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- - 'Ï.'additial d'eau (ou de vapeur d'eau) l un nél.ange de gaz , 

inflamnable peut avoir ! la fois des effets theIncphysiques et chimiques 

sur le processus de cxxrbustial. 

~s études théoriqœs et experimentales ont été entreprises, afin 

de ~teJ:miner l' inf1œnoe de 1 r eau ataniœe sur la oonbustioo de rrél.anges 

~S-ai.r • les vitesses de propagation des flanrres ont été mesurées en 
, 

laboratoire, pour de ranbreux -rapports ,H
2
S-air {7% - 20%}. et diff~ 

jets d'eau, utilisant la néthode du tube cylindrique. les jets d'eau mt 
\ 

été rendus :inertes, étant lltpœgœs de ~S. 
, . 

L'analyse théorique des effets thenrophysiques a é~ effectœe. en 

regréupant les €quations de c::x:Il'4mstion, nécan:ique des fluides, thel:no-' 

dynamique et d'eau atê:mi*, œsul tant en lm ~le s:imple prédisant les 
t 

vitesses de propagation des flarnres. Cette analyse wnstitue une extens:im 

des études de Jol1ns:Jn & Nach.bar, par l'addition des effets de jets d'eau 

atanisée .au nélange gazeux ~S-air. Une analyse nuœrique a été effect:œe,' 

~s les cas de nélanges stoichiœétri~s ~S-air, de 'jets d'eau de 

, difffu:entes' densités et ~ d'at:aI1isation. Les vitesses de propagatiœ .. 

Salt œlculœs par intégraticn des equa~ns caract:&istiques. 

Enfin, les œsu1tats tant théoriqœs qu'expériIrentaux ~tœnt. 

que la présence de particules d'eau retarde la vitesse de/propagation des 

flam'res dans les nélan~ Hf-air. 
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ABSTRAC'l' 

/ 

\ 
Il 

Tne addition of water (or water vapor) to a cOmbuettiDle ' 
- . 

gas mixture can have both, thermophysical and chemdcal kinetic 
f' 
( 

effects on the combustion process. ~. 

An experimenta~ and theoreti~a{ investigation was under­

taken to determine the influence of'water sprays on the 
, 

combustion of H2S-air mixtures. Burning velocities.were 

measured e~per~mentally, using 1he cylindrical tube method, 

over a wide range of mixture c~fnpositions (7%, - 20%. in air) 

and for various inert water spr~ys. The water sprays were 

rendered inert by being prestturated with H2S. 
f 

A theoretical anafysis of the thermophysical effects of 

the water droplets on the flame propagation was performed by 
( \ 

coupling together the c0tf>ustion, fluid, dynamic, thermodynamic 
<t. 

and spray equations to provide a simple model for the prediction 
1 

of the burning velocity. The earlier work of Jonnson and 

Nachbar is extended to, incorporate the water spray in the gaseous 

H2S-air mixture. The numerical analysis is applied to the 

stoichiometric H2Sjair mixture for different water spray densities . ') 

and droplet size distributions. The resulting burning velocity 

is ~hen calculated by integrating the eigenvalue equations. 

noth, the, experimenta1 and numerical results showed that 

the presence of water spray decreases the burning velocity 

of the H2S-air flames. 

, 

( 

1 

l, , , 

( 

\ . 



, -

, 
; 

f 

/. 
j. ( 

• i 

C) 

- ---_._---_.--_._---~---

- iii -

ACKNOWLEDGEMENTS 

~ , 

The author wishes ta express his gratitude to his 

research director, Professor' J.H.S. Lee, for initiating the 

topic of this thesis ~nd ta Drs. Ingar'Moen and Christiane 

Guirao for their helpful advice throughout the course of 

this study. Dr. Ingar Moen's suggestions for the improvement 

of the text are sincerely appreciated. 

Special thanks are due to the undergraduate laboratory 

technicians for their assistance in making the experiments 

possible and ta MS. Assunta Cerrone for her patience and" 

rapidity in typing this thesis. 

This ~esearch was supported by Atomic Energy Canada Ltd • 

... 

'j 
1 
1 , 
i 

1 
,1 , 

l 



- tt-
TABLE OF CONTENTS 

PAGE 

RESUME ............................ ~ ................ ~ ..... . i 
, \ 

ABSTRACT ................................................................................. ii 

ACKNOWLEDGEMENTS •••••••••••••••••••••• '. • • • • • • • • • • • • • • • • •• iii 

TABLE OF CONTENTS .................. "............................................................. i V 

LI ST OF TABLES .................................................................................... .. vi ... 

LIST OF FIGURES ............ ~ .................................... ~ ..................... .; ........ .. vii 

NOMENCLATURE 

CHAPTER l 

CHAPTER II 

CHAPTER III: 

CHAPTER IV : 

CHAPTER V 

.......................................................................................... ix 

GENERAL INTRODUCTION 1 

THEORETICAL ANALYSIS 10 

2.1 Introduction and Background ••••••.••• 10 

2.2 Formulation of the Eigenvalue Problem 10 

2.3 Application of the Analysis to H2 S-
Air Mixtures ................................................. 28 

2.4 Analysis of the Larninar Flame 
Propagation in a Gas and Water Spray 
Combustible Mix~ure ••••••.••••••••••• 38 

/ 

MEASUREMENT OF BURNING VELOCITY 

,,\, 

EXPERIMENTAL DETAILS •••••••••••••••••••••• . 
4.1 The Experimental Apparatus ••••••••••• .. 
4.2 Experimental Procedures 

RESULTS AND DISCUS~ION ........................................ 
1 
1 

64 

77 

~7 
85 

194 

.' 

j 

, f 
j. 
1 , 
1 
1 

i 
1 



( 1 

'" ' 

. 
\ 

o 

,CHAPTER VI : 

BIBLIOGRAPHY 

- v -

PAGE 

5.1 Overa1l Burning Ve10city Results ....... 96 
• c 

5.2 C"lExperimenta1 and Numerical Results for 
the H2S-Air-H2o Maximum (Stoichiometric) 
Burninq Ve10cities •••••.••••••••••••••• 111 

" 
CONCLUSIONS ................................. 123 

............................................... 130 

TABLES ••••••••••••.•••••.•• '. ••••.••.••••..• " . • • • • • • • • • • • . • •• 136 

FIGURES .•••••••••...••••••••••..••••.•.•.••••••..•••••••.•• 146 
r 

APPENDICES ................................................. 176 

l\PPENDIX l 

APPENDIX II 

DEFI~ AND INTERPRETATION OF PA~TERS 
IN THE ANALYSIS OF LAMINAR FLAME PjOPAGATION 176 

CASTING OF THE GOVERNING DIFFERENTIAL 
EQUATION AND BOUNDARY CONDITIONS, 'INTO A FORM 
SUITABLE FOR THE NUMERlCAL SOLUTION ••••.•.•• 183 

APPENDIX III: GENERAL SPRAY STATIS~ICS •••••••••.•••••••••• 196 

APPENDIX IV : SAMPLE COMPUTER OUTPUTS ••••••••••••• ., ••• (Y ••• 199 

/ 

l , 



!' 
1 

1, 
( 

i 

1 .-

q 

- vi -

, 

LIST OF TABLES 

Table Description 

1 Thermochernical Properties of the H2S-Air 
Combustion Species at 1 Atm Pressure ..••..•••..• 136 

2 The Manufacturer's Specifications for the 

3 

4 

5 

6 

Spraying Nozzles ......................... _ ...... 137 

Numerical Resu1ts for Varying Droplet Size (00) 
and given Spray Density (pSO = 1.09 mg/cm3 ); 
Z*=Zoo ............................................ 138 

Numerica1 Results for Varying Droplet Size (dO) 
and given Spray~Density (PSO = 1.09 mg/cm3 ); 
Z*= CZO+Zoo) /2 ..•...••••..••••••• * •••••••••••• *.- •• 139 

The H2S-Air-Water Spray, Mixture and Combustion 
Parameters for Va~ying Drop1et Size (dO) and 
given Spray Density (PsO ~ 1.09 mg/cm3 ) ••.•••••. 140 

Numerical Resu1ts for varying Spray Density (PsO) 
and given Droplet Size (d~ = 52.5 ~m)i Z*=Z~ •••• 141 

7" Numerical Resu1~s for varying Spray Density (PSO) 
and given Drop1et'Size (dO = 52.5 ~m); 
Z*= (ZO+Zoo) /2 •••••••••••••••••••••••••••••••••••• 142 

, . 

8 . The H2S-Air-Water Spray, Mixture and Combustion 
Parameters for Varying Spray Density (PsO) and 1 

9 

10 

given Droplet Size (00 == 52. 5 ~m) ••..•...••••..• 143 

Experimental and Numerical Values of the Maximum 
Burning Velocities ..•......•....•....••...•••••. 

1 

Numerical Values for Adiabatic Flame Temperatures 
at MaximUlll Burning VelociHes 0000 or 000000000000 

144 

145 

!Il- _. _ .. - ----_____________ I.~_~_~~ ~ 



i 
Î 
~ 

t , 
1 
1 
r 
1 
t 

f 
t 
~ , 
f 

(~) 

1 

i 

\ 

- vii -

r LIST OF FIGURES 

FIGURE DESCRIPTION PAGE 

1 Schematic diagram of a deflagration wave 146 

2 Temperature regimes in a 1aminar flame 146 

3-6 Partic1e size vs volume percentage for hydrau1ic 
atomizing nozzles ..••.....•....•............••• 147-8 

7-8 

9 

1.0 

Il 

, 
Spray partic1e size vs pressure .••...••••.••.•• 149 

Flames in methane~air mixtures without water 
sprays ......................................... 
F1ames in H2S-~~r mixturesw~thout water sprays 

Flames in H2.S-air mixtures with water spray. 

150 

151 

3 -PsO = 1.09 mg/cm ~ DO = 52.5 lJm ••....•••..••.•• 152 

12 Schematic of the experimental apparatus ...••••• 153 

13 Dove tail sliding mechanism ....•.........•..... 154 

14 Schematic of the photographie technique •.• .' ••.• 155 

15 Burning ve10cities of methane-air f1ames -
comparison of various resu1ts ........•..•..•.•. 156 

16 Spread of measured maximum burning ve10cities 
for methane-air mixtures .••...••...•..•....•••• 157 

17 Burning ve10cities of methane-air f1arnes with 
and wi thout water sprays ..•... ' .•••...••...•• .o •• 158 

18 Burning velocities of H2S-air f1ames -
comparison of various resu1ts ..••.•.••••..••..• +59 

19-25 Burning ve10cities ofoH2S-air f1ames with and 
wi thout wa ter sprays •••..•.•...•....• : •...••••• 160-6 

26 

/ 

Variation of peak burning ve1ocity,(uO ), in 
H2S-air-H20 mixtures with w~ter spray Wrop1et 
size, (DO> .........•..•.••...•...•••.•••.••...• 167_ 

. . 

, 
1 

l, 

- .. ---_._----.................... _-..~. ~,' 



r ,) 

··i 
i 

FIG~R~ 
y 

27-28 

29 

--- --- --, 

- viii -

DESCRIPTION PAGE, 

Variation of adiabatic flame tempe rature (Too), 

with water spray droplet size, (DO) •••••••••••• 168-9 

Varia tion of initial and final gas mass 
fractions, (ZO and Zoo) with water droplet size, 

.,' 

(-) .,. \ DO •.••••••••• , ••••••••.•••••.•• -.1"* •••••••••••• 
, 

~ 

170 

30 Variation of peak burni'tlg velocity (UOijl) in 
H2s-air-H20 mixtures 'wi th water spray ~nput 

~ volume (Vrn ) .......•........•....•.....••..•••.• 171 

31 variation of peak burning 'veloéity (uOm) in 
H2S-air-H20 mixtures with water spray density 
(Pso) ••••••••••••.•.•••..••••.•••••••••••.••••• 17~ 

32-33 Variation of adiabatic flame temgerature, (Tco) 
with water spray density, (psO) •••••••.•• : •••••• 1.7=,3=-,:;4=-_~ 

34 Variation of initial and final gas mass fraction 
(ZO and Zoo) and initial reactant mass fraction 
(G) wi th water" spray density, (Pso> •..•••...••. 175 

;' 

" 

J 

.' 

1 
1 

"1 



" 
i 
r 
1 1> 
1 .. 
1 
1\ '.'i SYJl!bOl 

1 :'i 

l, 
i - AfR, 
"'> 
1 
1 

1 
i 

At 

1 
1 

a i 
,1 -

'j---' 
,', " 
1 \ , 

al 

aT' 

B .. r'-' 

c' 
l 

'ë p 

D. , 
aO 
E 

( F, 

, n'v 
, t 

f ... 

G 

)1 .t 
~ 

H 

.0 ' . 

, 1. __ ........ ______ ---"-

or 

! --- ._----- ----~-~ -, , 

- ix -

• ,'1 

NOMENCLATURE ( 

. QI' • 

f1ame surface area 
\ 

\ 

cross sectiona1 area ~f the flammability tubei 
JI ' ~" ~ 

cl ,= G/J '-,., 

1 inert. species' coefficien~.in the gas pQase 
re~ct1on . 

~ 
~oefficient of reactant or product species 
K in the reaction 

frequency "iactor\coefficient, for k . 

defined by Eqn. ~2-75e), seeialso Eq 

Mean isoqaric specifie heat 

mass diffusion coefficient 

initial droplet medi~n volume diameter 
() " 

activation energy for K ) -

~ 'force 'Per unit mass exerted on a dropiet '-è,Yut> 'b' J 

- ,the Jlurroun4ing gas, i 

fraction of \water \pray evaporated ' 
" 

probability function for 'spray particles 

initial ma§8 fraction of eonsumable reactant 
speci,s defined equivalently as "dilution­
faètor" <by Eqn. (1-6) 

the drop let size distribution function 
defined by..,'Eqn. (111-1) : '0 

. , 
. -

J. ~------~ ----_ .............. -. -- ------- - Ir 

" 



'! 

i 
1 r () s,mt:Jal. 

• j 

..-• 

t (:I t 
hK 

1 
h 0 

K 

i .. h fg f 

1 

J 
,~ 

.. 
1 R 

t i* 
/. , 

k 

'1 )1 
·1 
~ 

~ 

M.R. 
;6 

~ 

· m 

· mx 
• 
ml 

n 

p 

o ! . 

" , 

" 

/, 

:' 

or 

'or 

- x -

~ 

Description 

specifie ~ntha1py of the,mixture 

&~ecifie enthà1py of the inert'species ) 

specifie entpalpy of the reactant or produe~ 
sp.e-cies· K 

J' 

standard heat of fo~ation of species K 

latent heat of vaporization 

define~ by Eqn. (2-75d), see also Eqn. (2-75a). 

"scale factor", a constant of the particular 
mixture defined by Eqn. (II-11) 

i l/r ; defined by Eqn. (2-43) 
B' f 

f ,. 
specifie reaetion rate coefficient 

exponent in the evapor~tion rate equation, 
J;:qn. (2-61) • ~', 

j 

ehemica1 symbo1 for reactant or prod~ct 
species K 

magnifieation r~tl0 

median volume diameter 

mass f~ux 

mass o~actant or produc~ species K 

mass f inert species l 1 
.... 

of reactant and product species 

number of 
mixture 

static pressure 

per unit volume of the' 

; -
1 

- 1 



Î 
i , 
1 

j 

[ 

o 

SY!f!bol 

R 

r 

s 

T 

T oo,e 
... 
T 

T* 
,p 

t 

... • 

- .- - ... _-~~_._-_._---

or 

or 

or 

or 

or 

xi - .. 

Description 

total heat released in the reaction per gram 
of reaction products formed under stan~rd 
condi tions ( 

- dr t f h f d 1 t d' = QE; ra e 0 c ange ~ rop e ra 1US 

\ 

universal gas constant 

radius of flammability tuDè 

droplet radius 

number of reactant species 

overall forward reaction order 

revolutions per minute 

number of reactant species consumed 
completely in the reacti6n . 
separation distance between two successive 
flame fronts 

surface tension of·a water drop let 

tempe rature 

.boilin~ tempe rature 

free stream temperature 

ignition temperature 

ideal adiabatic flame temperature 

empirical adiabatic flame temperature 

non-dimensional temperature defined by 
Eqns. (2-20) and (2-75a) 

=.3.. 
- Cp 
time 

L 

( 

i 
,1 
1 
1 

1 
1 

'. 



<' 
SYJ!lbo1 

" -:~ 

u<;} 
or JI 

-v 

. 
w 

xii 

Description , / 

, diffusiOn.J velocity of species K 

~1ow ve10city of the gas mixtpre 

:- T(l;) i a' transformation defi~ed by Eqn. (II-13) 

burning ve10city 

computed burning ve10city 

experirnentally rneasured burnih~~locity 

spatial\or observed f1ame velQcity 

flow ve~city of -the unburned gas mixture 

effective spray volume 
1 

volume of remaining portion of unburned gas 

mean flow velocity of water d~oplets 

:: TI (t) 

~molecular weight of species K 

molecular weight of all inert speciés l 

average molecular weight of gaseous mixture 

total molecular weight of overall mixture 

chemical sOUfce function 

mole fraction of species K 

mole fraction of all inert species l 

space coordinate 

mass fraction of species K 

mass fraction of all inert speeies 
l ~ 

. ( 



l, 

, 1 

1 
1 

: 

! 
l , 

1 

1 
1 
1 

1 

·1 

1 
I­
I 

l 

o 

.. 

"'"' 

Symbol 

y * K 

Y 

y* 

Z 

z* , 

a 

,1 

a 

Y'K,Y"K 

Ô 1> 

r; 

,n 

A 

À 

IJ 

aif 

v 

" 1 

.-- ~ 

or 

or 

&;" 

or 
li 

1 

xiii 

Description • 

reference mass fraction of species K 
by Eqn. (1-1) 

a function defined implicitly by Eqns. (1-7) 
and explicitly by Eqn. (1-8) 

a ,(unction defined by Eqn. (2-81)r 

mixture gaseous mass fraction 

hot boundary value of Z in parametric study 

thermal diffusivity 0 

temperature dependence of mass diffusion 
caeff:i:cient (Eqn. (11-4 )0) 

temperature dependence of pre-exponential 
factor in K 

empirically deterrnined reaction order with 
respect to species K 

flame reaction zone thickness 

nondimensional 
Egn. (2-2'5) 

number of open 
dise 

spac~ coordinate defined by 

~lit~ in the strobos6oPiC 

variable of integration in Eqn. (11-18) 
, 

eigenvalue of laminar flame problem 

thermal conductivity 

dynamic viscosity 

function defined by Eqn. (2-28) 

. dimensioniess specifie reaction rate function 
/ defined by E~. (11-10) , 

kinematic viscosity 
, S • 

or - L V'I{ 

K=l 

-\ 



( 
Symbol 

\ V'K,V-1 

» 
p 

1 

Il 
! 
! 

X 

'1' 

Subscripts 

Superscr ipts 

( ) 
._----....-----...!-_---

- x:iv - i~ 

-~ 

~ • Description 

stoichiometric coefficient, ~or the 9&. 
phase reaction "1 

density 

initial spray density 

equivalence ratio 

function defined by Eqns. (2-45) 

evaporation coefficient defined by Eqn. (2-62) 

dimensionless chemical, source function defined 
by Eqn. (2-37) 

term related to fOrWard reaction 

term related to backward reaction 

initial (cold boundary) conditions in 
unburhed gas mixture 

1 

final (hot boundary) conditions in burned 
gas mixture 

unburned gas 

gas phase 

liquid phase 

vapor phase 

-- , , 

computed 

experimental 
• 



( ~ 

.. 

-

() 

Superscripts 

c> 
( . ) 
( ) + 

( )-

-, xv -

. t' 1 Descrl.p l.on 

mean or effective 

first dèrivative with respect to time 

upper bound 

lower bound 

J 

, 
/ 

f 
1 

1 

" 

/ 

, ' 

;' 

:~ 
1 . 
! 
! 
';". , , 
, 1-. 
l ' 



( ) 

/ 
/ 

o 

1 -

CHAPTER l 

GENERAL INTRODUCTION 

. ·The addition of water (or water vapor) to a combustible 

gas mixture can have both physical and chemical kinetic 
,J 

effects on the combustion process, the magnitudes of .wh+ch 
" , 

'will depend on how water is introduced to the combustion 

environment and at wha~ co~entratiO~. 

Water is the most abun ant, often the only available 
_f"' -

'suppressant for a fully deYe1op€d-deflagration and since the 

earliest times has-Deen used as such. 

When~dealing with the complex problem of 
// 

in prè-mixed flames, it is generally accepted 

flame inhibit~n 
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-

..... 

mable fuel~air mixture increases the heat capacity contribution . . 
of the inert constituent~ in the mixture and leads to lower 

adiabatic flame tempe rature for the diluted mixtu~e. The 

second class is comprised of inhibiting agents such as 

powdered metal salts (Na2C03) and halogenated hydrocarbons 

such as CF3~r (halon 1301), CF2ClBr (halon 1211) and C2F4Br2 
i 

(halon 2402)1. These chemical inhibitors act by interfering 
1 

with the normal chemica~ reaction paths in flames. In a series 



1 

1 

1 

t 
1 
i 
i 

1 

i 
1 
1 
( 

f 

1 

1 

1 
I~ 
! 

( ) 

- 2 -

of reports Biordi et al. [2,3] studied the reaction rates 

and meèhanisms in a rnethane flame inh~ited wi~h CF3Br in, an 
i 

attempt to dey~lop a detailed understanding at/the molecular 

level, of the mechanisms by which flame re tardant'-s,rt'ope rate • 

Generally, chemical flame inhibitors";:~re 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'tale fires and explosions 

it is the MOst widely used agent either by itself or together 

with otheF constituents. Liebman et al. [4], for example, 

showed ~hat finely dispersed water can be effective even in 

quenching full scale mine explosions involving coal dust as 

long as adequate dispersign is insured., Later in another 

paper, Liebman et al. [5] showed that water atomized by 

eressurized nitrogen was eff~cient 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 extinguishants, however, were 

successful against incipient explosions. One of the hybrids 

developed consists of halon 1301 cornbined 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 his{orica1 review, with an 

extensive reference list, on the applications of water addition 

to practical combustion systems. The fundamental effects of 
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water on the combustion properties such as chemical inhibition 

(~ due to hydrogen a~straction from h~drocarbons by 

hydroxyl radicals), decreasing the syster temperature and 

lowering the rate of flame propagation, àre discussed in his 

paper. According to Dryer [6], very little information about 

the effect of water vapor addition on flame burning velocity 

exists, with the exception of carbon monoxide and hydrogen 

flames. An increase in absolute humidity drastica1ly 

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 amount predicted 

from inert dilution. 

Sapko et al. (7) in their reP9rt describe the results of 

laboratory scale experiments in which methane-air ignitions 

were quenched or rendered inert by fine water spra~s or b~a 
, 

combination of sprays and steam. The inerting results for 
-

pre-mixed methane-air-water mixtures indicated that water 

droplets of less than 10 pm are as effective as the vapor. 

Water requirements for inerting such mixtures were much 

smaller than those for quenching the sustained flame propagation 

by the application of water sprays. 

The main aim of this research was to investigate the 

inhibitive\ effects ~f inert water sprays on the propagation 

af laminar flames in'hydrogen suxfide-air mixtures. 

Very little information is available about the pombustioa 

---------,-------~~--_._ .. __ ... _~ .- .. _. - . ~- -... ~ - ._---~--~--- --- -----~ .. 
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of hydrogen sulfide-air mixtures and even less is known about 

the kinetic5 of the chemical reactions associated with this 

combustion proces5. Hydrogen 5ulfide i5 used in large 

quantities as an agent in the production of heavy water and 

it was important to investigate the possibility of using water 

spray curtains for flame suppression in the case of an 

accidentaI relea~e of this flammable gas. 

This investigation deals with inerting the combustible 

mixtures rather 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 tlame is 

quenched, sorne 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 i,nto a self prop'agàting flame is 

therefore a preferable method of flame supp+es~ion. 

For this th~sis t~e emphasis was on studying the phy~ical 

and therrnodynarnic influence of water droplets within the 
:. 

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

the dilution capacity and the fraction of avail~le 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, 

" a theoretical analysis based on the classical laminar flame 

f 
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theory, and explicit computer calculations to simulate sorne 

of the experiments. 

The laboratory scale experiments carried out in this 
< 

research were similar to the inerting experiments performed 

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

and wi~h water sprays were investigated in order to test the 

experimental apparatus and confirm the reliability of the 
J, ;~ 

method used. A similar but modified apparatus w.as designed 

and built for the hydrogen sulfide-air experiments. 

These experiments were designed to study 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 stroboscopie sequénce. Its 

burning velocity was then determined from the ~icture taken. 

The burning velocity is the velo~ity of the flame front 

relative to the fresh gas irnmediatelf ahead of it in a direction 

normal to the flame front. It is a fundamental property of 

the mixture and is directly related to the overall reaction 

rate, thermodynamic and transport properties of ~he combustible 

mixture. 

After performing experiments in dry hydrogen sulfide-air 

mixtures over a wide range of compositions (7% - 20% H2S in 

air), water ~ays were added and experiments were performed 

over the same composition range. 

The water s~ay parameters were also varied so that their· 0 

1 



() 

() 

" 0 

- 6 -

influence on the propagating flame"could be .determined. The 

water spray variables were the droplet size distribution and 1 

the water spray density (or effective spra~ ~lume participating 

in the process). These two variables courd be easily controlled 

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 nonnàl 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 ... 

negative infinity into the stationary flame sùrface and hot 

gases move away from the flame surface to reach an equilibrium 

flame temperature at positive in finit y (Fig. 1). The 

~athematical 'statement of this p~oblem 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 conservation 

equations, are combined to give the governing flame equations. 

To generalize the analysis, the equations and definitions 
u 

are presented in non-dimensionalized forms. The equations 

are first derived for a fuel-oxidizer laminar flame •. The 

sarne equations.are then modified to include the influence of 

water sprays by considering the water as an inert species aàded 

, . 
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IJ, '1 

to the mixture initially in liquid phase and then transformed 

• partiaIly or wholly ta vapor phase within the reactian zone. 

The combustion probl~ can then be reduced ta a first order 

bo~dary value problem which, with the temperatures at the 

ignition and h6t boundaries g~ven, has two baundary conditions 

in the form of non-dimensional temperature gradient defined 

for the ignition and final equilibrium plimes" (Fig. 2). This 

set of equations leads to an eigenvalue problem. 

The formulation of the,eigenvalue problem and the casting 

of the equations in a form suitable for numerical computations 

ig done using the Johnson and Nachbar [8,9] method of 

detirmini~g upper and lower bounds for the burning rate 

eigenvalue. A~cording to williams llO, Chpt. -5], this method 

is the MOst accur~te technique known for the solutionJof simple 

laminar flame problems. 

" Due to 'the, complexity of the flame equations and the 

difficulty in bringing them to the appropriate closed form 

suitable for ndmerical computations, a simplified model was . 

The numerical analysis was performed' using' teveloped here. 
(' 1 

(\,fiS model for stoichi<?metric hydrogen sulfide-air mixtures 

(12% H2 S in air)~, for which thé burning velocity is approximately 

maximum. The computations were do ne for the whole range af 

thé variable spray parameters, i.e. for various droplet sizes 
1'- • 

ahd spray densities as dictated by the experiments, and the 

'results were then tested by performing a param~tric study. 

).' 
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The results of this inve~tigàtion augment the curréntly 
" . 

~ avaiiable data on laminar flame propagatiOI,n combustible 

gas plus water spray'mixtures. 
~ 

After introducing the background and ob ctives of this 

,thesis, a simplified anaiytical model'of the problem is 

presented in Chapter II. First, the governing equations and 
o 

/ 

bOundary conditions of the ~ombu~tion pro?lem, without involving 

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

differential equation and corresponding boundary 
'J 

conditions are derived, and expressions fo'r the upper and 
(3 

, lower ~genvalue are determined. Following this 

there n of the application of the theory to the 

The chapter is·~oncluded 

wi~h an anal sis of lamina~ flame propagation in ~ gas plus 

water combustible mixture. In thât analysis a simplified 

" ' " account for the presence of 

wate drop~ets in the H2S-ai~mixture. 
, , 

In Chapter III, the cylindrical tube method for the 

measurement of burning velo~iti~l ia diSCUSSèd,\ith reference 

to related warka. "'.. ' " , 

In Chapter tv the experimental apparatus and procedures 

are described in detail. 

Chapter V ts devoted to the presentation and discussion 

of the experimental a~d numerical results of this work. 

In the last chapter of the 

,-

" 

theSiS.~ 1er VI, the main 
,. 

------_'_,w_ .. _,_. --, ---------. . 
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'~ 
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c~nclusions are ~t out and some projections are sugqested. 
If' 

There are four 4Ppendices in this thesis after the 

Tables.and Figures: the first three deal with def~nitions 

and m~thematical der·fVa~ions needed to support the analytical 
J I,}.)'f J 

'" -
aevelopmen~s !n"Chapte~ II •. In Appendix IV, sample eo~puter 

program listings with the result~ printoutoare presented. 
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CHAPTER II 

\ 1 
THEORETlCAL ANALYSIS 

2.1 INTRODUCTION AND BACKGROUND 

(' 

The laminar flame problem is one of the earliest combustion 

problems to require for its solution the simultaneous 
û 

consideration of,both fluid dynarnics and chernical kinetics. 
d 

The prob1em of deterrnining the propagation velocity of . 
a deflagration wave was first studied by"Mallard and 0 Le Chatelier 

[11] (see aiso Glassman, I. 112,' Chpt. 4, 'p. 66]) who proposed 

that it is the conduction of heat back through layers of 

'" unburned gasthat is the controlling mechanism in flame 

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

theoiies where the back diffusion of particles such as molecu1es 
\, 

and free radicals was not considered to affect the reaction 

mechanism. By using simplified models of the def1agration 

wave, Mallard's student,Taffanel [13] and later but 

independently, Danielle [14], appear to have been the first 

investigators to dernonstrate the important result that.the 

burning velocity is proportional to the square root of the 

product of reaction rate and the thermal diffusivity (a = ~/PCp) 
at constant pressure. 

