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ABSTRACT

Experimental investigat%on was conducted on stationary
fuel droplets in order to study the efaporation rate and combus -
tion rate of fuel droplets at different temperature levels and
the influence of neighbouring drops on the evaporation and combus -
tion rate of fuel droplets, the distance between the droplets
being 0.15 to 0.3 cn.

The experimental set up consisted mainly of an electric
tube furnace , electronic stroboscope used in conjunction with
a stationary film camera and quartz fibres for holding the fuel
droplets.

¥uel droplets were suspended from quartsz fibres and intro-
duced into the hot electric furnsee ( ambient gas being quies
cent air), and the rate of decrease of droplet dismeter is
recorded on the photographic film. From the silhouete of the .
droplet diameter the necessary calculation were made to
determine the evaporation and combustion rates.

From the experimental invemtigations it has been found
that for each of the droplets in single,double and triple droplet
arrays the square of the droplet diameter varies linearly with
time both during evmporation and combustion.Again for similar
experimental conditions, the evaporation constant for each of
the droplets in double and triple arrays hss been found to be
lower than that of the single droplet thus showing the influ-
ence of droplet interaction on the evaporation rate.lt has also
been observed that the droplet interaction modifies the burning
rate of fuel droplets.

In this investigation only single,double and triple T
droplet arrays have been studied. Further extensive work is
necessary with a variety of droplet arrangement in order to
write w :ablel formula - - " - for evaporating and burning
fuel droplets.
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INTRODUCTION

1.0 7 This report encompasses the result of the experimental investigation.
conducted on single droplets and on arrays of fuel droplets in order to
study the evaroration rate and combustion rate of fuel droplets at diffen-
ent temperature levels, and the influence of various droplet arrays on these
evaporation and combustion rates. Along with this, attention has been
focussed on topics related to the understanding of combustion process invol-
ving liquid fuel droplets. '

1.1 In some internal combustion engines like the gas turbine, the diesel

4 engine and the rocket, the fuel is sprayed into a combustion chamber in the
fom of finé droplets of varying diameter: The interplay between the drope
lets, gas motion, evapofation and combustion presents the basic problem
which can be reduced to a problem of heat, mass and momentum transfer between

the droplets and the surroundings.

1.2 It has been observed that thé parameters like droplet size, distribue
tion, penetration velocity of the droplet and their interrelated effect on
the combustion process cannot be isolated and studied in an actual combuse
tion chamber of the internal combustion eﬁg;nea So for investigating the
phenomena of combustion qf droplets, the parameters are isolated and studied
under the simulated comfitions. This simulated approach has so far been
adopted in the study of the evaporation rate s combustion rate and droplet
life time. The results from the individual studies have yet to integrated
for predicting the behaviour of these parameters in an actual combustion
chamber. [

1.3 Extensive work has been done on the evaporatioﬁ and combustion of

sirgle fuel droplets. Spalding ( | ) Godsave (28 ), Hottel ( 30 ) and

e
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others developed theoretical equations for calculating the evaporation and
burning rate c:f single fuel droplets. Their equations show that the square
of thel Id'iameter of the droplet bea_.rs a linear relationship with time, i.e,
Da/t is constent. Sp'aldiné_l showed t.haf the rate of evaporatﬁn and combus=
tion of fuel droplet can be theore.tica.lly calculated with the help of a
transfer number 18¢ which may be thought of as a driving force for mass |
transfer. His equation for ewvmporation constant and hurn;ng rate is written

a8 =

8
K=(fe)la(1+8)

Though an array of fuel droplets simulates the condition of a spray
system more sppropriately than a single droplet, little work has been done
with such multiple droplet afrays‘. Penner (20 ) appreciated the importance

_ t
of this and conducted experiments with -w-droplfarrays, the droplets in this

cohfigurat.ioh being placed side by side and were ignited by an external flame
source, However, no useful theoretical equation applicable to an array of
fuel droplet has been developed. From the concept of transfer number ¢ B ¢
it is evident that evaporati'c)'n and combustion rate will depénd.'on the rela~
tive distance between the droplets, number of dfqplets in a given wolumeé

and the temperature of the environment. Moreover the thermal donductivity

7 k' of the surrounding fuel vapour mixture mekds it more difficult to

write an equation for an array of fuel droplets and the main approach of

study is the direct experimental investigation of the problen.

Experimenters have adopted different experimental seﬁ-t:ps in the study
of the evaporation and combustion rate of fuel droplets. The fuel dt;oplet.s
can be studied either when stationary or when moving, inder forced or natural
convection, The dropllet, in each case is introduced within a hot furnace

and photographic technique is employed to record the rate of evaporation



and combustion of fuel droplets. “The design of the expez‘imental seb-up

chosen by the writer was largely mﬂuenced by the equ:.pment and facilities
available in the Iaboz'atoty.

1.6 . The present esq:;erimental rinveéstigation was conducted on stationary fuel
droplets suspended from quartz fibres, which were introduced into a hot fuge
nace, where ."bhe a_ng:mt gas, quiescent air, was at atmospheric preésure.

A stationary film camera, fitted with an extra lens for magnification, was
used in conjunction with an electronic stroboscopic flash lémp in ordef to
record the rate of evaporation and combustion of fuel droplets. Single,

, double and triple droplet arrays of kerosene ( Sp.Gr. 0.786 ) and diesel

l ( Sp.Gr. 0.832 ) fuel were employed in this study. From the experimental

t investigation it has been found during evaporation that the square of the

E diameter of the droplet varies linearly with time for each of the droplets

in single, double and triple droplet arrays, However, for similar experimens

tal conditions, the evaporation constant for each of the droplets in double

; and triple droplet arrays was found to be lower than that of smgle d.roplet,
!{thus showmg that droplet mt.eractlon influences the magnztude of the

' evaporatmn constant. It was also observed that droplet interaction modifms

( the burmng rate of Lhe droplets and the flame utructure.

