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~ radiation based on the actual condition of the fiame, and the ratio of the

o v
‘ parameters which could predict realistic behaviolr: of the combustion of

1 - OVer a wide range and a burning constant can be realistically predicted
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COMBUSTION OF A SINGLE FUEL DROPLET - ‘ .
IN AN OXIDIZING ATMOSPHERE . \
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reviewed

. Various probl sociated wi;p the dreplet com !
been critically examined. pts have been made tor blish the

a single droplet. Present combustion theories predict 42 law accuretely

'

1

by these theories. This study establishes that the burning rate is

»

independent of the flame temperature and the position of the flame.

Moreover, the burning constant can be predicted accurately by the use of

t

quasi~steady state theor& provided the variation of the thermal conductiv-

¢

ity and specific heat with temperature is taken 1

.‘/

éeﬁﬁerature can\be realistically‘estimated by including Qﬁs effect of

o account. The flame

flame'diameter to drop diameters can be determined by taking into account

the convection, radiation effect and the transfer bropegties. ) f '
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pressure
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v radial velocity ) )
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v air velocity T /
Vo burhing velocity S 3 ‘ :
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_ CHAPTER 1

INTRODUCTION

General 4

The mechanism of combustion is gbplizable to a variety of »

mechanical equipment \such as gas turbines, furnaces and  boilets.
Such eéuipment can be designed for optimal use of liquid fuel
which may range from light

is?iilate to residual fuel oil.

2 < X
{

\

- ) \ |
The study of the behaviour of a single isolated droplet in the

-combustion process is a pre~requisite for obtaining an insight into

-

the mechanism of this process. - Suc
P { .
better understanding of the parameters governing the design.of

study will also provide a

equipment for combustion processes.
’ 3

l

]

T e,

Single drop combustion is the mechanism that inig}htes the overall

 *combustion of the sprays and governs such parameter as ignition lag.

"The—tpfé of fuel sprays is composed of drops and fuel-vapour/air

v

mixture that are too cool and too rich due to evaporation and possible

. — ' '
adiabatic saturation, to initiate combustion. Once ignitiom begins,

spray vaporization and flame front combustion mechanisms take over.

'S

Beférg liquid fuel can burn effectively in a combustion chamber, it
. -

must be reduced te minute droplets [12].' This 1s accomplished by

2

atomizing.

-1 -



- 1.1 Cenerdl (Cont'd) « X |
The fuel is thus int;oduced into the combustion chamber in the
i

form of a spray of droplets with a certain velocity distribution.

:ﬁ% \ The main purpose of atomization 48 to increase the surface area
- of the liquid interface to intensify vapourization, to obtain
good distribution of the fufl in the chamberdand to ensure easler
access of the oxidant to th; vapour 0f the droplets[rﬁ].
- . ) s “ '/ | i}
Following atomization, co?bustion th%P takes place through a series of
" complex processes, most of which are 8nly incompletely understood. The
‘moRt important steps in this process a;‘e:[32, 54].
- a) Mixing of the'droplets with air and hot combustion products - a
process usually occuring under tarbulent co;ditions.
b) Tr;nsfer of heat to‘the ‘droplets by convection from the preheated
D oxidant and recycled combustion gases and/;aAiati;n from the flame
and chamber walls.
i ! ¢) Evaporation ofthe droplets,often accompanied by cracking o£ the vapour.
! t ' d) Mixing of the vapour with air and combustién gases to form an
N :_ inflammable mixtu;e. -
R _ T e) Ignition of the gaseous mixture. Depending on the mixing conditions,
. ; diffusion flame may either occur at the oxygen-rich boundries of
PR .
., eddies containing many vapourizing droplets or individualﬁdroplets
which may be whdily or partly surrounded bf their own small flames.
Transicion from one mechanism to the other can occur along the flame *
) path in the furnace. ", .

-4 -L_wcx.}-_‘;r.g{-:.w«m-w aitn, a e F e
©
'

e ox
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1.2 ' Scope of the Study o
X .
This dissertation deals with the combustion=of a single isolated !
. \ !
droplet. This study has been carriéd out with the main object of

R ascertaining the relative importance of various physio-chemical

o - ¢
procesges involved in the droplet combustion. This is

accomplished by analysing the following major parameters which : |t
v affect the combustion mechanism.

(a) Size of the fuel droplets

(b) Composition of the fuel “'
(c) Composition of the gas (oxidant)

(d) ‘Relative velocity between the fuel droplets and gas

f 3

(e) Ambient €emperature

(£) fmbignt pressure

.

The results of this study would help to improve the knowledge of the

©

combustion process through better understanding of the parameters which

?

affect the comﬁustion mechanism.

/d ’ ‘ ’ " ‘

[
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quantifier cette valeur qui ne peut &tre infinie. Or, persoﬁge d'autre
que deg%hommes pourrait établir cette valeur. On revient donc 2 la

position homocentrique de Jevons.

On peut considérer les Tangues comme des biens é&conomiques
de deux fagons. Q'abofd on peut vouloir attribuer une valeur &conomi-
ﬁue au code Tui-méme-.-Ainsi, i1 serait concevable qu'un gréupe Q’indi—
vidus paie un spé&cialiste pour qu’'il ]egr irvente une nouvelle langue
qui serait plus effigcace que les fangues traditignne]]es‘ La somme
que le spécialiste recevrait constituerait la valeur de cette langue
que les acheteurs pourraient ensuite revendre sans jamais 1'avoir
parlée. 'C'est comme s'ils avaient acheté Te brevet d'une invention

d'un appareil quelconque. On peut acheter le brevet saq;“acheter

1'appareil physique dont il cohstitue le principe.

La seconde fagon de considérer les langues comme des biens

¢

économiques c'est de faire -1'&quivalence entre 1'acquisition d'une

langue et 1'acquisition du mécanisme intellectuel qui permet 1'uti-

_lisation du codé. La possession d'une langue s'entend alors .comme
7 LY

la posseésion d'un appareil mental permettant au cérvegu'de recevéi}
des informgtions qu'il ne pouvait auparavant recevoir directement. ~
Acquérir une langue veut dire, dans ce sens, faire 1'acquisition de
cet Sppareil intellectuel qdi permet d'interpréter les communications
8mises au hqyen d'un code donné. En ce sens, il est commode de compa-
rer l'écquisition d'une langue a 1'acquisition d'un'apparei1 comme un

téTéﬁhone ou un téléviseur qui permet de bénéficier des communications .

?
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CHAPTER 2

-

' COMBUSTION IN STAGNANT SURROUNDINGS

: / , °

v

General

In considering combustion in sE;ﬁHBBt surroundings, it is assumed

R «

that a single sphericalqbﬁrning drophis surrounded By a spherical

" symmetrical flame front as shown in Figuregl. In addition to a -

spherical symmetry, the following assumptions are usually/ﬁg;;:

i ¥
(a) The droplet and flame form céncentfic spheres. N

-(b) At“an infinite distance from the drop lies a boundry at which

the gas éomposition,is that of the ambient gas.
-4

(c) ‘Fuel vapour‘diffuses,from the drop surface to the flame front
and oxygen.from the bbundary in the ambient gastto the flame
surface. The ;esplting combustion products diffﬁse from the
flame to the surrounding gas.

G '

(d) Exothermic chemical reaction between the fuel vapour and ‘oxidant

- G, -
takes place at the surface of stoichiometric composition.

o

(e) Combustion occurs under igso-baric, quasi-steddy state conditions.

(f) Chemical reactions occur instantaneously and hence the reaction

, 2one is infinitely thin. ’ °
9
(g) Chemical reaction goes to completion and téquires no activation

ehergy.

¢

(h) ‘Pa;t‘oﬁ the heat of combustion is transmitted by conduction to

the droplet to affect vaporization while the rest enters the

3
S

ambient gas. . ‘ t
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2.2

by €he-rate of heat tramsfer to the drop.

General

(Cont'd)

(i) ’The drople; temperature is uniform and equal to the boiling p;t;E\\\\

<

of the liquid.

. i) Radigtion and thermal dfffusion effects are negligible. o

. N & 7 J ) - -

' . ' \
One of the priqary assumpti¢G; of the above model is th?t all Lhe
g i e : ' .
fuel-reacﬁ&ng the flame front is instantaneously consumed dnder steady

[

state conditihs. \

A}

It follows, therefore, that the cpmbustion rate is controlled b& the

™,

rate of vaporization of the liquid drop, which in turn, is determined

\

w' ) a , ~
Steadx‘State .

Godsave's [22] was one of the first theoretical attacks on the problem.

Using some of the above mentioned assumptions and considering a

. Steady state radial heat trangfer from the flame to the drﬁp against

.outward diffusihg vapour, Gddsave solved the reshltingrFourier-poissicn

.Y ' .
equations to obtain the following expression for thelmasi/ﬂﬁ::ing
1

a

rate: ) ' \ i 7
\ 2wkd l.n£l+ Tf‘h)}
4 68)
. ~ 4 . .
o, S : q

.4

.
@




2.2 Steady State -(Cont'd) . , ‘ . . 1

k and ¢ are the mean values of the thermal conductivity and ' -

,specific\heat in the region between the droplet sufface and the ’ ‘

flame front. ..
N o

3
. Ry= Ar/(dm/dt) ‘
where Aw;: the rate at which radiation is absorbed by the drop

]

. ‘ |
%.é" mass burning rate l ’

d = drop diameter ' e )
' I ﬂ.d‘£= flame diameter ¢ .
TE:-L t'lam;_“ ;.emperature .
oo Ts = gurface temperature of the drop. . ‘ ‘ ’ : ¢

Q = latent hedt of vaporjzation at the boiling point. 4
As no use was made of theAptién that Waxygen diffus'e;s. to the
flame, th® position of t/he flame suFfacé relative to the drop is

. B not gi‘:rex; by tixis them;&. Expérimeﬁ'tal' values of Tf have to be used

. \ ' to calculate % from Equation 1 .
L} / .