Subsequent studies involve the utilization of more 

cOŒpDehensive theories (~ the consideration of partic1e 

1 -
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diffusioo), refinerrents in accuracy, and inclusion of the effects of d'lain 
1 

reacti.an.s and other physical phencrœna. .Arra1g the inportant tl'eoreticil. 
~ 

sttrlies of larninar flarre propagatioo, the ltlOrk of ze100vich, F'rank-KaITenetsky 

and Serœnov [15] should be noted. They inc1ude the diffusicn of nolecules 

as well as heat but IlOt of free radicals or atans. 'lbese authors used the 

oonoept of an ignitioo tenperature close te the aèliabatic flcu:œ t:en'q;erature 

and thus it was eliminated fran the final equation making it nore useful • . , , 

Fbllowing the \\Orle of Boy and Corner [16], nurerical solutions te the o:mplete 

flame equatioo ware obtained by Hirschfelder et al. [17,18]. Von Ka..nMn 

et al. [19,20) sucœeded in abtaining approx.inate analytj..~ solutions te a 

nurber Of;arnmar flaIT'è prob1eJns. In later reviews of progress in the 

analysilof steady flarœ propagation, Permer and Williams( [21] or Willians 

in ~s book [10, Chpt. 5] and also Hirschfelder and c~s [22] have devoted 
, / ~ 

y;naj6r attention te the calculatian of the buming veloci ty and temperatuœ 

profile in cne dirœnsional, laminar flow of pre-puxed ccmbustible gases. 

With the essentia1 assumptions of a one-step reaction and Lewis 
1. 

nmber equal to cne (Ie = a./D = À/C pD = 1), it bas been shawn that this p 

problem can be reduc:ed to the detennination of the eigenvalue of a first-

arder,,, nanlinear, ordinary, differential equation with specified"b:Iundary 

conditions. Refs. [la) and [21] containa detailed review of a nurœ:r of 

rrethods for obtaining an awroximate,' closed foIm solution for this 

_ eigenvalue. 'Ihe eigenvalue is a cœstant mich in addition te dependi.hg 

1 
00 knc:Ml thenrodynamic, kinetic and transport properties (aH of these 

properties are in tum. tanperature dep:mdent) of the particular mixture r 

der:ends alse 00 the mass burning Velocity 'being the unknown par~ te De 

1 '. 
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1 

, 
1 
, > 

! 
j . 
j 

t , 

r 



. " 

- 12 -

detel:mined. A solutiœ te the first-order boundazy valœ prob1em wiU 

exist only for a particu1ar value of the constant eigenvalœ. 

Aco:>rding to [10] and [21], the rrethod of Jolm&n and Nachbar 

i.s the oost accurate technique for the solution of one--d:i.Iœnsional 1 ....... ~~ .... 

flarre problems sinee i t pimn:i ts a rigorous detel:mination of an l.JR)9r and a 

lower bomd for the eigenvalue. 

This rœtlxx1, which was origi.nally develq:ed for the deflagratian of 

a solid prope1lant, may be applied to the case of a gaseous laminar flarre 

w:i thout m:xlification. In [9], i t bas '80 been ext:.errled ta' include an 

i.terative ~ \<tlich would cn;tverge rronotanely to the awroxiroate 

eigenvalue beb.1een the upper and lower bomds. 

'Ihis is the rœtOOd used in the present analysis of laminar flatres 

in ~S-air mixtures. The rœthod will also be rrodified te include the 

presence of water sprays and water vapor in the gas rnixtm:e. 

2.2 FORMULATION 'OF,THE EIGENVALUE PROBLEM 

The theory developed here will be applicable ·eo the 

phenomenological mass-action law for a one-step, . forward (back 

reaction will n.t be considered), chemical reactiqn_involving 

an arbitrary number of species, in arbitrary initial ratios 

and with specifie reaction rate coefficients dependent upon 

the temperature in the forro of the Arrhenius law. 

We have to consider in this problem a deflagration-wave 

flame f~ont (Fig. 1), which may be a curved surface, moving 

i 
i 
~ , 
• ; 

ç • 

1 
o , 

t , 
i 
1 

1 

1 
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through a uniform, pre-mixed gas. 

It is assumed that the energy 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 problern as one-dimensional, the frame of 

reference being the coordinate direction normal ta the surface. 

The flame surface itself can be considered fixed in this 

fr~me of reference, while cold gases flow fr~1 negative 

infinity (x = -~) into the stationary flame surface and hot 
;.-

gases MOye away from t'he flarne surface to reach an equilibrium 

flame temperature at positive in finit y (x = +~), (Figs. 1 and 

2) . Hence, we have "cold boundary" conditions at x = ":00 and 

"hot boundary" conditions at x = +00. 

x = 0 is the ignition plane or the plane:' ~here the ignition 

temperatura is obtained. The ignition temperature, Ti,l 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, the' chem~cal source func~ion must strictly vanish at 

th~ cold boundary temperature: even admitting this unrealistic 

hypothesis (unrealistic, be,cause of the use of the Arrhenius 

expression for the reaction rate), the solution for the 
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eigenvalue can be non-unique. To circurnvent this cold 
" 

boundary difficulty, the modified laminar flame problem was . 
considered in orper to obtain approximate, or numerica1 

solutions. 

T~e modification consists of ei ther assuming'l that the 

chemical source function has an ignition tempe rature below 

which the combustible will exhibit no reaction, or, that ther,e 
'" Il 

• 1 l , \1 
1.S present a 'f1ame ho1der" wh~ch acts both as a heat sl.nk ) 

and a semipermeab1e membrane. The membrane is assumed to pass ., 
onl:t 'the reactant mo1ecules and to pre vent back diffusion . 
of produtt molecules. x = d is the point of ignition or 

the loca ion of the f1ame holder. 

Solution of the flame equations shows t~~t the calculated 

burnin~ velocity is independent of either the 

of the ignition temperature, ~r of the chosen 

transfer to the Il flame holder" for aIl reasonable values 

the se parameters [23, p. 319]. Johnson and Nachbar [8 

formüla~ed the theory for the stoichiometric composition of 

the 'solid monopropellant and in [9], they extended the method 

to non-stoichio~etric compositions without a1teration of the 

final form of the equations. They used in their analysis 

the ignition tempe rature concept. 

The mathematical formulation of the theory will now 

fo11ow. 

The governing equations considered here arle for 008-

; 
j 

• 
i 

1 
( 
i 

Y' .; 
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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 specifie reaction rate coefficient kf and invotves r 

reactant species which are transformed ) 
into n-r chemicall distinct reaction product species, where , 

n a~d rare positi e integers and n > r. AlI the other species 

in the mixture are inert and their sum will be designated by 
1 

the subscript l. The reaction can also proceed in the reverse 

direction (with specifie reaction rate coefficient, kb ), an 

aspect which will not be considered in the present application. 

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

the stoichiometric relation_describing the opposing reaction 

is written: 

n 

L v"K fr< 
K=r+l 

t 
K=l 

(2-1) 

... 

where v'K and v"K represent, respectively, the,stoichiometric 

coefficients of species ~ +or the reactant species and for 

the product species. 

Using the parameters defined in Appendix l, the relevant 

laminar flow equations assuming that there is no energy 

transfer between the gases and the surroundings may now be 

r 

1 

l 

j 
, 
,> 
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written down. 

Conservation of Mass. If ~ denotes the chemica1 source 

function (g/cm3 sec) for the rate of formation of the aggregate 

of reaction products in the forward reaction, then for species 

mass conservation, 

\ 
~ \ 

Y • 
. 

l, 
(ïX = \- w K = ... , r 

K 

&\ 
'"dX= YK * 

. 
w K = r+l, ... , 

'" 
dIÎlI 

1 

lA 
(ïX= 0 ! .. 

and total mass conservation' is 

where 
. 

dlÛ = 0 ax 

m = pu = constant 

(2-2a) 

n (2-2b) 

(2-2c) 

(2-3) 

(2-4) 

With aK and al being the coefficients in the chemical 

equation depending on the composition prior to the reaction, 

and from Eqn. (2-3), the species mass fluxes at X = 0+ (and 

also in the region _CD < X .:: 0+) are: 

1 

.. 1 
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, 

~(O+) = K = l, •.• , r (2-Sa) 

. 
~(O+) = 0 K == r+l, ••• , n (2-Sb) 

III 

alw1 mI(o+) 
. 

(2-Sc) = m 
Wtotal. 

Conservption of Momentum. Laminar flame burning velocities 

are small compared with the speed of sound. Empirical burnïng 
\ 

ve10cities lie between 1 cm/sec and 1400 cm/sec (hydrogen-

oxygen f1ames) with the upper 1imit corresponding to approx­

imatJIY a Mach number of .04. 

This imp1ies constant pressure def1agrations sinee at 

such low Mach numbers the pressure difference across the flame 

front is negligib1y small, thus, 

P = constant (2-6) 

~ 

Conservation of Energy. We assume an adiabatic process. 

Viscous forces and a1so the kin~tic energy of the f10wing 

gases·are negligible beeausé of the low f1ame Mach numbers 

involved. In this case, there is a balance between the heat 

flow QY conduction and the enthalpy transport. The overall 

conservatiQn of energy eguati9n becomes: 

~,,--_._---

---
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l 

_ ). dT] 
dX (2-7) 

If T is absolute temperature, and T = TO is standard condition 

temperature, assuming all chemical species may he considered 

to have constant and equal average specifie heats at constant 

pressure,ëp ' we may write for the specifie enthalpies: 

(2-8) 

o where hR ' K = l, ___ , n represents the' standard heat of 

formation at temperature TO for t~: Kth chemical species. 

The energy released by the forward reaction, per gram 

of reaction products formed under standard conditions is given 
j 

by: 

r 

q = L 
K=l 

y *h 0 
K K 

n 

L 
K=r+l 

Only exotherrnic reactions are considered, and for these, q 

is positive. 

The Diffusion Équation. According,to Fick's law for 

(2-9) 

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

--_ .. ---_ ... -: 

J 
l 
1 
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the gradient in concentration iS r 

K=l, ••• ,n; 1 (2-10) 

where UK is the diffusion velocity of species K. 

The diffusion equation for the Kth species with D beinq 

the cornrnon 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, 

K=l, ••• ,n;I 

Substitutinq Eqns. (2-4) and (2-10) in Eqn. (2-11): 

(
dYK) 

D dX 
. 

= m YK - P K=l, ••• ,n;I 

(2-11) 

(2-12) 
~ 

The ~onservation 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 

in Eqn. (11-1) of Appendix II. 

The differential equation for y(X), defined in Eqn. (1-8), 

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

From the B.C·s in Eq~~'-(2-5), 
boWldary condition: ) 

! , i 
pD dY = me 

dX 

" 

x > 0 

< " 

" -.,. '-

it fo1lows that Y obeys 

at X ... 0+ 

The energy conservation relation now is developed by 

using entha1py relations which are usefu1 in defining a 
- 1 

(2-13) 

(2-14) 

parti variable T representing te~perature. 

in the mixture is defined as: 

Cl 

." n 

h = L hxYx + hIYI (2-15) 
K=1 

and it fo11ows from Eqns. (2-8) and (I-7) that h is a function 

Qf Y and T only. F~r Y = 0, h(Y,T) i8 express~d as: 

... 

h (0 ,T) (2-16) , 

'. 

o 

~ 
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, 
-Now, when the dive,rgence of the total energy flux 

(Eqn. '(2-7», i8 int,egrated from X = -00 to X = 0 and the 

conditions T + TO an~ À(~) + 0 as X + -m are imposed, where 

TO i8 the initial or pre-ignition'temperature of the mixture, 

then the equation 

(2-17) 

is obtained. 

Let Ti be the ignition temperaturef by the use of Eqns. 

(2-'5) and (2-16), Eqn. (2-17) canbewritten as, 

, , 

(~ dT) dX X=O+ 
= m[ h(O,Ti ) - h(TO) 

The final equi1ibrium flame temp.era-ture 

here by the equation: 
Q 

+ Gq] 

T 'is 
00 

1 
1 • 

defined 

The defini tion of Tao' i8 basica11y a 8tatement of overall 

conservation of enthalpy for a completed reaction. The 

dimen,sionless tempe rature variab1è T is then defined as: 

(2':'18) 

(2-19 ) 

, 

/ 
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'h(O,T) - h(O,T
ClD

) 
T ... J' ~ 

T = :=. ,Cp (T)dT' .Gq Gq . ' 
(2-2Q) . 

T 
III 

\ 

Sinoe ~~ the present ~tudy ë p is a constant effective specifie 

.- heat, .. thus: 

-' dl\! ~ 

"'~J!> 
.... , .. 

... 
Cp (T-Tca)(Gq T = 

" 

B' use of the defin:i,t10ns of Eqns. (2-19) and (2-20) 1 

we can.transform Eqns. (2-p) and (2-18) respective1y into the 
, . 

·fo11owing dif~renti~1 equation.and boundary conditions for 

T.(X):· . 

The result 

d ( .... À dT) < W 
dX mT - ëp dX .= a-

. , 
.... 

À dT mT 
e~', dX -

. 
=m 

T·jX) + Y(X). = 0 

- , 

'. 
x > 0 (2-21) 

at X = 0+ (2-22) 

X~O (2-23) 

fol1ows fram Eqns. (2~~3), (2-14), (2-~1) and (2-2~) by making 
t .', 

" this important assumptlon ~a1j. the 'Lewis nl~er (Le = À/pepD) _~ .... 
• 0 

i.s équal to uni ty or 1 e~ui valently th~t, , 

, -
."-

! 
1 

1 
1 • 
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• 

This .assumption implies essentially that ~hê; thermal 

qiffusivity, a = A/ëpp, ie equal to the mass diff~sivit~ D. 

Developments in simple kinetic' theory show that, 
cP 

a ::: D = \1 

. " 
where \1 is the kinematic viscosity (momentum diffusivity). 

\, Thus fron'l kinetic theory as a first approximation~ ~ 

Pr = Sc = Le = l 

where Pr, Sc and Le are the PJ:.'andtl, Schmi'dt ana.· Lewis numbers 

respectively. Eqn. (2-23) implies that if the reaction 

consumes all avaîlable reactant as X + œ (this condition is 

written as y(œ) = 0), then T + Tœ as X + œ (T(œ) = 9). The 

initial value problem consistinq of Eqns. (2-21) an6 (2-22) 

toqether with a prescribed value T(O) has a unique solution 
v 

Tex). If, in addition, T(œ) is prescribed, the problem is 

over specified and becornes an eiqenvalue problem for the 

dete~nâtion of a certain parameter which involves the 
JJ 

burning rate. When the dimensionlêss coordinate ~ defined as 

'J t = m 
T~ 0 

-: 

~ ~_ .... --..--.---\-_.-

dX. 
PD (2-25) 

; 

J 

'-1 
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. 
is introduced into Eqns. ,(2-21) and (2-22), and when Eqns. 

(2-23) and (2-24) are used, the combustion problem is reduced 
... 

to the fOl1owing equation and boundary conditions for T(t): 

- -T' (1;) T"{Z;) (2-2~a) 

.. T' (0) .,. 1, + T (0) 
/' 

(2-26b) 

T(CO) = 0 (2-26c) 

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

forward reac-tion on1y, Eqn.' (2-26a) becomes: 

- r 
= (Kp)' f }.l (T) (-T)" 

u 2 o 
(2-27) 

where ~) is defined as: ... 

l , 

The indicated product in Eqn. (2-2B~s-to be interpreted ~s 
1 if s = r. '}.lf (T) (Eqn. (II-10», is positive for a1l 

positive values of (-T) for which T is positive. 

, -
- -~---~------
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Since 0 < Y(X) ~ 1 it follows from Eqn. (2-23) that: 

--1 < T{t) < 0 (2-29) . 

Hence, the product in Egn. (2-28) is positive. 

~nseq~entlY, ~(T) is positive for aIl T in the interval (2-29) 

for which T is po~ve. For the case of stoichiometric 

proportions of the fresh mixture, w~ich was the case treated 

in [B], we have in Eqn. (2-27), v = r f and U(T) = ~f(T). 

In summary, ~he right-hand side of Eqn. (2-27), is in 

general, a non-linear functi6n of T which is positive in some 

left neighborhood of T = 0 and which has a zero of order v at 

T = o. 
/~, - r f '2 

The dimensionless·ratio (Kp)~ /uO which appears in Eqn. 

(2-27) will be denoted by A, the eigenvalue: ~, 

r 
( - ) f 

A = ~K .... P~_ 
n/ 2 

uo 

1 

(2-30) 

Eqns. (2-26), with Egn. (2-26a) written in the form of 

Eqn. (2-27) constitute a bQundary value problem for T(ç). 

'" For each A on a certain semi-infinite interval, it 

shown that this problem has a unique solution [9]. value 

of T(O) can be specified in addition to the boundary conditions 

of Egns. (2-26). The symbol Ti (the non-dimensional ignition 
-

temperature)is used to denote the prescribed value of T(O). 
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,Eqn. (2-27) ~ill be generalized by replacing the function 

~(T) (_T)v with a function ~(T) which,is a continuous function 

of T on a finite interval To ~ T ~ 0, ~(T) > 0 if To < T < 0 

and ~ (0) = O. 

Therefore, the boundary va~ue problem becomes: 

T"(t) - TI (1;) = - A 'l'(T) t > 0 (2-31a) 

10(0) -= Ti (2-31b) 
--' 

TI (0)' = 1 + Ti (2-31c) 

T(CO) = 0 (2-31d) 

A necessary condition ~at Eqns. (2-31) have a solution 
, 

is that A > O. Negative values of A have no physical meaning, 

while the value 0 can be interpreted only as a 1imi~ 

-Aiso Ti must be restricted tp the interval determined 

by the fol1owing inequa1ities' in order for Eqns. (2-31) to 

have a solution: 

(2-32a) 

and 

(2-32b) 
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Using the transformation: 

u = T (t) ( II''':13) 

the interval 0 ~ t < t* is mapped onto the interva1 Ti ~ u < 0 

and Eqns. (2-31) are reduced to a first-order boundary value 

problem as shown in Appendix II. 

After sorne mathematical manipulation presented in detai1 

in Appendix II, the following inequalities are obtained: 
" 

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

eigenvalue are found to be: 

'l' (u) 

(i+u)2 

'l' (u) 
l+u du 

du 

J 
-1 

]

-1 

Eqn. (2-34b) implies that A'~ 0 (q{ven If (-1) > 0) 'as 

-

(2-34a) 

(2-34b) 

Ti ~ -~ and according t? Eqn. (2-34a), A + œ as Ti + O. From 

~' , 
---~ - ---~--

, 
1 

/ 



) 

/ / 

) 

- 28 -

Eqn. C2-30) it follows that the upper bound for·the eigenvalue, 

A+~ill result in a lower bound for the burning velocity, ua 

and vice versa (K. p and ri are constant for a given mixture 

composi tion) • 

An iterative technique for obtaining succêssively 

narrower upper ~d lower bounds for A has been developed by 

Johnson and Nachbar [9]. This rnethod constitutes a truly 

rigorous procedure for obtaining solutions of any desired 

accuracy. However, for rnost applications, Eqns. (2-34) will 

be sufficiently accurate and it is unnecessary ta employ the 

iterative method. 

2.3 APPLICATION OF THE ANALYSIS Ta H2S-AIR MIXTURES 

The difficulty in applying the Johnson and Nachbar 

rnethod or any one of the other existing analytical methods 

is that they rely on the chemistry and kinetics of the combustion 

!~~?ess. 
in ~art, 

" The only way te \vercome this difficulty, at least 

is by making use of chemical kinetic parameters 

already known for certain reactions and ~nce they are 

deterrnined by the nature of elernentary.keac~on processes, it 

is possible to extrapolate jheir values to ether similar 

reactiens withdn an acceptable range of values. ~I for a 

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

pre-exponent1a1 factor, BTS, cou Id vary within certain 

) 

t 
r 
1 

\ 

1 
~ 

1 
1, 

1 
! 

1 

l ' 
1 
l 
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IJ 

acceptable limits. This fact facilitates-the task of performing 

a parametric study if necessary and getting a best fit with 

experimental results. 

A consistent reaction mechanism for H2s-air combustion 

is still lacking .. A se arch of the published literature on 

H2S oxidation has revealed that little information is available. 

A g?od review of the chernistry of sulphur oxidation process 

with respect to the kinetics and rnechanisms 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 reartions that are known to take place, rate 

constants are not)available [25,26]. The lack of data prevented 

us from carrying ~ut chernical kinetic calculations in ~der 

to find the effective overall activation energy and frequency 

factor. Those two pararneters are/required for the sqlution 

of the flame's eigenv~lue problem. 

A recent study carried out here, at McGill University, 

by Frenklach and Lee [27] to determine the correlation 
/' ! 

// for induction times in H2S-air and H2S-air-H20 mixtures by 

~ pressure measurements behind reflected shock waves, shows the 

overall activation ènergy, E, for the H2S oxidat!on to be 

about 26 Kcal/mole. This is, the va'lue used in the present 

calculations and is required to determine the eigenvalue's 
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upper and lower limits, but leaves still the burning velocity, 

uo' unknown. 

The calculation of Uo requires the knowledqe of the over-

Eqn • ( 2 - 4 4 ) • The aIl frequency factor, Bf as shown in 
\.. 

procedure employed in establishing a 
'i 

~~lue for Bf willUshortly 

be explained. , 

The analysis in section 2.2 is applied in the present 

work to the stoichiometric H2s-air mixtur~ for which the 

result'ant burning velocity is approximately maxi1i\ÛÏn. Other 

compositions (on the lean or rich side of the stoichiometric 

composition) ''could be analyzed as weIl by simple extensions 

of the approach used here based on the general equations and 

mathematical' formulation of the eigenvalue problem shown in 
1 

section 2.2 and APpendi~II. 

The overall stoichiometric reaction to be considered 

here is: 

* 

.035 O2 + 5.722 N2 + .009 NO + .9879 H20 + .0094 

HO + .007 H2 + .0048 SO + .9952 S02 + traces of CO2 

and A.* (2-35 ) 

Thus, approximatel}' 12% H2S and 88% air ls the reactants' 

The chemical equation ia derived from equilibrium considera~ 
tions by solving simultaneously the atom balance and chemical 
equilibrium ~qua~~s. 

"4\ " . ,", 

i 
1 
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. 
stoichiometric composition and the air is mainly represented 

. 
by about 19% 02 and 69-t N2 on the 1eft-hand side of Eqn. (2-35). 

For our purposes, a simplified approximate equation should 

be sufficient: 

(2-36) 

Th~ other species appearing in Eqn. (2-35) are omitted from 

this equation due to their insignificant mole fract~on in the 

mixture. 

Eqn. (2-~) is a particular éase of Eqn. (2-l) which 

was the basis .. for the theoretica1 analysis. Based on that 

analysis, a nwmerical scheme for the s01ution of the eigenv~lue 

problem was deweloped. It involves reasonable approximations 

and casting t~ equations in a forro suitable for the numerical 

solution, whidh will now be discussed. 

The inte~ation of Eqns. (2-34) for the upper and lower 

bonnds of the eigenvàlue requires the evaluation of the 

function 'l' (T) ({or 'l' (u) if the transformation u = T (1;) -of 

Eqn. (11-13) ËS used) at each step in the integration process. 

Using the defmnition of 'l'CT) in Eqn. (2-27)ltogether with 
\ 

Eqn. (2-28), ~ere s = r for the sto±chiometric case and the 

definition of ~f(T) in Eqn. (II-lO), then, 

1 ~ 

= [ !(Tl] r
f

[ T(~)J 
\W(O) T 

- - v exp [-Ef/RT (T) 1 (-T) (2-37) 

l 
1 

1 
1 
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Interpretation of the various parameters in the above 

equation as applied to the numerical scheme and sorne of the 

approximations made will now follow. 

The reaction order. 'in the stoichiometr;c equation (2-36) , 

is: 

r f .= '1) = 2.5 (2-38) 

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

aIl K) , (I-lO), !(II- ) and (2-23), it can be shown that 

i ( 1 

r ~Y * 1 n 
GY * , 

Wer) -1 f1! w: T(tl L -1- T(Ç) 
1 = + + ReO) (2-39) 

K=Y+I K 

is the invers~ of the mixture average molecular weight, W, 
, 1 • 

as ~ function' of T. W(O} here is the final average molecular 
f 

weight atJthe hot boundary with T = O. It is calculated in 
f 

the ptogr.aIn from the prod~ct species coefficients on the 
'. 

right-hand side of Eqn. (2-36). From Eqns. (2-36) and (I-10), , 
f 

G = .3388,' is in this case (stoichiometric ratios) the 

reactant species~ H2S and 02' initial mass fraction. Numerical 

tests perf~rmed, proved that the ratio :~~~ throughout the 

-range -1 < T ~ 0 is close to unit y which means that the 

average molecular ~eight does not change significant1y in the 
, 

reaction. It is shown in the sample computer outputs of 
r 

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

------ -- ._-.~~.- ..... -
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an excellent approximation. 

The SUIn 8 f + ex - r f in Eqn. (2-37) can to a good 

approximation be assumed zero. 8f , the exponent of the 

temperature, T, in the pre-exponential factor of the Arrhenius 

equation, Eqn. (11-2) is f6und from kinetic theory to be 1/2 
" 

sinee the relative velocity of the moleeules i5 proportiona1 

to Tl / 2 • However, the temperature dependenee of the pre-

. 1/2 a expone~tial term is often modified from T to T f 

(B f = 0, ±1/2, 1 etc.) aeeording to Penner, s.s. [23, Chpt. XVII] 

in arder to provide a better fit of the experimenta1 data. 

This temperature dependenee of the pre-exponential term, 

BfTB~, may be eonsidered negligible in eomparison with the 

temperature sensitivity of the term exp[-Ef!RT(T)] in the rate 

expression (2-37). 

In the term exp[-Ef!RTtT)] of Eqn. (2-37), the expression 
1 

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

(2-40) 

where, Cp' is the effective average specifie heat at constant 

pressure of the mixture, ealculated at about the middle 

tempe~ature between the initial and final temperatures 

~(T :: 1200 OK) and equal to .28 cal!g OK. 

q is the total heat released per gram of reaetant species 

l 

1 
1 

1 
i 
l 
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calculated from Eqn. (2-;9} wi1:h the reference mass fraction ~ 

values, YK* deri~ed from the chemical reaction leqUation (2-36) 

and the values of the standard enthalpies of formation for 

the reaction species given in Table 1. The enthalpies, 

together with other thermochemical propert~es of the reactant 

and product species appearing in Table 1, were compiled from 

Refs. [~,291. q is found te be equal to 1637.2 ca1/(gram of 

reactant species). 

Tm' which is the final equilibriurn temperature must be 

known in advance in Eqn. (2~40) for the ïntegration of Eqns. 

(2-34) to be possible. When a1l the'heat evolved in the 

combustion process is used te heat the product gases, the 

Product temperature, T is defined as the adiabatic flame co,a' 

temperature. 

For a reacting system whose product ternperature is 1ess 

than 1250 oK, the products are the nOrmal stable species. 

However, most combustion systems reach temperatures appreciably 

greater than 1250 OK and dissociation of the stable species 

occurs. Sin~ the dissociation reactions can be quite 
1 

endothermic, a few percent dissociation can lower the flâme 

tempera,ture substantially •. The determination of the final 

temperature is therefore much more complexed and requires the 

use of equilibrium relationships which exist among the pro~uct 
\ 

composition in the equilibrium system. Here, at McGill, 
, 

the final equi1ibrium temperature of the stoichiometric 

1 
~I 

1 
1 



,1 

() 
.' 

(), 

- - - ----~-------, 

l, 
- 35 - -

H2S-air flame inciuding the dissociation reactions, wa~ 

calculated by Dr. C. Guirao and is approximately equar to 

2069 oK. The adiabatic flame temperature without dissociation 
.. 

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

equal to 2275 °Ki 206 oC higher than the one with the 

diss~iation effects included. The final flame temperature 
\ 

considered in this work was Tœ a = 2069 oK. , 
As a result of aIl the definitions and assumptions made, 

above, the expression in Eqn. (2-37~for the funct~on ~(T) 

is approximated by: -_ ..... 

r 
~(T) = exp[-Ef/RT(T~~ • (-T) f (2-41) 

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

\was discussed previously in this section and R = 1.9867 C~l/ , 
mole °K,is the universal gas constant. 

Eqn. (2~4l) is the equation used in the numerical 

integration of Eqns. (2-34). The integration of each of 

those equations is repeated four times starting every time 
- () 

from a different ignition temperat~re (Ti = -.9; -.8; -.7 

and -.6) with step inbrements of .01 up to T = O. The 

insensitivity of the solution to the change in the ignition 

temperature mentioned before in this chapter is proven to be true 

from our numerical results (Chpt. V). The completion of the 

integration yields the upper and lower bounds for the eigenvalue 

1 
1 

.,. 1 ,,,.!:'- : 



'\ • 

,,1 
1 

~ 

,>-

~ 

1 

1 \ 
... 1 

.'" 

r~ ~ 
1 

/ 

~ -

" 

'\ 

,t l , 

1;. 

