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CHAPTER 1-

INTRODUCTION

[} )t 2
1

- ~

The combustion of sp‘lys of liquid fue]s 1s of con-

siderable techno]ogical fmportance to''a dlvers1ty of appli-

cations ranging front stear raising,.furnaces, space_heating,;‘

d1ese1'engines to space, rocket% 'Because of the importance
of these applicat1ons spray combust1on is respoh/jb1e for a

COnsiderable proportion of the total energy requ1rements of

the wojﬁd . , i

BN

«

i The study of the behaviour of a single drnplet is a
pre- requisite for obtaining an 1nsight 1ntb the mechanism

of spray combustion, since a burning spray may be regardéd

Such study will also provide a better understand1ng of ‘the

parameters governing the design of equipment fq; combustion

”w>

processes.
. Theoretical models of droplet combustion are of

great importance since they give insight intd~the dependence"

of the rate ‘of combustion on the various,phystcal and chemica1
" procésses that ocehr Furthermore they are of great value -

in the design and modelling of spray combustion=systems sinqe

v
LS

- -

L T

as an ensemble -of ihdiv?dual burning or evauorating particles.'.

K
’ - ’
D S —
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1

it permits tho direct ab initio calculation'of the ‘rate of
droplet burning. Consequentiy.a number of theoretical in-
vestigations have been underfaken over the past twenty-five
years in paraluel with_the éxperimenta1 studies. Eﬂ

‘ The tniti:lE:j:j} approach involved a spherlco-
symmetric undé]-b n a vaporising drop]et 1n whlch\ghe
"rate-controlHng process is -molecular di ffusion rather than

chemica1 kinetic factors This model has developeld as a ' %ﬁh ]

. result of L(ork by numerous 1nvestigatov's who have proposed

a number of approaches but which all tend to sqme Kind of.

o I o S R s ®

[

resu1t e/ ' ] J
. General]y,it is assumed that the droplet is spher-
"ical and is a pu‘r,e Jdiquid. In addition, the following as-
sumptions are genera]ly made in the basic model,
- 3 v

(i) The combustion'system has épherical/symmgry.' Thle sphé-
‘rical droplet of radius r, is surrounded byla concen-
T tric flame zone of raq1us Fe- Concentric the

(droplet and outside the ffame zone lies anbther outer

'boundary wh1oh is takensto be at infinite di‘stan?:/e T o o 1
< from_ the drop'let “dnd the composition of which is that
“of ambient atmosphere. ‘ AR
(1%) Fuel vapour diffuses from the drop surface to the flame | \}
front and _oxygen from the . boundary 1n the gmbient gas
A to the flame surface The resulting combustion products
' sliffuse from the flame to the ambient atmosphere. , . °

L ' . . ~



e . :
(iii) Exathermic chemical reaction between the fuel vapor

and oxidant takes place at the surface of stoichio-

metric composition.

o

(iv) Combustion occurs under iso-baric, quasi-steady con-
L ' N : 2 .
. ditions. . A )

i

(v) Chemical reaction occurs instantaneously and the
reaction zone is infinitely thipr—
(vi) Part of the heat of coabustion is transmi%&%d By

conduétiqn to the droplet to affect vaporization

while the rest enters the amb?gg: gas, ///

L}

(vii) The droplet temperétu%e is unifotm and is usually

taken as boil-ing pofnt of the li?:id Tgs although

it ‘ay set as 0.9 Té [23.

(viii) Radiations and thermal diffusion’effects are neg-

ligible. '
&

$

In the aﬁal}ses based on quasiféteady,combustion and
\

infinite kinétics it was assumed that soon after ignftion the
. drop]e; settled down to sfeady—state conditiaons, and indeed
‘experimental ploté of d2 aggin;t t seeméd‘fo confirm this
'sin&; they became' linear after a sho}t.time intgrva]. 1To make

any. theoretical brediction of burning-rate coefficient and
. . . ‘ 3 ‘ .

.temperature and Eomposition field shnrounding a burning drop-

let it is necessary to use the general continuity equations.

g\ '.'l‘l
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deve]oped by H1rschfelder et al. [3]

These equations take the general form: .

Global mass conservation

-g—%’ + ir_zﬁv_ = 0 : ‘(]-])
which reduced on integration, when 3p _ 0
- )
- 2 :
‘.mF = 4qr va = : Constant . | (1.2)

-

« where Mg is the mass flow of the' fuel vapor leaving the sur-
face (i.e. the mass burnfng.rate), r is the radial co-ordin-
ate, p the gas density and v the radial velocity.

Species mass conservation

E 3
2 (ovi) 4 1_{@;’ ovYi _ oDi aYi } L
at ‘ Br ar ) : .
where Yiis the weight fraction, Di is the diffusion co-

4 .
efficient and qi {s the-chemicak rate of formation of species

i, This may be rewritten as . A .
3 (pYi)  4.ome OYi pD 12 { rdyvi
-_— - = Q4 A
L oot frr® or anr ar | - (1.4)
Conservation of energy |
N ' For an adiabatic system this takes the form
3 p»:1 (YiH) 41 or2 pvz,l(YiH'I) - xar, X‘H“i .8y
ot r2 or’ arj . .

where Hi is the entha]py of species 1, X the thermal conductivity

of the mixture and T the temperature.