-

/
[ ’ @
»

k)
¥

.. FE ocaw be readily obtained from Spalding's WOrk(78 J(see- Figure‘Z).

Long ES&] extended rlthis/theory by ‘cpnsidering a heat balance between.

& ' the flame and the droplet. surface and an oxygen mass balance beyond

/o

th!/ﬁiame. His xpression for the mass burning rate does not contain

_, the term Tf and hence its solution does not require the use of -

empirical data.

Gl il taed bt

Y

IR, e ,saﬁ;m




2.2

Steady State - (Cont'd)
1 g s - .
Jrds dt . S '
2K [ln {1+ e £ Ts)\’] e m 2¥Ne (2
-3 ~ Q J) 1exd ° - r

where, P =

D =

mean density of oxygen beyond the flame

mean diffusivity éf oxygen beyeng the flage .

X = ' number of moles ¢f combustion 'product:s d:hed from
stolechiometric combustion of unit mass of fuel with °
oxygen

I‘}cc_‘ mole fraction of oxygen in téhe bulk surrounding gas

No=

number of mole of oxygén required for stoiechiometric
combustion of unit mass'of fuel

Goldsmith and, Penner's theory [25,26] is basically a refinement of

Godsave's. Use was made of all}le above assumptions. /Equations ‘

of conservation of energy and of cont'inuity were applied to spherical

‘'shells of diameter dl and d2 where dl(df and d2 C d_.

Integrating
these, they ‘obtained expressions for the mass burning rate. k and ¢
are assumed to be linear functions of ‘temperature..

3 T . v ! ’
ko= kg G BT .(3) \
. s 7 AN
¢ ™ a+ bT

The mass burnin'g‘ rdte, '
dm _ 27Tkidg

o 4
.

et "Tg b (1 - Erd)

e
lh{l+'£——l (a’+ l’-) (Tg + Tg)

. a+b Tf& a+b Ts +£ —
- {_(a+b Te 46 Ca"+ b TF -£ (5
where €= I - Zbl Q - h/ Ts2 -a” Ig) (6)

[N

‘Y
k* = thermal conductivity of vapour inert gas mixture at

temperature Is. o

&L”ﬂ droy diameter

7/
a ,b = constants

. @

-

T S

e 5%

.

. ,
oy BT B Nl §5F BT

©
»
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o

where H = heat: of combustion

Steadx‘. State (Cont'd)"

/

The theory further bredicts that df/d,@ should be'constant for given

values of the physico=chemical parameters.

The same basic‘ equations have been used by others [32, 63, 93, 95]

to ob.tain g,xpressions for the mass burning rates. Usuall‘y assumptions
have been made about the p"roperties of the vapm‘xr-éas mixture bet:weén
the drog;let surface and the flame. For example, Wise et 4l [93] assumed
that PD and -- were constants, while Hottel et al [32] used a log mean

L
value of % in %is region. : ' <

5 -
)

H k|
‘ )
Some of these‘workers [69, 95] also derived expressions for the flame

A}
temperature If, the mass fraction of fuel vapour at the droplet

Y rf o
surface, *f and the ratio of flame to drop radius —

g’

A}

;
P

a1 \ .
Further by this method, it 1s possible to deduce the temperature

{

ayd composition profiles in the Elan;e s;;rounding the drop. " This

has been‘achieved by Goldsmith and Pemsier [26] and by Wise et al [95]._

The expressions due to Wise et al are given below:

ooy B0 {——-‘“' + Tg ' (7)' o
- T g
(1+~"’L) r -

. H 1 xe
T
£ e 9——————}1 (8)

T 1n(1 + —1-"—)

SR S Y G ©

[

»




2.2 Steady State (Cont'd)
L3

4

N,
k]

i

¢

Tg = temperature .of ambient gas ‘
'
i = Stoichiometric ratio LN
YL = mole fraction of oxidant infinity . .

YF = wieght of fraction of fuel vapour at the droplet surface

»
§

Spalding [}8, 8@] approached the problem in a slightly different manner. -
He postulated that combustion takes place in a stagnant film adhering
" to the droplet surface (see.Figurg 1). 1In tHis method, the fuel to
‘pxidant ratio ét the flame, and the following maiﬁ‘transport pf;cesses
occurring within the film are considered: LI
(i) Diffusion of oxygen from the outer edge of the film to .the
flame surface. Q '

\ (1i) Conduction of heat from the flame to the droplet.

(1i1) "Heat transfer from the flame to the ambient gas.

Solution of these, equations gives:

dm k
it Z/Trd - In (1 + B) . *(10)
B Moz : T : ‘
where B q 1 + c (Tg . s ‘ (11) ‘
\ .

(B has been termed transfer number) o o i

8 ) ’ df .
Expression can also be obtained for Tg, df and 3]2 by this method.

Brzustowski.[é].used Spalding's approach to consider thEJ}imitations
imposed upon the validity of the physical model by chemical and \

evaporation kinetics aﬁd‘by high ambient pressures.

’

S&mplification of the equatioms (1), (2), (5) and (10) leads to:

-9
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"2.2 Steady State (éont'd)
‘ ’ N .
dm ' q i . .
at Kloﬁt . (12)

1

X since all other terms in these quotations can be assumed to, be

constants.

Where Kjp = constant o ’
dg = drop diameter.’ ‘

P

LY
A

Since mass burning rate, g% is defined as the time rate of change of

K

o

mass of the droplet, equation 12 can be written as: .,

« d ‘ﬂ" .
at (361 d_€3) K10 d‘e . (13)

Where ©1 density of the drop, which 1s agsumed constant. Re-arrangement

*
-

and integration of the equation Iﬁ@for the boundary conditions

djL = do at t = 0 leads to:

0

2 doz - dz - - [’Klot .o . . ! (14)» . \
do2 a2 = AT R .. (15)
where N =- %o .. .. ‘ (16)

777&3 oo
From the equations glz), (14) and (16) it can be shown that A is -

relatéd to %% by the following equation:

»

o _ ,.dm ‘
Q . , bge - e Q@
WG d

Table 1 shows the comparison of experimental and calculated values
of burning constants. . . \
T2.3 Unsteady Effects

-

The simple quasi-steady comstant property analysis of Godsave [éi] is
widely accepted theorectical model of liquid aroplet combustion. The
important analytical results of this theory which have been extended

. by other workers are presentéd in Table 2.

-10 -
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Unsteady Effects (Cont'd)

/
Table 2 comparég the predibtion<of quasi-steady state with'repreJ‘
sentative data obtainéd by different experimental qgchniqﬁes. llt is
clear that quasi:steady state ;fedictions are not accu;;te, particula;ly'
' with respect to the flame to d;op diameter ratio and flame temperéture.
Such discrepancies between the prediction of quasi-steady and the
experimental results have been attributed to various factors: finite

kinetics, unsteadiness of the cbmbustion procesé, variation of thermo—

dynamic and transport properties and natural convection.

'
« '

In view of the above, one of the explanations for these discrepancies
lies in the non~steady or variable properties. .
A number of workers have carried out the investigation, Some of the

important work is given below.

//

The unsteady analysi§ of Isoda and Kumagai [}8] considers only gasphase

(g phase) unsteadiness while neglecting radial convection terms. The
3 ‘j .

solution of th{\conductibn equation involves the steady-state boundary
. \ \ : -
conditions: !
ar J'm (H-L/lo'ﬂrfzk at r=If . (18) -
, dr A and T = Tf | ' ‘ 4
and T).(Tx as 1 K - : (19 -
r-T — ' ; ' -
T« rf £ - \ . . "
T - = — erfc —— .
TE-r, ¥ 2 (th)llz - (20

i
! .
. |
For the condition (experimental a2 law) used by Isoda and Kumagai [?dl
Equation 20 with'bouhdary conditian (I%) and (19) predicts steady quasi-~

state solution for df/ds at large times.(\ 1.5 sec.). Ahother4model of

f
-11 -
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_Unsteady Effects (Contfd)e

b

g phase unsteadiness piesented in the same report draws heavily

from experimental results and does not constitute a proper check

on the theory.

1

Kbtake'andIOkazaki [Zé] replaced the quasi-steady state model with

\

an unsteady state diffusion controlled model but retained most of the '

/ v

assumﬁtions of the older theory.. ‘ ‘
The equations.of mass concentration, temperature and velocity of the
gas surrounding the droplet were written in finite difference form

with respect to time and space. These were then solved numerically

~using stepwise increments of time. The results can be summarized as:

dg

observed one.

(1) Thg-gi predicted is in the same range as the experimentally

* (11) ' The values °f'§? (d2) presented in Figure 3 show a larger initial

—

slope and ; smaller constant slope after a éignificentiy lopg
time. But the observed experimental t?énd (also shown in -
Figure‘3) show just the opposite, namely a smaller initial
gradient which quickly approacﬂes a'constant valve.