1,7 In the subsequent chapters of this report, details of theory of evaporas
tion ‘and combustion of droplets, experimental arrangement, results and di g

cussion have been presented,
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Sub ject. Matter

# Kature of the problen

* A review of the theoretical
and experimental work.
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NATURE OF THE PROBLEM:

In combustion engines like the gas turbine, the diesel engine and
the rocket, the i‘uel is sprayed mto the combustmn chamber in the form

oi‘ fine droplets of various diameters, The corxhtmn prevailing in the

rcombustion chamber pric;r to the injection of fuel is a complex one, The

combustion chamber contains highly compressed oxidizer diluted with nitroe

gen and residual products of combustion, all at a very high temperature.

In the case of rockets there may also be a residuél flame, The interplazy
between the droplets, gas, m:;tion, evaporation and combustion presents the
basie probelm, which can be reduced to a problem of heat, mass and momen=
tum transfer between the droplets and the surrounding emvircrment. Each
droplet, as it traverses the combustion chamber,serves as a spherical
reservoir of fuel which supplies the fuel vapour iﬁ all directions until

it ignites or evaporates completely.

During the short tenure of the drop in the combustion chamber the
following phenomena hage been known to occur:

i) The drop receives heat from its surroundings.

ii) Thermal expansion of the drop commences and evaporation starts sbout
the same times.

1ii) The droplet surface temperature reaches the wet bulb temperature
( not the boiling point temperature) corresponding to the ambient
comditions, If the rate of heat transfer is very rapid then this
may cause the droplet constituents to polymerize and crack.

iv) Then simultaneous mass.transfer processes tske place:
(2 ) The fuel vapour diffuses into the surrounding mediumj
(b ) Diffusion of liquid within the droplet.

v) The fuel vapour with the oxygen of the surrounding medium forms a
fuel vapour mixture of strangths varying from very rich mixture near
the droplet surface to a lean mixture away from the droplet surface,
The stoichifime:ric mixtwre lies in between,

vi) The final step is the actual burning. The ignition often occurs in
vapour phase with the production of a wake flame, Jwhich later becomes
a diffusion flame enveloping the droplets. '



2.3.

2.4,

2.5

The heat transfer to the burmning droplet is increased due to the pre - ,

~ sence of the flame front surrounding ft. At any time in the coutse of bume

ing this heat serves both to evaporate the l1iquid and tbz heat the interior
of the droplet. The miye degree of internal heating depends in a complicated
way on droplet size, time, thermal properties of the liquid and buming
rate.I The process of heat transfer and diffusion sustains the droplet come

bustion.

It 18, therefore, observed that a certin time clapses from the instant
of spraying to the occurrence of actusl ignition. This time is known as the
' ignition lag' or 'ignition delay' and is composed of two delays:

(i) Physical delay which can be stated as the time between the beginning
of injection and the attalnment of chemical reaction conditions;

(11)Chemical delay in which the reaction first starts slowly and then
accelerates until inflamation or ignition occurs,

No clear cut demarcation can be made between these two delays. Furthere
more, it is not well understood which factor ( physical or chemical) is
' the rate detemnining process in the Ignition lag. Some chemical reaction

&*

may take place during evaporation.

It has been observed that the parameters like droplet size, distribu-
tion of drops, penetration velocity of the spray and their interrelated effect
on the actual combustion process in the combustion chamber cannqt. be isola~-
ted and studied in an actual combustion chamber, Moreover, in the spray
system sometimes c§a11t10n of the drop‘gﬁ'falace thereby Increasing the size
of the drops and decreasing their number within the combustion chamber,
Also the droplet is likely to meet wide variation in magnitude and direce
tion of velocity, temperature and gas composition in its path from ther
injector to the point vhere the ignition starts and whe-n the combustion )
is finally complete.
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For investigating phenomens of cambustion of droplets, the parameters
arg {solated and studied $n the sigulated conditions prevailing within the
combustion champers The approaches made so far relate tos

a) The evaporation rate and constant for droplets.
. -

b) The buming rate of droplats.

¢) The droplet life time.

The results from the Individual study have to be integrated: For predieating
approuinmately the behaviour of these parmmeters in the combustion chasmber,

In the present fnvestigation, the parsmeters notably evaporation rate
tnd buming rates have been studied for single suspended droplets and an
array of suspended droplaets ud th predetentined arrangenant.

Theoretical end Dperimentsl Investigation Survey.

A brief review of the theoretical and experimental studies of both the none
fuel droplets and fuel drop]’-.eté undertaken by diffevent investigators is
presented herda. The subject itself has been intasively investigated in
Russia, United&stam, Gernany, United xingdolvmd Japan due to its impor-
tonce in designing the fuel spi'éy combustion chambhers,

The basis of the theory of evaporation of droplets in m gascous medium
was laid down by Manwell ( t7 )e In an article written in the year 1877 on
® The theory of wet bulb themometer™ he considered the simple oase, that
of the stationary evaporation of o spherical droplet. Ma assumed that
vapour concentration at the surface of the drop was equal %o {ts equilibrium
concentration. Of course this assumption is true when the radius of the
drop is significently greater then the memn free path of the vapour molecules.
Maxwell deduced the following equation

K= hﬂ R‘b ( C,- G.a) Y .l;o ( 2;9’1) \

| :
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which i_ndic’at.es t.hat the evaporation is purely diffusion control and the
rate of evaporat.ion of dmp is proportional not to the surface aroa of tha
drop but to the radius of the drop.