The equation of motion

3 1 3 (r2®) _ . 3p o ”'6')
Bds S e -

where p is the pressure, normaily it is assumed that combustion

occurs under constant pressure ‘ - »
In the<qua;1 steady State analysis the time dependent

R SN
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terms become zero and the boundary conditions are imposed

on the basis of nggfigible liquid-phase reactions within
. )

" the droplet and completion of chemical reaction étfthe outer,

boundary.

That'is, at r =rt:‘T =T and Yp = YF,L
and at r = ¢, , T = T, and Yo = LIRS A

where Y rand Y, are the mass fractions of the fuel vapor and
N

" oxygen resnectively,

r

Conseauently, the major assumptiqn of an 'infinitely

rapid chemical reaction rate’ is made, that is, the chemical
\ :

reaction rate s npt controlling the rate of disappearance in

_any way. Usually this assumption is coupled with éhe use of

a simplified chemical reaction of the. type
Fuel + oxygen * Products ) V
In this model the flame zone, as a consequence of the

infinite rate assumption, is of infinitesimal thickness and

would thus be represented by a ‘surface rather than\an extended

reaction zone. Generally it is necessary to assure that the
‘ Al

’ ' 1 N [ C
fuel and oxidant diffuse to the reaction zone in stoichio-

* e Sy .

metric proportions and again, as -a consequyence of the infinite

reaction rate assumption, their concentrations become zero at _ .

i

the reaction jnterfdce. When these approximations are made

an analytic soiu;ion may be obtained. The' forms of the final

-~

POV, . - e S

&

L
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equation$ depend upon the exact method of solution and in
particular if fixed or variable properﬁes are assumed. A

: \ ‘ .
typica] and widely used solution based on temperature in- )

£ dependent transport properties is that given by Wise and |
Agoston [4] :
- me =4 o0 1n(1+B) ’ (1.7) (
\ where pis the averaged gas density, D the averaged diffusi- : 1
. ’ N :
: ‘ vity and B {s the transfer number given by ' 1’ 1
L . ' . B = I:cp(rm - L)+ Q Yo,‘mh;l - (1.8) j
. ~ fg , ‘
¢ ‘ . .
_ . which in the evaporation 1imit (i.e. evaporation in hot Eomf
bustion products) becomes
Ky . . N - . ‘
. 5 - CP (T~ TL‘) (1.9)
e /S | A
\ where Cp 1s. the average specific heat, tnthe ambient tempar- \

) ature, fL the temperature at tbe liqqid surface (ﬁsua11y \
taken as the ?oiling point of the liquid), although it may he

set as ﬁlQ'TB;"Q the heat of combustion,hg the latent heat of e

9
. vaporisation unit mass évaporatinq, and 1 the stoichiometric
' mtkture ratio (Yo/YF) ‘Stoich. o o
The quantity of 0D in Eq. (1 2) is.usually replaced, |
assuming a Lewis number (Le) of unity by l/Cp . In which case,

an expression is obtained for burninéwrate coefficient;-K,.

- 4

thus
| | | 8% L
) . -K = —C'P-——pl In{1+ B) .

h ‘__: . . ‘ - - U S g -t e e

(1.10)
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Lt N7
' 'Simﬂar]y exﬁressions have.been derived for the flame
temperature, the mass fraction of fuel vapor at drop]eg surface (n:t)
dnd the ratio of flame radius to droplet radius( g /r' ). Thus Wise ~

and Agoston [4] obtained

o Tes T= @ohel 1 fr-n | ;
N T G 9{1* V0| {u ¥o /1 J (.11 :
e = 1 - {(1f Yo,2/1)/ (1 + B)} " (1.12)

4

Gt & o
B

#

' ;" J}‘E {m( 1+8B )} / ,{m (1+ Yo,m/i3} - (113

. : Y . .
. 1
® . ' B : .

. : Ihevsidhle édherico-symmetric~f]ame model assumes

-y

that A and G. are constant and that Lewis number is unity. The results

obtained thus markedly depend upon the chotce™37 A and CP and since

they both depend on both temperature and compositlon almost any -

' approach is certain to be unsatisfactory. Both A and Cp are usua]ly-
P4

. evaluated on the basis that the 9as compos#&ion is air or nitrdgen‘

~and their values calculatgd at the arithmetic means of T, “and T -,
although alternatively 1 garithmié mean is o}ten used. More sophisticated
approaches have been adopted,thus Sioui and Rob]ee [51 used a computer
calculation of A whilst Amnamalai et al. [6]used a more accurate analytic

\-.‘ +
type calculation.

Other workers have produced alternative forms of Eqs




) 3N
(1.7) - (1.13). Bruzutowski [7] has developed a dimension-
less form of the quasi-steady drop1et\bombustion theory in

which -

wheye MF is the molecu1ar'weight of the fuel,‘ﬁ is the di-

mensjonless burning rate given by BD, +1n (1 +8,) and D

ol
i G st Mmoot Wit

s the dimedsionless diffusional oxidant flux and B is a con-

stant. Likewise he found that

LN
1
4
- ok . .
e _ 1+ (148, ). (1.15) '
r . - .
L, R

.

|  The burnin§ rate obtained by these one dimensional, R ‘ ‘ !
quasi-steady state .analyses is in close agreement with the

'exp;rimenta1 data. [12],However, the tocation of the. flame

* based on these analyses does not agree well with the experi-
‘mental results :'e.g. the experiﬁenta11y observed value of

2\:rC/rL lies betwegn 6-10 for hydrocarbon fuels while the

. 'quasi-steady state analyses pr;dict it between' 25-30. (4]

' ~ In the present s?udy, a neﬁ moaef has been probqsed

| for the burning of a single fuel oil droplét based on one
dimensional, quasi-steady state and molecular diffusion cdn-
trolled analyses. The process is numerically calculated with

. a high speéd digital computer.' The main advantage éf this. o
model s ibat there 15 a close agreement between the calcu-

lated and ihe observed value of the flame radfus.