(111) The theoretical life time of the droplets as seép’from di_

' agalnst t graphs (Figure 3, Curves 132)is very much smaller than
the time observed in experiments. For instance, for a 2 mm ;
Qiameter benzene droplet burning in air at 3009C, the va}ue is
;bout 1.8 sec. A simple calculatiéq‘i.e. use of the quasi-steady
expressisn (Equafion 10) to scale down tie observe? burning times

at room temperature (fb = do?/)\)to that §;¢3000C.w0u1d show that

‘ |
th for Z mm droplet. should be about 4.5 sec. Thé plot of ‘

- 12 - R
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Unstgady Effects (Cont'd)

¥

Kobayasi [4%] alsc shows that at as high an ambient temperature as

\
" 800°C, a smaller droplet of benzene (do = 1.4mm) will take 1.8 sec. ///

to burn out completely (Curve 3 iﬁ Figure'3). Finally, in reference
[44] the plot of Cif/d{ and Tf against time show a cont;nuous increaée
till’ the end where the maximum 'f reached is much lower than the °
adiabatic flame temperature. It therefore }ollows that the numerical

[

solution of Kataka and Okazakl [44] is suspect.

Further, a recent study on droplet evapOfation by Hubbard eﬁ\al [}5]
suggests that the numerical results of [241 are in error. Hubard ¢
et al have also shown that gas phase unsteadiness i1s insignificant in
evaporation process. The~recent report of Waldman [88] on the non-
steady combustion of a droplet is based on a symptotic analysis. His
result, particuiarly on the ;ariation of df/qe, with Qime, show

discrepancies when compared with the experiment.

Ignition and Extinction of a Droplet

‘combustion. The ;?eories predict:

These phenomena are transient, hence the quasi-steady state theories

can not explain them. A number of qualitative analysis have been made

of these processes: £b7, 68].

All these theories postulate that ignition is d process involving the
transition from chemically controlled to diffpsional controlled

?

e

(i) The .auto-ign{tion temperature of a droplet increases with decrease
in droplet diameter. \

- 13-
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Unsteady Effects {Cont'd) ..B

Ignition and Extinction of a Droﬁlet (co¥td) .
(11) T%ﬁ auto-ignition temperatufb is a weak function of amgiént '
oxygen concentration for all but low'oxygen concentration.

(1i1) The auto ignition temperature is strongly.dependent on such
chemicald’kfnetics parameters as: the pr;—exponential factor,
overall reactor order, and some time activation engrgy;

¥

Spaldin r79 ~has proposed that the extraction of a droplet will occur ~
g\

v

when the mass rate of evaporatién exceeds the minimum rate of con-
sumption of the vapour in the flame. A;cording to Spalding, the
maximum rate combustiofl occurs with premixed stoichilometric flamg.
Spalding;s view is suppof&ed by other workers [ﬁj].

. { .
Theoretical work carried out by Wise and Ablow L94J on the penetration
of a thermal wave into a liquid droplet during ignition and combustion

shows that a finite period of time must elapse before the centre of the

droplet attains the surface temperature.

Wise and Ablow solving the equation of heat conduction numerically

derived the temperature distribution within a droplet as a function of

- the group (——/L),, Adbeing the burning constant and O(tbe thermal

diffusivity of the liquid.

)

When‘-ZL is 1, the centre of a droplet attains-90%. of its_surfaéé

8
temperature during the f;fét half life of the droplet but 127 if %%2
ig' 2. The assumpti&n made by Wise and Ablow that Ts is constant

throughout and that the burning rate is unaffected by gradual heating
- 14 -
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2.3

Unsteady Effects (Cont'd)

Ignition and Extinction of a Droplet (Cont'd) ’

of the droplet implies that observablg k,<§% and Tf are not affected
;W heating, a feature thch is physically ihapé}opriate. In order

to arri&? at an acceptable splution, it is necessary that variation of
Ts and m K witﬁ’time, should be, taken into aecount in any analysis

on these basis, one can judiciously conclude thatihmsteadiness in
droplet combustion occurs during a fraction of the total burning

time in the initial stage. Unsteadiness being relevant only for ob- :
taining time variation of 9f and disand not fbr the steady values.

It can further be saiq that the disérepancies between experimental

observation and the prediction of constant property quasi-steady -

analysis cannot 'be attributed to unsteadiness.

Kinetic Effdézzw
L)

General

:

Several attempts have been made to examine quantitatively conditions
under which chemical kinetics might affect the combustion rate and

'

,to test the accuracy of the assumption of an infinite chemical
' 7
reaction rate.

[
a

Lorrel et al [55] considered a°fini§e reaction rate of the bimolecular
s -E/RT :
Arrhenius form: Rate=A (fuel) (oxygen)e and solved the con-
servation equations numerically for an ethanol droplet of diameter
0.04 cm burning in air and in oxygen. Values of E of 0.25, 0.50 k
cal/mole were assumed. The results did not differ greatly from those

calcuiated assuming an infinite chemical reaction rate. They have

- 15 -
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. 2.4 Kinetic Effects

General - (Confld)

‘

concluded that kinetics can only seriously affect the combustio? rate
when either the droplet size is small or the ambient pressure is vefy low.

- T;;ifa et al.[85] using a similar approach, also came to this con~ ,‘
élusion.

~

Williams EQl] has used the Schawb-Zeldovich procedure to obtain the

' expression:
dm d k Y oy - (21)
i =2MN = 1n (1+B) -2mdk H — 2 '
T
Where B=% M2 4c (Eg--a——-s-) ) (22)

Ghich includes a correction term for finite chemical kinetics;

2.5 Oxygen/Fuel Ratio ' ‘ .

t
Some of the seemingly realistic values of df/dt have been obtained by

) the choice of low stoichiometric ratio by some investigators [}2,}68].
A few experimental observatiéns suggest that complete oxidation of the

fuel may not take place at the flame zone,

The soot formation during combustion of droplets r43] and thg-presence

N
of significant amount of carbon monoxide even beyo3d diffusion ‘flame .

‘ zone [64] are definite indications of oxygen/fuel being lower than

\\

stoichiometric-at the flame zone.

..

The variation of oxygen/fuel may be hsed only to obtain an indication 6t
PE

vaule is contradictory to the theory using a single~step reaction with

thin flame kinetics.
Q - 16 = | .

|
|
|
; ' _ J the kinetic effect, as the use of lower oxygen/fhel than stoichimetric
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/ 3

EFFECT OF THE VARIABLE PROPERTIES IN COMBUSTION

.

° i

Review of the Existing Work -

The thermodynamic and transport properties involveé in the
therorectical analysis of droplet combustion are specific heat
at constant pressure (Cp), thermal conductivity (k) and diffusion

co-efficient. In actuality, these vary with both concentrations

2 "

and temperature and since the combustion of a droplet involves

o

strong variations of these quantities, such variations may be

~expected to affect the ove}all pesults significantdy.

|

-

Goldsmith and Penner [26] introduced the variation of fuel specific

‘heat and thermal conductivity as linear function of temperature into

& I

the simple gheory of Godsave [22] and extended it to obtain the re-

2

lation for flame position and temperature. However, the calculated

J

values . of burning constant are much too high. )Ihis is evidenced by
- '

the fact that they correspond to values Aerived from experiment with
natural convection [98] which enhance; the burning,ratej Similarly,
fhgyestimated flame temperafurés are also very, high even when com-
pared with constant property predictions. The linear variation of
sgeci§£c heat with temperaturé (Cp=aj+by T)>employed by tﬁem [26] is
compared with the values from SQenla’s tables [84] in Figure 4. if
is evident that the Eelatio; is unrealistic, particularly when the
flamg temperature thained is as high as 3400°K.’ In addition,the

‘a

&/ ‘
rqfﬁlt,for df/dg seem to be extremely semnsitive to variation in by,
¥ ’ . .

']

Yo
< N a
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3.1 .Review of the Existing Work (Cont'd) T .

" theory predicts low values of df/dﬂ (Eg. 10). It may be\xotec_l that

particularly in :the range o <¢b <10"" l(seq Figure 5). A small gradient

in Cp~T relatidn produces surprisingly large change in deydg,

\
-

Williams [‘93] has obtained a\s,éxéf relations for cc;mbustion parameters

hergby arbitrary dependance of D gnd Cp on temperé%ure are allowed.

.

(Lewis number is taken as unity.) The merit of this work in compari- .’
son with experimental results are not easily seen, as no numerical

results are presented. o' B

\

r

Kassoy and Williams [42] hawe 'introduced k and D variation (with

temperature only) in their analysis using singular perturbation tech-

¥

nique but have consideré& Cp-as a constant. They have used a value
n R 3 »

of unity for. the stoichiometric rates (which is seldom true for a
ligquid hydrocarbon~oxygen system) and therefore, the predicted low

df/dg(~10) is not surprising. At such O/F even quasi-‘ste'ady-staste

in their modified flame surface theory, Pesin and Wise [68] have

also used a value of 'uﬂity' f::r 0/F and consequently, have arrivedw..”
.

at low 9£/47(~10). .

k]

‘S0 far, no investigators have incorporated the.detailed variation of
Cp and k (with temperature and concentration). The effect of the Lewis
number ’Gpdcp/k) and variation of O/F at flame as well, the application \

‘of temperature depetident thermodynamic properties in the quasi-steady

~ &
state theory, would considerably change the behaviour of combustiom.