‘Another pioneer in. this fialdduas !ﬁ‘. Sremeveoky {=5). He showid
that the rate of evaporation of a droplet in gaseous medfun is proportional
to: it.s linear dimensions.

R £ . Constants:  wes’  ame - ( 2010-1)

' 'Sremlevesllﬂ:y"s e:qaerimmton'tho rate of .evé:poz"otim of the dﬁop‘let. at
different temperata.tre showed. that. t.ho rate is approximately proportiona.l
to the vapour pressure of the llquid. He however did not obtain the exact
proportionality. In 1910, Morse ( 3 6. ) showed that the rateé of evapora-
tion is pmportwnal to the radius of the snhere. Actually Ha:mell St.efm,
Sreznevesky and Horse found meoretically and mq:erimmtally that at low
temperature t.he mass rate of evaporatmn of a drop inbo stil.l airp a.s pro-
portzonal to the i‘irst. power of the drop diameter.

. The direct _measuremmts of the temporat.ure_of an evaporating drop
suspended from the junction of a themmo coupie was méde by Frossling( =7 )
Fross_iing in a comprehensive theoretical and experimental study extended
the results to the case of a drop évapo'réting in & moving gas stream of -
similar tmoerature. Ranz and Marshall (38:) measured the temperature of

eveporating water drop suspended from glass capillaries with a manganin

oonstmtén themooouple inserted into the drop from the side,

2,12,

‘M.D. Apasheve and P.V. Malov ( 12 ) of the Laboratory of Engines of
the Academy of Science USSR showed that Sreznevesky's conclusion that

surface area of droplet ( square of its diameter ) varies linearly with
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time is a speclal eage of gvaporation end cannot be applied to the case
of & moving droplets These authors established the following relution

‘ 2
a(D) 8 Q
aco)” “" (1eameedd) ce - { 241241)
de £
In this relationship , when the droplet is gationary end no gas movenent
takes place then Re = @  ond the gquation becomes

d (9)2 - _8Kc co - %Sto (T LI ess  wew ( 2-12.2)
at %

when the relative movenent Between the gas and stream oxists then Re varies

:tba # constante They noted that the fractional distillation

of fuels during the evapozjatim process hag a signiflcant Influence on the

g0 that

evaporation kinematice of light fuels anly and where the temperature of the

nedium is low,

In Japan Yasus! Tanasmen ond Kiyosi Kobayasl ( i/ ) adopted a different
theoretical approach far studying the evaporation of droplets.utschomists
They simplified the problem of evaporation by dividing the total evaporation
time into two parts, First is the heating pericd during which the surface
tezperature of drops rises to a certaln temperature T, They considerad that
during this time no decreass of the drop radius due to evapcration occurs,
After this comes the mcond pattyg in which consideration s given to vapori-
zation of the drop which results in the decrease of drop radius while the

surface temperature remaing at constant value.

Godsave ( 28) conducted experimental study on eﬁ:bustim of single fuel
droplets and correlated the results with the amuations based on these dise
cussed by Tanford and Psase ( 39 ).



In rectilinear coordinates his equation can be written as

!
cf) 2F o+ &x2F% . dy 2 + dzo%
z_ot dt 9 x at dy dat 52z

' 2
{2050 RER e

F = heat supplied by local heat source per unit time per unit volume.
By putting this in spherical polar coordinates and introducing relevant

boundary condition he solved for temperature T .
-y -E/R
. - _5/ Rl - T |
Te 221 2% Te 2© ( 2.14-2)

st/r —E/, -E -E
e N e R, e/Rz = /Rl

Thus he showed that temperature distribution is a function of the mass

rate of evaporation as given by E.

flame front T, Fig . (é_v

The expression derived by Godsave from heat transfer consideration is
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Logyo | 1
& . o [ T ) .
434—3c _1__ [T Y ( 2011&"-})
28 K [ Dt‘] :

Whers all cquantities except D & Dy are assumed constante

C = average heat capacity of the alr fuel vapour nixture bdetwean the
droplet surface and the flame font.

k = average conductivity of the same mixture

AT = Temperaturs difference between the droplet surface snd the flame front

D = Instantaneocus dismeter of the dmplét.
Df" Inst.gmt.mms diameter of the flame front.

The above equation gives the nass burning rate in tems of the geomatry
and the physical properties of the system.

The E®  ( 2.14=L) can be revritten as

2 Lo 1e 228
a0, %10 [ < o, .
at— — o (201!1"5)

a L -3
(EFfoathas) = L (2

This shows that the ratio of the flame diameter to the droplet dismeter
is independent 4f droplet dismeter provided the physical snd chemical
~ parametars remains unnltereds

Godsave suspended single droplets on silica fibre ignited thes, and
followed the progress of combustion photographically., On plotting graphs
he found that

2 - Ra » Kt ven soe ( 2e1h=6)
is the equation that sat!sfies the graph were'K {s the evaporation o
constant. Godsave calculated'K'in a very simple woy. He considered the
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droplet. to be spheriea) of ra,l’dius R and assmﬁ st@ﬁy radial haat. transfer
from the ﬁmne to the droplet a.gainst. the ouw:-mi diffusing fucl vapour. He

soncluded t.hat hmt. trmm‘er 18 the important factw in cmmning the rate
‘of bumlngq

© Cuhe Gregory JRe and H.FuCalcote (25 ) did experinent to exmine the
droplet vapour raaetions. His technique pzwide:i faeility for studying indi=