~". 

o 
. , 

.. 1 

., 

," 

36 
D 

+ ' _ t ) 
>'\. (Il . and Il respectively). 

Left to be determined'now are the corresponding values 

o~ the burning veloclty, uo' using Eqn. (2-30). This can be 
, 

àccomp,lisl)ed on1y after the frequency factor, 'Bf?';' which appears 

in the expre~sion for R has been assigned a definite value. 

From Eqn. (II-11) we have: 

. ' 
l/rf R = B 0 • ië*' 

f 

~here it is imp1icitly defined by Eqns. (II-Ll) and (2-42). _~ 
" <"j 1 

W'itl}'some manipul,ations, R* becomes: 
~ 

, (2-43) 

Sf+a-rf where th~ term (T*) drops out because of the assumption 
\ o. \ 

a"f+a-rf . ="0 which was previously discussed. W(TO) and W(O) 
• " j/ 0 , 

./ 

arê-.1 respeçti,yèly the ini':tia1 and final ave..t::age molecular 
'~ , , 

wei9hts ?~the m~-xt1li:~/ X, the eff~ctive average therm~i 

c~nductivit;-~~-caleulated in 'a way sim~lar to that of th~ ëp 
ca1culation and is equal to 2~J93 x 10-4 cal/cm sec OK. 

, 
! \ , 

( 
,-

( 

\" 

\1 
" l'et 

1 
1 

~ 

-'-



() 1 

ë> - J7 -
1 

f 
, 

... 

NOw; 'from' Eqn. (2-JO) we have: 

.. "\ 

r 
" ... _ ..... 

u 2 (K*.:e> f = Df = Dfo. 
... --. .... 0 A 

The above equation indicates the need to use the 

experimenta~ value for the burning velo~y, uo' in the 

stoichiometric H2s-air mixture in order to determine the value 

~ of Bf. Using Eqn. (2-.t4) with the results for the upper and 

lower lim~t:s of the_ eigenval ue: 
'\- , 

~ 

\il ~ 

i ~ y. r' , . (i •. p) f , - (2-45a) = A+ 

and, 
, , 

6 
, 

~ , 
\ r "~ 

~ +. (i* .p) _f >--',,--• ~ = "',~ (2-45b) 
A-

Then the average value for 4> is: 
~. 

~ ,~ 

'" , r . 

= ~ - 4>+ 
4> 

-+ (2-45c) 2 • 

S.ubstitutinq both, the value of 4> from Eqn. (2-45c)" 
, . 

Il (p = l atm and is considered constant throu.ghout the reaction 

zon~) and the experimental vaiue for ua which is aboJt 41 cm/sec 
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for 12% H2S in air mixture (stoichiometric) in'Eqn. (2-44); 

'a value for Bf' <rf ~ U02/~) is obtained: 

For T = 2069 oK 
~,a 

= 2.8625 x 1013 + 

and for ~ 9.0670 x 1012 -T ~ 2275 oK co,a 
... 

" ~ 

J. 

Both values are reasonable though a litt1e high for bimolêcular 

reactions [30, p. 805] • 

Bf = 2.8625 x 1013 is the valu~ used later in the numerical 

computations of the burning ve10cities for the H2s·air-w~ter 

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

,the constancy of Bf throughout with, or without water sprays 

in the gaseo~s mixture. 
) 

2.4 ANALYSIS OF THE LAMINAR FLAME PROPAGATION IN A GAS AND 

WATER SPRAY COMBUSTIBLE MIXTURE 

The water droplets éonsidered here are dispersed~in 

a combustible mixture in which they are a~s~ed to be 

completely inerte The ignition of the mixture and the 
\ 

subsequent propagation of a laminar flame causes the droplet~ 
" -

to undergO~Rartial or total phase change from liquid to qas 

(vapor) within .the,-=-réaction zone of the deflagration wave. 
,/ " ' 

In f1ame~èo~rdi~à , it canbe stated that a cold, fresh 
, 

r 
\ 1 

~. J----~~~) 

.' 



! \ 

i 

. , 

.. 

() 

- 39 

gaseous mixture with water droplets (no vapor present) is 

flowing from negative in finit y (X = -~) int~ the stationary 

flame surface (X = 0) where the fraction of the droplets 

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 there is no total evaporation, the reduced 

size drop lets flow out of the reaction zone togéther with the 

combustion products and vapor formed to reach an equilib.rium 

ternperature at positive infinitr (X = +w). 

In this research we were prirnar~ly concerned with the 

physical and not chemical effects, of 'the water droplets on 

the flame inhibition mechanism and therefore the drop lets 

were assumed to be inert. Experimentally, this was achieved 

:6 S:::::li:e t:::~r W~2S prior -to spraying i t into 
The water drop let experiences both,heat and mass transfer 

in the reaction zone. It acts as a heat sink, absorbing 

sorne of the heat released py the reaction via sensib~e hea~ 

transfer from the flame front to its surface ail'd then due to 

the latent heat of vaporization; Less heat is then available 
--------

for heating the combustion products and since the process ia 

considered to be adiabatic, the final equilibrium temperature 
<:: 

is lowered. 

With the boiling temperature reached, the vapor ia flowing 

"1. 
'1' 

j 
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outward from the evaporating droplets surface into the 

surrounding gases by diffusion. The vapor moleeules diffusing 

into the flame front further dilute the reacting mixture and, 

eonsequently,change its effective specifie heat, Cp' by 

increasing the inert specie'~\1 contribution. As C is increasing, 
p 

the heat capacity of the overall mixture increases tao 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 ta-the case of H2S-air mixtures. 

It is important to notice that the coupling between the 

fiuid dynamical egultions of motiqn of the gas and the 

statistical spray r lations (Appendix III) is 50 com~~icated, ~ 

that the possibility of accurately incorporating aIl the 

aspects invol ved appears remote and solutions can be found 

for only a few simple cases. 

The steady state conservation eguations for a gaseous 

mixture containing a dilut~ water spray along with other 

governing ~quatio~s and necessary assumptions will now be 

presented: 

Conservation of mass: The flow is considered one-
1 

dimensional and aIl drop lets are assumed to have the sarne 

average velocity, v, which can be expressed from the spray 
) 

- " 

• 
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statistics equations in Appendix III as, 
( 

j'v f dv 
o v = ---::H:---- (2-46) 

/ 

by integrating the product of f and v over all the velocity 

space and then dividing by, H, the number of droplets per 

unit~volume per unit range of radius (Eqn. III-l). The 

result is a statistical average for v. The overall continuity 

equation then becomes, 

- '\.'. 
P u + P v = m = const~nt 9 s 

(2-47) 

Pg is the gas density and Ps' the spray density, whic~ is in 

~ fact the mass of condensed phase per unit spatial volume: 

(2-48) 

Pl is the water or condensed pha e density and hence Pl j ~r3 
is the mass of a single droplet radius r. 

Because of the low~Mach n burning velocities in 

laminar flames as shown in se ion 2.2 (Eqn. (2~6», and 
\. 

1 

1. 

t. 
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since the initial relati~e velocity of the droplets and the 
~ 

gas is zero and the velocity gradients'are small, aIl droplets 

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

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

drag force acting on it indicate that in the present problem, 

this approximation lS valid [10, Chpt. Il, Sec. 7]. Eqn. 

(2-47) now becomes: 

. 
pu = m (2-4,9) 

\lfhere p = P + Ps is the total density of gas plus 
9 

• It should be noted here that Pg is smaller th 

density of the gas because of the volume by the 

droplets but according to the definition spray 

(Appendix III), the fractional vo~ume occ 
~:::=x:::::--...... 

he droplets' 

is small and hence it 18 an excellent app to consider 

Pg as the density of the gas mixture witho droplets. 

Finally, ~qns. (2-2) and (2-5) 

conservation and mass fluxes at X = 
Conservation of momenrtum: The force per unit mass exerted 

on a drop let by the surrounding gas is denoted by: 

'.' 

\ 
1 

dv 
F = dt 

Among the effects'that May contribute to F, are: (i), 

(2-50) 

FI ' l 

, skin friction and separation drag, (ii) gravit y ~d other body 

,1 

î 

1 
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forces, (iii) rotation of the droplet with respect to the gast 

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 J a drag 

coefficient CD through the equation: 

F l ~ 1 = 8 Pt r lu-vi (u-v)Co (2-5l) 

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

J , 

f 
spherical droplet of radius r. The value of CD depends 

mainly on the Reynolds number 

(2-52) 

where }lg is the viscosfty of the gas. ~ In MOSt sprays the 

particies are sO'small that the flow about them is lruninar ~ 

and the classical Stokes or Oseen formulae '[10, Chpt. Il] are 

approximately valid. In-~erms of the force on individual . 
particles then, the average force per unit volume exerted on 
~ 

-the spray by the gas ~an be found. In our case this force 

is zero because it was assumed that the relative velocity 

of the droplets is zero (u = v). 

Another term which should be accounted for due to the 

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

i 

·-'------_____ , __ .. _._n .. ~ .:;; 



( )1 

( ) 

- 44 -

'. the vapor coming from the drop1ets. Again a zero relative 

ve10city imp1ies zero momentum here. 

As for the momentum of the gas f1ow, the assumption of 

a constant pressure deflagration is valid here too and Eqn. 

(2-6) applie8. 

Conservation of energy: Same as Eqn. (2-7) exeept that 

here, twd more inert .species take part in the process: 1iquid 

water and water yapor, hence: 

.. 
d~ [f: hK~ + h1mI + h~v + htmR. 

K=1 
- À dT 1 = 0 dX 

\ 

(2-53) 

i8 the energy equation where hv' th~ vapor's specifie enthalpy 

is related to hi' the 1iq~id's specifie enthalpy by the fo11ow­

ing expression: 

(2-54 ) 

hfg , Cpv and Tb are the latent heat of vaporization at 

T = Tb' the vapor's specifie heat and the boiling (saturation) 

tempe rature of the 1iquid drop1et respeetive1y. 

The diffusion equation: Eqns~- "(2-10), (2-11) and (2-12) 
-- ----.., 

apply here too with YK now defining any gaseo~s speeies mass 

fraction (including water vapor) in the overall mixture 
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(gas plus water). This point is further e1abora d on, in 

Appendix III. 

The drop1et vaporization equation: The rate of change 

of the size r of a droplet is defined as: 

dr " 
R = dt (2-55) 

and with H defined in Eqn. (111-1) as the number of drop1ets 

per unit volume per unit range of radius we have: 

co 

= - J Pt 4nr
2

RH dr 
o 

(2-56) 

where the expression on the right-hand side of the equation 

above is equal to the grams per unit volume par second of 

vapor added to the gas due to the vaporization of ~ater 

droplets. 

The disappearance of the liquid phase is the cause for 

the appearance of the vapor phase as the reaction progresses, 

hence: 

• dZ max (2-57) 

--

where Z, the gas mass fraction, was defined in Eqn. (1-14) Of 

..... _-----;..,,;,,;--.;;.",;;;-,;;;"-.;;.;--;.;;-;;..,;,;;--..;.-;;;.-....;." ----_..::-.....:;.....:....:..:.....:....._----------~~- -_.=-=-~-.-.~--~~ 
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Appendix 1. From Eqns. (2-56) and (2-57) then: 

dZ 
dX = 

CIO 

J 2 • 
- P R. 411r RH dr/m 

o 
(2-58) 

which is basic~lly the Most general vaporization rate equation 

and describes the change of the parame ter Z through the reaction 

zone. By furtber assuming the spray to be monodisperse, 

meaning aIl the drop lets are èonsidered to have the same 

average radius. r, (a statistical average for r cou Id be found 

the same way it was done for v in Eqn. (2-46», Eqn., (2-58) 

could be written in the forro: 

(2-59) 

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

in Eqn. (111-2). The equations and assum~tions "discussed so 
..J---- -

far in this section and Appendix III determine completely the 

combustion with water sprays problem, provided, explicit 

expressions f~ w and Rare obtained. The expression for w is 

( derived in Appendix II and given in Eqn. (11-22). 

It remaims to find an expression for R defined in Eqn. 
1 

(2-55). 

A prereqwisite for a comprehensive treatment of spray 

•• 1 

. 
1 

1 

,~ 
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problems is a thorough understanding of the evaporation (or 

ignition and burning 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 quiesce:nt atmosphere is weIl understood. Spalding, D. B. 
, 1 

[60], Godsave, G.A.E. [61], Blackshear, P.L.Jr.' [62],. who 

adopted Spalding's approach, and many more investigated this 
, 

phenomenon. 

Sorne impo~ant assumptions upon which the analysis of 

single droplet vaporization is based are as fo11ows: 

(a) The droplet surface and the differential volume in the 

vapor (or flame front for a burning droplet)' forro concentric 

spheres. 
c 

(b) Convection effects may be neglected. 

(c) Steady-state conditions are assumed for fixed droplet 

sizes. One can·consider the droplet surface regression 

to be ,instant 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 drop let is assumed to 

be uniform and equal to the boiling t~perature, Tb. Accordinq 

to Penner [23, Chpt. XXII] , although thi~ assumption is 

questionable, it does not exert a large effect on the 

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

'-. 
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~ J': 
( , 

the surface temperature is,' 0 

boiling temperature. \ 

(fl The pressure is ass 
\ 

the system. 

degrees be10w the' 

ed to be uniform throughout 

Based on the ab ove assumptions and considering the heat 

and mass transfer taking place without chemica1 reaction in 

the droplet and its surroundings, the fo1lowing 

derived for R [12, Chpt. 6): 

R = (2-60) 

where X and ëp are. the constant average thermal ~ ctivity 

and specifie heat of the gas around th~ drOPle~:~ace whieh 

'is the water vapor in-the present study. Tf and Ti are the 

free stream and the drop1et surface temperatures. Ti = Tb 

from assumption (e) above and Tf = Tœ , the adiabatic f1ame 

tempera~~re, «This is only an approximation since Tf ia changinq 

through the reaction zone). The expression for R in the case 

of a burning droplet is simi1ar to Eqn. (2-60) with just one 

more term in the logarithmic brackets due to the reaction as 

shown in Refs. [12, Chpt. 6; 23, Chpt. XXII]. 

In the present 'study Xv and ë are ca1culated at the 
Pv 

film temperature Tœ +Tb/2 to be 2.75 x 10-4 cal/sec cm oK and 

.59 cal/g oK reapectively. 

1 

r 

1 

-------_ .. ,.-."""'*.- ~ 
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Since we have a constant pressure deflagration at 

1 atm. pressure and based on assumption (f), the corresponding 

boiling temperature for the water droplet is Tb = 373 OK (IOO·C) 
/-----? 

l ' 
and t~e latent heat of vaporization, hf9 '= 539 caVg at t~t 

;' , 
, temperature. Thus, as soon as the droplet surface reaches 

the hoilin,g temperature, it starts to evaporate and remains 

at this temperature throughout the reaction zone with the , , 

saturated vapor pressure assumèd to he at 1 atm. (assumptions 

(e) and' Cf) above). 

The water droplet density, Pl' at 373 oC is .972 g/cm3 

and with this last value Eqn. (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, 

1 -

(2.,.61) 

o:r 

is valid, w~e5e the nonnegative functïon X is independent of 

J... Cl 
drople~~ and the exponent k ia always wi thin the range 

o ~ k ~ 1. 

In Eqn. (2-60) for R, where only evaporation 18 considered, 

(2-62) ~ 

.. 
~------_..:...."., . 

/ 

,­. '-
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r 
and the exponen~~k = 1. Therefo~e, from the definition of R 

J 
in Eqn. (2-;55), the /resu1ting equafion is:, 

~ = - x'vr 
" 

whic~ is a~ ordinary lst order differential equati~n. W~th 
~ ) ~ 

the ini tial ~adi us of a drop1et r 0' at time,\ t =' ta' kno : 
, 

its radius r, at a later time t, in the evaporation 

can be determined from Eqn. (2-63) above, 

rt .-
~" r '1 1 

lI- J rdr =' J4~t 
1( r=r t=to 

....... .. 0 . , '. ,". q 

~ • 1 

If 

B~sides of this equation, are integrated to give'the following 

relation: , . 1 

r 2 2 
~ X Ct-to,> - rO ,,' , 

0 
~ , 

or r 2 = r 9 
2 - X(t-t ) (2-64) , 0 

<.,..,4'~.1 "'\ 1"" 
~ 1 

This is the most common form of the evaporation rate 
Il ' 

~q~tion (o,r bU~ing rate, equation ·for ~h~ case '1 r\actin9 .. ' 

dr'oplets) with' X referred to as the "evaporation coef'àcientn 

or "evà\Oration co~stant~. 

.. . ' . . 
... ~--.- .... _-~---

E~. (2-64) has also been verified 
~ \'.,./1 

" 

.. 

" 

, 
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i" 1 

1 

by many experi~ents to hol~ for both, evaporation and burning 

of single droplets [12,~hft •. 6~ 23, chp~. XXII). It is an 
1 v 

empirical relation confirrnéd by theory as weIl. It is aiso 
1 

important to note t~at for Ir = 0 'in Eqn. (2-64), ~t = t-to ia 
l ' 

the bime it takes for the tbtal"evaporation of the droplet 

whose initial radius was rol -
~ 1 

As it stands now, evertthinq is set for the formulation 

of the eigenvalue problem. \The unknown dependent variables 
-or.'" 

1 " ,/ 

of the pro~rem are r, p, u, Z, T a.d YK while the initial values 

ro' PO' ZO' TO and YK,O a~e controllable by the experirnental 

conditions. From the governing equations and ~ governing 
J 

physical conditions as stated, it can'be shown that a system 
, . . 

~ of first-order differential"eguations (energy, diffusion 

~ and evaporation rate) and algebraic eguations (equa~ion of 
o 

stat~rnass, momentum, etc.) will be sufficient"to solve for 

those unknowns. ,~ ...... _-

An additional~boUhdary"condition here will be Z + Zm as 

m JZœ = l for tot~~ ~vaporation~. The obher boundary 

co ditions remain the same as in Eq~s. (2-31) for the 'case 

w thout water spray. 

The representation and computation of/the eigenvalue 

problern is quîtercomplexed, rnaking it impossible~ get a 
" t 

closed form solution. "Instead, a simpï.ified tmodel which is 

basically the modified ~bhnsdn and N~ch6ar method,will be 
i ~ 

presented hel:e. œhe proced~e.in section 2 12 nad to be 
1 ~, 

" .- --~'-----'-~-- --- • •• 1 

. 
'1:> 



o 

(--)~ 

" 

extended in order to,incorporate the presence of water 

droplets in the mixture. Accordingly, a numerical scheme 

was developed, very similar to the one outlined in section 

2.3, for the stoichiometric H2S-air mixture with water sprays 
6' 

of various drop1et size distributions and densities. 

,/ 

To start vith, it is required to calculate Zo and Z~, 

~nitial and final mixture gas masS fractions respectively.t 

The knowledge of these two parameters is an indication of 

the amount of water evaporated in the proces~. 

Eqn. (1-16) of Appendix 1 tells us that, Yv = z-z~~ is ~ 

the mass fraction of the vapor at any time in the rea~tion zone 

and consequently, Yv~ = Zoo-ZO is the final vapor mass fraction 

at the hot boundary. 

~he values of Zo and Z~ depend directly on the initial 

spray parameters: (i) the initial droplet size distributio" 

and (ii) the initial spray density, p ; which are controllja 
~ c, sa 

experimentally. ~Droplet size distribution curves were 

supplied by the manufacturer of the nozzles used and are 

.' shown in Figs. 3-8. Since the spray was assqmed to be mono-

disperse, it is the median volume diarneter, dO' which was 
,..,r ..... '1.. 

used as the average drop let diameter. 0 (For the experimental 

àetails 
0 

refer to Chpt. IV) • The spray was also assumed to 
~ 

be uniformly distributed thrQughout the flammability tube 

with gravitational effects neglected. PsO and P90 can eaS~IY 
be calculated an~ the value of Zo can bp) determined 

J 
.. ) 

'./ 

~ -i . :. -- ~---_. -~··"""_··_·----"'.-..rlllWllr;IioII"'. ~ L 
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(Zo = Pg,j(Pg + Ps )-) •. 
. . 0 0 0 

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), rO i8 

known and X, the "evaporation coefficient", is found from. Eqn. 

(2-62), but the final radius, r ,Jof the droplet at equilibrium co 

and the period of time elapsè~ fr~m beginning to end of tge 

\ e~aporation process are unk~wn. Here, the time parameter, 

, ~t=tm-to' is the ,:eriod through which a stationary\droP+et 

wpuld be ~~~ontact with the moving~flame front referred to 

as the resid~nce time10f th~t droplet in the flàme's reaction 
\ 

zone. An estimate of ~t is obtained by the relation, ~ \ 

(2-65) 

~ 
wher~ 6, is the reaction zone thickness and usp is the 

'-\ 
spa~ia~ or observed velàcity which i6 the flame velocity as 

measured in the experiments. 

the one employed in Ref. [7]. 

The appro~ch here is ·similar to -, 

An e,stimate of Ô'I based on laminar flame theory [l0, 

Chpt. S] is given by, ( 

........ .,. ~ 

(2-66) 

where it i8 aS8umed that in an adiabatic f~ame with no enerqy 
" 

... , 
( 

1 
! 

'1 

1 , 
1 
i 
; , 
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lost downstrea~ all of the heat released must be conducted up­

stream, viz., ëp(Tœ-To}WO =.X(Tœ-TO)/O' thus, 

(2-67) 

, 
And since mass conservation implies that: 

~ .. 
POuO = WÔ ~ (2-68) 

' . 
. 

Eliminating w between Eqns. (2-67) and (2-68) leads to 

~e relation (2-66) for the estimate of ~ which is Lound to be 
r • 

around 2 x 10-2 cm fQr the stoichiometric H2S-air flame. 
. , . 

As to.the use of Usp'in the relation (2-65), (the unburned 

gas velocity is consldered to be practically zero), rather, 

than, uo' the burning velocity, it i~ justified due, to the 
. ~' \, 

fact that u is the axial velocity of the flàme along the - . sp ~ 

tube measured with respect to a stationary observer which çould 

be assùmed to ride on any stationary~droplet.... In other words, 
( 

the flarne front sweeps through the stationary droplet at the 
\ , 

'axial observed velocity, u p and not at the burning velocity 
- sil 

which is normal to the curved surface of the)flame. . , 
, 

Once 6t iS~determined, the fin~l droplet radius.r~, ~n 
then he easily calculated from Eqn. (2-64)'. Wit~ ~p' measu're,d 

exp~rimentally to be about 80 cm/sec in the stoichiometric 

r 

,J 

1 
1 

\ 1 
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H2s-~r mixture, ât, viz: Eqn. (2-65) is equa1 to 2.5 x 10-4 

sec. Knowing'rœ , the fraction of liquid evaporated (%) is now, 
~ 

(2-69) 

With the total mass of the water spray initially present 

in the tube known and the, liquid fraction evaporated, 

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

is then derived. The expr~~sion for Zoo,becomes: 
'. 
Zco
ll = z '+ y = Z + total va ~r mass 

o Veo 0 total m1xture mass gas plus l1qu1d 

(2-70) 

NOw that Zo and Zoo are known, it remains to derive the 
4' b 

1 

governing differentia1 equation and boundary conditions 

applied t~ th~ simplified model developed presently. The 

following procedure is basica11y the sarne as the one . -, . ' 
represented in section 2.2 viz., Eqns. (2-15) - (2-34), 

but it considers in a~~tion the effect of water droplets 

and water vapor in the c,ombustible mixture. We begin by 
-, 

defining the total static enthalpy per unit mass of the o~r": 

aIl mixture: .. 
n ) 

h.= L hRYX + h:rYI +'hvY + , v (I-Z)hR, ('2-71) 

K-l .. 
( 

.-

/ 
r' 

" ~ .. ;1' 
~ 10, 

!;../ 
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where a1l the variab1es.have previously been defined. Again 

h can be expressed as a function of y and T as ~a~ the case 

irF Eqn. (2-16) but now it depends on a1 third variable, Z. 

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

h(O,Z,T) 

(2-72) 

• >f 

Usinq the relation between hv and ht in Eqn. (2-54) we 

write: \ 

h(O,Z,T) 

> 

~ ] [tl 1 
aKWKhK(T) + aIW1h l (~) Gq = 

Wtota1 , 

(2-13) 

\ 
whe~e the liquid droplets are assumed to be at the boiling 

temperature, Tb ~37~ oK (assumption (e) in the analysis of a 

single drop let) • r 
At this point a major simplification is introduced in 

t~t h is made to be a function of T only, with Z = Zœ. Eqn. 

(2-73) will now> be wr;Jten 
_" v,J'! 

as: 
\. 

" 

r 
( 

(" -
" , 

." 

• 
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l 

-Gq 

(2-74 ) 

This assumption simplifies enormously an otherwise complex 

problem, since Z is a variable changing in the reaction zone 

from Zo to ZQ) th~ sarne way Y changes from l to O. By relatinq 
"-

these two parameters to the hot' boundary, where Y = 0 and 

z = Z , the need to account for the variation of Z is eliminated. 
-. 00 '1 

This is made further possible by defining the following 
~ 

dimensionless variable Tas: 

h(O,Z()O/T) - h(O,ZQ)/T ) ) 
...... 00 

T = (Z;S::ZO)h f (l-zo> e'",(Tb -TO) Gq -
gT=T

b ' Pt 

• , ) 

= 
[ZOC,e + (ZOO -ZO) cpv l (:t'-Too ) 

= 
ëp~(T-TCIl) 

(2-75a) 
(G-Pl)q ;J.q 

~ 
Where the definition pf h (0 1 ZQ)/T) in Eqn. (2-74 ) was. used and 

~""'-

where: 

/ ,,"" 
ëp = zoëp + (Zoo -zo>ëp (2-75b) 

g v . 

) 

\ 

<' ~, 

, ~ 
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is the average gas phase' specifie heat per unit mass of the 

overall mixture. The first term on the right-hand side denotes ... 
aIl the reactant and inert species contribution while the 

second term stands for the totalkvapor contribution to ë • 
Pg 

It should be noted that without the very important 
• 

assumption of Z = Z = constant, the vapor term in Eqn. (2-75b) 
~ ,. 1 

above should read, (z-zo>ë = y ëp ,~where, Yv is increasing 
, Pv v V ti~ -. , 

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

Here it is considered r 
constant and equal to its hot boundary value, y' ~: Z -ZO' 

'Vœ co 

aIl the way through. Ne~t, 

(2-75c) 

~" 

is the heat lost per unit mass of the overall mixture, due 
t 1 . 

~o the latent heat of vaporization (ls term on the right-

hand~ide) and due to the sensible heating of the water droplets 

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

Tb (2nd term on the right-hand side) and fina,ty 

J-I 

~ 
~ 

\ 

G-C (2-75df J(= l( 

..... 
by definition where 0 < Cl < G. Jq, in the denpminator$of 

~ . 
Eqn. (2-75a) could be considered to repr,~ent thl apparent 

" 

---_Ti_.ii .... , d_" -----Î---~~ ;- - --

~. "') 
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L, 
or pseudo heat of reaction per unit mass of the mixture. It 

'has a lower value than the heat of reaction per unit mass 
1 . , , 

of the mixture without water droplets,Gq, (Eqn. (2-20», 

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

In light of the discussion of Egns. (2-75) above, aga in 
-- ~ 

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

~no more than a, state~ent of overall conservation of enthalpy. 

Furthermore, the value for the adiabatic flame temperature, 

T , without dissociation' effects considered, is derived froml <o,a .,-

the overaii conservation of enthalpy relation, which ~eads: -

, 
ZOëp(T.,."a-To) + (Zoo-Zo)ëpv(Tœ,a-Tb) = 

- (Z -Z )h = Jg 
.ri!"" co 0 fgT- T - b 

1 

J 

Gq~(l-~o)Cp ~Tb-TO) 
R. 

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

(2-76 ) 

T~ definit~on'of T is aiso us~d in ~he transformation of 

Egn~ (2-53), th~energy equation,int~ the following " 

eguation: 
1"" J 

,<lifferentia1 

l ~ 

d ( ~T A dT) . 
w X > 0 (2'-77) .. 

dX CPg CI5f 
= -J 

Â 4, 

and with transfo:rming Egn. (2-18), the boundary condition for 

~ 
~) 

.. ~, 

J-
l, 

" 
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/ 

T(X) becomes: 

.4 ). dT G 1 

-MT + r dX = (J)m, 
Pg 

, 1 

at X =- 0+ (2-78) 

If now the differentia1 equation for Y{X) and its boundary! 

~~ndition in Eqns. (2-13) and (2-14) are ~oth mu1tiplie~ 

throughout by the factor (G/J) , it fo11ows that, 

d (. dY* ) 
. 

". W X > 0 (2-79) -- mY* pD. dX = - J dX 

~ 

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

mY* 
. dY* (~hn at X 0+ f (2-80) - pD -- = = dX J 

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

/ 

y* (X) = G 
J'Y(X) 1> (2-81) 

,>, 
~, 

..: \ 
Thus, the result t, 't . " 

(f. 
'l' " 

T(X) + y* (x) =0# X > 0 (2-82) 

{if 1 

fo11owSl from Eqns. (2-77) - (2-81) b~suming again Le - l, 

~ 

.. 

( 
~ 

1 
<1 

----------------------$~, ~ 
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imp1yinq an analoqy betw~en heat and mass diffusion, as was 
~ , 

., the case for the combustible mixt~re without water spray 

(Eqn. -(2-23» • x 1 

zd:o in Eqns. (2-77) and-Using the transformation t 
. 