' * . ' \ *
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ii)

iid)

'iv)
v)

CHAPTER 2 °
| : '
MATHEMATICAL FORMULATIONS

[

The following assumptions are made in,the‘diffusion

The:Eombustion system has spherical symmetry as shown

in Fig.1. .The\spherical droplet of radius‘rL is sur-

rounded by a concentric flame zone of nadius\h:

The fTaﬁe is assumed ;o.be supported by exothermic

" reaction of fuel and oxygen in th‘fIame zone, the

oxidan;¥diffusing in from the outer bound&&y to ther  _

flame- zone whilst the fuel vapor diffusgsvfrom the
droplet,surfacen“ M ' o .
Inside the flame zone fuel vapor diffuses from'fﬁe
droplet surface to the flame zone whilst nitrogen

diffuses from the flame zone to the droplet surface.

. Heat is.transferred by conduction from the flame zone

to the droplet to provide the latent heat of vapor-
| o

.fzation of the liquid surface.
" Thermal diffusion and radiation effects are neglected.

The surface temperature T_ at the droplet is taken -

to be 0.97g (the boiling pdint of the Tiquid),

o 3

N

¥

A

,
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vi) Combustion occurs under iso-baric, quasi-steady con-

ditions.

A

vii) The exgérimenta] value of the flame temperature has
been used for determininézthe burning, rate and the
flame location of the fuel droplet. This conajéion
makes it bossfb1e\t0'3eparate thé region insidg the
flame zone froﬁ that out§ide of the flame zone. 0
' ) First consider the~gove#niﬁg equatibﬁQ of\partiai
pressure concentration, temperature and velocity of the ﬁixture
suf}ﬁupdiﬁg the Qropjeé under these assugptions.. :
7Tﬁe mass tfansfers of }uel Va;or aﬁd nitrogen in the ‘“
flame zone a:é mainly contro11e¢,by the molecular diffusion
due to difference in part1ah,pressure concentration Ficks
law of diffusion for fuel 1nto component nitrogen cou1d be

[

written in spherical\ oordinates as 7]

. , M 'u N 4 ‘ :g
q me - —Dpyy ME Anr’ O 2

. ) # R,T "dr ‘ .

o . . )

if isothermal diffusion s considered where Mg is molecular

’weight of fuel,s Rg the universal gas-constant, ris the radius

, coordinate, P the partial pressure concentration of fuel,
- , R \ o ?
\ o T the average temperature, D the difoSion coeff1cient
— ’ Similar]y Ficks 1aw for diffusion of nitrogen ‘into fuel

cquld becwritten as

) . 2
Ny PENLE
. . . muz., - Dqu %& ~TT a;_& F ]

0 ! "

et L

3 A AR 2 o
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Notice the different subscript on the diffusion co-
. ' |

1

efficient. Now consider a physical situgtjonicalled equimolal
counter diffusion as in Figurghz. Ng and NNzrep;esent the

steady state molal diffusion rates of componeﬁts fuel and S
nitrogen respectively. In this steady-state gﬁkuatibn each . o
mo]gcuie'of fue] js replacéd‘by a molecule of bitrogen, and

vice versa. The molal diffusion r'a'tes‘are g"ivé\n.by

Mg aqr? : ! -
Newm — = ._D L df : 2.3
F Me = TOURN2 BT @ (2.3)
Vo .
S m ‘ aT2 g : (2.4) B
N2 ® O™ TUN2F RY Gr : '
m , L
The total pressure of the system remains constanl at
r N ‘ ‘ . v x
" steady state, so that . | » E - . #
d ’ ,ot ' . ' |
‘ P = PF + Pn2 " . [
|
 dRe ‘dfyy s
Or a— &+ . o—— = ’
: d dr 0
é ‘\
. \ Ny
. od d I ‘
or R, . e : L (2.8

dr dr

|
1
. ~— !

Since each molecule of fuel is replaced by a molecule of nitro-

gen, we may set the molal diffusion rates equat. ' &

Ne = — Ny
or o 4rtdk _ o ‘ agr? dn . )
. PN2 pF ar N RoT  dr (2.6)

where Eq. (2.5) has been used”to express the pressure gradient
of nitrogen component. % thus find that
T ! /

Denz = Onz¢ = O (2.7)

e St A s s . i 7
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The calculation of D may be made with Eq:(2.8). glven below [8]

B

372 ;
T \
D= 435.7 ” vm; 757 ~ _'14_ + _i__ (2.8)
F N2 F N2
‘ ) ' Al
* > . e
where V. and Vy, are the atomic volumes of fuel and nitrogen
respectively.We may integrate the Eq.~(2/./1') beﬁweeﬁ re and L to
" obtain the mass flux of fuel componggf'/c d
! o
,' ¢ 7 IPF)"’C
ZoRamed de . = " d(Pg) (2.9) .
4nDMc o ‘
L (,PF)'.
i .
or 2
. - [
' 0 RmT : ' iy
(P) - (P) _ o'F N N NS A (2.10)
o F Y‘c’ . F Y‘L - 4 w: \ :
: , TOMp re L ‘
- ”J 7
or ‘
mFo DM . (2.11)
T T, = | el (Pele
mr . Ror“(Ure- Ur) T 5
. . R 3
The diffusion of nitrogen inward is given by - N
. i :
Cmyp L DM A APy (2.12)
Ry T “dr -
~ : . . /
!