" vidual rate steps tha?.wmmbam@ectedtoheof mertmcetnmyhetm-

2:16,

geneous cumbustim systen

A.Re HALL and Ju Diadaﬁchsm ( 40 ) studied free dmplets burning in
air at ona amesrmm hnd 71.0 c mci suspmdea dmps at pmsure upw 20 atm,

- They found that nass rate of buming of quuld paraffm baars a limmr

.47,

relation to the drop diameters They indicated that mmmtim eonstant is

‘proportional to nth m of the atmospheric pmssure. tha effect. being

attributed b'.) change in lamt. hmt. of the fuel assoclated with pressure
change.

n.B. Spaiding ( 1 ) mcmtmtaa riuch attentim on the type of fleme and
its lnﬂumce on. the cnmbust.!m of liquid dmplet.m He took the belp of transe

~ fer number *BY to pmcm with the invastlgation.{ﬁm natuge of this trensfer

reber 13" has been deatt ob lmgth in the third chaptar)s He showkd that
noss tmﬁer rate of vapoﬂmtion can be calculated in terms of the transfer
mmbar which nay be thought of as a driving .t‘erce for mass trensfer, He

' investigated the cmbust.im rate of droplets in natuml convection ond also
. in forced convaction. He alss studicd the flame extinction velooity and its

dependence on the droplet dismeter which. is vez‘y important in v:z*t:mhust;imw
progess with forced cmvect.itmy Spaldlng appned the homdat‘y layer theory _
to predict buming of Liqaaid fucl from some simple geametric shapes, His = ¢
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theories predict that the mass rate of vaporization of a droplet s
proportional to the square root of the Reynolds number. Spalding deduced

an equation for mass tronsfer rate of fuel drops in an environment in which
mass transfer occurs by diffusion only across 2 plane film of gas, which
has gero velocity In directions parallel to the p:l_.ane-

His equation is given by |

w" « 2 In ‘. 1+8 ’ Ty ehu ( 2.17'-1)
DL .
His another equation for droplet life time is glven by
2 S 1 | -
_;}-E - saw a0 ( '201?"'2 )
Da®/y 8 Ln{1+8)
OR
- By? « Sweln(1+3) vee (241723

D.B. Spaiding distinguished two types,of fleme configurationss envelope
flame and wake flume. When the sphere is in rmoving slr stream of sufficienw
tly low veiocity an énvelope flame m:ist.s on the sphere f.e, the fizme
envelopes the leading half of the sphere. Spalding observed that if the air
flow is gradually increased, a critical fresz strean velocity Ue 1s reached
at w?aich the fiame suddenly change {ts form. The flume on the leading halg
of the sphere 1s extinguished and a smatl flame is stabilized within the
wake. The envelope configuration is a diffusion flome while the wake cone
figuration i{s a premixed type 'of burning with the sphere acting in the role
of a hluff hody stabiliger as well as the source of fuel vapourss The corie
tical velocity of transition Up i3 called the extinction velocity.
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HoC,, Hottel, GoCo Willfams, ( 30 ) and H.C. Siapson gtudied the
burning of droplets by projecting a stream of mifom"dmputa up ‘into en
electric ﬁzme and adlowing thess droplets to follow their tmectorieé
inside the fumace, Residence time of the droplets in the fumace was neasured
by recording photo electrically the fnstant at which the droplet entared
and 1eft the fummsce. Thay suggested that a realistic theory of droplet
conbuation sust include the effect of the motion of tha muin oy strem
past the droplet. Tha temperature pattern within the droplet depandeic: on
at least nine dimms!m!e $ groups.

)
G @@= }7( AB; c.'.‘B-I %n 't') e ove { 2.18"1)

Seuchiro Huwagai and Hisoshl Isoda { 3/ ) investigated the combustion

of fuel droplets In a vibrating air field at room tempersture. The droplet

was suspended from a silica filmment and ignited by a burners '!‘he driving
mit of a dynanic spéﬂker isused ms the vibrator. They fount that the
relation between the dlameter of o burning droplet D and time € et sume
as combustion im quicseent air, namiy '

Dg'DE"Kt - U e e { 2.19%1)

When the amplitude of the diapheragm is increased keeping the frequency

and the distance from the droplet constant, the value of X increases,
reaches a maxisum snd them dmps to zero, With smaller amplituds the flame
boundary taltes an oval shape much the seme as in the canbustion in still air.

~ Jach Lorell and Bernard Js Wood { 22 ) studied the droplet combustion’

by simulating a nonwcapm catalytic porous sphere to thab of a liquid drops
Porous sphere was fod by liquid reactant at 2 rate detomined by physical

and chemical parsmetars of the system wder study. Linear variation of mass
buming rate mr with droplet radius was found to apply equaily well to @roplets

z’.;l,\ .
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as large 6900& in rodius. They detected an increase in burning ratc
with rising welght froction of gaaaaus axidizer. In suwch case there is a
gradual approuch of the lwalnous region of the flana towards the liquid

‘surface th‘em:y incrﬁsing the heat transfer per unit aren of the drep -

surface. They found that sphevicowsymmatrical model qualitatively predicts
the variation of the burning rate of the liquid dreplet as a function of
the droplet radius end the chemical properties of the systom,

Kiyosi Robaysi (33 ) studied by means of motion picture recording the
combustion mechsnian of fuel droplet suspended from o quarts fibre. The
surrounding temperature was B00°C. Ropid eveporation of fuel droplet took
place culnfnating into spontaneous ignition. The relation between drop
diameter D and time t was fouvnd to be given by

a (o)

dt

Const, LD YT ‘ ‘ 2&21"1)

T™is Is sinflar to the eqetion of evaporation and the slope of the curve
is gz:.-eater after Igtﬂti:m than dur!ng wapbré‘tinn. This incrense in slope
s due to increase In the miownt of heat transferrad to the droplet from
the flame and is apatogous to the increasg of the tewperature of the
surrounding alr in the cese of evaporation. Hay howaver, found that 1ight
oil and kerosene burn with 1iquid phase creacking at higher temperature
but at lower air temperature thore is only evaporation without iquid
phase cracking.

