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- SUMMARY -

1e="A brief review ia made of, the theoretical and e erimontal
results in reference with, the oombustion of s e fuel drops
in a still atmosphere.

¥ 2, Several experimentel results on the effects of forced

“ oonveotion and interaction in the combustion of fuel drops
are given and ocompared to those for the case of a single
drop in a still atmosphere. These results wesre obtained at
the Combustion Laboratory of the INTA (&).

4 3.~ Analysis is made of the possible application of this
1 - experimental evidence to the combustion of sprays. /

{4) .- This work was partially sponsored by the Euro g :
Office, ARDO, USAF thro Contraot No AF61 (514)=7340
with the INTA.
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Wopment of the new jet propulsion
eyatm hal promoted the study of some dynamic aspeots of

combustion ‘which were considered of sroondary importance
in ‘the olgaeidﬁl‘ propuleion systems.

:!:n a jet engine the éize of the ocombustion chamber is
‘:d‘oteminod by the: limitations impossed to the voloc:lty.of
the ‘gases Shrough it. Such limitetions arise from the
phenomena of flame stabil.izatiop-, shook conditions and by
thominimn residence time of the fuel in the chamber
required to odtain a satisfactory oombustion efficiency.
The study of combustion in one of these chambers is a
aierioult task due to the great number of variables thet

deal in the process and to the fact that the over-all

process results from the coexistance and interaotion of
several phenomena of different n.ture. This is specially
true when, as it n.ormally oocours, the fuel is introduoed_
in the buwrner in the liquid state. In suoh case, cqmbu.st:?
should be preceded by the atomizing of the fuel jet, the
fractioning and diopers'ioﬁ of the drops, fuel evaporation
and 1ts mixing with the oxycen. Thon, combustion can tel -
place 4in the Zollowing ways: a) Leminar or turbulent flarm-
prepagation thi'ough a mixture of fuel vapors and-exygen.

b) Quaai-homogeno.oua combustion cf the mixture. ¢) Flane
propagation through s fuel mist in an exidiszing atmosphers.
@) Combustion of di'ops or of systems of dreps with individu .
6r common flames. The relative importanqe of these phenowe
depinﬁu in each cas on the characteristios of the combusti o
chamber. ,

One of the following methods ocan be used to study combusti:..
processes in a burner: a) By deducing empiricsl rules frem,
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designing experience. b) By testiné models and applyihg the
similitude laws. ¢) By thoroughly investigating the iama
governing the actugl phenomena. ! ‘

A preliminar phase of such an investigation is the separate
study of each one of the elementary phénomena w.hich influen
ce the proocess. The present paparis a contribution along this
line. It contains a study of the comﬁﬁetion of drops consi-
dering the effects of foroed conveotion snd of the interac-
tion due to the vicinity of other drops. Results should dbe
a starting point for the anélygis of a more complex but
practical problem - the combustion of sprays - .

This work wes evelopmé  at the Instituto Nacional de Téo-
nica Aeronéutioca "Esteban Terradas", partially apohaorod

by the Buropean Office ARDO, USAF under Oontrgof No AF
61(514)=7340. |

Combustion of an isoleted drop in air at rest.- Several

studies were performed during the last years - both theore-

‘tical and experimental-on the combustion of a fuel drop in
- an oxidizing atmosphere at rest [1 to j] o

Pigure 1 summarizes the process. A flame forms surrounding

the drop and it stretches upwards due to free conveution.

~'The drop acts as a fuel source reoeivigg from the flame

the heat needed for evaporatioha Fuel vapors diffuse from
the drop towards the flame where they mix with the in-coming

" oxygen and burn. . Automatically a balance establishes wich,

controls the amount of fuel burnt per unit time and, there-
fore, the burning rate of the drop.

The fundamental reeul? of such studies can be summariged in
the following formula, which gives tha law of variation of

rer g BB AEHCE PN



the size of the arop as a function of burning tire :

=

r? = r? -kt (1)

Here, T is the drop's redius, r, is tho initial redius,
t the time measured from the moment at which combustion
atarts.and k 1is an "evaporation oongstant" depending on the
physioco~cheniocal characteristiocs of the fuel and on the
composition and state af the surrounding atmosphere.
Formulae (1) also holds when the drop evaporates withaut
combustion: In such case tho value for the evaporation cons-
tant changes.
Figure ‘2 shows the theoretical values of tpe evaporation
oonsiant of a Benzgne drop vaporizing in air, with and
without conbustion, as a function of the' atnosphers's
tomperature (&). | |
As an exanple, Figurc 3 shows some oxperimental curves on
the tine variation of the square of the drop radius obtained
at the INTA Combugtion Laboratory. The sane figure aleo
shows the e&perimental and theoretical values of their
respectlve evaporation constants. Experinental values were
obtained through the conventional technique consisting in |
suspending drops fron é thin quartz filanent and recording |
photographically the time varietion of their nean diemeters.