= m 

Eqn. (2-82), the combustion 
o 

(2-78), tf1~r with the result in 

~ problem reduce to the fOllowinq equation and boundary 
~ ~ -
conditions for T(Ç): 

(2-83a) 

TI (0) = ~ + T{O) (2-83b) 

T(GO) = 0 (2-830) 

Eqns. (2-83) above are analoqous to Eqns. (2-26). 

In Appendix II the riqht-hand side of Egn. (2-83a) is 

brought ~o a forro suitable for the determination of the 

eiqenvalue, upper and lower.> bound~. The procedure is the same 

• as w1thout water spray excep~ fqr few chanqes in the 

expres$ion of !!..!S.:.. W, p, etc. shown in Appendl,é II. 
e, 

The final resd1t for A- and A+ iB: 

u 

• 
~ 

"(u) siu],-l 
(a+u) 2 
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If Cu) 
(a+u)~ du 

] 

-1 

(2-84b) 

_The "scale factor", K,in the expression for the eig~pvalue 

A, Egn. (2:"30) becomes now: 

P 2 o 

À 

1 
J 

( 
W(O). J) r~ 

R. Z 
, GO , 

l' 

(2-8S) 

where use was made of,the explicit general expression, for K 
r'\. " 

in Eqn. (II-11). In the numerica1 sCheme the rélâtion 

(2-85) above is further simp1ified b~ on the as~umptions 

previous1y made in section (2-3) an'"~~ich resulted in the 

expression for ï{* in Eqn. (2-43). ~ 

-The integration of Egns. (2-84) starts from Ti' the 
-

non-dimensional ignition ternperature~ The integrations are 

done for T. = -.9; -.8; -.7 and - ~~ as for the dry\, 'H2~s-air 
""'"" 1. 

'mixturj!s. r 
In" the defipition of T in Eqn. (2-75a),' which has in 

the numerato~ a term accounting for the vapor added, it was 

assumed that: the water, droplets -start-to evaporate in "the*---
J ~ 

preheat zone (Fig. 2), even befora reaching the iqnition plane 

, 
1 
1 

~--- .. 

.. 

r 
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or 'at the latest in the iqni tion frame. Thus, ev~on 

"'" starts in the region X ~O and therefore Tb ~ Ti < 0 (Tb' 
corresponds here to Tb .. 373 DK) is the' range of physically 

acceptable values for Ti in the integration of Eqns_ '(2-84). 
(. 

The numerical integration ia performed separately for 
• .~ / . "-? . ' \ 

two constJ:lnt values of Z, (i) z* .. ZaD' according .to the fore-. -. . 
going analysis and (ii) Z*·= (ZO+Zœ)/2 which,is t~va~ue of 

. t. 
Z, midway between Zo and ZaD- In using tiûs value, 'it is the 

approach 9f William, F.A. [32, p. 238] which was âdopted. _ 
.;.tJ 

With a parametric study done for bo~ vàlues of Z, their 

relative effect~ on the burninq velocity results is discussed 
p-

.' . 1n Chapter V of tJ:\1s theais. .,. 
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CHAPTER III' 

'If 

" ' MEAS~EMENT OF BURNING.VELOCITY 

f "1 ... 
~~ 

.... .. 
"" ~In laminar 'flame "propagation, the fundamental par~tèr 

I.J -.;; 

is,the iâminar ~prning ·velbcity .• : It is ~he velocity nonqar 
li 

to t~e flame s~face aS it propagates through the adjacent 

\, la'yers 40f unburned gas • ... ' 

~he.burning vélocity i p determined ~Yl~he thermochemical 

~nd,transport properties df tHe combus~ible'~xture and 
.J ' ,.... . ' 

< , is'the~~~e a fundamental constant of th~ particular gas 
tio --mixture at a given pressure and 

d ' 

other,experim~n~al conditions. 

temperature, indeperident of 
. l' 

The aim of la~inar flame\, 
\ 

theories is to predict burning velocity (Chpt. II). 
l , 

... _ .......... - ' 

The difficuity in Îmeasuring burning velocity ls that in 

,'''' nea;rly aIl practical e~ses the flame front is n~t 6;;al to 

the.velocity of the gas stréam.· 'The flame front is either 

\, , 

" cu~ed in propagating flames or "'conical il? stationary ones. '1 
t ~ • 

'" El \. • , 

"-", There are several methods fo' mé-1~uring'1fhat veloc,ity.,rJ. 
1,' 

J ~hes~,'meth?dS can l!>e divided into two groups: {il those 

,invql!ing stationary flames (bu~er methods) ~nd (ili,) thbse ~ 
." inVQl)vin~ -p~opa~ati~g flames. " 

1 ~ , ~ 
There are limitations to the methods of both groups. 

For the varlous Qurrter methods, 
- 1 - , , 

. -the burner rim, which acts as a 

Jo'. 0 

(./) 

alctive sink for heat and 
/7~ .. 
) • c 

, 

",' 

,r 

f' ~ • 

• 

,) 

r 

( \ 

- - -. --:--.,-....-~ f -- -- -1,.-..-,,-""'"L----4...;_~ ... :< 
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(, 
" species. Therè i8 also a var~atiob in t~ gas'velocity across 

the cross s~ction of the burner tube, arising from the flow 

de~elopment in th~ tube and the interact~on of this ~ith\the 

pressure fiel~ generated by the flame. For~those burner 
\ JI 

methods,--1.6e burning velodity i.~s equal to the cornpo~ent of 

the fresh gas flqw'normal to the flame front. Typical methods 
"-, 

of this group are the Gouy's flame-area method, cone angle 

methods, the particle track method, etc. [12, Chpt. 4; 35, 
~, .... 

iI'P. 
Chpt. IV; 36, 37, 50, 52" 55]. 

, . 
For propagating flarne methods, which are of interest in. 

the present work, the gas movf~ents produc~d by the flàrne 

itself and the shape of the ~tame surface must be taken into , 

·account. .Furt1xermore, non-unil~~J;'IU and unsteady flame 
• propagation observed in sorne situations must be avoided. The 

1 

tube method (used pere),~the spherical bomb method, the double 
• 1 1 

kernel.method, etd.J are just a fèw e~a~Ples of propagating 

flame rneth0ds [12, Chpt. 4; 35, Chpt. IV; 36-42, 49, 51, 53, . 
54]. Ref. [1,.2, Chpt. 4; 35', Chpt. IV; 36, 37] in~lude surveys 

and criticism of both groups of methods. ~ t 

• ~ ~ . r 

The cylindrical tube met~od. ~hi~ was first ~ntroduc~d 
. 

by Coward and'Hartwell ~40], further \efined by Coward and 

payman [41] and,later 'b'y G~rstein et al. [42]-,,·i& the metbod 

adopted for this investigation. 

, For an ideal plane flame front as shown in Fig. l, the 

burning ve16city Uo i8 the velocity Qf the flame front relat.ive 
;, ... 

t" 
"" 

."-.;;,,,.. 

" \ C!' 

" 

( J 

---~-~--~ , .. 
" 

.' ~~: < " ... 
." 



1 () 

. 
i 
1 

t· 
1 

1 

• 
1 
1 

. ,1 

.;... . 

.. 
1 

1 

{ 

(> ,. , 

v_ 66 -

... 
to the unburned gas immediat~ly ahetd of it ·and is defined 

by the relation: 
\ 

.-
~ ~ 

( 3~-1) 1 Uo = U' -u 
\. sp u 

.. 
usp is the spatial or absoluteovelocity. ~rhe axial 

flam~ velocity measured with respect to a fixe& observer. 
, - ~,... 

u is the ~eloclty actually measured by using the tubê sp .t, 

rnethod. u , the unburned gas velocity ahead of the rlarne u p 

front, can also~be measured as an average value by ~ 

observing th~ displace~ent of ~ soap bubble through an opening 

at the ~op ~nd of the tube [42) • 
~. 

~he velocity uu is affected by the flarne because of 

pressure waves propagating from the hot, expanded combusti~ 
~\ 

products through the flame front into the initially guiescent 
. 

unburned gas which is now set' in motion./) Thus, Egn. (3-1) , 
\. 

~~ounts~for the fact that the flame is propagating within a-
, 1 

movin; ~bu~the effect of curved flame\surface Whi~~ i8 

the actual case 'is not incorporated. 1 
R 

Obviously, a curved(surface is larger than the cross 

section of the cylindrical tube in which the-flame i8 . . 
propagating 1 This implies a higher rate of consumption of 

n , 

the combustible mixture or in other words a higher conversion 

rate of reactant species to product species due to a ~arger\ 
s' 

Ibrface of the reaction zone. 
o 

~ 

1 

l , 

'- . 
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It follows from the definition of bprning velocity that:, 

" 

()-2) 

Where the relation above ~escribes the mass of unburned gas 

mixture consume? pe_r unit time. Vu is th~ volume of the 

remaining portion of the~unburned gas at any time and Afl is 
'- ' 1 

the flame surface area. It.is assumed in Eqj. (3-2) that Uo 
,has an average constant value over the entil:ie curved flame 

, ", 
-1--' 

1 

If Po is also constant, then 

(3-3) 

~ i \ • 
is the expression for the volume burning Fate. 

Also from the defin~;ion of usp andiuu which are-bath 
'1 '" 

axial velacities in a direction normal t the tube cross 

section and Eqn:' (3-1), it, follows that l " 
a (POVu ) ! 2 at = - POAt(Usp-Uu' = -/ P01iR ,(Usp~Uu) 

l ' ~ 

WheT~ R is the radius of the cylindric~Ù tube with cross 

sectional~area At and where the right hand side is aqain 

equivalent to the maas bUr~in! rate. Since Po is constant, 
, ... --

,.... 10._ •• 

-
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= - 1TR2 (u -u)" 1 

sp u "11 ~> 

right-hand side ,of Eqns. "(3"'3) and 

fo~, u~, get ...") 
we 

li\; 

u4) = 2 (uSp-UU )1TR IAfR, ( 

\ 

r. 
,.' (3-5') 

(3-5) and 

(3-6) 

Thàt, is the expression from which Uo can be(determined 
1 

once all the parameters on the right-hand side, are measured 

and determined experimentally. It follows from the expression 

for Uo that the higher the ratio AfR,/At the highè'r will he 

spatial:. propagation veloeity, Us ' of the flarne sinee u'O and 
~..,. " ' . p . -

Uu remaiJ)'i approximately unchanged. f Anoth~' purely mathematieal 
, ~;{ 

proof of Eqn. (3-6) based on Eqns. (3-2') 'a,nd (3-3) is given 

in Ref. [;37]. 

When, the veloeity of the unburned gas Uu is negligible 

or ~zkro, Eqn. (3-6) becomes . . 

(3-7)' 

... 

. Coward ~d Hartwell [40] were the 

~~j'tion 'i~ - (3-71. e~periment~l1Y. and 

fundamental importabce of the burning 

first to prove the 

acknowledged the 

.. velocï~ parameter. 

! 1 

r 
1 

" 

--~- --_ .. ,--------_0 .... ,..., . ' 
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By running f1ames ~2Yugh ~e different diameter tu~~s and 

measuring their spatial, axi~ sp~eds a~d the atea of the 

flame surface, Coward and Hartwell [40] confirmed for a 10% 

methane-ai,r mixtu~e the constancy of the ratio, ua = volume , 

burned per sec/area of the fl~e surface. This ratio i5 

clearly equivalent to the expression in Eqn. (3-7). They 

concluded, therefore, that the rAtio ua is the 1inear speed 

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

gaseous mixture at rest and aj constant temperature "and pressure 

just ahead of the f1ame. "They suggested that ua be described 
\ 

as the "fundamenta1 speed of flame", defined here às the 

burning velocitY.,J'ï :' 
:k' • ~\;o" 

-$. ~~Coward and"Payman' [41] whose modification wa;~r adopted 

by Gerstein et al. [42] considered, ?lso the velocity of the 
f b 

unQ\.lrned gas ahead of the, flame,' u and therefore came up u 

with the re~ation in Eqm (3-6). 

In our 

because the 

~ 9 

experiments, u , could he assumed close to zero u , 

closed top of the tube represents a zero velocity 
'0 

boundary with no efflux pf upburned qas as would he the case 

with an ôrifice at the top •. , ~esides .. as "'il1 shortly he , J 
explaine"d., éj-~ orifice at th~ botto:. end was used to minimize' t: 

the effects due to the back flow of expanded gas~s by reducing 
q ."" 

the préssure waves, and thus keeping the pressure almos~ . . 
;q 

constant throughout the &tammabil~ty tube or both sides of 

the flame front. With very small pressure gradients due also 

f .. .. 

) 

----;--~"'~·_~--_ ..... _.~I; 
j 
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"- , 
.0 / "-

to ~~~atively low burning velocities, and a ~osed boundary 

at the 'top, the bulk of the Ùnburned gas trapped between the 

t flame front a~d the top end is practically undisturbed except 
~ 

for the layers adjacent td the flame front and the ass\lmption .J 

Although there are sorne drawbacks ta the cylindrical 

tube method, it was adopted for the following reasons: 

(a) The requirement for a dilute spray which is important 

in thls study and was one of the major assumptions in the 
) " .... 

theoretical ana~ysis of the combustible mixture ~i~h water , 

spray (section 2.4), can be easily" achieved in the relatively 

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

as compared to the open tube or POiOUS flameqolders. In 
l "~' ~I 

porous burners, the spray 

in as an ~xperimenf"al ~and 

distribution ~ich we are interested 

study variable, iJ destroyed at the 
• l 

scr~n or grid on the bwfner moubti. As for the op:n, tube 

burners, usually they are limited in s~ze especially at the 

inlet tubes, and this makes it almost impossible to flow ~ 
;.. • i 

gaseous mixture together with a water spray without a'high 
Q 

'degree'of collision and coalescence of the droplets inside. 

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

,,'surface or cane àngle are very'important in determining the 
• 

burning v&locity apg unevaporated dro~lets which still had 
, .- ~ -' 

enough in,rtia ta flow through the~fl~e surface could have an 
~ ,,\'C; 

adverse effect on die measure~ents. 

( . 
-.. -;r:L----·-~ - .- . ' ... ~ - .. - ... -- ----,-... ---

1 0 

l ' 

;..( 

'1 
! 

'. 1 



( , 

- 71 -

(b) The oftindrical tube rnethod is easy to apply and 

quick to operate. The equipment necessary is also sirnpler "-

and cheaper especially when a simple Plexiglas or glass tube 

is, ysed. " ~T' 'V 
(c) One can idetit.ify instantly on the s~e pictur,e, non-

uniform movernent of the flame, Jwhere it occurs in thEfJtube, 

~ the flame spatial velocity: and its shape or surflce' area. 

(d) The photographie set-up for the direct photography 

of the luminous zone in the flame front,is cheapèr and simpler 

than other common rnethods of flame photography such as shadow-

" g:r:aph, Schlie~e~, streak or interferometry methods. 

(e) One gets reproducible and comparable .results • 
• 

~. 
1 

THe difficulties in applying the cylindrical tQbe method 

are: 
o , 

(a) The curvature of the 'lame front due to effects such 
, 

as C~ing at tne tube walls, viscosity of the bur~ed gases, 

etc~ [43, Chpt."'E] rnakes it;, a little difficult to detet;;mine 

accurately the flame surface area as can be seen in Figs. 9-11 • 
. --

Henderson and Hill [53] have ~hown that ~he value oÎ the 
\ 

flame area depends on the methOd used to evaluate it, (and that 

sorne calculations may overe:ltimate the value of i~., by 20%. 
1 

.. The fl,arne shape might also change due to noh-u~iform movernent. 

When comparing the pictures. for methane-a!.r flames in 

Fig. 9" to those f<;>:t!\ il2S-ilir flames in Figs. 10 and ll, "tllere 

is an obvio~s difference in. that the surface area of the 

, 
J 

o\l -, 

, i 

• 
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J 

methane-air flame~ is larger, than that of the H2S-air flames. 

Measu~ements of two out· of the three principal·~axes for 

both types of flame surface, ln the1 plane of the \p~tures 

taken, have shown the methane-air flame surface to, he approximately " , 

that of half a prolate spheroid and the H2s-air flame surface, 

a hemisphere.' In both cases the flame surface is tangent', 
,; 

most of the time, particularly, in uniform movement of ,the 
1 

flame to the inner wall of the tube. This was contirmed by 

\1 ~aking pictures at differe~t positions arfun~ the tube. In 

each of the tw,o miX'€:~;~S, based on the pictures in Figs. 9-11) 

and man'y more, -;he f1ame surfàce area was assurned constant 

over the'" entire Jt fl~ab1e composition" range. ' " 1 
Keèping the flamm~btlity tube in .he vertical Positic(n 

was useful i~ avoiding the bU~Y~Cy effects whiéh ~;e \\ 

significant in f1ames propagating in horizont'al tubes and t~rs 
~torting t~e flame> front. Friedman ~nd Burke [45] .. had shown 

~hat, for any given m1xture, the flame area,bears a near1y 

constant raëio to the tube cross ~eqtion, thus confirming our 

assurnption. Gerstein et al. [42] went even further by, ' 
-" 

assuming that in using the same experimental tube the flame 
'" . ," 

,front sut;face area remained constant for aIl of the hydro ... 

carbons studied in their research ~37 of them) which is doubt-. , 
fuI, as was aIse shown in Ref. [45]. 

, ../ ." As for the shape of the f 1aJt1.e" var ious concepts exist ~ 
'- " 

Coward and Hart;'\,ell' (40], for instance,;~alcu1ated the area\-";' 

t, " 

~- ---.-------

\ 
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J 

\ 
of the flame front by matching it to a portion of ellipsoid 

symmetric about the vertical plane through the axis of~the 

tube.. Gerstein ~ al. [42] assumed the same shape f,or the 

". ,flame front as Coward and Hartwell's [40] b~~ sub~racted from 
,l' 

this surface the arJ=a of halff a prolate sI?heroid. Gu~noche 

and Jony [~4',45] doubt both 

critically-~sess in [45]. 

a~d other methods which the y 

According to t}1em the flame front C> 
. 1 

has thè appéarance of a .. spoon" [44] tangent to the inner wall 
iI>' '"W 

of the tube, which takes up sorne position in 'the ~~e and 

travels the length of the tube maintain\ng a cos~ant area. 
, l,. 

Gu~noche and Jouy [45] end up their di~cussion of the various 
, " 

methods for the calculation of the :flame front. area by 
~ 

concluding that th~ornplex shape of the flame together wit~ 
. 
its luminQsity and the ôptical limitations of the direct 

photography method pre't~e main source of error in estimating , 
/ 

the burning velocity. , 

(b) The flame movement could be '~t times vibratory and/ 

unsteady. When this occurs, thf flame'front undergoes ch~nges 
J • • 

which are undesiràble in the context'of deteDmining burning 
')I~ 

velo.cities. <, (, 

• 
The t~e with i~ two columns of unb~ned and burne4 gas 

• fODms ~ resonator that can vibrate in various modes above 

the\fundamenta~ frequency ~epending~on the boundary conditions 
w?w ' 

of the tube, its cross section and the mixture used., The flame 
,~'l 

front between the two columns acts like a pisten from which 
Il 

J 

1 
\ 

1 
1 
\ , l 

1 

1 
1 
l' 

.' 
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c 
compression waves are emanating towards the unburned gas, . 
~hile rare faction waves are propagated backwards into ~he 

expanding burn,ed gases. '"The interaction be'tween those waves 
\ 

and the ~as column resulbs in acôustic vibrations;, By 

,.;'.. .j.ntroducing the pro~er boundary con,di tions in t.he tube, the 
1 

vibrations can be almost completely supp~essed down to the 
if 

fundamental frequency'and a very small amplitude. The result 

will be ~ / uniform 
f ' 

flame propagation. 

Guénoche and Laffitte [47] achieved this by partially 
'tif' .r 

clos1ng the bot tom open end· of the tub~ using an orif{ce. 
-

Guénoche, Manson~and Monnot [48] Slbowed a theore~ical way to 

calculate the tube I.D./orifice diameter ratio on the basis 

of the action of the o~ifice on the reflection df waves reaching 

the ignition end of the tube. Clearly, the orifice allows 

the hot, expanding bur~ed -~ases to flow~ds and based 
~ • t,' 

on acoust.i!"c impedance matchingr at that end for the gas COlUI1ll1, 
~ ~ 

the reflexion of waves·can be v~ry mu~h attenuated and the 

pressure kep,t nearly constant on both sides of the flame front 

all along the tube. Guênoche et,a1. [48] established that ---,. - , 

a unïform movement of\the flame is possible when: 
b 

, 
~ 

3 < Tube 1. D./orifice diameter < 4 
d 

.' for ~ i 
10 mm.s, ~ube I.D. < - 26 nmt. 

- i / 

\ .. , 
• 

§ • 

• 
\ 

i 
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In the present work it was fqund experimentally that for a ,. 
tube 1.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 both types of mixtures investigated, methane-air ~d H2S­

air (see Chapter IV). 

(c) The stroboscopie photography rnethod used ~ere could 

he, defective if the burned gat is bright enough ~to impress' 

the photographie f\lm. Here the problem arose partieularly 
.,', l 

with fuel rich H2S-air mixtures and was solved by reducing . 
the exposure rate with de~easinq the number of opened sl\ts 

\ . 
in the rotating dise (Fig. 14) thus getting less snap-shot% 

of the flame front'but,a be~r and(ele~~er separation. 
~ ..J r" 

Summing up it should be noted that with all the different 

rne~ds f~r the determination of bU~ing velocit~s developed 

so far~ there is no agreement on a ~ndardiZ~d one [37]. 

Laffi tt:e [66] and Combourieu [67] have di"Scuss~d experimental 

details and tbeoretieal rela~\onships for the burner, soap ~ 

'bubble, explosion y~ssel and...' tube methods. 
, 

They conelude 

by favorin9 the vertical tube rneth06 and present a compilation .. 
of experirneatal values of bur~ing velocity fo~ various gases. 

i. 
In a later review [681, they conclude that the tube method 

is best for burning velocities up to 80 cm/sec and that the 

constant volume bomb me~od is besf for the~higher burning 

~ velocities. -~ By using -the verti~al tube method wé measured 
~- 6 ~ , 

values r~burFinq ~~ocities cOmparable to those of other 
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investigators. The results are discu~sed tn detail in 
4 

Chapter ~ ~f this thesis. 
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CHAPTER IV ... 

/ ' 

~EXPERIMENTAL.DETAILS 

l": 

• 

" 

~ 

~'. 

, 

1) 

,1 
l, 

1 

" " A sehematic diagram of the ·experl~~pparatus.is " . 
4., . 

.~ 
shown in ~ig. _12. There are three midn 'plt:rts: 

~. 

(a) The flame apparatus 
0 

and its aff11iated gas supply and 

exhaust systems; \ , 
,Q 

(b) The water, supply system; 
)7'" 

(e' The photographie set-up. . , 

Figure 12 ~llustrat~s \he apparabus used for the H 2s..::air," 

exp~rirnents. To insure the ~liability of the CYlind:r~~al "'~~. 
tubJ method a test series of experiments wi th methane-air 

mixtÜres was.perforrned in a sirn21ar bùt simpler apparatus 

prior to t~e H2s-air experilnents. Our set-up in terms of 
,·i 

the flame. appara,t,us and,' water supply system-i'so similar to the 

one used by Sapko et!l. (7). 'The ,key experimental' vari.ables 

0 

Ir 

-, . 

of our study were the dropl~t size distrib~tio~ an~ th~ spray f' 
density (water mass -ooncentration) at vaJt~ous \ gaseous mixture 

compositions. . . 
/ 

• A detailed desctiptio~ of each of ~he three main parts 
i 

.., 
i 

,... 
t- ' 

, 
i of the system now follows*: 
• -'" 

* , , 
The unit-s used in this chapter and the following on~s will, be 
from both the SI, and the British system of units r where reference 
to manufactured' items employed in the ex~riments is maQe based 

co on the- manusfacturer' s speoifications.. O~qerwise, ~ 'for 
thé nu.merioal.analysis ,it· ie 'strictly the~I sys!,.emorunits 
whicb 'will be u~ed.·,· ,; - (JI .. ", .' '>0' 

, . .. ~ 

, 

. ) . 
'" f 

, ,0 
r' ,., .. 
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r 

(a) 'The f1ame apparatus: Since hydrogen-su1fide is a 
\ . 

high1y toxic gas, it was important to have a sea1-tight, 

leakage proof apparatus-and a~ efficient, ventilation system. 

The H2S-air experiments were initia11y conduct~ in a 

Plexiglas tube, 7~ cm 0.0., 6.7 cm 1.0. and 135 cm long_ 

~nfortunate1y. the H2S-air flames caused su1fur to deposit 

on the tube wa11s especia1ly in ~ue1 rich mixtures, thus 
l " 

making the tube wa11s opaque to the poi~t at which the'f1ame 

cou1d not be observed by photographie means un1ess ~he~e 

was thorough1y c1eaned. The c1eaning was made easie;-by ) 

inserting a glass tube 6.32 cm-·O.D., 5.82 cm 1.D. and 122.5 cm 
. 

long into the Plexiglas tube. The glass tube cou1d be easi1y 

removed ,whenever necessary. 

As shown in Fig. 12, there was a dove tai1 type sliding 

plate mechanism between the flammabi1i ty tube at the top and '",,,, 
~ 

the f10w in1et section at the bottom designed to switch from 
t 

thE\! flowing in of the mixture position to the ign'ition position 
1 

and vice-versa, by shifting sideways the f10w in1et section 

relative to the static f1anunability tube-. The flow inlet 

~ection ~as-a 19 cm long Plexiglas tube with the same 0.0. and 

I.D. as the f1ammability tube. 

The sliding mechanism is shown in detai1 at the two 
, 

positions in Fig. 13. Delrin end shoes were glued to the 

bottom of the f1~abi1ity tube and top of- the f10w inlet 

tube u:ing a special resin. ~hel end shoes were clamped to 

- -. --_. _. ------_ ...... ,-' ....... 
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the upper and lower p~atQs of the slidi~g mech~nism by 

alwninum top and bottom clamp flanges with "on rings between ., 

them to avoid any possibility of leakage. The top statiq 
.. 

plate which was cqnnected to the flammability tube was an . 
alwninum pjece with a hole of diameter equal to the tubels 

" 1.0. in the center and two stopper pins, one on each side, 

for fixing the bottom sliding plate in the required posi~ion. 

The bot tom s1iding plate which was made out of Teflon (Teflon 

is a self-Iubricating material and was chosen for this 

reason) was connected to the flow in1et 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 ~qual to the tubels 1.0. was to connect 
, 

th~ 'f1arnmability and the inlet tubes into one uniform tube, 

160 cm~1ong as shown in Fig. 13. In this position the two 
/ 

gases were flowed in from the bottom in the desired proportions 

a~ mixed in the tube over a certain period ~f time, ensurin~ 

this way go04 mixing. The smal1er hole, 2.54 cm in diameter, 
.J' 

provided the orifice necessary'to ensure uniform propagatiop 

of ths flame as described in Chapter III. It'was brought to 
, 

thè bottom center of the flarnmability tube just prior to the 

~gnition by sliding the bottom plate to the second position and 

thus pisconnecting an~ blocking the inlet tube as shown in 

Fig. 13. 

The orifice size required was initia1ly determined 
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experimentally for methane-air flarnes in a flammabil~ty 

tube of 7.62 cm (3") IoD •• A 2.54 cm (~") diameter orifice 

gave the best results. Although the tUbels I.D~ was a bit 

smal1er for the H2S-air f1ames, the sarne size orifice was 
, 

used and the resulting movement of the f1ame was mostly uniforme 

The desired mixture composition was f10wed into the 

flammability tube from agas metering system comprising of 

two manometers, one for the fuel and one for the oxidizer as 

illustrated in Fig. 12. The two manometers had to be 

calibrated for any of the gases flowed through (Methane, 

hydrogen-sulfide and air) and ~ curves of volumetrie f10w 

rate (cc/sec) vs manometer reoadings 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 Methode Depending on the required composition, 

the fuel gas and air were flowed into the ffame apparptus at 
l ' 

10 psig delivery pressure via a 1/4" T connection at pre-set 

volumetrie f10w rates which we"re determined from the 

calibration curves. !.:!I.:. for 12% H2S in air mixture" 19.1 cc 

H2S and 140 cc air per second were f10wed into the tube , 
cor~esponding to manometer readings of 13.2 and 73°respective1y. 

Those readings represent the; difference in.the liquid leveis 
1 ; 

inside the manometer U shape tube. Both; the fuel and air 
. 

were coming via one 1/4" tube into the flame apparat us where 

they got further mixed by purging the tubels volume a few 

i 
1 

\ 

\ 1 
i . 
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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 flammability tube'was closed with a 

tapered rubber cap which aiso served as a pressure release 

valve, in that the cap was d~signed to pop out before any 

accidentaI build-up of pressure in the tube could damage the 

tube itself. The top cap had a 1/4" center hole from whicn 

a 1/4" flexible tube Ied to the inlet of a bunS'en burner 
)-

also shown in Fig. 12. The burner was positioned near one 

of the ventilation outlets. The mixing took place at 

con~tant atmospheric pressure and hence the excess gas, while 

*' preparing the mixture, was fed from the 1/4" center hole in the 

top cap straight into the burner. I~ this way the H2S-air 

mixture was burned to its combustion products and the free 

~2S eliminated. 