‘Agestion, Wise and Willes A Rosser { S . ) studied the influcnce of
hydrodynanic factors mninly the effect of forced convection and turbul ence
on droplet combustion. hey also took the help of porous sphere to simulate
liquid droplet. They found that near the extinction veloclty of air the



15

congumption 6f 1iquld fuel is reduced to a great extent from the value
measured with full flmme enveleope. Hence maximm gain in the rate of
dmbustién of a droplet of ¢ given dla as g result of .t‘orced‘;zmvecum
is 1inited by the ;whmrmma' of flame extinction. They also cbgerved that
~ the combustion of & fuel cloud composed of small 1iqud particles more
closely resembles that of o prevapourized premixed fuel oxldizer mixture.

2423, B.G.Masdin and Rits Thring 25 ) stulied the influence of such veriables
as tenperature .gas‘mpositim, gas velocity and droplet size on fuel coge
bustions They observed that tmmtumkmﬂ fuel type influences the igni-
tion lag quite apprecisblye o '

On canducting experinents on kerosane droplets in still air Nasin found
that the foliowing exquation is obeyed |

Doz "Da .“tﬂtg) [Ty . oee (2023-1)

wWith heavy residual fuels, cuaplicatians airse owing to the formation of
 cenosphere which can take Up o 10 tines as long to burn as do the volatiles
from the sane dropletse '
| 24gl,  Suchéro Kumagai (26 ) sought to find out the influence of oxygen con-
centration with n-he.pta:w and ethyl. alcohol droplets burning at various
Qz and Ha mtmxrzs. 1% w25 Sound that buming rate increases with en
increage of 02 goncentration which is in satisl.‘actory ﬂgmamt vith the
meoreticauy calculated value,.
2;25.: Jehs Balt. and m—,.a. SME {27 ). mnducteﬁ merlmmts on carbustion rates
of freely falling drops in a hot atmosphere, Radiatfon effect was tmn-'xl. to.

be small. His eqution was ‘ - ,
 p2eD? mmt vee  ewe { 2.254)
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K 18 the coefficteit of contustion and depends on the type of fuel, drop

. 2925q

dia, relative ve.locity batween faliing dmp and surmﬁing atﬂxsphem.

D.G. Udel.sm (13 ) in Ns investigation nf fuel hutaing as a singl.e

| sphere found along with mvelap@ filzmes and smke flames o third region of

burhing vherein a flane fa stzbilized in the houndary layar at the side
of a liquid sphere. The angular position uﬁﬂch the side fiame assumes whtm

: mmsumd frm the faz-wam st.agmt.im polnt. of the sphere I found to increasa

with fresa sﬁream aixr veloclty. He alse shwed that the angular position

" depends on- the gphere size as m:?.i 6as on t,he erimtat!m of the air flow

2¢27¢

with respect to the grwity Eerce thus pmving natupal eonvection t.o be an
i:aport.mt factor.

V.G DaSa { 2 ) studied the combustion of falling droplets inside
an electric fumawa DeSa investigahe:i the droplets. of gas ofl and ohsawea
that at about 808° ¢ the fiest stage igmticm otcurs with a siight explosion.

" The flame diamew- was found to be smatler. mm the dimneter of the droplet
end was nmrly aqua‘l to the width of the vapmr trails The first stage

fgnition fiame wmm weakly, At higher alr temperature (8x°C) a sedond
sbage ignition oecuma in the vapaur shaath mmﬁ the droplets At temperature

' of 852°C he observed o ﬂash beds between the mt.ea flane in the vapour

t.x'au and the flene smmtm&mg the draplat. and uapcmr burned snmet.me

ai‘ter t.he passage of the droplet | -
W
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Adamtraillﬁmmagaaﬂmtubewasfmm start fran the lmnediate
wake of the droplet zmd tapcring in diameter to two thin bright 1ines,
The cagbon tube wag gradually heated to incandescance by the surrounding
burning vapoﬁr. | |

The case of two dm;:let«s buming in close proxinity hag hean investigated
in dotail by Fuchs and Peaner { 20 . ). It is interesting to note that the
linear relation betueen -ﬁhe square of the droplet dioneter ond time applies
also to this tipe 62‘ coritwistion of fuel droplets. In general averane avae
poration c@stant for twe droplets tokes o ma:dm value for a certain valug
of the initial minimm distance between adjacent drop surfoces. This attrie
buted to a. haiméa between tud opposing factors vize fﬁe decrease heat loss
fron the flame of one droplet because of the presence of other droplet
which acts as a heat source emd the deéreasal On supply to the region
betucen tiw droplets. Bperinents were: coﬁduébad.ﬁith £ive and nine droplets.
In the cperinents with five droplets four of the droplets were placed at
the corners of 2 sauare and the L1£th in the cmtn.-. of thegmares The squre
of. _ﬁhe diameter for the’dwzet surmmdez& by f"“.", other droplets wag again
fond to 6 ecrease Linearly with Line with the value of K 20 % larger than

for similar studies vith two droplets. In the experimente with nine droplets

8 of the droplets were located at the edges of a cubg and the ninth droplets
was positioned at the cube centre. The square of a2l the diemeters decmée
linearly with tine,

&y
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Theory of the Evaporation and
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A= STATUS OF THEORY OF EVAPCRATICH OF FUEL DROPLETS

In discussing the history of @ fuel droplet in the combustion chombes
of any internal comdustion engine first comes the heateup periods In this
heat-up period the drop receives the s ensible heat from envirommenty diffus
sion within the droplet begins and the light ingredients come upto the
droplet surfece. Following this evaporation commences. This is defined as
the changes of a substance from the llquid to the gaseous state which takes

place at the surfrce of the liquid and at all temperatures. Evaporation is
disferent from boilingw 7

Bvaporation as a whole may be divided into two partsi-(24)

a) Evaporation in vhich no chemical reaction tokes pluce e.g.simple
vaporising problems.

b) Evaporation associated with chemical reactinn such as probless of
combustion and react.im.