S s § s B
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=
-t
’/l ’
y ‘ . , -
{ o Since the nitrogen cannot penetrate the fuel droplet, this ‘ -
must be balanced by the bulk mass transfer outward so that ’ A
’ ¢ . * - N : , i K
/ A b he &":“2 s I ’ . ) / . T
. | ‘ k oAy = pNz(ﬂ%l}) . (2.3 S
where v is the bulk mass velocity, outward. . T
Combindng Eqs. (2.12) and (2.13), we find =~ ./ L |
N ‘ }
~ . ;
- _ !
2 . 2> . . L
0 | - ATD Myy T dPyp = - A Py My (2.14) T
R0 T dr . -Ro T. - . ,
§
. } “ ) *
v =0 dPp A - — ¢
T . : 2.15
. Pr2 dr . i . !
. The mass diffusion-of fuel vapor outward .is ,
AN ' . r"‘
O L (2.16)
° / R — — L R
: : R T _dr
o . L4
| ' and the bulk }‘transpo}rt of fuel is - .
; o ' ' ‘. C . C
| ’ ' - C
= ' o Copn “"FZ)\’~ P %rz D dP,, | o
| . AN o s " R (2.7
1" ' .l ) . s . ' ‘\\A‘“\ ' R T P‘Nadr ' o
‘ - t - \\ ' \ . '
‘ n I’ . . . \ . T ¢ “ . .. ‘ '. e a N .
N 1 w




(2.18)

(2.19)

2 R
14 .
. \
The totél mass transport 1s sum of those given in Eqs(2.16)
and (2.17). Adding these\quantities and making use of
Eq.(2.15) gives .
S
. S !
Merotal = = 4nDM r EEE. + Eﬁ 4nD r PF dP N2
T dr R T PN2 dr
or -
, ~_! 5
m S M % | dp P_dp,
N Ftotal = . FOolTF « e
‘ Ry T dr By, dr
' 5 ' . .-
4’ , -
AP " ' \ N
s Substituting Eq.(2.5) into Eq.(2.19)
[} v
m - 4nDM rz dp
Ftotal = F _F ] + r
.”\}\\\ ~ ﬁw T dr PNZ
or ‘ I
. — m, . 47DM r2 P dp
Ftot\al = . F _ F )
: Ry T P-P.dr - 1
Boundary conditfon: S , S
P,(F‘L) = saturation pressure of fuel corresponding
to 0.9 Ty ‘
, i »
The mass- f‘low rate produced by the ‘phase change of Hquid to
<:‘ vapor is given by continuity equation:
i
. ] L

’




o (amp 2 o
*\ , Metotal = - (4TrT) oy drp (2.22)
= ~ [ dt ‘ , Fiis
- P , 8
- \ .
) . 3 4\0 4
and due to conduction heat transfer ' / :
m “(aer 2y i
, Ftotal L x_ (2.23)
’ h de |
. fg . rerg o
1 \ » .
Substituting Eq.(2.5) into £q.(2°21) will yield
] ' ' e a "
) mFt;)tal . tn ot dPyo
— - = (2.24) o
Ro T P-PF dr e < .
Substituting Eq(2.23) and £q.(2.24) in Eq.(2.15) will give
e TRA (r/r)f dT . ‘
o & v o L “-' (2.25)
L] ‘ \ p MF hfg ‘dr rer, :
3% - ~.,J
Qj . . Energy equation in&'steady, one-d‘i\mn’sionﬂ and spherical coordinates
can be written as y \'\
' Cbevdr L ad P
e PP = . ( —)

T dr dr -

-~




-

16 °

. - ! ~
2 # ”
ad (t‘ a7 5 (2.27)°
rdr' dr
o d T + E‘.d_I , (2.28“&;
r dr - ‘
I4 - ~ )
P -
—F—-—ﬁ—‘ :
Cp R0 -
T =.0:9 TB
T Te o
Ar Y .\ '
.) ‘ . ‘
¢ .
"‘ QI V/j?-lu N =
, . . "\
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CHAPTER 3
« \ \
‘ NUMERICAL ANALYSIS L

~
¢ [

- L The analysis of single fuel droplet combustion i's

: N
based on a one-dimensional, quasi-steady, molecular ?

‘ S . A . .
diffusion controlled phenomenon. The solution of the sys- . ' !

tem 1nvoives simultaneous solution of Eqs 2 21, 222, 2.25,

[

2 28, and boundary conditions, Due to non 11nearity f the
. system, the probiem is soi\ed by numerical method. Thi . ,
me thod is ‘based on finite difference techniques which are ' i
- ideaiiy sufted for soiution by means of high- speed digitai o \
. ‘ computers However, before a numericai method can be applied .