- A a 3 o’

J . A o ‘ ’
.

o 4
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3.1

Review of the Existing Work (Cont'd) r

‘F

I . .
In view of the above, the introduction of t:h\e temperature dependent
thermodynamic properties in the quasi-steady state theory would

considerably alter the behaviour of’ combustion and is likély to -

J

give more realistic prediction of the burning. Further, the Lewis

number (Pdcp/k)' and variation of O/F at flame would significantly

_ : ‘ .
effect the combusti\cgp\.‘ ~ R

. TS . -
3.2 Calculation of the Parameters Affecting the Combustion of the Droplet
3.2.1 Method of Evaluating Thermodynamic and Transport Properties of °

the Fluid !

A ” ° \ *

(a) Prediction of Thermal Conductivity

Thermal conductivity of the droplet fuel at various

[

|

Kp=A+BT*A{(ZO/3) L1-p(1-1) C} (1-Tr) {3  -50°R¢TL1HOR

where Kp = thermal conductivity BTU/ft hr F.

T

T = temperature, 9R

Tr= reduced temperature, T/Tc.

‘e

Co.nstant A,B,C and D in the above equation have been.experimentally

evaluated and given below for single component: fluid:

FLUID CONSTANTS
/ \
) , o A ! B C ' D s
r -
‘ Benzene 4 0-01697 ° ' 0 1.0 0
. Toluene 0.01505 "0 1.0 0
Acetone 0.037 0 -0.3 0.46£
! - 19 - .
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1 3.2.1 Method of Evaluating Thermodynamic and Transport Properties of
the Fluid (Cont'd)
» ’ . /

. o {(a) Prediction of Thermal Conductivity (Cont'd)

i}

. - A
« Using the above relationship, the computer program has been
developed, and thermal conductivity of Bezene has been cal-

’ culated at various temberatureg (see Appendix B).
1 |

w

(b) Prediction of Specific Heat

Attempts have been made to predict specific heat ‘using ther-
modynamic equations, but this has not yielded results which

could be correlated with the experimental valués. .

7 -~
.

¢

)

/ . In' view of this curve fitting experimental Cp data for gases.
using an exponential model: e '
\ ., « o i —C/n s .
. “ ] cp=A+Be T 9

-
+ where ®p=ideal-gas specific heat. A,B.C. and n are constant in the above
equationj;have been used and which have been shown to be superior to ~
~ ‘ , .the commonly used empirical forms. The data for constants used

-

is based on the expetiméntal values commonl§ available in the
!

° "o range of 460°R-2000°R.
° The constants used in the above equation are given below.
. FLUID 3 CONSTANTS
\ A B - C ’ . n
Benzene 8.5813 65.2801 | 1167.483 |1.1377
; K
/e o Toluene 13.1234 ,79.9036 1228.25821 1.1337




3.2.2

s

f . \
- 3.2;la&ethod_of Evaluating Thermodynamic and Transport:Propertiles of

the Fluid (Cont'd)

(B) Prediction of Specific Heat (Cont'd) . Y

Based on the above data, the values of heat capacity at various

temperatures for Benzene have been computed using digital computer.
e

Calculated values of the specific heat at various temperatures are

A

given in the computer print-out Appendix B.

4

-~ 4

Computer 'print-out appended in Appendix B also presents all ther-

modynamic 4 transport properties for Benzene which have

i

béen utilized in the analysis contained in this dissertation. 5

.
Y

N »

Method of Evaluating the Parameters Affecting QQ? Combustion of
the Droplets

Most of the investigators have predificted the beé?viouf of the
combustion using gconstant thermodynamic‘and transfer properties, In this
study,in the first instance,the burning constant/\iis obtained at constan%

®p, and all other parémeters are evaluated using variable properties.

The result is presented in Table 3.

— N

. In the second instance, the burning constant A_, is calculated at variable

P R e

j .
thermodynamic properties using Equation 17. The value of the variable k
. ’/ -
and the other variable thermod;ﬂamic and transfer properties are used to

d
calculate the value of —% and

3 f and these are presented in Table 4. '

[E

. L :
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O

2

' I
3.2.2 Method of EValuating- the Parameters Affecting ‘the Combustion of
. the Droplets (Cont'd)
r ' ' \ '
In the constant property approximation [?able 3] the constant value !

of Al(1.12) 1is chosen such that the prediction of}tis realistiqﬁhble %

3 _-

) - and occurs at point where temperature is 400°C. This is much below o
the arithmetic mean of surface and flame temperature. Also, the

~ ’ location of this temperature is close to the surface as expected.
-

- _ d
Tableaa iﬂso demonstrates that the improvement in the prediction of;éi
is éignificaut when variabte Cp and k are employed. The prediction of -

. . ﬂk(0393 mm2/8ec) agrees with the experimental observations fairly:

NE

. well and the predicted flame temperature is in the same region as the

adiabatic temperature. However, values of ﬂ%; and Tf are still larger 4

than the experimentally observed valu .‘ﬁiurthef improvement of the
theoretical predictions can be aclfieved by the inclusion of the radiation

effect.. (

" Y . B . -
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CHAPTER 4

rd

COMBUSTION IN CONVECTIVE .GAS FLOW

‘

4;1. General.

A sphe;icalAsymmetrical fuel droplet burning is only mathematical;y
» , .

tractable in awétagnant atmosphere.
1f the stagnant film of thickness & 1s‘assumed to existf then/ffee stream ,
conditions. are thought to exist at some diétance X. from the fuel sur-
face, Within the stagnant film, the mass transfer rate could be evaluated
by solving the energy equation incorporating the necessary‘boungry con=-
ditions. However, when the free stream, whether forced of due to
buoyance effect 1s transverse due to the mass evolution from thg regres-\

sing fuel, a stagnént film does not exist and therefore the solution

e e

to.obtain would not be explicitly correct.
]

’

The 'presence of natural convection in droplet combustion destroys the

spherical-symmetry of combustion and distorts the flame from its

S

\apherical shape (see Figure 6).

£y e L e LA TSI L S

e

—
+

P

In such cases,the calculation of the mass burning rate of a droplet

Teiewd o a

experiencing convection would require solution of the equations of M

o
conservation of .energy, of continuity and of the Navier stokes equations.

- The boundary co?ﬁétions for solving latter would be complex and non~

~

linearty would arise because of the inerfia term of Navier-Stokes equation.

PR M R B i WA B B 1 g
P

- Under this condition, an analytical solution is not possible.

¢

.
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4.2 With Natural Convection Effects

As a result, the effect of natural convection on the burning rate

/

has been taken into account by means of empirical correlations. Two
/ of these are noted below:

(1) Spal&ing's Relation [78] ' . -
! f @dh? (23) . |
. K2 :

which 1s valid- for 0.25¢ B3

Mn-g.as % B

¢

(11) Agaston et al Relation [2]

Ml 0'20 Ol3 y .
Yo% (% g O ) o (24)

’

Log mean temperature should be used in calculating the physical properties

and Gr.

S /‘
The above Fmpirical relations have yilelded good agreemenf under

natural convection and unsteady conditions.

4.3 With Forced Convection Effects

v

The forced convection can affect the combustion of droplet in a
number of ways EZQ] :

" (a) There is a considerablé deviation of the flame| from spherical

symmetry. !

(b) The film thickness 1s not infinitely large.

{c) The total heat transfer and evaporation rates chgng over the
. . 8 oo \
+ drop surface.’ o " \

(d) The mass burning rate is higher than that pqedictég b

e the

spherical symmetrig¢l model.. |

L4

The variation of the heat transfer rate over a droélet periencing

forced convectlon is shown in Figure 7.

- 24 - e



4.3

With Forced Convection Effects (Cont'd)
‘@

For the sake of simplicity, however, most of the correlations of

the sburning rates neglect these changes and use an average value for
the whole droplet. Some of t:ih/e empirical and semi-empirical

correlations of the mass burning rates of the droplets under forced

convection conditions are presented in Table 6. .

-

' ]
The increase 'in the burning ra;te with convection shown in Table 5
is because of the reduction in the thickness of the stagnant film
beyond the flame fronAt. This increases the oxygen concentration at
the flame surface and so &ecre;ases the distance between the flame aﬁd
the drop surface. Further, the burnit{g constants are increased by the

increase in relative ‘velocity between a droplet and the ambient gas.

’

Empifical correlations have also been obtained between mass burning

rate and Re "see Table 6).

)

Lumagai and Isoda [46] have obtained the following correlation for

»

single droplets burning in vibrating air field.
Y /s s - ’ g

zefls ¥Ry £p12 (Kp . f pf) (25)
P\

where s = burning constant of the drop in stagnant medium

L}

az = burning constant with vibrations
, 7

Kl,K2= experimental cor&stants

’
f = frequency of vibration

Pf. = amplitude of air vibration

o a I



4.3

With Forced Convection Effects (Cont'd) % : ’

The burning qoqstantnz can be increased by up to 157 over the
still air value, apparently by an increase in the gas diffusivity.

Further increase in the vibration amplitude reduces the burning rate.

" This 1is attributed to the deformation of the flame boundary.