The ignition source was located at the bottom of the 

flammability tube (Fig. 12) about 1 cm above the Deirin 

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 apparatus was enclosed in a transparent 

Plexiglas fume hood,designed 50 as to ensure that any unburned 

or burned gas flowed to the ventilation outlet right above 

the hood; 

( 

J 

I~ 

l 

1 

1 
1 
1 
1 

1 

1 

1 
1 

1 1 



( 
'-

.. 

(, ; 

- 82 -

AlI the tubing used for the H2S gas wa,. 1/4" stainless 

steel. Copper and Tygon (P.V.C.) tubing reacts with H2S 

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 (N2) i~)a 4000 cc steel reservoir and was f~d 
through 1/4" stain1ess steel tubing to the spraying nozzle 

1oc~d at the top of the f1arnmability tube. For the H2s-air 

experiments, the water was saturated in a 4000 cc f1ask with 

H2S prior to fil1ing the pressure'reservoir in order to avoid 

interaction between the HiS ang water before the mixture was 

ignited. H2S is known to dissolve easi1y in water and with 

the,water saturated by H2S, t~e drop1ets were rendered inert, 

(for more details, ~ee section 4.2 (b». 

A schema tic of the H2s~air water supp1y system ~s shown 

as part of the who1e assemb1y in Fig. 12. Mounted on the 1ine 

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 de1ay up to 15 sec. The timer 

controlled the period in which thé solenoid valve was open 

for water flow. The spray was turned on by a manua1 switch 

activating 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 sp!ay flow, the so1enoid was de-activated 

"' with the same manu~l switch used to activate it and the time 

i 
,1 

l 

1 
1 , . 
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was measured independent1y. Being able tq control the ~prayin9 

time al10wed us to get different spray denisities or water mass 

concentraticlns and learn their influence as a variable of 

study on the propagating flame. 

For the H2s-air experjnents, the water was fed thro~gh 

Spraying Systems Co. stai:\ess 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 summarized in Table 2 from the rnanufacturer's 
) 

specifications. Alsa shown in Figs. 3-6 are the manufacturer' s 

curves of particle size (microns = vm) ~ accumulated volume 

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

variaus pressures up to 500 psi. Curves of the partic1e median 

volume diameter (Vm) vs pressure (psi) appear in Figs. 7 and 8. 

These curves are aIl based on Log-Normal size distribution 

of the water droplet~ in the spray. 

The maximÙIn pressure limi t 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 curve s. ( , It is observed .ln Fig. 7 
,> 

that for finer nozzles (finer than 1/4 LN 4), increasing the 

pressure above 300 psi up ta 1000 psi, does not reduce almost 

at aIl the particle size median volume diameter •. In the 

j 
1 

1 
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present set-up, 350 psi was the maximum allowable pressure in 

the water steel reservoir used. Located at the reservoir 4 s 
Il 

outlet was a safl!ty valve designed to protect the~"system 

from excess pressure. l' , 
, 

At the bottom of the flame apparatus ('7:he bottom of the 

flow inlet tube) was located a 1/4" drainin,g valve to get 

the accumulated water out of,the system. 

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

30 cm diameter aluminhm dise with two r~ctangular slits 

(10 x 2.85 cm2), 180 0 out of phase an,d covered wi th black 

cardboard on both faces to ~VOid ref1ection was rnounted on 
r 

1 the shaft of a 27 V D.C. motor. The' motor was powered by a 
r. 

D.C. - fixed, converted to variable - Hammond power supply, 

especially buil t ~or ,this purpose
r
• 

The dise rotated in front of a Polaroid Land camera 

mounted on a tripod with a TACUMAR lense (f 1:1.8, 85 mm 

fO~l length) whtch was fitted into the camera box. 

The film used was polaroid type 47 r~ted at 3000 ASA. 

The flames were run in front of an open shutter in 

a dark room. The shutter'was opened or closed by means of 

a black plate which could be sI id to t~e required position. 
,1 

Every time a slit swept in front of the 1ense, an 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 

. , 
'l 

i , 

j 
l 

l 
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one used. With {he rpm of the D.C. motor kept v!rtually 
~ . 

const~t, the use of one sl~t only, rather th an two, resu1ted 

in fewer f1ame fronts recorded on the film and hence a better 

and clearer separation of successive exposures. This way, 

also a higher ac;:curacy in the measurements was ensured. 

As to how the flame speed was deduced from the pictures 

please refer to section 4.2. J 
4.2 EXPERIMENTAL PROCEDURES 

(a) Methane-Air 

The methane-air experirnents were designed to give sorne 

insight into the various problems which could arise before 

proceeding with the H2s-air experirnent;r 

Extensive research has been dOne!O~ th~ combustion 

properties '. of the methane gas. The burning velocities of 

methane-air flames have been measured by many investigators 

in a variety of...methods [37; Chpt. V' in this thesis], thus, 

by comparing ou~ results with other sources, we were able to 

confirm the re1iability of the cy1indricq l 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 experirnents was 

essentia11y the same as the one used for the H2S-air experiments 

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

j 
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'\ 
mechanism, no water saturation system and the unburned\exhaust 

gases could be safely flowed outside to the free atmosphere 

and not through a burner. It was basically a flammabi1ity 

tub'e which had a diaphragm wi th' the 2.54 cm (l") diameter 

orifice c1amped to the bottom and which could be removed 

whenever filling the tube with the mixture. The orifice size 

was, as mentioned before, determined experimenta11y'by 

observing flames in different methane-air mixture compositions 

for various orifice sizes unti1 a uniform flame propagatio~ 

in aIl compositions was observed for the 2.54 cm diameter 

orifice. 

Experiments in methane-air mixtures for which, the 

f1ammable'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%. Fewexperiments (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 were performed. 

Photographs were taken of each flarre using the photographie 

set-up described in section 4.1 and illustrated in Fig. 14. 

The rotationa1 speed of the disc (rpm) was calibrated 

against the voltage output of the D.C. power supply to the 

motor usïng a strobe light. We found that for a rotationa1 

speed of 275 rpm, the number of f1ame front exposures appearing 

on each pieture was sufficient for the purpose of measurements 

i , 
1 
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" 
and analysis at all the methane-air and H2s-air compositions: 

The framing rat'~) was fixed at that value for all the 

experiments with maximum 3\(~p and down swings in the rpm. 

In each of the experiments, the tube volume was purged 

approximately ten times with the appropriate gas mixture, 

the 1/4" inlet tube removed and replaced by the diaphragm 

with the 2.54 cm diarneter orifice. The mixture was then , 
ignited and the upward propagation of the flame rec~rded on 

1 

the film. 

On each of the pictures ôbtained, 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 

~e Plexiglas tube were glued two black markers and with the 

distance between them measured 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 caliptr while viewed through 

For uniform flames, one value of s was 

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

measured in the sections of!'Jmaximum ~~lfO~ 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 cm/sec 
usp 60 (4-1) 

" l 
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where rpm stands for the rotations per minute of the rotating 

dise and n is the number of open slits used (1 or 2 in the 

" present study). Eqn. (4-1) is just an expression of the \,. 

separation distance divided by the time elapsed, t, between 

two successive exposures in seconds wher~ 

t = 60 sec rpm x n 

The spatial velocity, u , was determined this way for all sp 

the experiments performed in this study. 

(4-2) 

In the next experimental phase, water sprays were added 

td 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 type nozzles were used in the H2s-air 

experiments). Both, the nozzle size and pressure were varied 
J 

to obtain different droplet size distributions. 

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 do ne 
../ 

in [7]. This was accomplished via a calibration procedure 

for the various nozzles used in the methane-air and H2S-air 

experiments. After wetting the tubels wall, the specifie 

nozzle to bé calibrated was turned on for a predetermined 

t 
~ 

1 

i , 
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period of time at a preset pressure. Once the spray was 
-

turned off, after wai ting a few seconds for the bulk of the 

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

was mea'sured. 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 t~ within 5% on the average. 

,With the nozzles calibrated, the experiments with 

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 H2S)-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 UNI3ET TG 0.4 full cone spray tip 

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

which the water was sprayed at a pressure of 100 psi and 
J 

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 composi,tio'n. 

Essentia1ly, the sarne procedure was applied to aIl the 
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experirnents with water sprays for both; methane-air and H2S-
~ J , 

o air mixtures and for various spray parameters. 

It should be noted that the full cone nozzles did not 

fr9duce as fine a spray as the ho1~ow cone nozzles which were 

used in the H2s-air mixtures. The particle size median 

volume diameter for the TG 0. 04 nozzle at 100 psi was 300 microns 

(flm) compared to ~ 52. 5 microns "for the 1/4 LN .6 hol1ow 

c~e nozz1e at the same pressure of 100 psi. 

Most of the spray was lost to the tube 1 s wall. The 
o • 

spray hi t the wall at a short' distance ,from the nozzle depending 

on-~h~-spraY=eone angle, thus'most of the drained water cam&---- ~~~-~ 

from the f10w along the tubels interna! surface. Exarnples 

of spray angles for given ~ozzle si zr in the 1/4 LN series 

and pressure are shown in Table 2. 

(bl H2S-Air 

The apparatus for the H2s-air experiments described in 

osection 4.1 and shown in Fig. 12, was more complicated than 

1 

the one used for the methane-~ir experiments due to the 

n~cessity of is?1ating the toxie H2S. 

First, a series of dry flamè experiments was performed'" 

for different con,:po$itions beginning a:t 7% H2S in air, goin!] 

up by '1% inere~ents up to 16% (Stoichiometric composition 

for H2s-air flarnes is 12%) and then at 20% H2S in air. The 

flarnmability limits of H2s-air mixtures' range between 4% and 

,-
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44% H2S 1n air (29).. Q' 
~ ,~ 

The same experimen\s were repeated with water sprays • .... 
Three ca1ibrated nozz1es, the 1/4 LN .6 (the fine st in the 

, 
1/4 LN series with .016" nominal orIfice diameter), 1/4 LN 3 

and 1/4 LN 8 were usèd ~h the~ experimgQts'at various 
"-

• pressures (up to 300 psi) and flow time durat~ons (up to 60 
1 

" sec.>, for a given mixture composition. Also' here, each 
.' , 

experiment was repeated ~t least three times- for each 
~ J 

composition. 1 
l)' 

There were two more series of experiments carried out • 
. " 

One series ~as,de~igned to determin~the re1ationshi~ betwee~ 

the spray density (water mass concentration) and the maximum 

burning velocity'for a constant drop1et size distribution, 

through~t. For these experiments, the 1/4 LN .6 nozzle 
~ 

was used at 100 psi with spraying times from 10 sec up to 

60 sec. The other series of e~r~ments was' designed to 

investigate the droplet size distribution vs the maximum'" '" 
v' 

burning velocity relatibnship; with t~e spr\r density being 

èonstant. 1 

f 

Since H2S dissolves easily ~n water, the water had to 
t 

b~. pre-saturated ,with H2S in ordev= to pre vent H2S from being 

absorbed in the water~ thus leading to a shift in mixture-
f 

composition to thé lean side. Such a shift before igniting 

the mixture would have iroplied that be~!des the influence of 
D 

water on the flame, there would alsd be the· influence due ta 

\-
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the change in the percent age of the H2S gas present in the 
. .-

m~xture. 

The saturation process took place in a' 4000 cc ball type 

glass flask shown in F~g. 12 with the H2S gas bubblin~ through 
l"~ 

the water from the bottom of the,flask via a special grid to 
".. 

ensure efficient saburation. bubbled through the 

waber to the top of the flask and 0 t to the bunsen burner. 

A change of color l' bunsen burn flame from blue in the r to 
" 

violet, for a while, servèd as an indication that the water 

became' saturated. Once saturate,d, the water was flowed down 

to the steel water reservoir frbm which it was pressurized 

out 'and into th~ spraying nozzle. 

For each run the mixture was metered through the flow 

iJlet tube which together with the bottom (Teflon) slid~ng 
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. wit~ the orifice in position, the mixture was 

now ignited and the resulting flame photographed. 
, 

It should be noted that with increasing the H2S or 
~ " 

rnethane concentration, the brightness of the flame increased 

too. The higher flame luminosity required the reduction of 

1 
... - -.. -
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the photographie lense aperture, otherwise, the pictu~es 

beeame smeared by the luminous tail of the burned products, 

overriding the flame front exposures. 

Also, 'the amount 'of sulfur deposited on the tube wall 

increased with increasing H2S concentration, ~ for the 

20% ~2S in air flame, a sulfur cloud was practically formed 
, -'\ 

and the glass tube had to be cleaned after every rune 

il 
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CHAPTER V 

RESULTS AND DISCUSSION 

Throughout Chapters II to IV in the present study of 

laminar flame propagation, it was shown that for a given 
( 

combustible mixture at a certain pressure and temperature, 

the burning velocity is a constant. 

Changes in the burning velocity magnitude can be due 

to physical, chemical or a combination of both effects. Here, 

the experiments and numerical computations were do~e primarily 
1 

with the aim of determining tne relative change of burning 

velocity as a function of: (i) mixture composition, (ii) type, 

of water spray. 
~ , . 

The results presentea in this work ~eal with the physical 
"\. 

aspects of the introduction of water spray\in a combustible 

mixture. With the water assumed to be an i~ert species in 
- --- ./ 

the mixture, the physical effects of th~water spray directly 

influencing the magnitude of the burning velocity are: 

(it the extent of the heat removed from the flame front and 

absorbed by the ~ater droplets via sensiple heating and 

vaRorization, (ii) the dilution capacity of the vapor. Both 

effects are strongly dependent rn the type of water spray 

introduced and will be discuss~d in the context of the results 
1 

obtained. 

1 

1 
" 
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Initially the discussion concentrates on the overa11 

experimental results for the burning velocities in methane-air 

and hydrogen sulfide-air mixtures without and with water 

sprays. Following this is a discussion of the maxibum burnin~ , 0 

ve10cities in H2S-air stoichiometric mixtures as a function 

of two important spray parameters: (i) the drop let size 

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

experimental and numerical results are discussed. 

A genera1 computer program was deve~oped to solve for 

the value of burning ve1oc4ty in any stoichiometric mixture 1-

with or without water spray. Numerous runs wer~ undertaken to 

estab1ish the burning velocity, flame temperature and other' 

physica1 parameters for the H2S-air stoichiometric mixtures as 

a function of the water spray used. Ail of the numerical 

computations were repeated twice for two constant reference 

values of the parameter Z, the gaseous mass fraction: 

The experimental burning ve10cities were determined by .. 
using the ~elation (3-7): 

li< , _ 

_ 2 
Uo - (1TR /Af~ u sp ' Based on a 

careful.examination of the experimenta1 pictures (Figs. 9-11) 

and the analysis of the flame surface area, Aft , given in 

Chapter III, we have the followinq: 

j, 

) 
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For the 

and for the 

• u 
sp . , (5-2) 

where ~ft was considered ta be the surface area,of a semi 

prolate spheroid and a semi sphere for the CH 4-air and H2S-air 

flame fronts, respectively. 

The thorough investigation undertakén here gives a deeper 

insight into the general problem of two phase flow with mass 

transfer and heat transfer between the ph~ses. The simple 

theoretical model developed is very instrumental in predicting 

roughly, the physical inhibitive effect of water in combustion 

systems. To the best of our knawledge, the results obtained 

for the H2S-air mixtures with water spray.s are published here 

for the first time. 

A discussicn of the results which are surmarized and illustrated in 

tables and figures at the .end of this thesis, will DOW fol1.ow. 

5.1 OVERALL BURNING VELOCITY RESULTS 

(a) Methane-Air 

Figs. 15-17 relate ta the burning velocities'in CH4-air 

and CH4-air-H20 mixtures. As noted previously, the comparison 

of our results with other sources.,served as an indication of 

, 
j 
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! 
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l 

t 

1 
1 
1 

! 

, 



, " 

- 97 -

\the reliability of the cylindrical tube apparatus. 

The burning velocity as a function of the equivalence 

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 f1ames 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 aIl the curves, the burning 

yelocity reaches its maximum value around the stoichiometric 

composition. Our curve fits somewhere'in the middle with the 

maximum burnin~velocity, ua ,at 9.25% CH 4 in air equal to 
t max 

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

The ratio of Uo for methane-air mixtures obtained from 
max 

other sources, including those of Fig. 15, over the present 

value for Uo (36.3 cm/sec) is illustrated in Fig. 16. The 
max 

values for Uo shown,vary from Coward and Hartwell's [40] 
max 

value of 27 cm/sec up to Andrew and Bradely's [37] value of 

45 cm/sec. 

Andrews and Brade1y [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 too small. They recommend a correction factor of 1.17, 

by which the burning velocity value determined from the cylindrical 
'f 

tube method should be rnultiplied. This effect which would 

have increased our burning veloci ty resul ts for both the 



il! 

(i 

- 98 -

CH 4-air and H2s-air flames-by 17% was not incorporated in 
-

the present study. It can be se en in Fig. 16 that our value 

of 36.3 cm/sec for Uo 'compares very weIl with results 
max 

obtained using the cylindrical tube method by Henderson and 

Hill [53] or Egerton and Lefebvre [54]. 

The burning velocities for CH
4
-air with water spray 

~ixtures ~ the equivalence ratio, tj>, are plotted in Fig •. 17 

and compared with the values for the dry CH
4
-air.mixtures, 

'shown on the same figure. 

The water spray is defined and identified by two 

parameters: 

(i) The initial spray density, p , measured in milligrams 
so 

of water per cubic cm of the overall mixture (mg/cm3 ). It 

" indicates "the amount of water present initially in the 

mixture. Assuming the spray water droplets to be dispersed 

evenly in 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 S'tatistical description of • 

the spray, in light of the simplifying assumptions made in 

Chapter II, is reduced to one single parameter which is the 

median volume diameter, MVD, denoted here by 00. 

The value for dO i5 found from the 4istribution curves 

in Figs. 7 and 8, where the droplet MVD is shown as a function 

of pressure and type of nozzle used. The MVD i8 a means of 

- ........ , ..... ""-_ ... "'!' "~~", ~ 

., 

t) 



.. 

( 

cflc.' 
, ( 

\ 
- 99 -

expressing ftroplet size in terms of the volume of water sprayed, 

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

droplets with diameters larger than the median value and . . 
l', ~ ~~"'Ï'i 

the other 50% made up of droplets smaller than the mediari'value. 

The CH4-air-H20 curve in Fig. 17 is for a water spray 

with median volume diameter, dO' of 300jtm and sfray density, 

PSO' of 5.3 mg/cm3 • A down and to the right Sh/ft Q,f the oCH 4-

air-H20 curve relative to the CH4-air curve is observed in 

Fig. 17. The down shift i5, 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 a 

peak burning velocity due to the addition of water spray. 

The shift to the right is noticed by an overall horizontal 

J dis~èment of the CH4-air-H20 cu~ve relative to the C~-air 

curve, with lower burning velocities on the lean side and 
, 

higher burning velocities on the rich side of stoichiome~ric, 

for the CH 4-air-H20 mixtures. This could be justified by 

considering the probable pre-ignition adsorption of methan~ 

at the water droplets surface thus decreasing the. p"ercentage 

of methane in the mixture composition. This effect.~as found 

to be almost cbnstant for any of the compositions ;(n"tl'\e 
J,. { 

... \ 1" '1 

l' .' , 
experimental range of 6%-13% methane}~n air. On ~he aver~ge, 

about 0.4% methane was adsorbed from 1 he initial CH4-air 

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

.' , , 

;'-
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(b) Hydrogen Su1fide-Air 

The results in Figs. 15-17 are introductory and their 

genera1 physica1 aspects are discussed in more detai1 with the 

H2S-air mixtures. 

In Figs. 18-25, the resu1ts for the H2S-air and H2S-air­

H20 f1ames are i11ustrated. Like Figs. 15-17 for the CH4-air 

experiments, the measured burning ve10cities in the H2S-air 

mixtures with and without water sprays are presented as a 
1 

function of the equivalence ratio, ~, over the experimental 

range of 7% - 20% H2S in air. 

First, in Fig. 18 our results for the burning velocities 

in dry H2s-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 1imited amount 'of data in the 1iterature about 

burning velocities of H2S-air laminar flames: Our curve has 

its maximum value for the burning velocity, 'uo " at the 
max 

stoichiometric compositi9n (12% H2S in air), equa1 to 41.1 cm/sec. 

At th~ two ends of the experimental range, 7% and 20% H2S in 

air, the burning velocity is 16 cm/sec and 18 cm/sec,respectively. 
Q 

The results obtained for the burning velocities as a 

function of fuel-air ratio are typical to aIl gaseous 

combustible mixtures known. If the mixture is over-oxidized, 

there is excess oxygen which must be heated ta the product 

( 
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temperature and thus the product temperature drops from the 

stoichiometric value. If too litt1e oxidizer is present, i.e. 
1 

the mixture is under-oxidized or rlch, then there ls 

insufficient oxygen ta burn aIl the fuel to its Most oxidized 

state, the enerqy release is less and the temperature dro~s 

as weIl. The variation of the flame burning velocity with fuel-

oxidant ratio follows the variation of tempe rature which peaks 

at the stoichiametric mixture ratio. 

A higher ~perature implies a higher reaction rate which 

in turn resules in a higher burning velocity. The burning 

velocity is p~~ortional to the square root of the reaction rate 

as shown in E~~ (2-68). The flame ternperature appears in thé 

exponential t~ of the function ~(u), the non-dimensional 

reaction rate me~ined in Eqn. (2-37), and from the expressions 

for the eigen~~e in Eqns. (2-34) it is obvious that the 

burning veloci~ depends strongly on ~(u). Thus small changes 

in flame tempe~ure cancgive noticeable changes in f1ame 

burningc veloci~ies. 

In reali~y~ sorne mixtures have their temperature or 

burning veloci~F peak slightly on the rich side of stoichiometric 
" , ,~ (-- ~, 

c"'Tî2~35]. This; Jr1esult occurs because, if the system i~ d\ghtly 

under-oxidizedN the specifie heat of the products is reduced 

and thus the fuemperature or burning velocity increased. 

Nevertheless~ for H25-air mixtures, the maximum burning velocity 

according to ~evy et al. [24] oçcurs slightly on the l~an side 

f 
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at Il.8% H2S suggesting the possibility of sorne decomposition 

in the preflame zone. Our result of the burning velocity 

peaking at 12% H2S in air is pretty close to that of Levy et al. 

[24] • . " 

The results of Chamberlin and Clarke [58] plotted in 

~ Fig. 18 do not include the value for Uo • The highest value 
~ -' max 

r "', , 

they reported i~ ~9.5 cm/sec at 10% H2S. On the other hand 
; r ;, 

Gibbs and Calcotê/ [591 reported resu1ts (also shown in Fig. lB) for 

fewer compositions but included, Uo 1 which is according to 
max 

thern 40.9 cm/sec and very close to our result of 41.1~cm/sec. 

Plots of burning velocities for both ~2s-air and H2S-air­

H20 mixtures ~ the equivarence ratio (7% - 20% H2S in air) 

are Pfesented in each of Figs. 19-24; the former being shown 

by broken lines and the latter by solid lines. Each curve 

for the H2S-air-H20 mixtur~s corresponds to a particular value 
1 

of spray density, p ,and droplet MVD, dO. ~t can then be so 
compared to the curve for the dry H2S-air mixture plotted on 

the sarne graph as was done in Fig. 17 for the CH4-airresults. 

The rnost important and immediate observation in Figs. 

19-24 ls the reductlon of the flame burning velocities 

especia11y in the region around the stoichiometric rnixtùre. 

On the lean side, and on the rich side rnainly between 14% and 

16% H2S, the water droplets do not seern to affect the f1ame 

speed too mucb. f 

Interesting1y enough,I$. chemica1 f1ame suppressants such 

1 
1 
J, 
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as ha10gen compounds (~freons), ha10genated hydrocarbo~s 

(~ the various halons) and inert powders are aIl very 

effective in fire fighting but their effect on the flame 

burning velocities is different than that of water sprays in 

the present experiments. Rather, those chemica1"i~hibitér~ 

affect the burning ve10cities 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 r~dicals (~O, H, OH, etc.) via chain branching 

and the elimination of sorne of them does not affect the reaction 

rate. 

According to G1assman, 1. [12, chpt. 4], halons and powders 

reduce the flame speeds to a certain extent even around the 

stoichiometric ratio~ The investigators perforrning these 

experiments ,have argued that f1ame inhibition agents, affect 
- (, 

), 
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i 
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1 

the f1ame burning ve10city around the stoichio~tric composition ' 
, fJ t (J 

in the sarne manner that the burning ve10cities in the lean or 
>-

rich mixtures are affected - by reducing radical concentiations. 
> 1 

G1assman, 1. [12, chpt.' 4], questions this explanation, saying 

that the quantities of those agents added at the mixture 

" compositions around stoichiometric, are such that they could 

absorb sufficient amounts of heat to reduce the temperatur.e 
!' 

and thus the f1ame spe~d. 

.' 
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From the resultsl in Figs. 19-24, the water droplets appear 
J 

tolbe acting more a~a heat sink and a diluent agent than as 

a chemical inhibiting agent. 

Heat from the reaction i~'absorbed by the water drop1ets 

via sensible heating and vaporization. More,over, the vapdr 

added to the combustion process has a higher specifie heat 

(.5,9 ca1/g oK at about Tf = 1200 OK) 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 

reduction in the rate of f1arne propagation. With heat removed 
1 

o from the reaction zone and the combustible mixture diluted, 

the mixture burning velocity could be reduced in a controlled 

manner down to the point where the mixtu~e, if ignited, would 

not propagate a flame. 

From the foregoing, it is clear that away from the 

stoi~hiometric H2S-air mixture where the f1ame temperature i8 

lower, a smal1er temperature differential exists between the 

droplet 1Ùfface and the surrounding hot gases. Less heat is 

then abs~)bed by ,the droplets imp1ying that a sma11er fraction 

f h t;" . . l' h h b . o ,t e s~ray ~s evaporated. Th~s exp a~ns w y t e urn~n9 

ve10cities on the lean and rich sides of the H2s-air-H20 
, 
"mixtures are, not reduced b:y the, presence of the water spray as 

1 • 

much as they are around the stoichiometric composition. It 

i8 il~ustrated"in Figs~ 19-24. 

• 
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The extent to which the rf' flame front is cooled due to the 

heat removed from the process depe~ds on the initial conditions 

of the water spray, namely, the spray density, p , and the So , 
droplet MVD, da. The values of, PSO' and, dO' for which the 

,) '" 
results in Figs. 19-24 were obtained, are indicated on each 

of the fig~res. Alsa inàicated are the type af nozzle and 

pressure used t'o produce the particu1ar spray. 
t ~ 3 

For a water spray with p = 1.09 mg/cm and ao = 52.5 
sO 

the maximum burning ve1ocity, Uo ' in Fig. 19 is down to 
max 

].lm, 

33.75 cm/sec compared to u 0 = 41.1 cm/sec for the dry H2S-
°max 

a;\r "mixture, 
l;l ' 
d~ns'ity, p 

SO 

't", 

a reduction of 18%. Keeping the same spray , 

= 1.09 mg/cm3 , but with a sma1ler drop1et MVD, 
u 

dO = 40 ].lm, as indicated in Fig. 20, 
'\, 

we measured Uo max 
= 31.9 

cm/sec, a reduction of 22.5% relative to the 'value of ua 1 in 
max 

the dry mixture. This implies that a water spray containing 
te 

sma1ler droplets iS.more effective in reducing the f1ame 

burning ve10city for a given constant spr~y density. It is 

analyzed whe~ discussing the results i~ Figs. 26-28 (section 5.2). 

The results represented in Fig\. 21 for p = 1. 09 mg/cm3 
50 

and dO = 35 ].lm yield Uo = 33 "cm/sec. Hence for the s~me 
max 

spray density and smalfer draplet MVD (dO = 35 ].lm comp~red to 

00 = 40 ].lm in Fig: 20), we get a higher value for the~ax~mum 

burning velocity (uO' = 33 cm/sec compared to uo ~31.9 
max max 

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

Fig. 21, dO = 35 ].lm and a higher spray density, p = 2.32 mg/cm3 , So 

1 
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the result u = 33.5 cm/sec is even hiqher than that of Omax '" ~ 

" 
'\ . Fig. 21-

explained by lealiiing' that This contradiction could be 
, c 

wat~r wasusprayed at a nozzle pressure of 300 psi in the 

experiments of Figs. 21 and 22 compareô to 100 psi and 200 psi 

in those of Figs. ·19 and 20, respectively. Due to the high 

pressure combined with the tube wall effect, the droplets , , 
collisions and coalescencé are increased in rate and intensity. 

It results in shifting the droplet size distribution towards 
l 

the larger droplets more than at the tower pressures and thus 

reducing the water spray effectiv~ness in s10wing QOwn the 

f1ames • 

• In Figs. 23 and 24, results for '1a~ger drop1et MVD and 

higher spray densities ·are shown. p = 6,48 mg/cm 3 with 
". sO 

- 3 -dO = 80 ~m and Pso = 5.71 mg/cm with dO = 145 ~m are the 

water spray initial conditions for the resu1ts of Figs. 23 and 

24, respectively. 