/ - ) . to a given Problem, some preliminary steps are necessary N

o ) differentiai equation by’ a set of algebraic equations BT s

This is accomplished by rep]acing continuou54dom§;n by a -

‘ ' ' _‘pattern of discrete points within the domain and Jintroducing

L3

R ) finite difference approximations between the points. .

L4

T ‘ ’ ' The purpose of these preliminary steps is to approximate the
|
|
|
|

To solve this problem numericai]y the flame radius
~ \ . {s chosen initially reiative to droplet radius and the flamg,,

| Zone; i e. the space betweén the fiame surface and dropiet

g

ro surface is subdivided into twent mall but finite

| R sub-vo]umes and each assigned a referenceynumber (Figurel3).

<




dT

The first order differential - is written in central
di fference as follows: | - .
a7 Te1 = T C | o
ri ~H ‘ (3.1) .
-
-~ The second order differential gz_rl; is written in finite- | .
- s difference form as follows: | ‘ o oS
dz'r‘ . = Tig1 — 2T * T[—1 S ) ‘. ‘
A o dri ’ - 2,08 ) p (3 éj . }
) ‘ ' 4
C X 1 i
' Replating the terms (3.1) and (3.2) into Eq. (2.2R) the follow- | A 3
< Ty » . ’ A./‘ 4 N
ing finite difference e‘qua{ion is obtained. ) ;

SR TR Ty Tic) Ty =2+ Ty » Wi 7Ti) (33

, ' ‘ - PR TN =T S |
., . . o4 (rL+ ih)" a ‘ 5

BOUNDARY ‘CONDITIONS

2hT o (r+ ) ef 2 (e + 1h) h
. ' T . v 7 ) ‘ : !
- or sglving for Ti R .
- s . ' M V . ] . . N \ ‘ .
- Ti,zﬂ + 75;1 e Ta-Tq) e ‘ ;
- & —"_"—+ N .
- -2 (gt ) (3.0 %

- T = o.xs T, ’ . ‘
. o) e . - (3.5)
(‘ . ’ «

o= . IR
The precgeeding equétjtsn has been solved by Gauss-Seidel method |
) .The soTution begins with e;s‘sumed vaTt;es of T,° and‘known’
.*(; ' s v'ai'ues at the boundary. The iterative Ed's. 3.4 and 3.5 are used,
. ] o to sweep’\all .nodal point‘s'a‘nd to ;a1cu1ate a new set of vélues

of \'Tl' o « Ahis sequence is a cyclic, sing'le-étép process which .

D
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N ‘ 2 .3
is repeated over and over to calculate successively Ti , T

etc., using in each sweep the known set of temperatures .T'-t to”

i
t+1 i

calculate a new set T , Finally, there obtain

Tit + ' \— Tit S ' e S . ‘ N

¢ . .
- at all points, whexe e.}s pfescribed value of the error in ‘
the temperature. When thjsvcondition has, been met, the ftera-
tion hgs converged to thé_sq]utio; of finite dffferenqe appr&#—
)1mati§;. The flow diqgram sﬁﬁﬁingﬁthe comgufationa1 sequence

is shovn in Fig. 17. - o .

i iore. el P

.The physical properties of fuel u;eq in these calculations .
are shown in T&b1e 1. 'The values of Cp, * and p.are evaluated
;t the arithmetic mean of flame temperatdré‘anﬁ droplet sur-
face temperature while the value bé diffusion coefficient R '
is' evaluated at the arithmetic mgan:temperaturé-between the
two nodes [10, [j] . ' i )
. fhe partial p;essure distribution of fuel ﬁanfbe ob- ,
tained by Eq. (Z.él) baseﬁ‘on finite difference technique. s , ] : .
'Eq: (2.21) can be expressedtjn f%ﬁite,difference form as

follows: . i . L . .

B > op PR, + R
O - . Ry i)
' 1 Mo TR —

. ‘ 3
h . JTTD‘MFr o P

or . ' . e

hd

- L hmg : ‘
howop = Mo TR 2P Ry - Ry

(3.7)
i fig aTom 11 ') |

[ R I
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-

- where Ti is the averige temperature between the two nodes -

. and Di diffusion coefficient correspdmding to Ti.

BOUNDARY CONDITION . T : ‘ ‘ .
I oo ' "PF(’I) = saturation pressure of fuel corresponding
" to 0.9 Ty (3.8)

The preceding equation has also been solved by the

Gauss-Seidel Method.[9] in the manner of Eq.(3.4). . o .

be i'terpolate ng the Lagrange interpolation method [13]

from thé tial pre‘sure distributio;l of fuel (PF) at a point

the interpolated flame radius, the chosen ﬂame'radius is
increased by'a small value as any small increase in the cho-,
sen flame radius results in an increase in \'the,inter‘pdl.a-

ted flame radius. With this new value of the chosen fiam.e

radius the temperature and part'%\pressure distributiorp’
of fuel is calculated and flame radius interpolated at 'point.
- (PF=0). The procedure'is repeated ti]l.lthe value of chosen R
flame radius becomes smaller than interpolated flame radi:us.
At_: this point, the chosen flame r‘ad'ius is the correct lo-

cation of the flame.and is printed. o ' o




. ’ o ;
The velocity distribution is then obtained from Eq (2.25)y
The radius 05 fuel drop]et is cealculated at each stepwi,e 1ncrease of
time from Eq.(2.22). The droplet burning tine is the time when the radius

of droplet becomes zero..
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CHAPTER 4

RESULTS AND DISCUSSIONS

‘ ‘ .