Forced convéctioﬁ can rédi%ally alter the type of the flame supported
by a droplet.

b - v
/ .
Spalding [bo, Bi] observed envelope flames at low stream velocities.
At speeds }n excess of the extinction velocity, he reported that a
flame could be stabilized behind the drop, which, he termed a wake
5 .

flame. An envelope flame is a diffusion flame while 5 wake flame is

of a premixed type.

A third type, namely a flame which is stabilized within the boundary

layer at the side of a drop, has also been observed. -

Eisenklam and Arunachalam [;é] have found that the drag coefficients

of burning drops are strongly influenced by the type of the flame

assoclated witli the drops. They found that the values of Cp for drops

with side flames were lesg than the standard'values;whereas those of the
, ! . 5

drops supporting envelope flames were higher. These values were cal-

culated on the basis of approach properties, i.e. the properties of the

undisturbed atmosphere in the chamber.

A number ¢f measurements of the flame and internal drop temgékatures

have been made.

- 26 -
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4.3 With Forced Convection Effects (Cont'd) - : , '

Experimental work on droplet temperatures [36, 31] suggests
that the centre of the droplet is beloﬁJthe boiling point of
. - the fuel until more than half the mass of the drop has been

burnt.

Measured flame temperature [90:]agree more with the calculated
rich limit temperatures than with those cglculated for stoichiometric

combustion conditions.

1 : N

In order to determine the penetration of a spray droplet experiencing
forced convection in a gas flow within a reactor, a knowledge of drag
coefficient of both burning and unignited drop is required. The

behaviour of imert spheres while under-going momentum transfer furms
J "’
a useful starting point.

a
A

Calculation of the drag coefficient of a sphere requires the solution
.oh the Navier-Stokes' equations for the flow around the sphere. How-
ever, romplete analytical solution of the Navier-Stokes equation has

- . ’ not been obtéined for Reyl due to its nonlinear inertia terms. How-

-

ever, various experimental data on Cd obtained from smooth non—rotay{ng,
i 2

solid sphe;es moving with constant velocities in ;nfinitetmedia caﬁ
be related by a single curve with\cd and Re as co-ordinates. This.is
ﬁréqu;ntly referred to as the standard curve. A typical curve is shown
. in Figure 8. A number of analytical methods used in calculatiné the
f drag coefficients for‘the combustion of a droplet in a forced convecciye

-~

atmosphete are given in Appendix A.

- 27 -
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CHAPTER 5 - ® 7

* v

HEAT TRANSFER BY RADIATION TO A FUEL DROPLET

v . -,
. e

General /
In spite o.f t?e voluminous am;:iunt of literature on single droplet .
combugtion, most studies on drop flames have ignored‘radiat:;we, energy
transf:r to the drop, mainly because of the lack of experimental diata..

It is, howe;'er, felt that drop flame emits appreciable radiation under

conditions causing the formation of soot.

Even though certain aspects of the combustion of the: single droplet.

3

under radiative heat transfer is understood, the mechanism of the com- -

bustion of a single droplet under radiative heat transfer is not quan-

: - titat:ivelir understood. There is, at present, difficulty in the
. b s
rigorous approach/to the analysis from first principal of this problem.

H . - +
3 1 -

-

.s)

. In this section, attempts have "been made to'deve‘lop, a semi-analytical

technique to evaluate the radiative heat transfer resulting from the

combustion of a single droplet. - . $
° \ , . - : - . ,
3 , o . o - .
‘The rate of radiative heat transfer.from the flame to the drop is giye“n:[%]" .
; "R = o) Tes _ T4 N v ' "
, , - Rz cK:d‘f_fSAc(f s j . (26) .
\ - /
) where Raz heat transfer by radiatiox}
“3 oo S . A = surface area of the drop ./ ' ‘

/ .
. e“d = absorptivity of the drop o o

]

f = emissivity of the flame

o 0~ = Stefan - Boltzmann's constant
. i : :
- . )
) - Tf =~ flame temperature. ) - I
. . 3 '

- 28 -




5.1

5.2

¢

General (Cont'd) ,
T3 = surface ﬁemperéture of the drop

S = golid angle of effective radiation

'y ' ‘ ‘Q;Q
Based on the experimental work of Wolfhard and Parken [9é] that
hydrocarbon droplets are’ more or less transparent to all wave lengths

upto 64 m with the exception of C H band at 3.54 m and 937 of the

radiation lies within this region, the effective radiation constants

of the e.quation (26) would be'develdped analytically. Q\

Emissivity ¢

Radiation from residual droplet is due, in part, to burning coke par-
. oK

ticles formed by asphaltness in the oil. When the perimeter of a par-

‘ticle is-less than six-tenths the wavelength measured-in the ﬁarticle,

4

the particle acts like a point-source of volume -nRayleigh,particles.

. . 3
- e

It is commonly assumed that the luminosity in diffusion flame is caused

by the soot, though some doubt exists [15] . Soot particles in diffusion

flame are generally small so that the spectral absorption co-efficientfg
can be calculated from small particle limit of Mie theory [331 making it

proportional to the volume fraction of the particles.

The monochrogatic absorption is then independent of the particle gsize
and proportional to the volume function fv1-€°m where Cm is mass con-
centration andvo is particle density and to the reciprocal of Wave
1ength,%;. The proportionality constant K depends on the refractive
index n and absorption index k. The emissivity is then givén“by:
- By en
- 29 -~
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5.2 'Emissivity (Cént'd) ' .

On the assumption that n and ﬁar'e independent oﬁ/bave length and
temperat:ufe, k (n,/é) in the equation (27) becomes constant, the ',
total emissivity may be calculated with spectral distribution 6f N |

blackbody radiation expressed by witn's equation rather thé.{x Planck's . ¥

p N 3
because of the low/] T rande of main interest. \ / i
. had ' ;
¢ € _ _(0 €A Endan 3 ] . . :
- S«- < ‘ §
E,d A SN \ ! . :
. (O : : (28) - 4
< “REL =S =%fman * i

L [y Re w

- :‘\-\' ° 1l
."" o ‘ :

S =5 =CafnTAN
o SLJ\, e f/?} ‘ o ‘
° 2 - . ' ‘ 1

k3 - 1

¢
-~ »

Rearranging the above equation by defining X = CZ/?\,T)

' 1 iCo AL, 1y ' 'I
L. and Yeas 2+A% 11y ‘ -

‘ /1’ l Kl & ) 1' ‘ r
~ (- hY
\ CL T4 13 e Vay ‘ '

LT . -
\E 2 - (Cy ﬁfv LT) Q@;8;‘)‘
. 8 d
— ey x3e %ix o ' v
. . cF ' .
Lo t 2 °
- /
. /,‘ .
f / S
' . - . \] : \ L %
. ) o
' ¢ " N »
rd , b: ‘ -
> —_3b - ° & X -
v ® 1 7 l'

i >
o
-
’h
. .
§
.
;
?
.
s
H
;
t
.
.




., 4 .

a . . . 3 n‘ { -
S . 5.2 Emissivity (Cont'd) | ¢

/
a

3 The definite integral are gamma function {{4),carcels out and total ‘ .}s,
: " .
.le -  emissivity reduces to: . ‘ o
. -~ i v g
. =1 - 1 . 4 \ ‘ ’ o
' €e=1 1 (29) - !
, * 1+Kf_ . LT/C . : © ¥
: v 2 . kX
' : j . ¢
. v . 0.5‘
Some experimental work at Ijmuiden on two types of o{..l flame yilelds xft
g . -1 o -1 . £
values of 4.4 and/9.8 ,for k/cz, a tentative value of 5 Cm K i
. - ' - AN “
= T (85 ft 1 °R l) could he taken.
1)

SR ST RN

¢ e 3 ’ o
Elsasser model can be used to predict the ;;roportionality/ol l/T}'

to L [17’1 .

- ¢

5.3 Absorption. . ) :
The’ effect of internal absorption is of great interest in radiative
- transfer to the.combustion of a droP.let.‘ This can be deter;nined by using
the an;lbgy of a "qeam incident on a sphere at ar angle 8. Considering

/ S
- the grey-plus-clear model and using the Fresnel's equatibns [331.

In spectral regions of Isotropic Dielectric Media (k-EO),where the
* absorption index is negligible, the radiative properties of dielectrie‘é

are deterhined entirely by the. refractive index n which is equal to %+

Ragl_:l_.ftion incident on a surface at an angle 6 to the normal will.undergo

~\

partial specular reflection and pgrtial refraction, the angle of re- -

" fraction is given by Snell's law. .
sin XmSin 6/n S (30)

A} ’ ° ) .
- - ' Iy
. - 31 - ¥ 7
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. Absorption (Cont'd) ) : . -

- -

The reflectivities of, 'the components of polarization resolved parallel

and perpendicular to. the plane of incidence are best considered \‘

separately. The& are:

)

14 S ' ¢ ‘
2
6_‘_= Sin2 e-X)
Sin® (8+)X()
atIId '

(31)
e” =tan2 (e -)Qz

5 ) G2)
tan” (8+4X) |

ElimEnation of X among (30), (31) and (32)/gives:

J
i:(n.z—smz g')i—mse o

/ (n2 - S:an'e)i +Cos 8 ' '

and'
I =n’Cos 6 - (n> -'Sin @)
These are known. as Fresnel's equation. ‘ .

