURNING RATE OF STUICH[OMETR[C H2S~AIR FLAMES!
¥

1S FORMAT(/
*UND*, 33X
*+M/S) )

16 FORMAT(//

17 FORMAT(']

Z7+AX ' FINAL TEMP.(K)® 46X+ *IGNITION TEMPL(K)®,7X+*UPPER BO

¢« TBURNING RATE(CM/S) %, 7X, *LOWFR BOUND®,

?ID!Z.SthQ 5022410)

BXe *HURNING RATELC

sSTOP
END

SDATA




FINAL TEMP,. (K)
0-20§9ZD [+ ]
0206920 04
0.20692D 04

0.,2056920 048

A T ———————— . . A s A8 Goch A 1, oot . = e 1

IGNITION TEMP.(K)

028926195300 03

0.48703204710 03

058480374120 03

0.88257463530 03

UPPER BOUND
0.1650821098D 06

<
0.1650B211290 06
0.1650889690D 06

0.1€55199164D 06

THE BURNING RATE OF STOICHIOMETRIC H2S~AIR FLAMES

BURN ING RATE{CM/S)

0«38214E3976D 02
Qs 38214839410 02

0.3321‘04586&\?2

0.3816426643D0 02

.

LOWER BOLAD
0.i1500444320
011500445100
011501622920

0411557927780

06

06

06

06

BURNING RATE(CM/S)
0.4%578516024C 02
045785158690 02

D.4£78281433C 02

Oe4SE7116185D 02

e
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WATFIV LTIME=60%PAGES=100 -

&

‘t‘#*““‘?‘#*#ﬁ*#*‘*‘#‘t*t.ttt.ttl‘#‘*#t*t#t*##ttt#*t##*
BURNINS VELOGI TIES CALCULATIONS. OF H2S-AlR LAMINAR FLAMES
baa bl LR R s e Y e R e Y Y Y L I T T T oYY

~

THIS PROGRAM SOLVES THE EIGEN VALUE PROBLEM FOR THE BURNING VELOCITY
OF A LAMINAR H2S-AlK FLAME AT STOICHIOMETRIC COMPOSITIUN.

IT INTEGKATES THE BCUNDARY VALUE EGUATICN PROCEEDING FROM THE coLC
BOUNDARY WHICH 1S AT IGNITION TEMP, UP TO THE HOT BOUNDARY BE ING AT
THE ADIARATIC FLAME TEMP, .

THE INTEGRATION 1S PERFORFMED TWICE AND RESULTS IN UPPER AND LCWER
BOUNDS FOR THE EIGEN VALUE FROM WHICH THE CORRZSPONDING BURNI NG
VELOCITIcS ARE DETERMINFD

1T REPEATS THE INTEGRATION FOR FOUR DIFFERENT IGNITLUN TEMPS. IN AN

INCREAS ING ORDER.

SAMPLE 2

SECTION 12DATA INPUT INCLUDING THE TwQ STUDY VARIABLE SIUROGPLET INITIAL
RADIUS,RO(CM) AND WATER SPRAY TOTAL VOLUME INPUT,VS(CC)
EstEgLATION AND DEFINITION QOF THE MIXTURE THERKNOCHEMICAL FRCPERTIES

S, - 3
‘”"‘ll*‘*"‘-‘"“"ﬁ‘#**"*‘##Ft**‘#t’#**tt‘titt“l‘*lt!!**‘*“'.*"’ ¢

aNOOADANDANDONOANAANNADGAN®

'Y

0-z)
0)sW(10 (
sW(l), 1,4

) io)tHSPECTIOI-HFglel
w

s TINITHCRV «CPLHFG1RO/1e986800,82¢0570041200+2%0 sUC o
$39.00¢2,.,500/
UVOLEFFvVLA“DAnFOUA'.ﬂUSATnRUG“SoTADE'TXME/45“6-¢UOI
’ *1268.500:26750-04,1¢D0 e S720043¢1BB0~CI 4120692002 05004/

CP=,.283500

[~}
>
-4
»
<
[o]
r
-4
(=3
e

TC=5¢5%920~04
RGC=2,625D~-03
VS$=356 .00

DATA WHREACsMPRODsAsBe VTR WWTIFE SUNMK ,SUMLY 8%Q ,Cu/

CALCULATIDN OF THE CUMBUSTION KEACTANTS PROPERTIES.

%

Onn

Do 21=1,2 e
WSPEC())=V
HE(E)=H(T)
VIRSVTR+VK
2 WREAC=#PELA
hEACM=1, T

O~N\NX

W(I))exvRI)) -
3 A=A+Y (1 )*hF

CALCULATIOUN UF THE COMBUSTION PRCDUCTS PROPERTIES. -~
DO 41=3,4

non

WESECT I I=VIR(L I*w(]) -

R T U,

09:49 €£0/092

o

W



aANNANOAON ‘adn

annnonn

4
'PROD‘IPG

Y1) =wSPE
% B=Bev{(l)*HF

TOTAL HEAT RELEASED PER GRAM CF COMBUST ION REACTANTS. >
azA-8

SECTION 2:CALCULATION OF WATER SPRAY EVAPORATION PARAMETERS INCLUDING THE
INITIAL AND FINAL GASEOUS MASS FRACTION(ZO AND ZF RESPECTIVELY).

AL SO CALCULATED IS THE INFLUENCE CF THE EVAFCKATION ON THE PHYSICAL

PRUPERT IES OF THE M IXTURE.