)

\ I f
l?gure§ 4 to 16 show the results of the numerical ana-

Tysis on the combustion of a single fuel droplet of benzene and

‘toluene based on diffusion model. Figures 4 - 5 depict the tem-

perature distribution in the 'diffusion zone for benzené and toluene
. 14
respectively. The température increases.rapidly near the 3¥op1et

'surfacé\égg then apprpéches gradually a value equal to the flame

temperé@yre at the flame surface. The temperature distribution .
15 also plotted when tﬁe droplet radius becomes a hélf of tﬁe
initial value and is found to be stmflar in fime’as well as in
space. "

The partial pressure distribution of fuel is p]gtte& in’

Figures 6 - 7 for benzene and toluene respectively. The partial o,

pressure of the fuel decreases rapidly near the droplet surface

and then gradually becomes zero at the location of the flame sur-

'face. The partial pressure distribution of fuel in the diffusion zode

is also shown when the radius of the droplet becomes a hal\f of
the initial value, | t -
Figures 8 - 9 ;th‘the partial pyesgure d%st?ibution'of
nitngen-in the diffusion zone for beh;ene and toluene respectively.
Tﬁe parital pres§ure of nitroéen increases rapid]y near the drop-

let surface and then gradually becomes a value égua1 to-

A ) °

7,

[

b Lo T g e o
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/

atmo.spheri‘c pressure at the flame surface. The partial pressure

distribution of nitrogen in the diffusion zone is also plot.te’d

when the radius of the droplet beqomes a half of the initial value.
F'Igures 10 - 11 show the velocity distribution of benzene

and toluene fuel vapors in the diffusipn .zone. ‘The veloc1ty of the

fuel vapor decreases rapidly near the droplet surface and then . i

gradually decreasés to a very small value at the ﬂame surface.

The velocity distribu;mn of fuel vapor s also pl otted when the o

radius of the droplet becomes a half of the 1nitia1 \\alue and is

found to increase with time near the droplet surface and remains
nearly constant'n.ear the flame s.urface. A

Q The droplet diameter vs- tjne history of.a ‘burnin.g c!rop]et'
is shown in Figures 12 < 13 for benzene and toluene respéectively.
The plots of df_ against time are nearly linear bj the theony of
diffusion mode] and are in close agreement with experimental data

/
(12). The bur:ning constant can be evaluated by us1ng Eq.(4. 1)

2 ’ ‘ : ‘
K= d /t; - (4.1)
. \ ) ° ) N '
where tb.is the burning time of the fuel droplet. The value of

the burning constant obtained by the diffusion model is com-
pared with the experimental ‘wof‘ks of Godsave and Goldsmith [12] '
and {s found to be 1n1agreemen‘;: as shown in Table 2.

Figures 14 - 15 plot the total diffused mass of fuel
vapors of benzen“e and toluene against time for 2 mm. diameter
flroplet. The mass flow rat‘:e of the fuel vapor diffusing tov;ards
N

TR
-




\" .
\\\the flame front is nearly proportional to the droplet radius ‘and £
decreases almost linearly with, time. \
Figure 16‘shows the plot of the ratio of'the flame radius
to the droplgt raﬁius against time for 2 an-diapeter fued
droplet. The ratio of the flhme radivs to the droplet radius -

remains near1y constant and lies in the range 7 to 10 which is

nearly equa1 to the value obtained by the experimental works
12, 1%] as shown im Table 3.

ey g A AL, Pt S0




'calculated numer'icaﬂy, treated as a one-dimensional : quasi-

"a) . The burning rate ftle mass flow rate of fuel vapor

CHAPTER §

CONCLUSION

. A \
.7 . . 3

‘.

The process of burning of a fuel droplet in quiescent

air {s formulated by making use of a diffusion model and

steady, -and mo'lecula‘r diffusion-controlling phenomenon.

The value of the ratio of flame radius to the drop1et radwsJ
calcu1ated by the d1ffusion mode] is in c]ose agreement with
experimental data. The foHowing important results are

obtained by thi¢ analysis:’ ' \

o

diffu‘sing towards the, flame front) is nearly propor-

tional to the droplet radius. R

b) _The. plot of dfa‘gainst time gives approximately a linear
relationship throughout the course of burhing and “\‘_,-‘
" the burning constant can be predicted. .

c) The flame is located nearly at the same position

relative to the droplet surface. °

d) The value of the ratio of the flame radius to droplet |
'radihs is in the range of 7 - 10, S
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' TABLE 1 *
-\ | T—
R '+ PROPERTIES OF FUEL
\
|
; BENZENE TOLUENE ' 1