Vory snall drops (with radius of the order of 5 m )
cannot stabilize a diffusion flane of the type shown in ,
figure 1 o With very snall drops, fuel cloud burn with
flanmes of characteristics vef& sinilar to those of prenixed
flames [4] . |

pr—

(&) .~ Influcnce of pressure is ver¥ snall. Influence of
dissociation has been neglocted .




3o=

Influonce of OJonvection.- The exparimansel Yemilse ITefewred
%o heroin were obtained unéer tho influenco- of the free
convection arising from the hoating of the gageds On the
other lhand, thoorotical repults »ufer to an ideal case where
free conveotion ir non-existent. This gives a sphorical
_aymmetry to tho phenomsnon enabling its theoretidal analysis.
Comparigon of these results sugsusts that the influence of
Tfreo convection is not too impertant. Hgwever, ths prodlem
cannot be considered as solved us long as thore is not enough
experimontal ovidenco without convootion, such as that
obtainod by Kumegei in Japan [5] .

Since fuol drops move in a burner “hrough air it is important
o0 Jnow the influonce of forced convuotion on comwstion. A
thooretical study of such problem is very dif?icult and has
not boon porformed to date. On tho other hend, axperimental
studiés ha}ro peon carried out by obscrvingr tha comdustion of
fucl drops within an air stroam. Irequently, in suoch experi-
ments fuol drops wuro substituted by porose spheres to which |
Lucl is supplied ané from its conswption the burning rate

of the oquivalont drop could be controlled. In the experimens
porformed at the T.'TA Tuol Arops wore euanended‘fr‘om a quartz
filament [6] . A drawing of the inbtallutions is shown in
™Mze 4 « Thy following combuotidlos woro testoé : Bongense,
Toluone, n-=Hoptane, Ethyl-Alcohol and uothylf.ucohol. Ex-
perimuontation was meinly carried out at lahoratory oconditions
(T sw 2020) i some regulia weru obtained with air heated up
to a tomperature of 8020, Ths Rorolds Numbers of these
oiparimonta.ro.nged from O  to 50, whore very fow experiﬁen—
tal rooults aro aveilablo. The mixizum Reynolds Number that

could be ruvachod in suoch oxporiLunts wes Goternined by the
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extinotion velooity of the flame (see Paragraph 6 )
Rea’uit"s show that the fundamental effects of foroed convec-
tion.are as :_Boliowa : a) It activates normal combustion (#)
inoreesing the eveporation const ants b) In some cases forced
conveotion blédws-out tho front part of the flame and cbmbus-
tion takes place only in the wake of the drop. o) If

veloocity exceeds a certain value the flame cannot be

stabilized and it blows-out. Zvaporation of the drop

proceeds without combustion,

Tng's of Flames.- In the combustion of Benzene, Toluene and

‘n-Heptane two fypas of flames were observed: the surrpunding

flame, which will be called normal, similar to that observed
in combustion in a still atmospilere, and the wake flame which
forms in the wake of the drop. The former is a diffusion
fleme and the lattor a premixed flame. With Ethyl-Alcohol
and Methyl-Aloohol, wake oqmbuation_ could not be observed

. under the conditions of our experiments.

With low blowing veloecities, normal oombustion ie the stable
one. With high velooitiecs only wake combustion im possible.
When working é.t ambient temperature there is a 1‘arge tran-
sition zone where either type of combustion can take place.
depend\ing on the location of the ignition point. When the
air. temporature is increased the transition zone disap-
pears end wake combustion becomes moro stable.

The transij;ion from one type oL flame to the other, during
combustion, is charaocterized by the extinoction of the flame
at the forward stagnation point of the drop when velocity

-

(#) . That is to say when thc flame surrounds the drop.
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reaches a certain value, after which, the flame should
stabilize in the wake of tho drop. Howeve:n;. under ambiert
femperature the spontaneous transition from normal to wake
oombustion could hardly ever be obéerved while it normally
took place when working with hot air. '
Acoording to Spaléing [3] » the extinotion of the normal
flame at the forward stagnation point of the drop occurs
for oonstant values of the ratio "velocity of the air/drop
diameter". It could be verified that this law holds ap-
proximately. This quostion will be oconsidered in Paragraeph
6.