Foe normal incidence (@ = 0)

e _e.
-L‘en

L]

= @?-1 / @+1?
“and at glax;cing incidence (8 =M/2)
(f/- = P\l =1
Inte‘grating ;:ver all angle of incidence would Srield the desired
values of ;bsorption constant for,Gray-Body and Gray-plus-cléar
Model.' |

\

Calculated values of total absorption To-efficiem:s are presented

in Table 7. . BN
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5.3 Absorgtidn (Cont'd) ‘ jg
Figure 9 shows the relationship of the total absorption and with g

\ ' -

KR for material of Refractive Index 1.35.

. v

Figure 10 present the Directional“Emmissivity of strong absorber.- "’

P'd

- » . y

Figure 11 shows the internal local volumetric absorption "r;atevin ‘

an absorbing reflecting sphere, the surface of which is uniformly

. N
g irradicated with hemispherical flux, Refracgive Index 1.5.
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'HEAT AND MASS TRANSFER FROM DROPS

L
Heat and mass- transfer from burning and evaporating droplets

u

the better knows are:

Ranz and Marshall correlation [721

Nu = 2+o.6‘Re5 pr /3

. Eisenklam et al relations [19] . | -

Nu = 2+4+1:6 Reé
" 1+B

for evaporation - ‘ °

Nu = 4.9 Re 0.4 : - o 1

1+B

.
e T Y .

for combustion -

/‘ B and R, are calculated using mean values of the physical parameters.

Y :

\
\
\
-
'
_ ks it
- I 5 NN R R
D Ta 3 NS
P

[P




\

!
CHAPTER 7
DISCUSSION

- T e e PPN i N .




5
4
¢
H

D, e

“

CHAPTER 7 |

" DISGUSSION = .
General

The concept of burﬁipg of condensed phases isnapplicatle to the
droplet burning, the flame produced is diffuaion flame. The '
condensed’ phase is considered as a liquid fuel and tbé gaseous
oxidizer ;s oxygen; the fuel is evaporated from the liquid
interface aﬂ& diffuses to the flame front as Ehe oxygen moves from

the' gurrounding to the burning front.

3

The rate at which the droplet{fvaporates and burns is genérally
congidered to be determined by the rate of heat transfer from the
flame front to the fuel surface. The chemical procésses are

aésumed to occur so raplidly that the burning rates are determined

solely by mass and heat transfertrates.

. | ) '
Most of the analytical works consider a double-film for the
combustion of the liquid fuel. One film separates the droplet

surface from the flame front and the other separates the flame front

\

,ﬁhg oxidizer as depicted in Figure 12.°

%

of the te
i
temperature is o

Survey erature in burning liquid indicates that the

"

a few degrees below the boiling temperature.

all Ehe apéroach 8, all the droplets have been assumed to be at a

P

uniform temperat e and at the normal boiling point. In the vicinity

of the flém? surf%%e, the fuel evaporates at the drop surface and
diffuges to&ards the flame front where it is consumed. Heat is con-

ducted fromgthe fl&me front to the liquid and it vaporizes the fuel.

)
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7.1

7.2

General (Cont'd)

Most analysis assume that fuel is heated to the flame temperature
before it chemically.reacts and that the fuel does not react until
it reaéhes the flame front. This latter assumption means that the

flame front is mathematically thin surface where the fuel and
s % J
oxidizer meet in stoichiometric proportions. '

)

S
( )
'

\ .
In stagnant atmosphere the film boundry is assumed to be at an

s

infinite distance frﬂm the fuel surface. ‘However, in convective

flow definite boundry layer exists, oxygen diffuses to the flame

front and combustion product and heat are transported to the surround-

ing atmosphere. The position of the bourldry is determined by convec-

L]
tion. All the analysis have been carried out cn the assumption that

there is no radiant energy transfer.

\

A

The parameters which define the combustion parameters are:
(a) the mass bﬁrning rate or burning constant (ho;

(b) the flame position above the fuel surfacé or the ratio of the

diameter of flame (df); and
diameter of the drop ﬂI ?

. ¢
(e) flame temperature.

The Mass Burning Rate o

The burning constant determines the burning rate. Values of B for

various fuel are given in Table 8 (Spalding 1955). Examination of

o
this table reveals that, variation in B for different fuel are not

great. Indeed, for most industrial fuels, it varies only frém 5.1

to 1.7. Since the transfer number always enters the burning rate

, - 36 -
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The Mass Burning Rate (Cont'd)

expression as a In (1+B) term,

y conclude that as long as

the diffusion atmosphere is kept ¥e same, there will hot be a great

variation in the burning ratk ‘of various fuel. A tenfold variation

in B results only in an approximately two fold variation in burning
"rate. A ten fold variation\ in the diffusivity or gas density would

result in a ten fold increase in burning rate.

Further, the burning ratekcan be determined without determinidgfihe
flame temperature or‘thé position of the flame. It was necessary to
find the flame~tempexature in all the theoretical works which followed
the Godsave EQA:]apptpach. Most of the fnﬁestigators made comparisons,
not only éf thé calculated and experimental burning rate, but also of
the flame temperature and position. Most of the experimenters found
good ;greement.with respect Eo\burning’rate but poorer agreement iﬁ
Sflame température and positiqp. They had failed to realise that the
burning rate is in&ependent of the flame temperature. '
o .
?able 1 presents some typical values of the burning constant calculated, -
from Equation 10 and B values id Table B. The experimentél meaéure—
ments of various workers are also shown in Table 1. The aéreeﬁentﬁwm
byig good. These results show that the burning constant of fuels does * .

not seem to be systematically influenced by the wide variation in their
- \

chemical structgfe. The general order of maghitd&e qfﬁifor hydrocarbons

¢ 0

burning iﬁ air is about 10“2 cm?/sec. 4 o .

¢
’
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7.2 The Mass Burning Rate® (Cont'd)

Of‘all the measurable quantitigs, the prediction of burning rate has
been most successful in obtaining support by investigators (See

Figure 13 and Tables 2,3,4),Quasi-steady state analysis predicts that ghe
mass burning rate is proportional to the firs; power of the droplet
diameter. This implies fhat the square of ‘the diameter decreases
iinearlx with time. Thé'outstanding contribution of quasi—steady.

state theory has been in isolating the final functional dependence of

ﬁ on Tp equivalent, the d? law which has been observed in the experi-

]
\

ments, but the quantitative evaluation of ;I 9r7\) involves a judicious
choice of the thermodynamics and transport properties. By comparison

of quasi—ste;dy state predictions with experimental results obtained
under'zéro g [50] , one can conclude that the prediction/of m is an
overestimation. In fact, if the value of;lis evaluated at the mean . ‘
temperature between the dtopiet surface and the flame, the_estimated
burning raté will be significantly larger than ﬁ?at which is actually

observed. [3] ‘ ' 4

<7 :
Further,the observed experimental result (Figures 3, 14) shows a smaller

gradient which quickly approaches a constant value. The life time of

2

droplet as seen from their d“against T graphs for a 2mm diameter benzene

0u .
d;oplet(burning in air at 300°C is about 1.8 sec. A simple calculation
using quasi-steady expression (Equation 15) to scale down the observed
burning time at room temperature\(te = d%[ﬁg to'that at 300° would show
that :b for the me'droplet‘should be about 4.5 sec; which goes to

prove that life time of droplet predicted by quasi-study theory is much

higher than actual value.

fam
-
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7.2

7.4

‘dependent of thle diameter of the droplet in spite of the fact that _

. Ty
The Mass Burning Rate (Cont'd) .

"

The initial phase of burning where the relationship of the Equation (15)

« does not hold true has been identified as l‘e Eeating period".-

( .'/ .

The Ratio of Flame Diameter S T v

d
Drop Diameter (C£/d) / o '

d “ '
Quasi-steady state theory predicts that-ai is consegnt during

d .
combustign, The value °f'3£ based on quasi-steady is an example of

over-estimation (see Table 2). Becacse of its logarithmic dependence

on B, E{ has a negligible dependence on the chosen mean themodynamic"

°

d
and transport properties (Equation 10). E{ is considered to be in-
experimental observation has recorded that the initial movement.of the
flame is away from the droplet followed by gradual decrease in size

as the droplet continues to shrink steadily. . :

d
The discrepancy between the experimental values and tHe value of E%
predicted by quasi-steady state theogy has been attributed ‘by a num—

ber of workers due to omission of convection.

-

Flame Temperature

~
tr
s

- Quasi-steady state theories predict that the flame temperature is

2

constant and equal to the adiabatic flame temperature. The flame is
formed at the locus where the ratio of fuel to oxidant flow is stroi-
driometric. Referring to Table 1, the theorecttcally predicted values

L] ' {

of Tfahave again been considerably larger than the experimental values.

’
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- 7.4 Flame Temperature (Cont'd)

The free convection to all pfobébility does not “alter the flame

temperature. In consequence, the inclusion of kinetics and

.
L) N

\ ungteadiness becomes a necessary prerequisite for the realistic

. d . .
prediction of Ts. On this basis, Ts,'E%, and Tf change during !

-& ‘ combustion, and therefore, a finite period of time must elaspse

before the centre of the droplet, attains the surface Pemperature of
the droplet. Rédiat;on transfer from the gaéses alter temperature

both in the flame and in the droplet itself.