\ o (Kg/md) 0.50 0.85 ‘

oy (Kg/n?) 874 " 870 i
- 1Tep (Keal/kg®) 0.9 1.02 ‘
A (Keal/mhoC) 0.0396- 0.0414
T, (°C) 80 10
.® L
' - (Kcal/K 94 84
h fg( cal/Kg)
p (cn’/sec) - 0.088 .0.084
"M_ (mol . 78 . 92
MF (m? ) b
Te (%) 2237 2600
<o m values are evaluated at the arithmetic mean of droplet®
' surface and flame temperature [10,17]. )
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=
TABLE 2 ’
:
BURNING CONSTANTS FOR FUELS .
r “ ‘
FUEL, . BURNING CONSTANT INVESTIGATOR “DIFFUSION
) °nln2/Sec' & : ODEL
) A Jm /Sec.
CALCULATED " MEAN
/ s - EXPERIMENTAL
Benzene 1.12 . 0.97 Godsave 0.7
N
\
.| Benzene 1.12 0.99 . Goldsmith \
u»\ 4 )
Toluene = 1.1 0.66 Godsave 0.70
. L}
ToTuene 1.1 0.77 - Goldsm'ith
7 ‘ /

JR—
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s TABLE 3 .
f‘ —
L
- .
COMPARISON OF EXPERIMENTAL .
W DIFFUSTON MODEL
(material: benzene)
’ ) >
TECHNIQUE CONDITION' R d, (mm) T
‘ R ; “rL
Stationary suspended dr“op Unsteady, natural convection 1.5 3.0
. A ~
Droplet in Zero "g" State Unstead\h no convection IJO.;9'5 6-10
Quas.i + Steady State Theory | Quasi-Steady, no “éonve’ction Any size 29.0
D ffusion model, Quasi-Steady, no convection . Any size| 7-10
( ~ »
“ ,\‘/ @ \»
3 & )
“ C /
' Y "t N ~
! - v a /’\
AN 3 o B :
L4 : - 2 a . ‘
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3. Grid element size
4, Boundary conditions )
5. Iteration accuracy )
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; ‘ APPENDIX A*

c-‘. === - ! -
C. THIS IS A PRUGRAM TO CALCULATE THE BURNING TIME AND FLAME LOCATION],
¢ OF A SINGLE’FUEL DRUPLET OF b EMIENE
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Commm———— ~——
PROGRANM DRGPL:TTINPUT QuTPuUT)
QIMENSLUN QC24) +CUNSI2A)V(21)

| DIMENSIJIN RATP(21).YPFOLDI(2))
DIMENSION 1(21).TOLD(ZL).RAT(Zl)oYPFIZL) YPN(21)
- —DHHENSTIN-R{2E Iy ELC( 21)

C—--— A S G D - = —— - ——— -_—

C . READING THE PROPERTIES OF THE FUEL

C — - —

TF=2237. ‘

70'3'05. ' .

DENLII=874,

RK=0.000011 '

CP=0.9 ) ' ‘ : .

F0=0,088/10000  ~ ' ' *
1 FN'78 )

HFG=94,

RH0=0.50

L v et

R0=0.001 . "y
oar-o.& :
DELRS=®, 00005 s E

P=101300 S
. UGAS=3315, : . o
TI"E'O-O »

DELT=1.0 g T

(remmmmwccccccacsnbhccn ccmccada - - ————— -

c SETTING THE CINVERGENCE P ARAMETERS

c--- pp— ————— g -— —
EP[=10, -
RATPLl=10. :

" RATL1=l,
EPSI=1l.

.
-em oo - - —— - -

RADIVS.
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C

c CHOUSING THE INITIAL YALUE OF FLANE RADIUS IN TEaMS OF DROPLET
C \

C

16 CONTINUE
DELX=R0D%6/20
40 CONTINUVE

00 100 [=1,21 )
y ROL)=RO*DELL*(]~1) ‘ h - "
100 CONTINUE - ) ' '

c - - —

c TO EVALUATE THE TENPERATURE OISTRIBUTION

c- - . —

— e w

c-.—---- — e
c THE INITIAL TEMPERATURE DISTRIBUTION 1S SPECIFIED. IT IS SIMPLY
c THE. AVERAGE OF THE FLAME AND DROPLET SURFACE TENPERATURE

c —

"W, 00 1122,20 ’ A
LT L) =T Qe TEV /24
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TOLO(II=T (L) : -
1 CONTINUE
TARIAL)
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T(21)=TF
5 CONT ENUE
c——— - - - - L— ——————————————— T = - o — . . o ——— - '
c THE NOOAL TecHPE#AATURES AKE COMPUTED FROM THE TEMPERATURE ‘
C . OISTRIBUTIUN EQUATIUN DEVELOPED EARLIER ;

- — — — — - —— . e -

L—— - — -

ALPHA=(P*FM®HFG )/ (RHO®CP*UGAS)

S{ALPHA® ((RO*DELX*(I~1))0e2,.)¢4,)