Thè H2S-air-H20 burning vel~,city curv:es of Figs. 19, 2() 
u 

and 23 are p10tte~ toget~er with the curve for t~e burninq 

Y~locities in the dry H2S-air mixture on one graph in Fig. ~5. 
a 

It shows again the important ~ffect of the droplet size 

distribution. It could be etpected,that a higher spray 

density, up ta a certain limit, will be as effective as a spray 

of lower densit~Dut with smaller size droplets. The resulta 

in Fig. 23 show that although the water mass concentration in 

Il 
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the mixture is increased about six times (6.48 mg/cm3 compared 

to 1.09 mg/cm3) the resulting burning v~locities are still 

higher, ~ uo = 37.15 cm/sec for dO = 80 ~m in Fig. 23, 
max 

th an thé ones obtained with lower spray densities but srnaller 

drop1ets. ~ ua = 31.9 cm/sec for do = 40 ~m in Fig. 20. 
max 

This implies that although th~ 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 
,l' 

change in the size of the droplets. 

The curves for the" H2S-air-H20 burning ve']pcities in 

Figs. 19-25, generally, do not appear to be displaG:ed 

horizontally with respect to the curve of burning velocities 

in the dry H2s-air mixture. This is due ta the saturation of 

the water with H2~ before it was sprayed. 

The interaction between the water droplets and the 

surrounding gas is similar to a heterogenebus process, which 

i5 a proc~ss taking place at a phase boundary, e.g. at the 

dro~let surface. At the saturation limit, an equi1ibrium i8 

established so that the rate of adsorption of molecu1es onto 

the surface is equal to the ra~e of desorption of mo1ecules 

from the surface. 
r 

The water droplet surfaces are thus at 

equilibrium with the surrounding His-air mixture throughout 

the pre-ignition period and hence do not change the mixture's 

composition. This way the resulting curves for the H2s-air-H20 

{iames in Figs. 19-25 are almost not displaced at aIl with 
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respect to the curve for the dry H2S-air flarnes. 

In aIl the H2S-air-H20 exp~riments discussedso 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 mixture/in the range of 7% - 20% 

H2S in air, which was the range of studk, did ignite and did 

propagate for any type of water spray introduced., Only close 

to the lower' flarnrnability limit (4% H2S) at 6% H2S and below 

did the mixture not ignite, no matte~ what water sprax was used. 

Sometimes' it was hard to ignite even a 7% H2~ mixture. 

/setting the 30 KV trigger transfprmer 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 

flammability limits can have remarkable consequences on the 
*' J ,f 

ability to initiate combustion. In these cases the radical 

concentrations are such that the chain branching factor is 
/-

very close'to the critical talue for ignition. Any reduction 

could prevent the explosivd condition from being reached. In 

our experiments, the quenching effect of the tube wall could be 

considered minimal because its 1.0. was large enough (5.82 cm 
~ 

I.D.)· to avoid almost completely that effect. The relative1y 

easier ignition of the 6% H2S in air mixtures without water 

sprays was a proof of that. , ! • 1 
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.' It seems that the major contributing factor to the 

reduction of radical concentrations in the present experiments 
f 

are the water droplet surfaces similarly to what man y believe 

is the mechanism of various antiknock compounds in combustion 
. 

systems [12, chpt. 4]. 

In the inerting experiments reported by Sapko ~ al. [7], 

a c?mbination of steam and fine water droplets « 10·~m) was 

used where the steam helped ta atomize the secondary water. 

For a water saturation temperature of 60°C, Sapko et al. [7] 

determined the amount of water liqu~d Plts ~ater vapor (81 plus 

19 mole-percent respectively 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. ~ for "the stoichiometric 

methane-air mixture they got an inerting limit of 28 mole-

percent at'60oC. ~ 

Comparing the results o'f Sapko et al. [7]1 to ours, it 

shou1d be noted that the finest water spray produced in the 

, present experiments had a droplet MVD of 35 ).lm compared to 

le·ss than 10 ).lm diameter droplets reported in [7]. Be s ides, 

there was no vapor introduced with the spray and aIl 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 flarnmability tube •• 

L 
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It is understood that the closer the water droplet 

temperature is to the boi1ing point, the sooner it will start 

ta evaporate in the f1arne reaction zone and thus more of it 

will evaporate. A larger fraction evaporated will remove more 

he~t from the flame front and further reduce the flame burning 

velocity to the point in which the mixture will not be able 

to sus tain a propagation. 

It is also shown in [7) that water droplets of less than 

10 ~m are effective in inhibiting the propagation of methane-

air flames. In the present study, the residence time of a water 

droplet in the'H2s-air flame reaction zone was found in 

section 2.4 to be 2.5 x 10-4 sec. Since the final radius, 

for a completely evaporated drop let is zero, it is deduced 
'n 

from Eqn. (2-64) that only droplets with a maximum initial 

diameter of 10 ~m or less will completely evaporate within 

-4 2.5 x 10 sec, in the H2S-air flame reaction zone. 

Our numerical calculations have shown that for a water spray 

with drop let MVD, dO = 10 ~m and density, PSO = 1.09 mg/cm3 in 

the stoichiometric H2S-air mixture, the burning velocity i5 

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 resu1·t indicates that water sprays 

with both ~O ~ 10 m and PsO ~ 1.00 mg/cm3 would inhibit flames 

in any H2S-air mixture composition. 

1 
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5.2 EXPERIMENTAL AND NUMERICAL RESULTS FOR THE H2S-AIR-H2Q 

MAXIMUM (STOICHIOMETRIC) BURNING VELOCITIES 

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 H2S-air composition is an excellent one. 

uOmax ' is a critical parameter~n that a flame propagating 

at the maximum burning velocity is the most difficult to 
~ 

suppress by both, chemical and non-chemical agents. Since 

the effectiveness of these agents (inc~uding 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 burning 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 dO 

on the value of uo and the other related physical parameters max 

was extensively investigated. The experimental anf nurnerical 

results are illustrated in Figs ummaribed in 

two sample Tables 3-10 of this thesis. In 
~ 

computer outputs for both mixtures and without water 

sprays are presente~. With 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 resu1ts will now be discussed: 

(a) Varying the Droplet Size Distribution for a Given Constant 

Spray Density 

We have shown previously that the smaller diameter 

drop1ets are more effective in reducing the burning ve10city 

'of J;he H2S-air f1ame. 
p 

In Fig. 26, both, the experimental and theoretica1 curves 

are p1otted, where the maximum burning ve1ocity, uo ,is 
max 

represented as a function of the droplet MVD, dO' for a given 

constant spray density, p 
50 

u 
°max 

to increase continuously 

to 39.3 cm/sec at do ::: 145 ].lm, 

The experimental curve shows 

from 31. 9 cm/sec at dO ::: 40 llm 

while p = 1. 09 mg/cm3 and 
sO 

is constant. With increasing droplet size the curve flattens 

and approaches asymptotically the value of u for the dry --~. Omax 

H2S-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 uo = 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, aIl p10tted from the numerical results 

summarized in Tables 3 and 4 for Z* = Zm and Z* = (Zo+Zœ}/2, :rt 

respectively. 
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AH the nurnerical resu1ts in this study were tabulated 

exactly as they appéared in the computer output, with the 

same number of significant figures. Tables 3 and 4 show 

the numerical results for the upper and lower bounds of the 

eigenvalue and the corresponding burning velocities for each 

of the droplet sizes (dO) used in the experiments. Correspond­

ing to each drop let size (~35 llIn, 40 llm up to 145 llm) there 
\ 

are four sets of results for four ignition temperatures, 

tabulated ~p non-dimensiona1 form (Ti = -.9, -.B, -.7, -.6) 

and the equivalent in degrees Kelvin. As already mentioned 

(section 2.2) the Fesultant eigenvalue is independent of the 

choice of the ignition temperature [23, p. 319] in the range 

-a < T. < 0 {a = l when nol"water droplets are present in the 
1 

mixture by Eqns. (2-32». This is confirmed by our results 

since for any given droplet size the four sets of eigenva1ues 

and burning velocities are almost identical. 

Also given in Tables 3 and 4 for each droplet size is the 

~ final equi1ibrium temperature, Tro,a" It is the adiabatic 

''!.rame tempe rature ca1culated from the overa11 conservation of 
" 

enthalpy relation in Eqn. (2-76). In deducing T '~a' defined 
00, 

here aiso as the ideal flame tempe rature , dissociation effects 

were neglected. It has been pointed out in section 2.3 that 

dissociation reactions are quite endothermic and in reality 

the flame temperature will be lower, especially at high 

temperatures where more heat is absorbed due to the higher rate 
! 
l 

1 
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of dissociation reactions. 

We have shown the higher burning velocity to be tied 

up with a higher flame temperature. Thus, by using the 

adiabatic flame temperature without considering dissociation 

(Eqn. (2-76», in the nurnerical computations, we should expect 

higher values for the resulting burning velocities or have 

the theoretica1 curves (of Uo vs do) above the experimental 
max -

curve. As illustrated in Fig. 26, (It applies also to 

Figs. 30 and 31 as weIL), indeed, both theoretical curves 

except for a smaii part (mainly of the curve for Z* = Zœ> in 

the region of the smailer droplet sizes, are above the 

experimental curve. The reason for that part of the theoretica1 

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 ~ the frequency faYctor and a1so 

because of possible experimental errors incurred such as ~ 

the determination of the flame surface area. 

---...,. 
Moreov~, when Z* = (ZO+Zœ)/2, aIl the results for ua 

max 
and Tare higher than when Z* = Z as can be observed 

~,a ~ 

in Figs. 26 through 32. This is because Z* = (Zo+Zœ~ which 

is a middle value between Zo and Z~, ,represents a smaller gas 

mass fraction than z* = Z. A smaller gas mass fraction 
~ 

implies less evaporation which in turn causes the flame to 

propa~te faster and at a higher temperature. 

The theoretical curves of Fig. 26 show the sarne trend 
" 

.... _-------------------~ .. _.-
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as the experimentai one (refer a1so to results in Tables 3 

and 4), namely, increasing burning velocities with increasing 

droplet 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+Z=)/2) and the experimental 

curve with increasing droplet size could be attributed to 

the fact that at higher burning velocities and hence bigher 

temperatures, the dissociation reactions are accelerated. 

The différence, then, between the actual flame temperature 

and the ideal one is larger than their difference for the 

smaller droplet sizes and lower burning velocities wnere the 

actual flame tempe rature approaches the ideal one. 
" .. 

Table 9 'summarizes the experimental and numerical values 

f h ' b' l't' e d c ote max~mum urn~ng ve oc~ ~es, uo an Uo ,max max 
respectlvely, for each of the droplets MVD generated in the 

experiments. The percentage discrepancy corresponding to 

the gap between the experimental and theoretical curves in 
• 1 

Fig. 26 is aiso given. The second part of Table 9 r~lates 

to the varying 'spray density and constant droplet MVD 

experiments. The values o~ uC
O are the average between the 
max 

upper and lower bound values. 
. 

From the foregoing analysis of the results reported in 
-" 

Tables 3, 4 and 9 and illustrated in Fig. 26, it is clearly 

, 
1 
1 

i 

! 

} 

1 ,! 
i 
1 



• 

i 
r 
( 

f 
, 

" , 
( 
! 

1 

\ 
} 

1 

- 116 -

indicated that a finer water spray is more effective in 

#reducing the maximum burning velocity. This stems from the 

fact that for a given spray density sma1ler drop1ets will 

increase the effective surface area of the spray per unit 

volume of the mixture. An increased contact surface between 

the cooler water drop lets and the hotter surrounding gases 

means that for a given heat flux into the droplets more heat 

will be absorbed per unit time. Therefore, with a higher heat 

f10w rate, more of the spray will be evaporated with the heat 

absorbed via the sensible heating of the water droplets and 

~atent heat of vaporization. Besides, sinee mqre vapor is 

~dded, the mixture's heat capacity will be further increased 

via dilution. The net result will be a further decrease of 

the flame temperature and hence the burning velocity.· 

In Fi~s. 27 and 28, the results for the adiabatic flame 

temperatures from Tables 3 and 4 are plotted versus the droplet 

size for Z* = Zm (Fig. 27) and Z* = (ZO+Z~)/2 (Fig. 28). 

Those results.show clearly the increase in the flame temper,ture 

with increasing droplet size. 

Plotted also, on Figs. 27 and 28, are the curves for 

what we define in the present study as empirical adiabatic 

flame temperatures. These temperatures were found numerically 

to give back the experimenta~ values of the maximum burning 

velocities. This was done by substituting trial values of 

Tm, in the definition of T, (T = ëPg (T~T~;T/Jq from Eqn. (2-75a» 
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and then integrating the eigenvalue equations, Eqns. (2-84), 

in which ~(or u) is the variable of integration. Thus, we 

fitted values of final equiÎibrium temperatur~in order to 

get back the experimental values of ua ' ~ for dO = 80 pm 
max 

and Z* ~ (ZO+Z )/2 (p = 1.09 mg/cm3 = constant) the ideal co . sO 
adiabatic temperature, T , is 1977.6°K and the empirica1 co,a 

adiabatic temperature, T e is 1910oK. This value of TOC) " 
IX) , , 

when used in the numerical comp~tations will yie1d the 

corresponding measured burnlng ve1ocity, u o = 37.15 cm/sec. 
max 

The resu1ts of the empirical adiabatic flame temperatures 

which are probably c10ser in value to the actual flame 

_ temperatures are i11ustrated in Figs~ 27 and 28. It is easi1y 

observed that the position of the T curve with.respect to CO,a 

the T e'curve in each of the figures, co, 

to the relative position of the uC
o max-

. 
corresponds exactly 

. e 
curve s to the U o max 

curve, respectively, in Fig. 26. Therefore, the fact that 

a var~tion in the f1ame temperature is fo11owed by a variation 

in burning ve10city or vice-versa, is confirmed by our 

numerical results. 

The results for T and T e with varying drop let co,a 01>, 

size and also with varyin9 spray density are summarized in 

Table la, and the percentage discrepancy between the two " 

values in each case is given, as it was done with the maximum 

burning velocity resu1ts in Table 9. 

Fina11y, the effect of varying the spray droplet size 
J 

1 
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distribution pn various mixture a,nd combustion parameters 

was computed and the results summarized in Table 5. Since 
~3 

the spray density is kept constant at 1. 09 mg/cm , the ' 

initial reactant rnass fraction (or "dilution" factor) G and 

the overall initial gaseous mass fraction including the ine'rt 

jspecies, 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 to --sQ% water by 

rnass in the mixture, (l-ZO) i5 the initial water mass 

fraction in the mixture) • Next, the values of Z , F (%) , 
01) v' 

-
r 

and K, the final gaseous mass fraction, the percentage fraction 

evaporated according ta Eqn. (2-69) and the scale factor 

(it is a constant for a given mixture), respectively, are 

tabulated. 

As expected, ZO) decreases from .5824 for dO ;" 35 pm down 

to .5285 for dO = 145 llm, implying smalle:: final vapor mass 

fractions for coarser sprays. These results for Zoo and Z~ 

~ dO are plotted in Fig. 29 ~ The f]curve for Z seems to 

approach asymptotically the constant, Zo 1ine at the larger 

droplet diameters, where very little evaporation takes plac1!. 

Also, the fraction of the spray evaporated decreases from 

12% for dO = 35 llm to .7 % for dO = 145 llm. 

are, increasing with increasing droplet sizre and ,for given 

droplet size K is a little higher in value for Z* = (ZO+Zoo) /2 
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than for z* = Z~. 

i 
\ 

(b) 
'. ' \ ' 

Varying the"Spray Dens1ty with Constant Droplet Size 

Distribution 

The effect of increasing the water spray density on the 

burning velocity of 'the H2S-ai'1:/flame for a given droplet 
~ 

size distribution, is to reduce it. In this sense it is 

analogous to 'the effeçt, although not as drastic, of decreasing 
" 

the droplet 'ize distribution~ for a given spray density. 

This time ins~ead of reducing the droplet size in order 

to increase the eff??tive surface a~ea of ~he spray per unit . \ -
volume, we achieve' that increase in 'surfa~~ area by increasing 

~ , 
the arnount of spray per unit volume While the droplet size 

o 

dist~ibution is kept constant at 52.5 ~rn droplet MVD. 

~he experimental and nbmerical resul~s are sqmmarized 

an~ illustrated exact~y as it was done with the rèsults for 

v~tiation of the dro~let size distribution in 5.2 (a). Most 

of the points brought up in that analysis apply as weIl to 

the present case. 

The experimental and nurnerical values for the maximum 
, . 

bürning velopities,uo ' in H2S-air-H20 mixtures with 
/0" max 

changing spray'density, p , ;re given in the bot tom part of. 
50 

Table 9, including the percentage discrepancy between them. 

Those ~esults are plotted in Figs. 30 and 31. 
\. 
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In 'Fig. 30, the experimental and numerical results show 
li 

ua v decreasing with increasing the volume of water sprayed. 
max 

That volume is derived from the nozzle flow rates given in 

Table 2. It is observed that at ,small{r volume input « ,20 cc . 
( J, 

water spray)" the theoretîcal curvei' :6or Z* = Z and Z* = 
00 

(ZO+Z~)/2, are far steeper than at the larger volUfe input. 

This is 50 because increasing the volume of water sprayed 

ab ove 20 cc (up to 60 cc) does not pro duce as large an increase 

in the arnount of water left in the tube (defined here as the 

effective spray volume, Veff ) as it does belowa20 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. 

In Fig. 31, the experimental and theoretical plots 'of 

uOmax vs PSO or equiva1ently Veff are shown. Here as in Fig. 

'" 30, the maximum burning velocity decreases with increasing 
u e 

spray density. The experimental results for ua show it 
max 

decreasing from 38.9 cm/sec at p = .317 mg/cm3 down to 29.3 
sa 

cm/sep at PSO = 1. 347 mg/cm3. In both, Figs. 30 and 3-1 and 

also from the resülts in Table 9, it is observed that the 
i 

discrepancy between the theoretical and experimental values 

of Uo is greater for the smaller spray densities where 
max ~ , 

ua is higher. max 
Here, as for the case of drop1et 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 o~ 

burning velocity, the more pronounced will be the " 

dissociation reactions. Therefore, the greater will be the 

discrepancy between the experimental value for uo or the 
max 

corresponding actual tempe rature and the nurnerical 'values of 

u or T as seen in Figs. 30 and 31. Omax co,a 

Summarized in Tables-,6 and 7 (sarne 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 tempe rature a~d the cornputed adiabatic flame 

temperature. The results in Tables 6 and 7 are for Z* = Z ao 

(Table 6) and Z* = (ZO+Zoo)/2 (Table 7). 

Figures 32 and 33 illustrate the variation of the empirical 

and ideal adiabatic flame temperatures witn the spray density 

as was done for the variation of those ternperatures with the 

spray droplet size in Figs. 27-and 28. The tempe rature CT ao,a 

or T e) decreases with the increasing spray density, hence 00, 

the more mass of water present per unit volume of the mixture, 

the more heat will be absorbed from the reaction and the 
1 

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 and 'Tao e-oo,a , 

Here again, the ternperature variation caused by the introduction 

of water spray has the sarne pattern as the burning velocity 
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variation. 

Final1y, 1ike Table 5, Table 8 summarizes the effect of 

changing the spray density on various mixture and combustion 
-

paramete~). By increasing the spray density from .317 mg/cm3 

3 up to l.347 mg/cm, G, Zo and z~ are decreasing, G from .2682 

down to .1600, Zo from .7916 down to .4721 and Z from .8029 
00 

down .5008. 
. -, 

to 

These results for G, Zo and Z are p10tted in Fi9~ 34. 
~ 

It is observed that while Zo and Z are both decreasing due 
00 

to the increase in the initial water mass fraction, (1-Z 0); 
-----~----

the difference, Zoo-ZO' is increasing as the 'spray density, ~so' 

increases. This imp1ies a larger amount of vapor added to 

the combustion process if more water is added to the mixture 
, 

initia11y. The difference, Z -ZO' represents; the final vapor 
~ i 

1 

mass fraction in the mixture. Thus, although percentage-wise 

the fraction of sprayevaporated, % F (Eqn. (2-69)), is 
v 

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 ~he water 

spray. Those results are just another means of showing that 

the more water there is in thé mixture with (a) constant 

droplet size distribution, ,the greater will be the reduction 

in the burning ve10city of the flame •. 

One more comment should be made at this point. In 

reality, when increasing the spray density, especially in 
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confined space experimen~s such as ours where sorne flow 

limitations exist, the droplet size distribution of the spray 

will not always be constant. By inqreasing the volume of 
. 

water sprayed into the tube, the probability of collisions 

and coalescence taking plac~ among the droplets.is greater. 

This could be due to the tube wall effect whereby more water 

is lost and hence more drop lets could bounce back into the 

main stream. It is also possible that in the initial unsteady 

state period wher 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 drop let size distribution is a very 

good one. 

b 
( 
1 
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CHAPTER VI 

CONCLUSIONS 

The primary aim of the present study is to investigate 
C 

both, experimental1y and theoretically, the influence of 

. water sprays on the burning velocity of larninar propagating 

flames in various hydrogen sulfide-air mixtures. 

For the theoretical model, the water droplets are assumed 

to be inert in the mixture. In other words, it is assumed 

that chemical interaction between the liquid droplets and 

the surrounding gas has f negligible effect on the combustion 

process. Thus, the theotetica~ investigation deals with the 
,~ 0 

thermophysical effects of the water droplets in the reaction 

zone of the H2S-air flamls. 

Each of the individLal droplets is assurned to act as a 

heat sink via sensible heat transfer through its surface from 

the surrounding hot gases and via the latent heat of 

vaporization. As less heat is then available for hèating 

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 

surraunding gases and dilutes the combustible mixture. This 

dilution leads ta an increase in the heat capacity of the 

l 
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H2S-air mixture due to t e addition of inert vapor,.I therefore, 

further low~ing the adiab tic, flame temperature and reducing 

the burning velocity. 

The effectiveness of a wa er spray in reducing the 

burning velocity for'a given mi \ure is shown~ depend on: 

(i) the water spray dropl~t size à'stribution and (ii) the 

water spray density or equivalently the water mass concentration 

in the combustible mixture. 

By decreasing the drop let median olume diameter for a 

given spray density or increasing the sp{ay ~ensity for a given 

droplet size distribution, the spray surf\cef.area per unit 
'. . 

volume is increased. With the heat flux across'the reaction 

zone being constant (from the energy equation, Eqn. (2-53», 

an increase in the spray surface area then implies a higher 

rate of heat transfer from the hot gases to the cooler 

droplets. Consequent~y, more of the liquid phase is evaporated 

and the net result is a furt~er reduction in the flame 

temperature and thus in the burning velocity. 

The burning velocities of flames in H2S-air mixtures 

with and without water sprays were measured exp~~ental1Y 
over the composition range from 7% to 20% H2S 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 H2S-air mixture '(12% H2S in 

air). A water spray density, PSO = 1.09 mg/cm3 , and drop1et 

----------------------------------------~----------~---



t 

( 

( 

J ! 

- 125 

median volume diameter, dO = 145 ~m, ;educes this burning 

velocity by only 4.4% down to 39.28 cm/sec. For the same 

spray density but smaller droplet median volume diameter, 

~ dO = 40 ~m, the peak b~rning 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 density for a given drop1et median 

volume diameter, dO = 52.5 ~m. For a spray density, p = 
50 

.3172 mg~cm3, the burning velocity in stoichiometric H2S-air 

mixture is 38.93 cm/sec, a reduction of about 5.3% from 

With the spray density increased to a maximum 

PSO = 1.3474 mg/cm3 , the burning velocity is reduced by 

28.8%, down to 29.28 cm/sec. These results are i1lustrated 

in Fig. 31 and listed in Table 9. 

In our experiments we were able to inert the H2S-air 

mixtures only from 6% H2S and down. Inerting limits are , 

defined here as the combination of spray density and spray 

droplet size distribution that are required to prevent 

incipient ignitions of flammable H2s-air mixtures from 

developing into se1f-propagating flames. Sapko et al. 
~ 

succeeded in inerting methane-air mixtures by using steam and 

fine water droplets, less than 10 ~m in diameter and at GOoe. 

They were unsuccessful in trying to extend the inerting data 

down to spray at room temperature. . 
\ 
1 

1 
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In the present e~periments, the spray densities achieved 

were quite high but 'the smal1est drop1et median volume 
/ 

diameter that could be generat~'was 35 ~m and the water 

sprays were at room temperature. Therefore, the inerting of 

the H2s-air mixtures in which the burning ve10cities are of 

the same order of magnitude as those in the methane-air mixtures, 
i 

did not occur beyond 6% H2S. Extrapolation of the ~resent 

experimenta1 results indicates that with smaller droplets 

at a temperature higher than the room temperature, inerting 

of any H2s-air composition is.~easible. Inerting of the 

higher burning velocity H2$-air comp~~~*ons will natura11y 

require higher s~ray densiti~s for a given droplet size 

di str ibution. 

The numerical scheme developed and used to calculate 

the burning velocities in stoichiometric H2S-air mixtures with 

water sprays could be extended to include all other mixture 

compositions, although this would require sorne modifications. 

The'final expressions for the upper and lower bounds of the 

eigenvalue (Eqns. (2-34) or (2-84» would remain unchanged. 

Considering the appcoximations and assurnptions made , 
in the theoretical analysis, the results arevin good agreement 

with experiments as shown, for example, in Figs. 26 and 31. 

Comparisons between theoretical values for the burning 

velocity and exp~rimental results are few and usually far 

between. The only published comparisons are for the simple 

... 
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hydrazine decomposition flame, and even . 
that the agreement is fortuitous [12]. 

the burning velocity, one must know the 

th~e one could argue 

Iy! order to calculate 

the rmophys ical 

properties of a complex mixture at high temperatures and have 

accurate reaction rate data. Such data, as for example, 

the overall frequency factor, overall activation energy, 
, nI 

chain reaction and their rates, etc., are in many cases not 

available. 

In our calculations for H2S-air-H20 mixtures, the \ 

13 frequency factor (Bf = 2.8625 x 10 ) was chosen to give the 

experimental value of the peak burning velocity, u = 41.1 
Omax 

cm/sec, in the dry stoichiometric H2S-air mixture. Using / 
/ 

this same value of Bfl computation of the burning velocities 

for stoichiometric H2S-air mixtures with various water sprays 

yielded results which agreed reasonably weIl with the exper-

imental burning velocities (Table 9). 

It should be noted that the numerical results for Uo max 
as they appear in Table 9 are based on an ideal adiabatic, 

flame temperaturei dissociation effects are not included. 

Since the burning velocity depends on the flame 

ternperature, the adiabatic flame temperature is an important 

and necessary input parameter into the burning velocity 

calculations. For a given temperature, the corresponding 

upper and 10wer 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 te 

de~ermine the corresponding adiabatic flame temperatues, 

T • The values for Too,~ shown in Figs. 27 and 28 (as a 00" e 
function of increasing dO) and Figs. 32 and 33 (as a function 

of increasing p ) show the same behavior as the calculated , 50 

ideal adiabatic flame temperature, T , illustrated in the oo,a 

l' 

same figures; namely, the tempe rature decreases with.decreasing 

droplet sizes or increasing spray density. 

Based on our calculations we would predict that a droplet 

of 10 ~m or less will evaporate completely in the stoichio-

metric 

10 llm, 

H2s-air flame reaction zone. For a spray with, dO = 

and density, p = 1.09 mg/cm3, (47.5% water concentration 
sO 

by mass) the numerical computations give an almost zero 

burning ve10city in the stoichiometric H2s-air mixture. In 

this case, the total heat re1eased per gram of the overall 

mixture (liquid plus gas) is 291.3 cil/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 decreasin~ the droplet sizes or increasing the 

spray density, the part of the reaction heat absorbed by 
, 

heating up the liq~'d droplets to the boiling temperature is 

reduced. In t~e se ove for example from a total of 75.7% 

heat removed, only 12.2% ent into heating the water droplets 

l. 
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to the point where evaporation starts; the rest was removed 

due to evaporation and vapor dilution. 

Our calculations therefore indicate that with water sprays 

of 1ess than 10 ~m MVD drop lets at room temperature and spray 

densities above about l mg/cm3, inerting of the stoichiometric 

H2S-air mixture and hence any other non-stoichiometric H2S-air 

mixture composition, maybe possible. 

The complexities and efforts involved in a full and 

comprehensive analytical model are beyond the scope of this 

work. ,A better knowledge oi the thermophysical and transport 

properties, and th~ chemical reactions for H2S-air mixtures 

would be required to justify a more detailed analysis and 

computations. 

In conclusion, an experimental and theoretical 

investigation of t~e 'combustion ~f H2S-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. 
4 

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. 