Again the droplets may voporise under either of the two conditiong:e
1) The droplets sre far removed from each other and that there is no:

influence of one droplet on another or on air between them.

11) It may happen that the droplets are very close to each other with a

consequent. large effect on both the temperature amd the fuel vapour
concentrations in the surrounding air,

¢ Boiling can be stated as the rapid change of a substance from the

1iquid to the gascous state which tukes place throughout the mass of the
liquid and ot a definite temperature under given conditions for a particuler
1iquid, The temperature remains constant throughout the process pmvided

the pressure repaing unchanged,
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Evaporation of a single droplet without ini_:.eract_ion with any other drops:
The temperature history diagram of the drop and fhe surrounding air

is dhown in Fig. (=3-) taken from the paper by Wakil,Myers & Uvehara,

Flame zone
Lieuid droptet

: Temperature
distribution

Ternp

|
I
)
i
I

Radius

-';F.LQ.(S.'_S -1). Temperature and heat flow diagram
' Of the drop.

Referring to i‘igqre (>3-)  heat transfer from air to the droplet Q, nmay
be divided into three parts ( 24 ).

- 8) Sensible heat Qg to heat the tiquid droplet.

b) Latent heat of vaporization Q. .
¢) Super heat Qsup to raise temperature of the diffusing vapour from
. that of the droplet itself Tg to the air or boundary temperature T8,

Thus total heat transfef becomes:
Q= Qs+ QL+ Qqy cee ces . (3°31)
Heat Transferred to the liquid surface of the drop = Qg+ Q
bﬁring the imstead& state period, heat transferred from the air to
supply sensible heat to the liquid fuel far exveeds the amount to supply

- latent heat of vaporization. The effect is more pronounced the lower the

volatility of the fuel and its initial temperature (24 ).
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Lir. Wakil,Myers & Uyehara ( 24 ) conducted experiment and found it
impossible to boil a liquid droplet, when the droplet receives heat from
the environment oniy. If the droplet boiled then the flow of fuel vapour
away from the droplet "surface bdcomes rapid and that no heat can be cone
ducted into the dz_’og:l:et. Under these circumstances the droplet would cool
down. This concept is of importance durihg the physical delay period,_ for

it means that regardless of how hot the air is in the absence of radiation,

.the droplet temperature will always be below its boiling point temperature

at the existing gas pressure. During heating, the heat transfer from the
surrounding to the droplet makes the droplet temperature approach the
bolling polnt temperature and the partial pressure of fuel vapour Pi1, to
the total pressure irrespective of fuel.

This indicates that the difference in fuel volatility will be less

pronounced at higher air temperature than at lower air temperature.

Temperaiure

Time

Fig. (3.5-1) - (24)
Now the temperature of each dreplet rises rapidly and asymptotically
approaches the wet bulb temperature corresponding to the particular fuel
used and ambient air conditions. Under these conditions droplet tempera=

ture has reached a value vhere its vapour pressure and mass transfer are

so high that latent heat of vaporization 01_ and vapour superheat Qsup

balance heat transfer from air. For this condition heat to the liquid Qs
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approaches zero and the droplet remains at its ma‘l;%r bulb condition until.
it vaporizes completely.( 24 ) Hence the droplet has an unsteady state
or time spent by the it in heating up to itswet bulb. conditions until

completely vaporized,

The following conclusions were drawn by °-. Wakil,Myers and Uychara
( 24 ).

1. For any one fuel the higher the air temperature or pressure the higher
the wet bulb temperature.

2. Higher the wet bulb temperature or lower the initial droplet temperae
ture the greater the fraction of its life time the droplet spends in
the heat up or unsteady state.

3. The more volatile the fuel the lower the wet bulb temperature and the
shorter the droplets life time.

he The higher the air temperature the smaller the differences between
volatile and non-volatile fuel with respect to the droplet’s life time.

From the discussion of history of the droplet itself it is obvious
that Tgpop and Py drop Vary with time, and that temperature and partial
pressure throughout the film vary with both distance from drop surface

and tinme,

mg Temperature

- concentration

Distanee
. Fig. (3.7-1)
Shows the varialion of femperature and vapowr concentration

from the droplet S‘lur-face,(i).
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Considering the mass transfer without reaction, the following analysis

has been made by Spalding. L

Due to the concentration gradient, diffusion of species tzkes place. This
diffusion process is governed by the Fick's first law of diffusion which
states that species 10! diffuses { moves relative to the mixture ) in the
d:lrection oi‘ decreasing mass fraction of 13! s Just as heat flows by conduce

tion in the direction of decreasing temperature, i.e.

Uj, =-Fd . yvag ' ves ( 3+7=1 )

Uj = Mass flux of species '}! {gem® st )
-~

f = mass density of solution (g /.m® )
D, = - mass diffusivity

™j, . _f?_ = mags fraction of 'j?
i F ‘
);; ® mass concentfation of '_j.' (9.2 )

3.8, Hence the diffarential equation for diffusion of fluid in a steady
motion can be written from Spaldings theory ( 1 ) in the following
senner _

i) Vlmj - V. Vm; = ses s ( 38 -1 )

. This equation states that the net rate of diffusion of the substance
tj* into unit volume Is exactly equal to the net rate of a which 1§ is

convected out.