4

r
-

The radiatioe.interaction lowers the predicted“(quasi;steady state) !
temperature in high temperature region of the boundry layer near the
et flame front and raises the te;perature inhcooler region'eear the edge

_. of the bou;dry. This affect would be greater in the presence of

larger convective forces. The effect o} radiation can be interpreted
§

to result from a transfer of energy by gaseous radiation heat transfer
from the hqtter region to cooler portion,thus reducing the higher

temperature and raising the lower one. This would tend to iIncrease
-
. the thermal boundry layer thickness and this effect would be consider-
- Pl : .
o ably increased with larger convection. *

-
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'(a) The existing theories, if applied judiciously, can predict the

- behaviour of the cdmbustion of a single droplet.
(b) Qhasi-steady state theory predictsr realistically d? law over r
- : N . “
. - a wide range, except over the initial 20-25Z of the total-life !

-« * of the droplet‘? where the unsteady state prevails. L

N P

M v Lo
Ve ‘ i

..
>~ L - , %
w )

The burning constant can be »redicted accurately by the use

[ ™

’

of l~quasi—st:eady state theory provided judicious use of the o 9
» b .
variation of the thermal conductivity and specific heat with ’

“

temperature is taken into account in the calculation. °

OB S i i 7
at

. PR
k4 o -
¢

. () " The flame temperature can.be realistically predicted by includiné
- . £

- e

. ' . tl}e'effec£ o.;. r:z.ldiatio:n based on the actuél condition of the flame
“ ‘ Viz incompléte combustion or by taking this into a\’ccount by
* g o equivalent low oxygen fuel ratﬁio. i ‘
’ A d S .
v _(d) The realistic predict:(on_' of the ‘ﬂ% demand that the analysis must
! \_G . Mﬂ;take into account the effect of ‘the convection, t!hle dfcrease in the
. - flame.?temperatt‘xre resul}:ing from the radiation and 1nt,roducti§n. of the

v
A b < r ‘-

realistic value of the transfer properties (Viz. Lewis numbers for the

v . . flame and the drop) and temperature dependent thermodynamic properties& ~
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| TABLE 1 -
BURNING CONSTANTS FOR ,VARiOUS HYDROCARBONS
(oxidant at 20°C and l atmogphere)
7 BURNING CONSTANT A_
’ FUEL mm</Sec. 9[PERIMENTOR
fumm MEAN ~1" "
EXPERIMENTAL
_ p . :
Benzene 1.12 0.97 Godsavue
Benzene | 1. l; 0 ./99 Goldsmith
Toluene - .. 1.1 0.66 Godsave ° -
Toluene 1.11 E) W77 Goldsmith
0~Xylene 1.06 0.79 Godsave
b-xylene 1.08 0.77 ! Godsave
Ethyl Benzene - 4 1.08 0.§6 .Godsave
Iso-propylbenzene 1.06 . 0.78 Gocisave
Tertiary-Butylbenzengq 1,04 0.77 Godsa;ve
Pseudocumene 1.02 . 0.87 Gotdsave
Ethyl Alcohol 0.93 0.81 Godsave
Ethyl Alcohol 0.93 0.86 . | Gc;ldsmith
Ethyl Alcohol 0.93 . 0.85 Wise _
N-Heptane 'l .42 C0.97 Godsave
N-Heptane 1.42 0.84 Goldsuith
180 = octane 1. l.ol» 0.95 ",ﬁodsave
Iso - octane 1.44 1.i4 Graves
DeCane 1.16 . 1.01 Rall
Kerasine (P=0.805) 0.97 0.96- Godsave |
Diesel oil (£50.850) {~ 0.85 " 0.79 ~ Godsave
L , Coe 42.- 3
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TABLE 3
_COMPARISION OF €O ,
‘FOR_BENZENE DROPLET OF 2mm IN ANALYSIS WITH CONSTANT k
AND VARIABLE THERMODYNAMIC PROPERTIES
¢ ., . w \
COMBUSTION EXPERTMENTAL _CALCULATED VALUE
PARAMETERS VALUE
0 Cp, k r Cp Constant
Constant and k variable
2 ’ Lo
A /sec 0.97 1.12 0.735
defdg 6-10% 33.94 25.14
T, (°x) 2237 2748 2563
*:

This value refer to an. unsteady, no convection condition.

Data for steady, no convection condition ,:!.Qs not available.
3 ,
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TABLE 4

" COMPARISION OF COMBUSTION PARAMETERS FOR BENZENE DROPLET

OF 2 V. K
THERMODYNAMIC PROPERTIES

®

COMBUSTION L‘.XPERIMENTAL CALCULATED VALUE _
PARAMETERS [VALUE Cp, k - Cp, X
CONSTANT - VARIABLE
7\m2/sec 0.97 1.12 p0.981
U /d 6-10* 33.94 . 18.47 |
1. (°K) 2237 2748 2563
*: This value refers to an unsteady, no convection,
condition data for steady, no convection condition
is_not available, v
-~ . o .
3
1
L4
v t
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TABLE 5

THE 'EFFECT OF AMBIENT GAS VELOCITY ON THE BURNING CONSTANT

L

. -
* 9

 Goldsmith EZZJ

Experimental Relative gas Change in the Extinction
Technique elocity burning constant]velocity
Suspeﬂded Ambient gas 36Z increase Flame extinction

drop technique

velocity was
raised from

0 to 40 cm/sec

in 7L

D

occurred at a
velocity greater

than 40 cm/sec

£

Suspendedl Ambient gas 352 {hcrease Flame extinction

drop technique velocity was in 7[ occured at higher

Kumagai {49 ] increased to velocit&
ésvcm/sec B (45 cm/sec)

»

Suspended Ambignt gas 107 increase Auto ignition

drop technique velocity was in 7L failed to occur

(Furnace tem- increased at higher velo-

perature = 700°0 from 0 to 15 city

Masdin {56 cm/sec v
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| TABLE 6

VARIOQUS CORRELATIONS OF THE MASS BURNING RATE OR MASS RATE

EVAPORATION UNDER FORCED CONVECTION CONDIIIONS

Name of investigators E*perimental Empirical or Comments
y . | semi-empirical :
‘ ! correlations ’
\ »
Frossling [20,} At room tempe- |M_ = M¥% ' .
rature Nitro-— i 052 6 R 3 S % \
" benzene, Naph- (1 +0.276 Re™ Sc™)
, thaline, where
2<Re<800 -
Ranz & Marshall (71] | up to 200% M, - M X
: iﬁzzent tempera- ) , 9.3 Re? sc?)
for high temperature
T evaporation or drop-
let combustion it is
customary to replace
. Sc by Pr so that Mf
g is given by 3 3
Pr®)

Mf : Ms (1+ 0.3 Rel

)

Agoston et él [2]

/

At 2, 200 K -

2, 920 K Ethanol
and Methanol bur
ning from a mode
sphere

M= &8 (140.24 Red)

. Pr was as-~
sumed cons-
tant and
equal to 1

-

palding [78] Model sphere M ‘O 53B Rel/Z/Q B is trans-
technique fer number
800CRe <4000, and is de-
_0.6<B¢5 ; fined by
- . equation
& 11
Eisenklam {19] " Freely woving |- 4.9 . 0.4
et al burning drops Nu = 14B )

0.1 Re 5
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TABLE 6 (cont'd)

bt L Ao T S GHE R, g

R i T R T R,
N

‘1 VARIOUS CORRELATIONS OF THE MASS BURNING RATE OR MASS RATE
F_EVAP ON (0]
Name of investigators |Experimental Empirical or Comments
conditions semi-empirical '
correlations
» )
How (34) . For |burning or Mf =My X
:va rating (1+0.22 Rei)
rop .
<3 < B
- ]
\ . o
; \
i ) L]
,
' - 48 -
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. TABLE 7

CONSTANTS FOR CALCULATING TOTAL ABSORPTION

OF 1000 C RADIATION BY HEAVY FUEL OIL

v

Gray-Body Gray-Plus~Clear Model
FUEL Absorption LTa(l- e K'x)
Co-efficient K Y =1
. - '
(Co 1) K' (cm ) | ol Cm
[~3 ya
N )
Bunker-C  Fuel A 302 38.9 0.88
Bunker~C Fuel B 23.7 45.9 0.71
6 Pure HC'® 14.3 - 17.6 |28.4 - 29.3 }0.61 - 0.73
T
Y . -
‘ v - 49 -
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TABLE 8

VALUE OF "B" IN AIR

@

FUEL

Iso—Octaﬁe
Benzene
n-Heptane
Toluene

Aviation Gasoline
Automobile Gasoline

Kerosene

-Gas 01l

Light Fuel 0il

Heavy Fuel 011

6.41
5.97
5.82
5.69
5.51

5.33

3.42

2.51
2.00

(1.72
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. APPENDIX A N

METHODS OF CALCULATING DRAG- CO—BFFICIENTS FOR THE COMBUSTION
OF A DROPLET IN FOBCED CONVECTIVE EFFECT. ‘

\

o
]

At viscous flow regime with Re € 0el, the flow around the sphere

has up and down the stream symmetry.‘ For these conditions, Stokes
S C

[75,] neglected the inertia terms of Navier-Stokes equations and

obtained the following expression of drag: ; ¢
< v FEadAMV. . . . (AD)
’ where, F = the drag force : )
d = sphere diameter ®

V = velocity of e sphere relative,te the f‘luid“
J+= viscosity of the fluid
As Cq is defined by the equationg )
Cd,_:. F/Pg Va/2 A, .