Re~tants 

~ H2S ,(9) 

°2 Cg) 

N2 tg) 

products 

502 (g) 

H20 (1) 

'\ N2 Cg) 

~ 

ir 'Wn"q' 

~ .... -..'''" ... ~ ....... -~" ......... ~_ ... ...-";~ ... _."-,-....... ... ""~"'-'~~....",.~.li~.-.._.:!"Mr'l_ .. ·_,.,,. ..... ~ .... _r .... "">1'~ .......... 
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~ 

Thermochemical propert~eS\Of H2s-air Combustion Species at 1 atm Pressure. 

o . 
hK (Real/mole) WK CPT=298 0 K(cal/g OK) ÀT=29B oK(cal/s cm OK) 

4-

-4.88 ± .15 34.09 .2396 3.32 x 10 -5 

0 32 .2198 -5 . 6.27 x 10 

0 28.016 .2486 -5 
~ 6.176 x 10 , 

hKoCKcal/mOle) WK CPT~=20690K(cal/9 OK) À (cali s cm OK) 

-70.947 64.066 .2177 4.47 x 10-5 T=600oK 

-68.315 18.016 .6834 1.15 x 10 -3 T=600oK 

0 28.016 .3075 2.885 x 10-4 T=2100oK 

{~ 
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Table 2. The Manufacturer's Specifications for the Spraying Nozz1es.-

, 

Nozz1e Or.ificé Core 
No. oiam. No. No. 30 40 

psi psi 

1/4 LN .6 • 016"- 110 - -

1/4 LN 3 .028" 220 2.6 3.0 

1/4 LN 8 .060" 225 6.9 8.0 

-1' 

~ 

... vu c=- ~- ~----- - -

CAPACITY GPH (Gallons per hour) SPRAY ANGLE 

60 100 200 300 500 700 1000 40 80 300 
psi psi psi psi psi psi psi psi psi psi , 

- .95 1.3 1.6 2.1 2.5 3.0 - 35° 65° 

-
-

3.7 4.7 -6.7 8.2 10.6 12.5 15.0 65° 70° 73° 

9.8 12.6 17.9 22 28 34 40 85° 89° 91° 
~ 
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Table 3. Numerical Resu1ts for Varying Drop1et' Size (do) and given Spray Density 

(p = 1.09 mg/cm3); Z* = Z . sa œ 

do (llm) - A+ x 10- 5 
u~ max (cm/sec) A- x 10-5 + 

Tœ,a (OK) T. Ti (OK) ua max (cm/sec) 
~ 

-.9 436.1 14.33'327207 12.35992785 9.795848620 14.95090822 

35 1553.1 . -.8 560.2 14.33344603 12.35985285 9.796302129 14.95056215 
-.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 .ll2 322 85 5.442195750 20.54396936 

40 1647.2 -.8 576.9 8.030489588 16: 91221248 5.442463652 20.54346372 

~ 
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 ~_6. 72084781 1. 296503342 45.15971911 
-.7 787.9 1. 962866679 36.70224678 1. 299706231 45.10404084 
-.6 950.2 r.987'967198 36.46980534 1. 330232995 44.58350358 

-.9 469 1. 415988599 44.03958566 .9299626626 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 53.5"8403175 

" 
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Table 4. Nurnerica1 Resu1ts for Varying Drop1et Size (dO> and given Spray Density 

~ (ps1 = 1. 09 mg/cm
3
); Z*, = (ZO+Zco) /2 -" 

'-W 

dO(~m} T~,a(OK) 
~ 

Ti Ti (OK) 

-.9 452 
35 1.768.7 -.8 598.3 

-.7 744.6 
-.6 890.9 

-.9 456.2 

40 1824.9 -.8 608.2 
-.7 760.3 
-.6 912.4 

-.9 462.3 

52.5 1907.4 -.8 622.8 
-.7 783.4 
-.6 944 

-.9 .467.4 

80 1977.6 -.8 635.2 
-.7 803 
-.6 970.8 

-.9 470.3 

145 2016.4 -.8 642.1 
-.7 813.9 
-.6 985.7 

lf:~"Ïfr"R j $f7e ..... )~lio~-.t-.r. ... _ ... "1',. .. --"<HO --

A+ x 10-5 

4.122528137 
4.122589091 
4.125915158 
4.169339435 

Uo max (cm/sec} 

24.34780988 
24.34762989 
24.33781411 
24.21074143 

3.109561926 28.43875529 
3.109611066 28.43853059 
3.112334987 2~.42608314 
3.147513173 2~.~6678471 

2.109067969 35[26252462 
2.109105007 351. t6221500 
2.111192515 35~24477738 
2.137653557 35~02595856 

1. 550959445 
1.550989402 
1. 55269276"3 1. 573901869 

1. 318633033 
1. 318659930 
1. 320193874 
1.339092680 

lt1. 85256543 
1. 85216124 

" 8291982€t 
41. 54640778' 

45.83282415 
45.83235672 
45.80572248 
45.48134256 

~ - ~-~ , .... ~ - .... - ~- ...... _ .. " ~ ~~ ................. j .,. 

A- x 10-5 

2.763560972 
2.763712971 
2.769219630 
2.823340067 

. 
2.074062127 
2.074183305 
2.078648267 
2.122100256 

1. 396426387 
1.396516261 
1.399888820 
1. 432151576 

1. 020548261 
1. 020619987 
1. 023338775 
1. 048919292 

.8647146520 

.8647785804 

.8672107557 

.8898700973 

+ 
Uo max (cm/sec) 

29.73768732 
29.73686956 
29.70728861 
29.42118227 

34.82164701 
34.82062982 
34.78321214 
34.42526090 

43.33608427 
43.33468978 
43.28245816 
42.79215892 

51.59475225 
51. 59293927 
51. 52435809 
50.89220504 

56.59814341 
56.59605138 
59.51663114 
55.79243133 
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W 
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Table 5. The H2S-Air-water Spray, Mixture and Combustion Parameters for Varying Droplet 

Size (00) and given Spray Density (p = 1.09 mg/cm3). , - So 

..--.. 
.... ~--
" 

dO (l1m) P (mg/~3) Po (mg/cm3
) G Zo Z % Fv Kz*=z Kz *=<zO+Zoo)/2 so 00 

co 

35 .5824 12.07 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. 

,- J - -
~ 

_. 
" 

Numerica1 Resu1ts f~ Varying Spray Density (p ) and given Drop1et Size (dO = 52.5 ~m); so 
Z* = Zco' 

p so (mg/cm
3

) T (~) - A~ x 10-5 
u~ max (cm/sec) A- x 10-5 + 

Ti Ti (OK) U o (cm/sec) co,a max 

-.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.-l20422940 45.75671184 

-.9 455.9 3.~34934456 27.53954784 2.158964499 33.71062449 

1. 0313 - 1816.6 -.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 ~,795. 9 -.8 603.2 .3.588475538 26.24365526 2.399750745 32.09196069 
-.7 752.3 3.591490330 26.23263813 2.404717,773 32.058'80003 
-.6 901. 4 3.630639009 26.09082335 2.453295991 31. 7398116 a 

• 
-.9 450.4 . 4.461451971 23.72160628 2 • 9954 13,3 81 7 28.95000984, 

1.1882 1753.8 -.8 595.2 4.461515717 23.72143682 2.995643292 28.94923924 
-.7 740 4.46s.o04738 23.71216686 3.001437122 28.92128463 
-.~ 884.9 4.510868044 23.59131465 3.058754430 28.64902846 . 
-.9 445 6.253474995 20.28903051 4.223788664 24.6'8714762 

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 

e.-
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Table 7. Numerica1 Resu1ts for Varying Spray Density (ps ) and given Drop1et Size (dO =52.5 ~m); 

. 0 
Z* == _ (Zo+~oo) (2. 

psO{mg/cm3) Too,a (OK) 

. :' 
.3172 216.4.7 

.6861 2039.6 

L0313 1926.4 

1. 0825 1909.9 

1.1882 1876.1 

1. 3474 1825.7 

~,.>.," 

, 
T. T. (OK) 
~ ~ 

"'Ii 48S.7 
-.8 G12.2 
-.7 858.8 
~.6 1045.3 

-.9 . 474.3 
-.8 - 648.2 
-.7 822.1 
-.6 996.1 

-.9 
"':.8 
-.7 
-.6 

-.9 
-.8 
-.7 
-.6 

-.9 
-.8 
-.7 
-.6 

-.9 
--.8 
-.7 
-.6 

464 
626.5 
789 
951.5 

462.5 
623.3 
784.1 
944.9 

45~.4 
6:L~. 8 
774·.2 
931. 6 

454.8 
607.1 
759.5 
911. 8 

/1.+ x 10-5 

.7358932441 

.7359142565 
'. 7370,462946 
.,7500164998 

1.192805471 
1.192832333 
1.194318960 
1. 212228585 

1. 935399792 
1. 93543501:13 
1. 937415875 
1.962347562 

2.085583495 
2.085620288 
2.1>87693529 
2.11394,9726 

2.439476451 
2.439516871 
2.4418005-63 
2.471085237 

3.108902640 
3.108949616 
3.1~1609551 
3.146338-874 

-
U o max (cm/sec) 

lJ 

55.88998699 
55.88918908 
55.84625215 
55.36126531 

45.23530050 
45.23479115 
45.20662941 
44.8~144243 

36.61075465 
36.61042162 
36.59170104 
36.35850864 

35.43533450 
35.43502194 
35.41742271 
35.19678538 

33.09210039 
33.09182624 
33.07634807 
32.87977108 

29.77006243 
29.76983751 
29.75711054 
29.59242517 

A x 10-5 

.4755170571 

.4755655589 

.4773119534 

.4924851727 

.7798491233 

.7799126267 

.7822572910 

.8036262025 

1.279100851 
1. 279185969 
1. 282375075 
1. 312677439 

1.380550599 
1. 380639835 
1. 383987827 
1.415987740 

1. 620098986 
1. 620197689 
1.623908739 
1. 659802363 

2.074798409 
2.074914307 
2.-079277664 
2.122208918 

• f 

U+ o max (cm/sec) 

69.52778060 
69.52423502 
69.39693043 
6,8.31952475 

55.94444848 
55.94217083 
55.85827002 
55.11061362', Q 

45.03411495 
45.03261663 
44 .-9-76 5 86 5 4 
44.45442688 

43.55361051 
43.55220297 

" 43.49949270 
43.00516129 

40.60709047 
40.60585355 
40.55942960 
40.11847896 

36.44142515 
36.44040739 
36.40215227 
36.03207216 

• 1 
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Table 8. The H2S-Air-Water Spray, Mixture and Combustion Parameters for Varying Spray Density 

(Pa ) and given Drop1et Size (dO = 52.5 lJm) • 
o 

~ 

psoCm9/cm3) 3 Po (mg/cm3 ) 
.. 

G Kz*=z Veff(cm ) Zo Z % Fv KZ*=(ZO+Zoo}/2 00 
CD 

.3172 1.036 1. 5224 .2682 .791ô .8029 2193.8 2~11. 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 
5.43 . 

1.0825 3.534 2.2876 .1785 .5268 .5525 .2276.1 2329.4 
J 

t 

1.1882 3.879 2.3934 .170& .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 Numerica1 VaL~the Maximum Burning Velocities. 

. 