Influence of Forcod Convection on the Burning Rato: When
the flame surrounde the drop, oonveotion.increases ite

burning rate. Let m be the mass of fuel burnt per unit
time under the influence of convection, and m, the nass

that would burn under similar cirocumstances without convec-
tion. Oonvection offoct is measured b_y the ratio m/m, .
The problem lies in determining the vaiue for this ratio

and how it depends on the oondit;ons' of the. phenomenon.

For the case of pure evaporation, without oon;btﬁstion;. Friss-
ling [ 7] proposed the following semi-empirical formule s

1
2= 14043 30/3 r'/2 (2)
N, 3 »
2rp v

Horey 8, = === and R, = are, mépeotively, the
o oo .
Schmidt and Reynolds Numbers for the phenomenong p end u

" are the density and the viscosity coofficient of the

surrounding atmosphere. D 1is the diffusion coofficient

e ey,



ﬁe‘éween fuol vepors and air, and V 1s the veloocity of
the air stream. .
A simple oalculation shows that fomula (2) ocan be written

in the form s

;s , : g
dr 1/3 1/2 ;
-—--:-k(1-l—0.38 et Yo (3)

at e

where k, is the evaporation constant without conveotion.

Equation (3) enables the definition of an instantaneous

evdporation constent k

dr2

K=o cem (4)
at :

which, by virtue of (3), is given by

1/3 R‘13/2 )

k =k, (14038, (5)

Since k depends on r through Ry , formula (4) shows
that for the case of evaparation without convection the
linear law (1)' does not hold.

It has been suggested that the Fri¥ssling Iaw (5) also holds
for tho combustion case, provided that in the expression of
Reynolds Number, ( and M are referred to a temperature
ranging between anbient and flame temperatures.

The soarce oxperimental evidence availatb[3] , [6] suggests
the validity of this assumption. The Reynolds Numbers of
the measurenments performed at the INTA were not large
enough to olarify this matter. Figure 5 shows the law of
variation of r2 as a function of tine; for different
values of blowiug vel'oo:u';y V for Bengene. When the

values of R, - are small, which was the case in such
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exporiments, the solution of (4) is almost a straight-line
with a slop (= ki) who.r-er k; 1is the value for k ocorres~- -
poﬁding to the drop's initial radius in Eq. (5). This is
shown in Fig. 6 ,which ropresents different solutions of

BEq+ (4) corresponding to sevoral valuos of parameter s

This explains why the lines in Figi 5 are substantially
straight . P ¥y

Fig. 7 gives the variation of. l:1 aa a function of V. for
five different combustivles. Baoh point on these ourves
represents a mean value of several experiments ,The initial
part of the ourves up to the inflection point ocorresponds

to the zone in which the influence of free convection
prevails. If free 60ﬂr§:tion ﬁezfe abgent, the ourves would
continue by a dashed, as sBown for the case of Benzene.

The 9vaporation constant corresponding to wake oonbustion is
pomider;,bly Bnaller and it deoreases very ::apidly as blowing
velocity is inoreased. This is shown in Pigs. 8 and 9 which
give the experimontal results for Bergene and Tpluene respec-
tively.

At present not enough experimental evidence is availadle on

the influence of ambient terperature in these phenomena.

Extinotion and 1gnition Phenomeng: When i:he air strean

velocity exceeds a certain value the flame' extinguishes or
qannbt be ignited. Spalding [3] dedudes theoretically that
the extinction of a normal flane ocour's when.ratio V/d
betweyn blowing ~Veloo:|.ty and drop Alameter ~eaches a certain
value; which depends only on the physico-chemical conditions



6f the process but is independent from the size of .the drop »
figure 10 shows ‘sone of the experimental results obtained at
the INTA with Ethyl and Mothyl Alcohols. Therein it is

_ veriﬂqd that Spalding's rule tends to hold for large drops ,
even when the noesured values for V/a are consideré.bly lar-

ger than those predicted by hin. Results corresponding to
emall drops might bo nesked by the influence of the filament.