In the equation (=8-1) the v,riation of diffusion coefficient and
~density in space are neglected. This molecular diffusion coefficient '$t
is of the same order of magnitude as the thermal diffusivity. During

turbulence just like ' (', is replaced by eddy diffusivity.

Now if flow pattern around the drop remains constant the mass transfer

is directly proportional to concentration di fference. In the mass transfer
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process at the phase boundary there is a normal velocity which is Propore

tional to the mass transfer rate itself.

Now vg = normal velocity at the surface.

then g Vg @ mass transfer rate of the component ! jt
which is equal to the component of 'j* bei hg transferred hy convection
and by di{fusion. Writing the mass balance. .

. . DMy, ,
§5 = 4min — 85 (5) e (sen)
putting b= _nj ves cens (3.8 «3)
, Mjs -\ :
then equation ( 3.8 «2 ) reduces to 7
. b .
Vs e $(57),  aee (3.8 -4)

Hence the dif{ferential equation for mass transfer in a steady flow may

 be written as from Spalding's work ( 1 )

$ V"’b — V. Vb =0 I ( 3.9 -3 )‘;

This equation may be regarded as the equation governi}ag the difihsior:;.df

some property 'b' in the fluid., Hence mass transfer rate depends on the

difference in the values of the variable 'b' in the gas stream and the |

surface, This difference by = bg = 'B' is known as the transfer number( ‘\ )

The transfer number is the driving force in mass transfer in dimen;
sionless form. When *B! is positive, mass transfer is out.warq from the
surfacej when 'B!' is negative, mass transfer is inward. Fronm the above
discussion it can be stated that when a component of a gas mixture is
transferred between the gas and a solid or liquid surface, the rate of its

transfer dc—:pends on
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nms; - It 3 - '
B = -—JQ— i Js sea rere ( 3'9 ""2)

3.10. In the evaporation of fuel droplets simultaneous heat and mass trans-
fer takes place. Considering the mass transferred and heat balance the

following equation can be written { | )

Qg??S = h ( EI?" )3 see ees ( 5010"1 )
or );1.95 - g( "%% )S | cee ( 3.10-2)

Q = heat conducted from gas for per unit mass vaporized,
(%)- temperature gradient at and normal to the surface
5 .

R = thermal conductivity.

C = specific heat of gas at constant pressure and a ssuned constant.

. ko oar 3)
writing  fug = g 5y s | oo ees  (3.10-3)
and h = 'g—T . .;. O-... . s (3'10-11)
g + R p
% m ( —_aa‘f)s .'..' . L 2 2 ] . LN ] (8’10-5)
? >p : .
X (57 ) el voe ees  (3.10-6) '
i Lo =f e e e (3.10-60)
Hence the driving force for mass transfer
BH = C ( Tﬂ - TS ) ses sns sea (3-10"7)
0

Where By denotes derivation of driving force from heat balance,

3.11, Both forms of B are valid. The congruence of both forms nmay be demonsg-
| trated by observing that as unit mass of fluid changes temperature from
Tg to Ty it gains an amount of heat C( Ty = T, ). Since Q units of heat
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are required to vaporize unit mass of the transferred substance, the

amount of the transferred substance which may be vaporized is equé.l to

C ( Tg - TS ) s a0 (3-11'1)
Q

3.12.'  Now considering the case of a small sphere exchanging mass with an

infinite reservoir and from Spalding's analysis ( | ).

D v*be V.yb=0

and B =D ( dh)s

Considering the specific direction 'y' with the dizmeter of the droplets
e —
Tﬂﬁ\ng 'v! to be constant

then, on integrating from zero to 'y' the following eq™ is obtained :
&[ -( db}] -'1:9(1‘)-1)3)"0  eee _.}.}(3.12-1)

Solving in the manner of a stagnation film exchanging mass with infinite

reservoir, the following eq™ can be arrived at,

b

By
Again starting from the relation of mass transfer rate and rate of change

= 2 Loge (1+B)

of radius v .
dr
#r=- S CEx)

and 't! is found to be given by

o N o eor  aes ( 3.12-2)
D, PL 8LajeCI+B)

', = {initial diameter of sphere
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'}; = density of gas assumed to be constant
{ = density of the ‘1i-qu1d sﬁheré

Do = tH }{éloge(w%)% o {-'3.12-3)

.Evaporation rate was found by Spald.ir_lg and others as

Hfy
fiu

2
Ke Do
t
In which case, | :
- D, B 4 £ 8 Z .
K _ + —{ fz, J{ Lo’gc-('l B)} - ‘.". -_oo( 8.12-3)
or K = (%){Loge(l-ra)} e --(3.12 -4)

3.13.  Here it is quite evident that the relation between 'K' and 'B' is

-exponential. Again B is affected by change of temperature and slightly by
pressure for the rise in wet bulb temperature of the liquid. But due to
- this exponential relationship the net effect is not that much pronounced.
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3.15.

3.16.

3.17.

lished at some distance from the droplet. It is the second case that has_ |

' 3.16.
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B, STATUS OF THEORY OF COMBUSTION OF FUEL DROPLETS

In the previous chapter attention has been focussed on the evaporation
of fuel droplets without chemical reaction and combustion. In this cpapter,
evaporation of fuel droplets associated with chemical reaction and hetero-
geneous combustion has been taken up for study.

In order to study the heterogeneous cambustion phenomens of a liquid
fuel drop, a spherically symmetric model is usually employed with two
concentric spheres. Interior sphere representing the fuel droplet and

exterior sphere the flame zone.