Theory % Discrepancy 
\ 

~~~m) 
Experiments u~ (cm/sec) c e / e (uo -uo ) uo x 100% 

u~ (cm/sec) max max max max 

max 
0 

, Z*=Zco Z*= (Za +Zco) /2 0 Z*=Zco Z*=(Zo+Zœ)/2 
~ 

35 - 13.66/..-
'~ ____ 27.05 - -'. 

40 31.90 18. 7~' 31.63 -41.3% -.8% 
1 

52 .. 5 33.75 . 28.96 39.3 -14.2% 16.4% , 

~7.15 /~ 
,=", 

80 - 40.:'94 46.73 10.2% '25.8% 
" 

145 39.28 \\ 49.19 51.22 25.2% 30.4% . 
=', 

'" dl 

PaO (mg/cm3) 
"'"~/ 

• , 
-

• 3172 38.93 57.69 62.71 48.2% 61.1% 
\.. 

.6861 37.62 42.02 50.59 11. 7% , 34.5% 
~ 

L 0313_~ 34.52 30.63 40.'82 -11. 3% 18.2% , 
1. 0825 33.75 29.17 39.49 -13.6,% 17% 

a 

1.1882 .~ 30.00 26.34 36.85 
. 

-12.2% :22.8% ' .. , 
" -, 

1.3474 29.28 . 22.49 33.11 -23.2% .. 13.1% > 

* he, + , T e values of ua are averaged between ua and ua . 
max max max 

l'!( 
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• 

"\ 

-, .... .. • 
Q 



--e '- -, .1 "-
~ 

,< 

--..... ---..... -------________________ ~ ____ c ___ _ 

. ~ 

-1. ~, 
• 4-,. • 

(1 
"-" r " • l~ 

! 
'1 

1 
1 

1 
1 
1 

1 
1 

! 

,: 
q' 

" jl , 
'j 

1 

! 

~ 

. 

--' .... 

'- " 

Table 10. 
,.~ 

Numerical Values* for ~diabatic Flame,Temp~tures a~ Maximum Burning Veloc~ties. 
~ - ~ 

), ·ff ~ 
-, 

~ Z*=Z - Z*~ZO+Za»/2 (Tco , a !.Too , e) /TOC),e x 100)" , Co co 

- dO (1Jm) 
-J"" ,'" -

T ~ (OK) 
'!' 

T a (OK) 
~ 

Tco,e (~K) T D (OK) t"*'=z Z*=(ZO+Zco)/2 00, 00, a' . co,e co 

- ., 
40 .... 1647.2 1Ti5 1~24.9 1825 -7~2% 0.0% 

~ -
52.5' l792.9 -. 1835 1907.4 1855 -2.3% 0 2.8% 

, \ 

80 1923.7 1900 1977.6 1910 1.2% 3. 5% ~ , 
145 . 1999.2 1930~ 2,016·e 4 1935 \. 3.6% 4.2% ':.. 

" <Do . ri 

Ps~ (mg/cm
3

) 
- " ---~ 

-
, 

.3172 2125.2\ 1995 2"164.7 _ 2005 6.5% 8.0% 0 

-
" 

.6861 1960.9 1930 "- 2039.6 19-45 1.6% 4.9% 
c 

< 

1.0313. 1816.6 1850 - , 19215.4 1875 -1,,-.8% 2.7% . - "-

1. 0825 ' 179?9 1835 1909.9 1865 -2.1% - 2.4% 
~ 

1825 -1.9% 2.8% .. ' 

l, 

1.1882 1753.,8 1787.5 1876.1 
", 

1.34'74 1691. 8 1757.5 
- 'f 

1795 ~- -3.7% 1.7% 1825.7,.... ) 
~ . ~ 

, 

* T a and T e are the idea1 and fitted adiabatic f1ame temperatures, respective1y. 00, 00, ;; 
-" 
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zone involving heat conduction, diffusion, 
an d v iscous effects. 

FIG. 1 
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:.: l' '1 '!". '11.' .:1. 1:: i .. : . , SPRAY PAR TICLE SIZE VS PRESSURE 
l '! ' , '1 ---.-

i : i 
_.;-. :. !. '1 . 1. l ' ,': 
r-+- ,-.:_- ._: - '- _: -f--1- .;-i-- - .:. -
"j. lI).·I" l ,,' , 
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:' : " 0 1 .: i· j:: ': 

HYDRAULIC ATOMIZING NOZZLES 

CAPACITIES FROM .60 THROUG]i 26 
B,ASED ON SPRAYING WATER AT 70·F 
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APPENDIX l 

DEFINITION AND INTERPRETATION OF PARruKETERS IN 
11 

~ THE ANALYSIS OF LAMINAR ·FLAME PROPAGATION 

The stoichiometric equation for the combustion process 

introduced in section 2.2 reads: 

(2-1) 

Reference mass concentrations YK* for the stoi~h/omet~ic 

réaction (2-1) are defined as: ~ 

where WK ls the mo1ecu1ar weight of species K. 

Each spe:ies in the flow has a mass fraction~YK (or YI 

for inert species), a mass flux ~ (g/cm2 sec) and a specifie 

---~'-- 1 • 
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enthalpy h
K 

(cal!g of species K) • 

. If a
K 

and al are the coefficients (not necessarJ.1Y stoi­

chiometric) in the chemical' eq.uation of the reactant sp,ecies 

prior to the reaction, 

Rf 
----J products + a1MI 

Rb 

Then the following equalities hold: 

(1-2 

r 
1 , 

, . 

.i 
-1 
1 
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K density, the total density o~ the inert',species, the gas 

mixture overall densrty, the r~actant species K mole' fraction 
b 

and the inert species mole fraction. 

Now, if ( 

a - min. ( v~KK) ~1 
K=l, ... , r (1-5) 

• • 
'Il 

, 
then the mass fraction of consumable reaçtant species available 

r' 

for combustion initially is giveJ by the "dilution", G, 
1 

defined as: 

It follows that: 

r 

G = a iL \l' KWK/Wtotal 
K=l 

~ , , ' 

o < G ~ 

.. 

and equality on the right is equivalent to stoichiometry 

f . j . othe reactl.nq ga,t:ieous ml.xture. 
" 

(1-6) 

t 

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) : 

KIIII, ••• , r (I-7a) 

1 
,----_~ ___ ~ 1 

,1 
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, 

K=r+l, ••• , n (I-1b) 

-' 
. 
) 

(I-1c) 

From Eqn. (I-3) and the summation of Eqn. (I-1a)"the 

definition of Y(X) is: 

[ f. YK .. + G - ( 1 

K=l 

(I-8) 

The definitions of Eqns. (I-1), (I-5) and (I-6) imp1y that 

K=l, ••• , r (I-9) 

with equa1ity holding for at 1east one value of K. 

If, 

(1-10) 

then the equa1ity holds in (1-9) for a11 k; otherwise . . 
there is always at least one value of K for which the equa1ity 

'" 
in (1-9) ho1ds. For a physically sensible solution, it is 

required that 0 ~ YK ~ 1 for al1 K; by Eqns. (1-7) and (I-gr 

this is equivalent to the requirement that, 

• 

---,----------­.' " 
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o < y (X) .s. 1 

. . 

x ~ 0 

Equality on thé left for any X is equivalent to complete 
/' 

(1"'11) 

~ compustion at that value of X. - If G = l, then al = 0 and 

\ 

it follows from Eqn. (1-8) that Y is simp1y the surn of aIl 

the reactant mass fractions (~ was defined this way in Eqn. 

(2-l0c) of [8]) • , 

If G < l, then for each of the reactant species, that 
, 

portion of the species mass fraction which is availab1e to 

be consumed in the forward :eactiôn of (I-2) ls YK*GY (K=l, 

r). The totàl II consumable reactant mass fraction" at each 

point X in the flow is then: 

; 

of 

... , 

, . L (YK*GY) = GY 
K=f 

(1-12) 

The addition of water sprays to the,mixture is considered 

in this work to be equiv~lent to the addition of one inert 

~pecies in the forro of liquid droplets, converted partially 

or wholly by the propagating f1ame to vapor, hence to another 

inert species. From Eqn. (1-3) then: 

n 

L YK + YI + Yv + YI. = 1 

K=1 

(1-13) 

__ -----_____________ . _. ----,0-----

1 

-1 
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Where Yv and Y1 are, the vapor and 1iquid mass fractions 
\:I0 

respective1y. 

We define the mas~, fraction of the gaseous part in the 

overa11 mixture (gas plus 1iquid) by: 
t; 

i 

z = ~ p 
(1-14) 

with Pg representing the gas density and p the overall mixture 

density inCl~ding the ~pray density, Ps (p = Pg + ps). 

The definition of Z implies that the reaction species mass 

fraction, YK in the combustible mixture with water droplets 

(Eqn. (1-13» is equal to Z times YK rn the mixture without 

the addition of water droplets (Eqn. (1-3». The same thing 

applies to G, the "dilution" factor defined in Eqn. (1-6) for 

the mixture without water droplets which is ~ow equal te Z 

times that value, or 
~ , 
7 

G1+
9 

= ZGg = constant (I-1S) 

.. 
This stems from the fact that by adding m&rce=~ecie~ 

the existing mixture, the m~ss ,fractions of the species already 

in t~mixture are reduced as can ~asily be seen from Eqn. (1-13). 
1 

The definition of Z also implies that, 

(~-l-'- ---- - ,-

1. 

• 1 

1 

1 

[, 
l 
! 

----------- " 

., 
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• . . 
Ps ,y = p,a l-Z (I-16a) 

and . , 
lp 

y. V 
Z-ZO , =T= 

1 ... V (I-16b) 

"" Initially, the gaseous mass fraction ia Zo and the water 

mass fraction, l-Z0. As the reaction progresses, Z is 

increased due to the evaporation of water droplets while the 

mass fraction of liquid, 1-Z, i5 reduced. For the case of 

total evaporation, Zœ = l~ this implies a completely gaseous 
p 

mixture at the final equili~rium with no liquid,water left. 

1 
1-

.\ 

i 
\ 

" 
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APPENDIX II ' 

CASTING OF THE GOVERNING DrFFERENTIAL EQUATION AND BOUNDARY 

CONDITIONS, INTO A FORM SUrTABLE FOR THE NUMERICAL SOLUTION , 

The governinq differential equation and ~oundary conditions 

~ere shawn in section 2.2 to be: ' 

" 

(2-26a) 

--==--~~========== 

T' (0) = 1 + T(O) C2-26b) 
. j 

(2-26c) 

The right-hand side term of Eqn. (2-26a) is high1y nOn-

linear. Therefore, it has to be brouqht to a form in which 
, 

the eiqenvalu~ i8 defined explicitly. 

The particular form of w, the chemica1 source function, 
, 

which is derived from the Law of mass action as applied to a 

one-step reversible reaction,. i8, 

-

ri (YKP) 'Y"K] KJ. ('1') n W" 
P aK=r+l K 

,} (II-1) 

=--'-__.. ___ , _________ ._7m ... __ '_' ___ --
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where Xf and Xb' the specifie forward ~nd reverse reaètion 

rate COI-lstéilpts, are defined based on the Arrhenius law as 

expressions of the form (R is the gas constanf 1.986,7 (cal/mole 
\ 

x = BTBexp(-E/RT) 

, ' 

. The' frequency factor B, molar activation energy E and 

temp~ature'exponent S are constants which are generally 

differeht for the forward and reverse rates. 
. 

(11-2) 

-- If Eqn. (2-1) desc:tibes an elementar~ reaction step, ,then 

the Y'x and Y"x' exponents in Eqn~ (11-1) are identica·l ta 
, 

v~K and v"K' r
c

espective1Y. However, 'it.is more usually the 
. \) 

case that Eqn. (II-lh rep:resents an empirically observed 
• • f . 

rate law for the overall reaction, a' so-ca1.1ed "global" . . ' 
approximation fo~ a mu1ti-step reaction. Then, y'~ and y"X 

are regarded as non-negative, empirical1y determined constants. 
'-- o , • 

Thus the reaction is of the order y' K .~ th respect to species 
~ 

,; K for K";l, ••• , r, and the overall order of the reaction for 

the forward and reverse reactions respective1y, is r f and rb' ... 
,,'defined as 

'r 

r f = L'~'K 
,K=1 

1 
1 

___ ~--:, _____ ~ ________ -~_,.,." - _. ï-~; 

~ ~I ,~f1. 1 
11$ ab 
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1 • 

lb is 

hand side of ti(qJt.. (2-26a) 

purpose, Yx and Tare expr 

Eqns. (1-7), (2-~O) and (2-23). 

only of temperatu~e, wEST may 
r.I' 

Eqn. (18)], . ~ 

1. f' 
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functions 

suming 

J.t as [23, 

, i , . \ 

the right-

For this , 
through 

function 

1 

(11-4) 

wpere T is the 'adiabatic f1ame tempe rature an.d (l is a -', œ,a . 

number between 0.5 and 1 [23i. ... , 

1 • 
Since·it is assumed that the entire mixt~. the 

" , 
perfect gas 1aw:' 

~ , (II-5) 

b 
(R is the 6as constant where the 
average 

(I):-6) 

Hence, p can be exp~esseJ also 'as a function on1y. 

resHon for the side of 

Eqn. (2-26a~,is: 

'. 1 

t ' 
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~rK] 
.... 

r 

[ ~f (Tl 
poW = (K2) f r ( aKwK 

- 1 - (11-7) .- ' ·2 2 K~l GWtota lY KI • Gm Uo 
- ' l 

;,~ere the1aek readtion is not i~d and the exponent yaK 

r~ Eqn. (Il .... l) will be eonsidered t(f~be ~dEmtieal to v' K" 
// • __ ,1» 

, The overall order of the forward reaction then becomes: 

1 

/ 
1 

v' " 
K 

( 11-8) 

• 

~ . 
,1" 

Eqn. (11-7) is i~ dimensionless form. The constant K and . , 
the dimensionless specifie reaction rate- function Pf are 
~ \ 

defined in terms of previo~sly introduced physieal parameters 

as follows: 

i = [ 

r 
n 

K=l 

W(O) , 
p RT* o 

• >< , 

(11-9) 

(11-10) 

(II-11) 

,\ 
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Sinee Eqn. (1-9) shows that aKwK ~ GWtoh1 YK* for 

, K=l, ••• , r 'IIi th equali ty hOlding for sorne ~ in this range, 
. 

we ean have K=l, ••• , s speeies for which a'KwK = GWtotal YK* 

where 1 .s. s ~ r. If s < r the fresh mixture is not in 

sfoichiometrie proportions and ~WK > GWtotalYK* for 

.K=s+l, ••• , r. We then, define the number v as the reaction 

arder relative to the co~sumed species: 

Eqn. (2:-26a) , 

~ 

therefore 

s 

v = L V"K 

K=l 

may be written 

r 

T' (Z;) - T" (1',;) . = {KE} f 
2 

U o 

where lI(T) is defined as: 

1 

lI(T) = 

" (11-12) 

as, 

1 

/ , . 

li (T) (-T) v (2-27) 

(2-28) 

With the expression on the riqht-hand side of Egn. (2-27) 

1" ~ rf 2 beinq replaeed by A~{T), where A = (Rp) luO is the eigenvalue . ~ 

deflned in Egn. (2-30) and ~(T) 18 the non-dimensional reaction 

, . 

-------------...-----_._-- ~ . . - ~ - 1 .. 
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A 

rate function, the boundary value problem in Eqns. (2-26) 

was shown to become: 

T"(t) - T' (t) = - A' ci') .. 

T,O) 
.. 

= Ti 

~ 

TI (0) = 1 + Ti 

T(oo)' = ° 
." 

~ 

'where Ti i8 the non-dimensional ignition temperature. 

In order to formulate the eigenvâlue ~olution, Eqns~ 

(2-31) have ta be reduced ta a first-order boundary value 

problem using the.following transformation: 

(2-31a) 

(2-3lb) 

(2-31c) 

(2-31d) 

(11 ... 13) 

1 
'. > 0 and may be finite or infinite. 

i 1 J 
The interva1 0 ~ r; < t. 

i8 mapped onta the interval Ti oS. u < o. Let 

yeu) = TI(t) 

... 
It can be shown that v(u) > 0 if T. ~ u < ° 

1 

(II-14) 

and so 

, " 
l J 
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~= 1 .. 
vrur if Ti ~ u < 0 

~ l Hence, 

u 

=1 du .. 
~ u <10 r; vrur Ti 

T. 
(11-15) 

1 

,1 

It fo11ows from E!qns. (2-31), (11-13), (11-14) and (11-15) 

that, v(u) is a continuous1y differentiab1e funètion of u 

which satisfies the first-order ~undary value problem: 

VI (u) A'l'(u~ 
= 1 - v(u) " (Il-l6a) 

(II-l6b) 

v(O-) = 0 (11-16c) 

Upper and 10wer bounds for the eiqenvalue A will now be 

âerived. They provide a method for numerica1 computation of 
'. 

approximations to A along with bounds for the error. Eqn. 

(1l-l6a) can be written, 
il 

(v-u) • = - -v 

-------------------,- Qi . 
,",------
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Multiplication by 2(v-u) yie1ds, 

... 

Inteqratinq and usinq ~oundary conditions, Eqn.s (I1-16b) 

and (II-16c), we obtain the relation, 

o 

- -\ 

\ . .1 

2AJC [1 -V~)] '~(u)du - 1 

Ti 

. (11-17) 

Multiplication of Egn. (11-l6a) by 2vè yields the 

equation, 

-{ dn -1 dn 
vrnr 1 vrnr ' 

[e Ti 
v2 (Ul] -2Ae 

Ti 
, "Cu) "" 

Inteqrating from Ti to 0 and using boundary conditions, Eqns. 

(I1-16b) and (11-169) , we obtain a s~ond Integral relation: 

" 
dn 

V11iT 
. " (u)du • (1 + Ti )2 (II-18) 
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Sin,~ v (u) > 0 and '1' (u) > 0 for Ti < u < 0 , the substi tution 
J 

of an upper bound for v in Eqn. (11-17) yie1ds an upper bound 

for A, whereas the substitution of an ,upper bound for v in 

Eqn. (II-l8) yields a lower bound for A. 

Now according to Eqn. fII-l6a), v'eu) < 1 if Ti ~ u < 0 

and it follows with the use'of Eqn. (II-l6b) that, 

v(u) < 1 + U if 
" ' 

T. < u < 0 
1 

./ 

(11-19) 

Hence 1 + u i$ an upper bound for veu) and can be substituted 

in Eqns. (11-17) and (11-18) to obtaln the inequa1ities 

A- < A < A+ / 

(2-33) 

where 

[2{ dU] 
-1 

'V(u) / 

A- , 
(2-34at = 

(l+u) 2 

) 
[0 rI A+ = 2 t Vl~~ du 1 

(2-34b) 

J 

are the lawer and'upper baunds respectively for the eigenva1ue A. 

A FORTRAN program was written for the integration of 

Eqns. (2-34) ta solve for A+ and A- in various cases described 

/ 
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in Chapter V of this thesis. The numerical integration 

scheme used was the three-point Newton-Cotes formula better 

known as Simpson's method. 
'\' 

For the case of the laminar flàme propagrtion in a 

combustible mixture with water droplets, the governing 

differential equation and boundary conditions were shown in 

section 2.4 to be: 

T' (P - Tn(l;) = ZpoW 
JlÛ2 (2-83a) 

If 

T' (0) = G + T(O) J (2-83b) 

T(OCI) = 0 (2-83c) 

The above equations are similar in form to Eqns. (2~26) 

of a mixture, purely gaseous with no water 

As a result, the procedure le1dinq 

sions for the higher and lower b~unds of the 
" 

eig~nv~lUe (Eqns. (i'""!'à~tr' shown at the end of this appendix) 

is exactly the sarne a~ain, except, for minor changes in some 

equations discussed previously in this appendix and those will 

now be shown. 

The form of, W, ,the chemica1 ~e function, for J forwârd 

reaction only, was shown in Eqn. (II -1) to be: 1 

., 

.. 
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. 
w= 

A1so, considering a stoichiometrio co-.position, Eqn. (1-9) 

becomes: 

.' 

Then, from Eqn. (I-7al it- fo11ows that: 
;0 ~. 

(l'1-20) 

Whence., 

'p J (-Tl 
-g-.."z"--- Y K * (11-21) 

where use has been made of the definitions for Z, YK and G, 

with the water drop1ets inc1uded, in Appendix 1 (Eqns. (1-14) 

and (I-15» and the result, Y*(X) ~ ~(X) = 0 obtained in 

Eqn. (2-82). Substituting the expression for YK above 
• 

(Eqn. 11-21), in the equation for w, we have: 

(11-22) 

1 -. ....,.-..-._. ______ J-.....,;"... ..... 
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\}. 

Which in turn is then used on the riqht-hand side of the 

governing differentia1 equation, Eqn. (2-83a). 

The equation of state app1ies of course to the Igaseous 

part of the mixture only and th us assumes the ~ollowing fo~: 

or ! 

ZpT = t = constant 
il (<<-23) 

Where the average rnoiecular weight, i, is now defined as: 

(11-24) 

~des., in Eqn. (II-4) it, is now PgD p.nd not PD 'which is used 

as a function of the temperature. -...; \ 

Similarly tO'Eqns. (11-16), the boundary value problem 
. " 

described by Egns. (2-8'3) ,is transformed into the fOllowiog 

l,st order governing differential equation and boundary cohditions: 

v' (u) == 1 A ut (u) 
- v(u) (11-25a) 

(Il-25b) 

--"'"---------------------- .. '" J, " -r . - ~._~--
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(I1-250) 

where 

a == 
G 
"3 • a ~ 1, 

Repeating the procedure in Eqns. (11-17) - (II-19) and 
1 

realizing that now the upper bound for v(u) is a+u rather than /' 

1+u by using the boundary condition in Eqn. (II-2Sb), we 

obtain the f0110wing expression for the lower and upper bo~ds 

of A: 

dU] 
-1 

'Y (u) 

(a+u) 2 

, 

~< [21 
Ti 

, 
. ] -1 

'Y(u) du ' 
a+u 

Eqn~~~2-84) were integrated numerically Wi~~n a modified 

numerical scherne which inc1uded the effect of water sprays 

(seeosection 2.4) • 

.. 

" 

(2-84a) 

(2-84b) 

/ 

------~~~--------------~----~-----~; - .. ------._.:-;---::"~..-,.-~~; .. :------
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APPENOIX III 

GENERAL SPRAY STATISTICS 

The term ·spray" ia defined here,to include all'such 

, systems in which therè are so many particles that on1y a 

'''', statis~~al description of their behavior is feasib1e • 

, , 

" 

. A :S~tistica1 descripti"on of the spray should be given 

by a distribution function 

f{r,x,v,t)drdxdv 

which is the probable number of particles in the radius range 

dr about r located in the spatial range, dx about x with 

velocities in the range dv about v,at time t. Here dx and 
1 

dv are abbreviations for the three-dimensional e1ements of 
fi 

physical spaceJ and velocity space, re~pectively. 

The droplets are assumed"to be spherical, thus one 

parameter r is sufficient to determine the size of the droplet. 

I~te9rating the function f over alI/the velocity space: 

00 

H = J f~~ 
o 

(111-1) 

we qet the number ~f droplets per Unit volume per unit range 
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n 0 

of'radius and integrati~9 H over all the radius range: 

CIO 00 00 

n l!!: J Hdr := J J fdvdr 
o " 0 0 

results in the number of droplets of any size, r, per uoit 

volume. Various functional forms for H were suggested and 

one which agrees weIl with observed size distributions for' 

real sprays and simpl~iesoman~ theoretical computations is the 

génerali~ed Rosin-:Rammler distribution, first proposed by 

Tanaswa [10, Chpt. Il; 63-65]. 

For formulations which have successful1y yielded results, 

the statistical assOmptions are highly restrictive and exclude 
, . 

effects such as drop1et snattering, coalescence, nucleation, 
. . 

de formation , e~c. [10, Chpt. Il;" 31, 33, 60]. In this work 

consideration,will be restricted to dilute sprays (i.e. the 
" . 

ratio of the volume occupled by the condensed phàse to the 

. ' volume occup~ed by the gas must be small), hence collisions 

between droplets do not exist. Furthermore, the'droplets' 

velocity relative to the gas is small 50 that nucleation or 

parti cIe break up are absent. This means the ratio of the 
'J 

dynamic force to thè surface tension force which ls given by 

the Weber number [10, Chpt. Il), 1 
I~ 

" , 

l' 
i 
1 
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We (111-3) 

• 
here, s is the surface tension of the 1iquid, Pg is the gas 

- .-
mixtùre density, v~represents the droplet"velocity and u ls 

the velocity of the gas. When We « 20, droplets are near1y 

~pherical as ~ssumed in 'this work; ~s We increases, the 

"drO~lets defJrm and eyentually break up at\ We cr 20. 

Essentia1 to aIl of these treatments are explicit or 
'! 

implicit statistical hypotheses which permit the deduction of 

spray behavior from sorne known properties of single partic1e~ • 
.. 

o In th~esent' research th emphasis is on the steady state, . 
r 

spherically-symmetric evap of a single droplet in a 

Jquiesc~nt atmospherè (see 2.4), a phenômenon understood . 

comparatively weIl [33) a d encountered in heteregeneous 

burning,iRveètigations [10, Ch~. Il; 23, Chpt. XXII;,60). 

" \ 

• 
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APPENDIX IV 

SAMPLE COMPUTER OUTPUTS 

IJFor a flame Sample program 

mixture without water spray. 
o 

, 

in stoichiometr\cH2s~air _ 

It calculates ~ the value for 

B)f which will g'ive th~ experimental value of 1 U o as an average 
+, 

between Uo and ~o ,,1 

'J , 

Sample. program 2: For ~ jlarn~ in stoichiomètric H2s-air mixture 

with ~ter spray, p = 1.09 mg/èrn3 , dO = 52.5 ~m. It uses so 
the value of Bf calculated in sample program 1. 

'\ 

J 

" 

l 

, . 
" 

.. 

, 



.--~- )= ''''''''''* .4 

;~:: 
.... ';... 

y,fi 

'1 
--~ 

... 

,........: 
,-' 

r~ 

1 
.SATCH WÀTFIV M~550~1 t07~-2~-~4 V.'1I.1NCL'R - ~ -- - --,-----r 
.***** •• *.** ••••• *.* ••••• * •• * •••• *.* ••• *~ ••••• * •••• * •• * •••• *~ ••• ** •••••• !** ••• 20: 31 79/325 

~ ri 

i . 
! 

J 

1 

1 
J 

1 

1 • 

{ , 
1 

1 

1 
2 
3 

" 
-

5 
6 
7 

8 

9 
10 
11 
12 
13 
1. 
15 
16 
17 
lI'\ 
19 

'" 

SWATFtV 
C 

.TIME=~O.PAGES=100 f 

'C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 

IC 
C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

••••• ~* •• ** ••• ** •• *.*.*.* •• ** •••••• ** •••• * •••• *.* ••• ** ••• 
.BURNING V~OCITIES CALCuLATIONS OF H2S-AIR LAMINAR FLAMES 
•••••••••••••••••••••••••• * ••• * •••• ** •••••••• ** ••• ****.** 

THIS PROGRAM SOLVES TH~ EIGE~ VALUE PRO~LEM FOR THE OURNING VELOCJTY 
OF /Il LAMINAR H2S,-AIR FLAME AT STOI"HIO"lETRIC CC~POSITION. " 
IT INTEGRATES THe BOUNOARV V.tt:LIJE EQUATION PROCËED ING FROM THE_ COLO 
SOUNOAPY WHICH IS AT IGNtTIO~ TEMP. UP TO THE HOT BOUNDA~Y BEtNG AT 
THE ADI"!3ATIC FLAME TE~P.. , 1 

THE INTFGRATION rs P2RFORMEO TWICE AND kESULTS. IN UPPER AND LC~~R 
ROUNDS F~R THE EIGF.~ VALUE FRO~ .HICH TH~ CORRESFONDIN~ BURNING 

~ VELOCtTIES A'~E DETERMIN~O. c 

IT REPE"TS THE INTEGRATtON FOR FOUR OIFFERENT (GNI~10N TEMPS. IN AN 
INCR~ASING OROER. 

,~igg~~p~i~~rAA~~ .. ~rTJ~C~Z!~GT6~;LT~gL~~~Dr,..~c~!~~~~~i~ROPLET INITIAL 
CIiLCULATICN AND DéFINITION OF THe MIXTURE Tt1EH~OCtiEMICAL PROPlf:RTIES 
FOLLClWS. < 

••••••••••••••••• *** ••••••••••••••••••••• ** ••••••••• **.*~ •••• * ••••••• *. 
IMPLICIT REAL.BIA-~.b-zJ 
DIIoIE,,"SION VRIIO',H(10).W(lO).V(lOJ,WSPEC(lO',HF(lOI 
RE ~D C "i. 1 ) l'IR ( 1 ) • H (1 ) • "" 1 1 ) .1 = 1 • ~ ) 
FURMAT(.501:>.3' 
WRITE(é.14) , 
WRlTF(6.15' 
DATA R.RI .CP.TC.TF.qO.P.TINIT~1.9B6400.~2.05700 •• 2805DO.2.6930-04, 

*2069.200.2.5DO,I.00.298.00/ , 
DATA w~F.AC.WPROD.4,B.Av~nR,4vMOP.vTR.VTP.SUMH.SUML/10.O.1 

" CALCULATlùN OF THE CO~BUSTI0N REACTANTS PROPERTIES. 

Da 21=1.2 
W')D.ECC 1 )=\lR( 1 '_If( 1) 
HF 1 1 ) = H ( 1 ),. weI ) 
VT~=VT~+VR(I) , 

2 W~EAC=.RE.C+WSPEC(l) 
PF.:A.CM=I.OO 
00 31=1.2 . 
Y(I)=W~PFC(l)/W~EAC 
AV~OR=~VMC~+Y(l)/W(l) _ 
REAC'o1=PFAC"'. ( y( 1 )/W( 1) , **VR (1» 

3 A=A+Y(t).HF(ll 

'CALCULATION 1F THE CO~BUSTI0N PRCOUCTS P~OP~kTICS. 
-. 

20 00 41=~.4 
21 WSfJECn)=VI./II).WCl) 
22' HFCl)=H(IJ/W(I' 
23 WPPOD=NPROO+WSPECCI' 
24 4 I/TP: VT~ItVR ( 1 ) 
215 00 51=1,4 

_ '--~2f) 'fTT1 :"'<;P~CTTTr.mF."AC- - -----

( 

~,;rll7 pr_r '7 1; tpn 'tr 7 r PTS. Iilll p' " , .'U. r 1;hmoiur. i _ if 1* ! " ,.,. 

c-

e 

s 

SAM€'PLE 1 • 

-'fi 

C> 

1 - --- , , 

"" 

l 
1 

.,---/' 
~. 

J 
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,'1 1 

'",\ 1 

1'.1 ;..>, 
:t',j 

J 

l, 

27 
28 

29 
30 
:'1 
32 
33 

. 34 
;$5 " 

36 
37 
3ft.., 
3~ 
40 
41 
42 
43 
44 
45, 
46 
47 
.$ 
49 
!5{1 
!SI 
52 
53 
54 
55 
5.6 
57 
58 
59 • 
60 
6l 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 

1 7. 
1 75 

C, 
C 
C 

e 
c 
C 
C 
e 

'e 
C 

AYMOPaAV.OP+Ytl)/WCI' 
58WO+Y(I'*HF(I' 

TOTAL HEAT RELtASED PER GRAM OF COMBUSTION ~EACTANTS. 

Q=Â-B 
O=I.OO-5.72DO*28.DO/(wREAC+S.7~OO*28.DO' 
WINIT=(WPEAC+S.7200*2a.OO,/(VTR+5.72DO' 
WFIN=(WPROD+5.7200*2S.00'/(VTP+S.7200) 
Cl=G*Q/CP 

fi" 

DENSf=( p*,. l'NI T) /( RI. TIN 1 T) 0 

Ss(TC •• ~EAC*REACM.G •• (RO-l.DO)/(O~NSE*DENSE.CP*TF".*(I.DO/~O)*WFI 
*N/Rl 

SECTION 2:~MF.RICAL INTEGR4TJON OF THE EIGfN VALUE EQUATION AND 
CALCUl~TIO~ OF UPPER AND LOWER ~OUNOS FOR TH~ bURNING VELOCITY. 
.*.***.***.*******.**.**.* ••• ~ •••• * •• *.* ••••••••••••••••••••••• 

N-. E-26000.00 
X-.OIOO 
M"45 
Z=-.90:) 
00 13.1=1 •• 
UI=Z ~ 
-DO 111=1. M 
IF(N.EG.IJGO TO 7 

!'> Nt2 ...... 
UlaZ+(2 .... 1-. )t-x 

7 WU=l./(G*OI*(AVMOP-AYMOR'+l./WFIN' 
T=Cl*UI+TF 
RATE=OEXP(-Ë/CR*T,) 
FUIHE(~ATE*(-UI)**RO)/(l+Ul) 
FUIL=(RATE*«-UI)**RO)/«l+UI'*(l+UJ') 
GO T(I(6.9.10'.N 

ft SU"'H=SIJMH-tFUIH 
SUML=SUML+FUIL 
GO TI:'I fi 

9 SUMI~SUMH+~.FUIH 
SUML:SUML+4*FUIL 
J~(I.EQ.~'GO TO 12 
UI=Z+~.I.X 

10 

11 
12 

20 

N=3 
GO TD 7 
SU~H=SUMH.2.FUIH 
SUML·SU~L+2.FUIL 
CnlIITIIIIIJE 
EI~E~H=I.rO/(2.DO*~/J.OO*SUMHJ 
FIG~NL=I.DO/(2.DO*X/3.DO.SUML' 
1 F ( J • 'Ho • 1 ) GO Tn 20 " 
BH=DS()~T«S"P)"'*RO/EIGI:;"'H) 
BL=DSQ~T«S.P)**R~/EIGENL) 
F=(84.nO/(AH+BL"**Z 
SCALE=~.F~~(l.DO/Rtl) 

BH=OSOQT«($CÂLF*P'**RO/~IGENH' 
AL=OSa~T«SCALE*P)*.RO/EIGENL) 
T=C •• -?+TF 
WRITE(6.16)TF.T.EIGENH.OH.EIG~NL.BL 
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'16 
TT 
'1S 
'19 
80 
81--
82 
83. 

8~ 

8'5 
86 
81 
8S 

('\ 
~.Y' 

~. , ., 
~ 

TRVING ·THE· NEXT lGN1T~ TEMP. AND RE1N1TIALlI1~G THE PROPE~ VALUES. 

Z .. Z+.tDO ~ "'-.,.-5 1 

N-l 
SlNlf=OéD-O • 
SUNL"O.DO 

13 CONTINue 
WRJTE(6.17) , 

14 FORMAT(t1'.41X,'TH: BU~NING RATE OF STOICIHOIolETRIC H2S-AIP FLAMES' ..,. 
15 'FORMAT(///.4X. o FINAoL TEMP.(K)' ,6X.·IGr.ITl'lN T~"'P.(K)',7X.·UPPE~· I:!O 

.UNO', 'Jx.'aURNING RATEtCM/S)·,lX. 'LO.FR O:JONO". 8X."I:iURt.lNC. "ATEte 
*"'/5)1) 

16 FopM~Tr//5X,012.5.tx,5D22.10' 
11 FORMAT(' 1 • ) 

STOP 
END 

.OATA ..... 

" • 
j, 

./ 
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~ O. 0 1 

~·f 1 :{f. 1 

~ 1 

'* 

t THE BURNING ;~;~ QF STOICHJONET~I C H2S-AI R FLANES 

,"i 
$~ 

... 1 
~~ ' . 

. 1 

.,j 

. [ 
.-' i' 

>-,1 , ~ .. 
• 

<.T
l ! 

;tl· , 

·~t·;î ,o, 1 
, ! 

1 

1 

" 

FrN ... ~ TEMP. (K' IGNI~ION TE~P.'K' 

0.206920 04 0.28926195300 03 

0.206920 04 0.48703204710 03 

0.206920 04 0.6648037412D 03 

0.206920 04 0.68257463530 03 

1 

) ~, ....... (, 

\ 

- UPPER SOUND BURNING ~ATE(CM/S) LOwER &Ol."O 

0.1650821098D 06 0.3e2,4e.397ôO 02 0.ii!)00 ••• 32D 06 
., 

o ~1650à211Z90 06 0.382146.3<#4ID 02 0.11500445100 06 

0.165088969.00 06 0.3B2140458d~02 0.115016Z2~20 06 

O.IE5S199164D 06 0.38164266430 02 0.11557927780 06 

~ 

J 

" 

,1. ~--
: Îlë 1 $.: , 
_ lI'511T 01*' HU 7gr7J?[~ ; pun.Ii.' lin lU rI' 1 n 1 nwo 19 'W fi 7 

1 

eURNI"~ ~~T~(CM'S) 

0.4~7~~16024C 02 

0.4578a158690 02 

0.4!7BZeI433C 02 

0.45671161850 OZ 

,.. 
,:w 
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'C 
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C 
C 
C 
c 
c 
c 
c 
c 
c 
C 
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C 
C 
C 

C 
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THIS PkOGRAM SOLVES THt. EI(,EN VALUE PFiOOLI:M FOR THE. aURNING VELOCITV 
OF A LA~INA~ H2S-AlFi FLAME AT STOICHIOMETRIC COMPOSITJON~ 
Ir INTEGRATE.S THE eCUIIID"AY VALUE eaUATICN PROCEEOING FROM THE CaLo. 
aQUNO"~v wHICH IS AT IGNITION TEMP. UP TO TH~ HOT ~OUNOAkY SEING AT 
THE ADIARATIC F~AME TEMP •• 
THE INTE~R4TION IS P~RFOR~~D TWICE AND RESULTS IN UPPER AND LCWER 
SOUNOS FO~ THE EIGEN VALUE FROM WnlCH THE CDRR~SPONOIN~ ~URN'hG 
veLOC 1 TI c S ARE DE TE RNI Nf 0 • 
IT hEP~AT~ THE INTEGRATION FOR FOUR D[~FERENT IGNITIUN TEMPS. IN AN 

INCR~ASING OROER. -

\ 

SECTIC"'I , :OATA INPUT INC.LUOING THE TWO STUO'" V"RIA~Lt:S:UROPLt-_T INITIAL 
RADIUS.RO(C~) AND WATER SPRAY TOTAL VOLUMt INPUT.VS(CCJ. 
CALCULATION AND DéFINITION OF THE "lIXTURE THE.k~OCHe:MIC4L ~J.!CPERTIes FOLLe_s. 
.......................................... * •••••••••••••••• , ••••••••••• 

I~PLIC'T ReAL*e(A-H,O-Z) 
DIMENSION VRC 10'.HC 10' .W(10' .ye 10' ,w_SPEC-CIOJ .HFClCJ. 
RE'CCSt1.(VR(lhH(I),WCIJ.I=l,4J ' 

1 FOR"''' T( 30 1 O. 3' 
WRlTE(6,14' 
WRITE (6 .15' 
DA TA R. Fil .P • TI NI T .CPV .C PL .HFti • R 0.11. 9t1640U .IHI. 0 5 700 • 1 .00. 2 ~b .00 • 

•• 59DO.l.0~,S39.DO.2.5DO/· 
DATA VOLTOT.VOL~FF.VLAMOA.~OW.T.~OSAT.ROGAS.TAce.TIM~.I4~Hb.t~o • 

• 32b4.SuO.2.7SD-04.1.00 •• 972DO.1.188D-C3.20Q9.2UO.2.S0_C4.1 
CP"".280500 
TC=!h 5920-04 
RÇ=2.ô25D-C3 
VS~5 .00 

\:1 

DATA ~~EAC •• PROO.".B.VTR.VT~.SU~H.SU~L/ o~o.cù/ 

CALCULATION OF THE CU~OUSTION kEACTANTS PROPERTIF.S. 

DO 21=-1.2 
WSPEC(ll=VRCI).WCIJ 
HF ( 1 ) =H 1 1 ).1 .. C 1 J 
VTR=\(TIHVk (1 J 

2 WkEAC=N~CAC+WSP(C(IJ 
hEACM=l. 
DO 31= 1.2 
Y(l» =wSPfC 1 1 )/WR~AC 
HEACM=-R:':'AC"'. 1« YI 1 J Iw( 1) )t·.VR( 1» ) 

3 A="+V(J)*t'F(l) 

CALCULATIUN OF THE COMaUSTlON PRCDUCTS PFiOPEHTlt'S. 

~ 

-~ .. 

SAMPLE 2 

C' 

24 DO .'=3 •• 
2~ .~t.t 1 ,-=vrH 1 ,.wC 1 , 

~'~_I rrrrmft.liIirf iWtth&#'r."liIilllli· ........ .,-lmmr!rm 'fm.m •• ,r liUIiI. 7fi iii r .'111: ml ;,. '.Iii"« peUH 
fJ • ( 
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33 
J4 
3. 
36 
,;17 
38 
39 
"0 •• 42 

:1 
45 
46 .,. 
48 
-.9 
50 
5& 

52 
53 

54 
155 
·56 
57 
58 
rte 
60 6. 
62 

63 
6. 

• • ;"" r"'--'-~.",,,,,,,, ____ ,,,, __ 

\~ 

C 
C 
C , 
c 
c 
C 
C 
C 
C 
C 
c 
C 

.: 

C 
C 
C 
c 
c 
c 
C 

. . 

HFel)-HIIl/WCI, 
WPROO-WPROD+WSPEC(J' 

" VTP-YTP+YFd 1 J 
DO 51=3.4 
Y(IJ=wSPEC(l)/wREAC 

158=B+V(l'.HF(l) 

TOTAL HCAT RELEASEO PEH GRAM CF COMBUstiON REACTANTS. 

Q=A-fI 

... 

SECTION 2:CALCULATlON OF WATER SPRAy eVAPGRATIO'" PARAMETEFOS INCLUOI ... G THE 
INITIAL AND FINAL GASEOUS MASS FRACTIONCZO AND IF RI:SPI!CTlVELVJ. 
ALSO CALCUI.. ... TEO 15 THE I,.,.LUE.NCE CF THE EVAFCkATlON ON THE. Pt1YSICAL 
PROPERTIES OF THE MIXTURE. ••••••••••••••••••••••••••••••••• ** ••••••••••••••••••••••••••••••••••••••• 
XI:VLAMOA.OLCGC1.oO+CTACB-373.CO).CPV/hFG'/(CPV.ROSAT' 
RFaOSQ'HtRO*R O-2*Xl*n ME' -
FIUVAP-=l .CIl-fRF/RO .. *3 
YOLSPR'VOLEFF/VOLTOT~VS 
WVAP:F~AVAP.VQLSPR$~owAT 
ROSPR:HC __ T.VOLSPR/VCLEFF 
.INIT='WR~AC+5.12uO.28.00)/(~TR+S.7200) 
ROGAS=(P.wIN1T,/(Rl*TlNl T) 
ROTOT=kOGAS+ROSPR 
ZO=HUGA SIRO TOT 
ZF=ZO+~VAP~CROTOT.VO~EFFI 
YJO=~.7200.26.00,(wREAC+5.7200*26.00' 
G:;zo*t 1.Oo-VIO) 
WTOT At.."'wRE AC/ G 

" 

VAPMOL=IlTOT AL.. CZF-ZO ./18 .DO -
WFIN"'( IIfPROO+ 5. 720 04128.0 O+VAPMflL.*l 8.00 ) 1 NTP+!).7200+VA,PMIlL' 
ENTLOS: (ZF-ZO )*HFG+( 1.0o-Z0' ,.çPL*( 373.0 a-Tl NI T) )' 
CPF =Zù*CP+ (ZF-ZO) .CPV 
Dl.OS~"'C 1.00-Z014CP~.( 373.\JO-TI NI T)+ (ZF-ZOJ. (HFC;-CPV*j73 .00 I-C;P*T IN 

.lT*ZO . 
~F·(r..a~OLOSS)'CPF 
Cla(~*~ENTLOS)'CPF .. 
seCTION J:NUNERICAL INTE~RATlOt\ OF THE EHiE." VALUE fl)U"TlOtl AND 
CALCUI.ATION OF UPP~R AND LOwER 80l/lllDS fOk nit: ~H~N[NG VE=LOCITY. ••••• * ••••••••••• * ••••••••• *.* ••••••••• *.* •••••• *.~ •• *.~** •••• * 

F=2.86253883395~554013 
N'SI • 
e-260QO.OO 
)Ca.OlUO 
"-45 
l"-.~DG 
BJaG-f,HTLQS/C 
Al.sGIUJ 
s= CT C •• HEAC*REACM, C ROTOT *ROTOT tCP!'- *TF *SJ,) •• ' L.lJO.l~O) 

•• wr 1 N.BJ/( Rl.ZF' 
SCAL f=S*F .*( l.OO/RO» 
00 13.1-1 ... 
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67 
68 

t: 
7' 
71 
73 .,. 
75 
76 .,., 
78 
,7 fi 
80 
81 
82 
83 ,. 
as 

f t 
86 
al 

, 88 
a9 
90 
91 
92 

93 
9. 
9S 
96' 
97 9. 9. 

100 
lOI 
IGZ 

.O~ 

10. 
lOS 
106 
107 
108 

" 
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,~-
... 

C 
C 
C' 

UI-Z 
DO III-l.M 
tPCN.eQ.atGO 10 7 

6 N1=2 
UI-Z+C2.'-1 J.X 

7 T-C"Ul.TF 
"RATE-OE,xPC-E.lCR*n. 
'FUIHa(RATE*' -VI '''RO./ (Al +U U 
~U1L='RATE*t-U1J •• ROJ.I«(Al.UIJ.(Al+U'JI 
GO TO(8.9110),N 

a $UMH=SU~H.FU1H 
SUML=SUML+FUIL 
GO Ta 6 

-9 SUMH::SUMtH-4*FUIH 
SUML=SU~L+4*FUIL 
IFCI.eo.M)GO TO 12 
·Ul~Z.2.1.Jt 
N=3 
GO TO 7 

U SIJMH=SUMH+2tFUIH 
SUML~SUML.~~UIL 

11 CONT lHUE ~ 
12 e IGe,... .. 1. DO .... ' 2.DO*X.I3.00.SUMH) 

E IG-E~= 1.COI (2.DO*X/3.DO*SUML) 
8H_OSURT'CSCALe*p) •• RO.lEIGENHJ 
8L=DSURtC' SCALE*P ••• RO .... e:IGENL) 
-T-Cl*Z+TF 
WR(TEC6.16)TF.T.EIGENH.BH.eIGeNL.e~ 

- 't 

TRY''''G lUE NEJCT IGNITION TEMP. AND REIN1TlALIZI,..G THt: PROPSIO \/ALUES. 

Z·Z+.IOO 
MsM-5 
N-l 
SUMH:O.DO 
SUf4L=O.OO 

13 CONTINUE 
II.WM lTEt b. J 8. 
.... PlTE(e..17' 
PRINT.ZF.ZO.G.ROTCT.~OSPR.FRAVAP.SCALe.VOLSFR.VAPMUL 

1. FDRMA~C·l' •• IX,·THE BURNING RATE OF ST01C~lt~ETR'C H2S-AI~ FLAMES' $. 
1$ FORMAT( 111.4X t l FI ~AL TEMP. (IC)' .6X. t l<ihlT 10N Te~. 'K)'. 714 .• 'UPPER tiO 

$UNO'. ~~.·BURNING ~ATE'CM/S'·17X.'LOWER ~OU~D'. 8X.'BU~NIN~ RATEle 
$M/SJ' J r 

16 FORMAT(~""5X.D12.5.1X.5D22.l0' 
17 FORMAt'·,·) " 
18 FO~.ATCI''''''' 

STOP 
END 

tDATA 
'. 
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, .~~.--.---~~~------fA; [ ait UA 4; U $J(j ,... 4"" - __ ........ ~.,... ........ _ ''''' .. !Ii." i$t;l. Il 

,"; Ô ~\ 
,.f -j ~, 
, f .... 
;f,l .. 
;'1 

1 

ft. 

FINAL TEMP.CK) 

0.1'19290 04 

0.179290. 04 

0.179290 o. 

0 •• 79290 04 

t. 

I~HITIOH TEMP.CK. 

0.4.380415640 03 

0.60258744080 03 

0.75137072520 03 

O.900154009tiD 03 

TH!! B\IINING RATE OF SToICHIOMETRIC HIS-AIR FLUes------ -

UPPER BOUNO BURN (HG RATECC'US' LOwER BOUN> 

0.364 .. 638 .. 900 06~. 0.26055063510 02 0.24379227390 06 

O.3644693C0110 06 0.26054865420 02 0.2438060a740 06 

0.36477400080 06 0.26043 ça.. 00 02 0.2 .... 30817 .. 60 06 

0.36$73313280 06 ,. 0.25903788360 02 o .24922345980 06 

1 

1 

./ 

~ 

IlURNlfIoG IiATE(CIV.)' 

0.31857331580 02 

0.31856433000 02 

o .31823677560 02 

0.3J~08295110 02 

" 

r 
1 

. -. ______ ... ~ ... __. ----J 
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