_Expiorimente wore made at tomperatures far lower than those
actually existing in a combustion charber, ‘Not enough
i.nformatioh is avallable on the influence of the atnosphore's
tenperature on the valus of ratio V/a for extinotion. However,
prbvided that such ratio does not inorease considerably with
tampergture; drops can only naintain flames for very snall
velooities. For inatonce, by assuning for ratio (V/8) gy, @
value of 103 sec. s a drop with a diameter of 50‘“ could
only maintain a flame when its velocity with respect to tho
surrounding atmosphersc were staller than 5 or/sec. This
value is vory small when conparcd to the inlet velocity of -
the drop in a combustion chanmber, which is normally of
sevaral netors. Thereforo 'it is concluded that the drop
will evaporate "rithout combustion in the mejor part of its
path. However, at very high temperatures it should be taken
into consideration that the differonce between cvaporation
constants with and without .combustion tends to reduce (as
shown in Fig. 2). Due to this,thc absenoc of the flame does
not increase too much the evaporation time of the drop as
would happcr "mAar anbicnt conditionse.

With rospeoct to “gnition it was verified that it cannot

be produced once the flame is extinguished.¥or ignition

the values for V/& arc,so far,not available. However the




cxperiments performed at the INTA show ®that the ninirmm - F—
ignition diameter ineréasos very rapidly with blowing ve-
locity;

Tow Interaotgbn Effeots«- Another aspect of the combustion of

' drops which should be analyzed as. & preliminary phase for the
study of the combustion of gprays is the influence of their
vioinity on the combustion of each drop.
Rex, Fuhs and Penner [9] have performed some experimental
studies on this matter at the Galifornia Institute of
Technology by susponding two or more drops fron quartz
filaments. Similar ‘exporiments were Aone at the INTA by
burning two side-by-side drops and one drop within the
wake of another. Also one drop was burnt in the diffusion »

flame formed on the free surface of a fuel, equal to that

of the arop [10] . |

‘Results obtained .show that, in :eneral, interaction effects

are weak and that law (1) for isolated drops holds in all

‘studied ocases. This is shown, for example, in Fig. 11 .

.'.l‘ha soattering of results and the diffioculty to obtain nean

falues, since it is hardly possible to reproduce identical

geometrioel conditions, added to the weakness of the effects,

prevent giving quantitive laws for the variation of the

evaporation constant, o

‘Plgure 12 gives, as a swmary of results, the mean values for

the evaporation constants in the case of two side-by-side

drops, as a funotion of the distanoe between their centers.

Bach point renresents the 1ean value of the measured oons- : '

tants for a set of experiments (a' minirun of ten). It is 4

goen that interaction effects can only be appreciated when




the distaqoe between drop centers is snaller than 5 rm. The
shape of the curve seens;to have a naxirmm but the existence
of this naximun is not too clear. Figure 12 also includes
sone results that oorrespond.to.the case of two drops one
within the wake of the other. In this case scattering is
larger due to the oscillations of the flame surrounding the
drop under measurenent. |

In order to analyze stronger interaction effeots the evapora-
tion and .combugtion of a drop inside a diffusion flame forned
on tho free surface of a fuel wes also studied. In this oase
law (1) also holds btut the ovaporation constant showed a 50
percent reduction when the drop was placed in the center of
the flame where it evaporatod without conbustion due to the
lack of oxygen. This constant increased as the drop ap-
proached the reaction zone due, obviously, to the increas-

ment inferporature of the gases surrounding the drop.

8.~ Oombustion of sprays.-~ The proceding results suggest the

possivility of a study on the conbustion of sprays starting
fron the comhustion of isolated dropsby assigning an evapora-
tion constant to the spray under the assumption that law (1)
holds for sach one of its drops. .

By knowing the size distridbution of drops the prcvoceding as-
sunption enables the computation of the eharacteristics of

the combustion of a spray. Nemely the amount of fuel oxisting
at all tines in the burner, the size distribution in i, etc.
Probert [11] has performed a theoreticel study of this kind
through an analysis of tho influonce of the sige distribution
on the conbustion of sprays. Sinilar studies have been nade
at the INTA. The available experinmental information 1s scarce

ol 2 g L e P i | gl ”
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and not conclusive. The INTA is now initiating an experimen-
- tal progran on the conmbustion of sprays in order to establish
the validity of the above nentioned theoretiocal approaoh;

Instituto Nacional de Técnica Asronfutica

Madrid, September 1956,
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Fig.No 4
SKETCH OF THE INSTALLATION I
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Fig.No 11 - Squere radius versus time for en isolated drop
and for fwo side-by-side drops.
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fig.No 12 - Average evaporation constants as a function of
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