— -

C
c THE MAXIMUM OF THE ABSOLUTE VALUES OF THE -DIFFERENCES BETWEEN THE .
C

OLD AND NEW TEMPERATURE DISTRIBUTIONS [S DETERMINED.IF IT IS LESS
A v £

C IS FINAL,IF NOT,THE OLD VALUE'S OF T ARE REPLACED BY NEWd UNES AND
C 'THE CUMPUTATIUN IS RETURNED TO STATEMENT 5 FOR AN ADOIT EONAL
C JTERATION.
c" - - e -—— - - D R G S S -
: RAT (1) =ABS(TOLOCII-T(L)) g . -
IF(RAT(]) 4GTRATCI-1)) RATL=RAT(L) :
TOLD(I)=T (1)
2 CONTINVE . :
JE(RATL.LELEPSI} GO TQ 4 ’ ]
GO TO 5 , . ‘ : - ‘
4 CONTINUE . »
DELTEM=(T (2)=T(1))/DELX A .
T FATOT=4.%3. lk‘xﬁt’l.tRK‘JtLlEﬂldFG A -
C __________________________
C THE EARLLAL PRESSURE OF FUEL AND ungqgg IS EVALUYATED AS A
c FUNCTIUN OF RAVIUS BETWEEN FLAME AND DRUPLET SJURFACE ‘
c ____________________________________ - - - .
YPF(L1)=72937,.5 _
[ e e e e e e e e et e e e e e . e e . e e
c THE INITIAL PRESSURE DISTRIBUTION FOR FUEL ANO NITROGEN IS
C SPECIFEItD. :
C - - - - - -— - ——— - - —
DO 10 I=2,21 . ;
(J)=YPF(L1)/2, \
—~YPFOLOCI)=YPF(i) —_ .
10  CONTINUE '
Inpge
\

D0 11 I=1,20
DCI)=FOO((T(I+1)eTC(IN)/596.)%1,5)

il CONTINUE \

25 CONTINUE -
c\_ —— —

( THE _'NODAL PRESSURES ARE CALCULATED FRUH THE PRESSURE DISTRIBUTION

C - EQUATIONS DEVcLOPED EARLIER.
Cmmme— e B
00 14 I=2j2l

C o o o v e e e |

D(21)=0(20) ‘
00.25 1=1,21 ‘ N
CONS(L1=4,%3,14¢4D (1) *EM/UGAS »

YPFCL)aYPF(I~L)=(DELX®FATOTOTCIIS(2.4P=C(YPF(L+L)eYPF(LI=100))/
S(CONSCI)®((DELKS(I=L)+RU)IS$2,)OP2,)
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‘THE MAXIMUM UF THE AoSUOLUTE VALUES UF THE DlFFEKENCES.BEIdEEN THE

C

C OLD AND Nid PxtSSURE DISTRIBUTIONS IS DETERMINEO.IF IT IS LESS ,

€C § THAN THE CUNVEKGENCE CRITERION' EPIy THE PRESSUKE DISTRIBUTIUN

C IS FINALIF NUT,THE OLO'VALUES OF P ARE REPLACED B8Y NEW UNES AND =

C THE COMPUTATIUN IS RETURNED TO STATEMENT 80 FOR AN ADDITIONAL

c ITERATIUN.

c ...... —— T ——— > —— f PN S — —— — - — —— -
RATP(IDI=ABS(YPFULD(I)=-YPF (L)) { :
IF(RATPUI)GT.KATPCI=-1)) RAIPL=RATP(1)

YPFOLD(I)=YPF(I) ~
14 CONTINUE v -

IF(RATPL.LELEPI) GO T3 15 ‘ P

GO T0 80 | ‘

15 CONTINUE ;
. DO 16 =1,

YPN(I)=P-YPF (1]

16  CONTINUE X <
c---—-—---..- - - han o =
c VELOCITY DISTRIBUTION IS EVALUATED FROM THE EQUATIONS DEVELOPED
' C EARLIER. \
S S — — S— I Y
00 101 I=1f21 v
VOI)=(T(LISUGAS*RK®(RO®€2. )(T(2)=T(1))}/
BUIP*FASAFGDELA® ((ROSDELAY (I~1)1%%2.)) -

101 CONTINUE

Commmm e e e e e e e e o e

€ THE FLAME RADIUS IS ALSJ EvALUATED BY USINL LAGKANGE INTERPOLATIUN

' FROM THE PARTIAL PRESSURE DISTXxISUTION UF FUEL ASSUMING THAT ALL
. FUEL IS CONSUAMED AT THE FLAME SURFACE.IF THE OIFFERENCE BETWEEN
. THE _CHUSEN FLAME RADIUS AND THE INTERPOLAYED RADIUS 1S NEGATIVE,

COMPUTATION I5> RETURNED TQ STATEAENT 40 AnD THE PROCESS IS
REPEATED TILL THE THIS OIFFERENCE BECOMeS PJISITIVELTHE CORRECT

LOCATION OF FLAME IS THEN PRINTED.

S i . . T Yn Y S S T Y SR - - - - - e — -

c

c

c - -

¢t THE CHUSEN FLAME RAOIUS IS INCREASED IN STEPS OF UELRS AND THE
c

c

c

C

e _CALC'_\!- e .
A YPFK'U.O ' «
DO 105 I=1,21 ’
1 Div=l..~

7 PROD=1. =7 ' _ )

00 110 J=1,21
AFCJ.EQ.1) GO TQ_110 _ : - —_

ODIv=0lVe(YPF(I)-YPF(J4))
PROD=PRUD®I(YPFK~-YPF (J))
L10 CONTINUE

ELCI)=PROD/OLYV
CALCsCALC+EL(II®R(I])
105 _ CONTINVE _ _ _

: "FLRAD=RO+DELX*20. | ,
 LF(FLRAD=CALC) 202,202,203 -
202 GO _TQ 2%

203 FLRAD=FLRADSUELRS

DELX=(FLRAD-RJ}/20 . )
.60 TO 4O _
250 CONTINUE
c- - - - - - e - - -
C - PRINTING THE FLAHE RAQIUS»s ORUPLET RADIUS AND RATIQ BETHEEN TnEH
/
“
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