D ¢

/ + 5

o

!

i sWhere, A = ptojected area of sphere, [ﬁ.— for a sphere ]

6 = the density of the ambient gas ;

Thus, Cd= '1-2(—2, according to Stokes' law . (A.2)

=
s/

L. / : . . / : '
At Oseen's flow éegime with 0~1 € Re « 1, the flow pattern is no

longer symmetric on. the upstream and downstream sides of the sphere

and the inertia forces become signifikcant. Oseen, [65 ] however; 1i-

nearized the Navier-Stokes equation by considering’the inertia terms
to be impg‘rtant only in the regions of flow far from the spherea.
'Goldstein [23] solved the Oseen's 1inearrizegl equation to give the
following expression of C4: .

24 ) 19

— —— - ——— 2 \ 7 3( A. V'
S Cas [ 3 Re = 1355 Re” -~ 731 Re ]

For Re?1l, the inertia forces-become significant even in the region
close to the spheg:'e. The fluid ,flow is further complicated by flow
;sgparation,' appgarance of wake behind the sphere and its subseqient

detachment at higher Reynolds Numbers. For these conditions, Oseen's

approximation becomes invalid. Owing to the complexity of flow and

the consequent non-linearity of hthe Navier-'Stokes equations,

L Amenas o v
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APPENDIX A g §
. L
METHODS OF CALCULATING DRAG CO-EFFICIENTS FOR THE COMBUSTION ' ' . e,
' ‘ A
_ OF A DROPLET IN FORCED CONVECTIVE EFFECT. (cont'd) . \ SR
( . ' 7
“ A . . ) / N .5 ‘
o, analytical solutions have mot been obtained. However, for Re £ 80, u
‘a number of numerical solutions | 124 | of these equations have been . «~ , i
found. 1In addition, several experimental correlations have been ’ ‘-
obtained between Cd and Re. Some of the more reliable of these are 'f
presented below: . :
» ° ()" Schiller and Naumnn [76] j
- . ‘ N \ LY
@ : ca=3 [ 1+ 0.15Re %% 1 . @a.ey Y

for Reé}@bﬁ : m#
(11) Langmuir .and Blodgett [52]

Cq = 2 l+0197R063+00023R138] (A.5 X

. . ’ for 14 Re < 100

v

(oiii) Gumz [ 24] and Frossling [21]

‘., o +Fn' .. LA
/q.,, for 0.5 £ Re< 2000 i ‘ ..

[
¢

Where, F = tl}e act;ual drag force
F, = the drag force given by Stokes' law.
Fn 2; The residual drag force found by using the following -
pseudo-drag values Cq'; .
Cd' = 0.Q8741 for 0.54 Re £ 8, ‘ _ '
Cd' = 0.3 for 8< R‘ec 300 ,
Cd' = 0.28 for 300« Ref--ZOOD :

“

(iv) Zahm . ) Ny

' 24 ‘ :

' ® Re 085 4 0.48 . .« (A7) :
. ‘ ) For Re £ 200000

¢ - L
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3

METHODS OF CALCULATE@%S DRAG CO-EFFICIENTS FOR THE COMBUSTION

OF A DROPLET IN FORC CONVECTIVE EFFECT. (cont'd)
= 7 .

Numerical solutions [ 10, 11, 66 ] of the Nav

r

-Stokes' equations

for Re & 1 show “that the drég force on an accelprating sphere is a

. ad

complex function of Re and the acceleration modu vZ (where a =

sphere acceleration, d = sphere diameter, V = the velocity of the

pértiple relative to the medium).

Crowe et al. [IU»J solved the integro-differential form of the tan-
gential equation of motion of a thin boundary layer of a sphere.
Their results.indicate that for the range 250< Re £ 1600, accelera- x -

tion reduces the Cyqy (where C, = drag coefficient of sphere in

da

presence of acceleration). However, for %%l( 10-2 Cqq 1is {nsensi-
. 1 1] a

tive to acceleration effects. )

Ingebo, [ 40, 41 ] while studying the individual droplets and sphere.

(20 to 120 um diameter) in sprays and in clouds accelerating frem

’

rest to 140 to 160 ft/secz, reported decrease in Cy, and correlated

his results by: :
. . 27 . '
A Cq = Re U.84 * . . (A.8)

Lunnon, However, found that acceleration increases C, of spheres,

da
the magnitude of increase diminishing with increasing Re.

]

Other workernglso suggest an increase in Cy, due to acceleration,

the exact magnitude depending on the flow regime.

The results of Richardson and Zaki‘[ 71, 73] suggest that Cy of a
particle in a cloud is less than that of an isolated sphere and the

extent of reduction is a function of particle concentration.

Al

In addition to the above effects, a number of other factors- such as

turbulent intensity, particle éhape, particle orientation, surface
¥ .
roughness, a finite boundary, medium discontinuity, etg., cam affect

Cd' There have been seyeral recent reviews on the subject.

! \ -
& . -4 .
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. *APPENDIX A . ) 3
METHODS OF CALCULATIONS DRAG CO-EFFICIENTS FOR THE COMBUSTION o 4
OF A DROPLET IN FORCED CONVECTIVE EFFECT. (cont'd)

The equation of motion of an evaporating drop differs from that of
an inert sphere by a term which accounts for the inertial force contri-
buted by tﬁe mass flux from the surface’ of the drop. This affects the

drag force on the drop.

spalding [:97] showed that momentum of the effusing vapour alters the
velocity profiles within the boundary layer and so leads to the in-
crease in the thickness of this 1aysr. As a result, shear force on

the surface of the drep (i.ef frictional drag) is reduced.

'

In the case of burning drop, due to expansion in the flame, combustion i
_gases fill in the low pressure regions within the wake and thug reduce
the form drag [1118 ] (i.e. integral of pressure distribution over the

- sprface of the drop). s

3

Analytical solutions of the Navier-Stokes equations for drops under-
going mass transfer have only been obtained for a number of highly

idealized systems at Re¢1 1

Muggia [ 58j] determined cheoretically the flow around an evdporating

sphere at Redi 1 by coupling Oseen s linearized form of Navier-Stokes'

. ~equations with diffusion equation. Using the’ assumptions of uniform
surroundings, uniform drop temperatures, zero tangential velocity and o P

finite radial velocity at the drop surface, he obtained:

‘ e o 2% [ 2+ B _ B(4+Re)
. d = Re . 3B 3 3(24B)
(2 — — 3= Re (2 4 B) )
‘ 4 - 16 (A.9)

Where, B = C £13;%%_;£;L ) . ' ‘
' "Ty= temperature of the ambient gas '
Tg= drop surface temperature

Q = latent heat of vaporization
C = specific heat of gas at constant pressure.

] ) ‘ T~ 76 ~
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METHODS OF CALCULATIONS DRAG CO-EFFICTENTS FOR THE COMBUSTION
'OF A DROPLET IN FORCED CONVECTIVE .EFFECT, (cont'd)'

. -
“ N *

- €

-

The values of C predicted by equation A, 9(%are considerably lower
than those of the standard curve. _' ’

Equation A,9 has Heen found-to be valid3 for burning drops at low
Re £ 1, For this case, B is defined by equation 11 [/on]

Crowe et al. studied analytically the effect:s of burning on the

drag coefficients of agcelerating particles at 250€Re & 1600 and found .

a decrease in drag when the ratio o‘ﬁ the mass flux from the surface to

the mass flux in free stream was greater than 0.025. = P

To take into account the effect of intense mass transfer on the drag
coefficients of flat plates in laminar flow, Spalding proposed the
following correlation:

. € _In (14 B) .. (A10)
cd B

w

Where, -Cd = drag coefficient in presence of mass transfer

Cd = standard drag coefficient

Al

Eisenklam et al. [19] investigated the effect of intense mass transfer.
and flame on' the drag coefficients of liquid drops and correlated their
results of evaporating and burning drops by:

-
“

Cd 1

| & - 1—I_B . . (A.1D) o=
Where the range of Re was~® )
0!1 € Re < 3 for burning drops | o
0.1< Re £ 40 for evaporat:{ng drops : 0

Cd e drag coefficients in presence of mass transfer.

Both equations A.10 ;\\gl A.ll give values of Cd’considerably logwer than

the standard curve. . L .
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' Al . i ! i N
METHODS OF CALCULATIONS DRAG CO-EFFICIENTS FOR THE COMBUSTION
OF A 'DROPLET IN FORCED CONVECTIVE EFFECT. (cont'd)

1
ooy
-

¥
.
.
.

Cd .
' Re 0.84

(A.12)

c

‘The values. of Cd obtamed from equation A. 12 ie below the standard

¢

curve . '

A number of other workers observed significant reductlon 1n the drag

coefficients of evaporating and burning &rops.

Fledderman and Hanson investigating the effects of turbulence and re-

lative v'é‘locity upon the evaporation of liquid fuel .spary observed

" that Cd'vallues in the range 20 < Re « 100 were decreased when the

wratid of vapour velocity from the droplet .to free stream velocity

, was as low as 0.08. Clamen gnd Gauvin while w.orking on the drag

coefficients of evaporating spheres in turbulent air stream also

- observed that the mass transfer reduces the drag coefficients within

«

the range of 2100 < Re < 29800.

"
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