SAEEFEFIERRERSRRR LR RRER IBEXBAES B A AR A SR IR K RSB AR EA R AL AR S AR L AR EESF

k s~
X1 =VLAMDA®DLEG (1 « D0 +(TACB-373.C0 ) #CPV/ HFG)/ (CPV #RDSAT)
RFEDSQRITI{ROXRO-2#XI *TIME)
FRAVAP=1 o LO=(RF/RO ) $%3
VOL SPR2VOLEFF/VOLTUTYVS
WVAP=FRAVAP®VOILLSPRXRIWAT .
ROSPR=RCW AT #VCOLSPR/VCLEFF %
WINI T=(WREAC+ S, 7200%28+00) /( VTR45472D0)
ROGAS=(P*WINIT)}/(RIXTINI T)
ROT 0T =R0OG AS +ROS PR .
Z0=RUGAS/ROTAT
ZF=Z0+WV AP/ (ROTOT #VOLEFF)
YIO=3.7200%28.007 (WREAC+5.72D0 %28 «00)
GSZO%( 14D 0=~ YIO)
WTOTAL=WREAC/G .
VAPMOL =dT OT AL® (2F—-20 }/18 4D0O -
WE IN={ WPROD+ S, 72D 05 284D 0+ VAPMALK1 8001/ (VTP 45 .72D0 +VAPMOL )
ENTLOS=(ZF =20 ) $HF G+ (1 400~Z0 ) $CPL¥(373.D0-TENIT)
CPF=204CP+{2F~20) *CPV
‘?L0§g=(l‘DO—ZODtCPLt(373.00-TINIT)+(ZF-ZO)t(HFG-CPV#)?B-DQ)-CP#TIN
T
TF =G+« Q=DLOSS) /CPF

Ci1z(3#I-ENTLOS) /CPF &

JINUMERICAL INTEGRATION UF THE EIGEN VALUE EQUATION AND

ION OF UBPER AND LOWER BOUNDS FOk THE HURNING VELOCITY.
SEEHESLERSE RN ERRES EA R A BR ENEE EX B EXT S S LA XX LR IN AL LKA H S 25

O
F
a
* O
*pZ
®-

::2.8625388339575540[3
2 |

1

E=26000 .00 N
X=e 0100 -
M=43

d®~-490DC .
BJ=G-ENTLOS/C

Al=G/03J
S={TCHNHREACERREACM/ (ROTOTRROTOT #CPF #TF *8J))* #( L. LO/RO)
SeWE IN®BJ/(R1%2F) o
SCALE=S*F ¢%( 1.DC/RA) '

DO 13J4s] .4 : .

e = netebensa st A e




e N
: . . I
'3 Ul=Z
(1 00 11i=i,M -
67 IF{NEQ.1)G0 TO 7
68 6 N=2
9 Ul=2+(28]1-1)ax
0 7 T=CLI$UL+TF
1 4] . RATESDEXP{~E/(R*T}) .
72 FUILH={RATEX (~UI)®#RO)/ (AL +UI)
73 FUIL=(RATES {=UI)*£RQ) /{ (AL +UL) (AL +UL})
74 GO TO(Bs9+10)eN
75 8 SUMH=SUMH+FUILH
74 SUNML =SUML +FUIL )
77 GO T0 6 .
76 ‘9 SUMH=SUMH+4SFUIH N '
q9 SUML =SUML 4 #F UI L . .
80 IF(1.EQ.M}GD TO 12 ,
al TUR2Z+2% e X
a2 N=3 -
a3 Go To 7 .
84 10 SUMH=SUMM+28FUIH -
as SUML zSUML +28FUTL
as - 11 CONTINUE * :
ar 12 EIGENH=®1.D0/(2.D0% X/3,0D0%SUMH) .
- 88 EIGENL=1400/(2eD0%X/3.D0¢SUML )
a9 BHIDSORT( (SCALE*P )* 2RO/ EIGENH) *
90 BL=DSOR T({ SCALE*P) «#RO/EIGENL}
91 T=Cl#24TF
92 c WREITE S 1 6) TF o ToELGENH ¢ BH4EIGENL, Bl
g_ TRYING THE NEXT IGNITION TEMP. AND REINITIALIZING THE PROPSR VALUES.
93 ZnZ+e IDO . -
94 . M=M-5
93 N=t
96 SUMH=0.D0
°7 SUML=0,D0
98 13 CONTIRUE
°% WRITE(6.18)
100 MWPITE(G 417) ~
3101 PRINT +ZF 1 20 ¢G +ROTCT s ROSPRIFRAVAPSCALE »VOLS FRs VAPMUL
102 IA*I;ORMAT('I'-AIXQ *THE BURNING RATE OF STOICHICMETRIC M2S-AlFK FLAMES®
103 16 FORMAT(/// 84X ' FINAL TEMP. (K} 46X 4" IGNITION TEMR.(K )y 7Xs WWPPER BO
:ggg;:’sx.'BURquF RATE(CM/S) ¥y 27X+ "LOWER BOUND' o BX ¢ BURNING RATE(C
104 L6 FORMATI //5X3sD1265 41 X:5022410)
108 17 FORMAT(%1°) ; —
106 18 FORNAT(//7/) ) : —
107 STOP
108 END - ) )
SDATA . .

74
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FINAL TEMP.(K)

0179290 04

0e179290 04

0179290 04

0179290 04

IGNITION TEMP.(K)
0 ,4538041564D 03
0 0602507Q“OBD 03
075137072320 03

0490015400960 03

UPPER BOUND

0636446384900

0+ 36446936110

0+36477400060

036873313280

06

06

06

BURN ING RATE(CM/S)

O« 26055063510 02
026054865420 02
0626043584400 02

0.25903788360 02

S

THE BURNING RATE OF STOICHIOMETRIC H2S~AIR FLAMES—

LOWER BOUND

042437922739D 06

024380602740 06

0e2443081 746D 05

0 +24922345980 06

BURNING FATE(CW/S)’

031857331580 02

0.3 1856433000 02

0 «3182367756D 02

0431508295110 02

-y