Another important consideration in the droplet combustion system isg
the monppropellant reaction system and bipropellant reaction system., In
the monopropellant reaction system the flame involves a single reactant
system in which a single conq:oﬂmt svaporates from the liquid surface and
then decomposes exothermally at a rate which is a function of temperature

and composition.

~

In a bipropellant reaction system the flame requires the interaction

. .
of two reactants, fuel znd oxidizer one of which evaporates from the
droplet surface and diffuses into the gas phase containing the other

reactant. Interdiffusion of reactants taltes place and the fhme is estab-"

been considered in this study.

Theoretical Analysiss
In order to study the combustion process the model is employed ns hasg
been stated earlier. A source of one reactant is the liquid droplet and the
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other is located in the gas phase at an infinite distance from the liquid

sphere.

3.19. The following assumptions are taken {(,2.) ( 3,9) ( 20) Frowhks
m LE R N N RN NNNFY YN

1) The combustion occurs under isobaric condition,
- il) The steady state condition prevails.

1i1)The droplet and flame surfaces are represented by concentric spheres,
There is no relative motion between the droplet and the surrounding

iv) The reaction yields product gases by exothermic reaction at a rate
governed by the chemical kinatics.

v) The heat released Ly chemical reaction is removed by thermal conduce
tion and mass transport. ) _
vi) The effect of radiation has been neglected,

' vii)In the spherosymmetrical model the convective effect due to thermal
gradient hag been neglected, Convective influence has been taken up
as semi~empherical correction to this theoretical treatment( | ) .
Ml The interaction between thedroplets has been neglected,

3.20. - The schematic diagram of fuel droplet, flame zone and the outer
boundary is shown by shematic diagram in the figure,

ro = radius of the outer boundary
- re = radius of the reaction zone
N, "= rodius of the liquid droplets.

3.21. The co=ordinate gystem is fixed with respect to the fuel droplet. The
theoretical schematice diagram of a diffusion flame is shown in the figure

(1 )
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|
: Moy
|

CrackiNG zone

Temperature

( Fig: '3.7-1)

i Temperatureland concentration profiles of a diffusion foames=

3.22.

, 7
g =/fue1 vapour

mop = mass of oxygen.

The fuel vaporizes from the liquid surface znd flows towards the flame zone

while oxydizer di ffuses against the flow of products into the flame front.

Thus it is found that a material transfer of two reactants intere
di ffuses from opposif.e directions and an exothermic chemical reaction is
establ'ished to a fegion. In this analysis the approach of Spalding( | )
has been taken up for azialysing the fuel droplet combustion problems.

Some oxidizer diffuses to the 'liquid surface whe;e»the weight f;‘act.ion
of fuel is high, the extent of chemical feactionl is very low in this region
due to the low temperature prevailing in this region, On this fuel side it
is quite } likely for the hydroecarbon molecules to crack and polymerize
forming on t.he one hand lighter molecules and on the other hand particles

of carbon or tarry matter. Such effects have been neglected in this analysis,
The carbon and Tarry matters being very hot radiate the characteristic

bright yellow light. This light often makes it difficult to recognize the

blue emission, characteristic of the re,ction zone itself.(\)
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The combustion system of the type described is a four component systen
composed of fuel, oxidizer, products and inert gas ( 30 ). Four conserw
vation of mass equations describes the mass rate of each compoﬁent. The
mass ratel of inert gas is zero because no sink exists within the system

for the species of molecules,

~ In the region { rL<r < r. ) enclosed by the difussion flame inter-
face, the fuel vapouf ,is diluted by means of combustion product and inert
gas { 10,1,15). In this region, reaction may occur between carbon dioxide
and fuel ‘}apour resulting in carbon monoxide, which then diffuses to the
reaction zone ( 7 | ). Hydrogen may be formed in a similar manner., At the
liquird fuel surface there may be finite consentration of carbon dioxide and

monoxide.

For a monopropellant liquid merosol system the position of the flame
front is located at a distance where the ehemical reaction has practi&aily
gone to completion and the gas temperature has essentially attained the
adiabatic=flame temperatire ( © ). - |

The transfer number can be calculated for the burning fuel droplets

- with the help of enthalpy balance and mass balance. Unit mz2ss of gas decreases

from temperature TQ to Tg and the oxygen is consumed with fuel to carbon
dioxide and water. The decrease of enthalpy is wirtten from Spalding's ana-
lysis ( 1 ) as Mog H/Q.E; +C (GQ - TS ) e sen ( 3-2,6-1)

H = Heat of combustion of the fuel in gaseous state.

Tog = Oxygen concentration.

"z"s = Stoichiometric ratio.
N .
If Q units of heat is required to vaporize unit mass of fuel the mass of

fuel which can enter the vapour phase as a result of the decrease of enthalpy
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Bm= mOg H/[‘ '.'C( TS)
Q

LA R ] . LY X ( 3.2-6"3) g

All the terms conﬁained in it are among the most practical problems
except, i‘or rs whzch c¢an he roughly taken as equal to the bo:ling point of

the .t‘uel mthout serzous error( .

From the equation it becomes quite evident that reduction in oxXygen
effects t.he burmng rate. Again the t ransfer number in pure wamm air is

of course somewhat greater than that of cold air by reason of the C -Tg

A tern.

3.29

3.30.

Now when the diameter of the 1iquid fuel drop is small ‘and if forced.
convection becomes xmimportant, then the time of burning t'.b is given by
w e _z_ o e meee ( 302841)
8’?/6 LOQg ( 1+ B)
( From Spalding’s work) (| )

‘Where '$' has been replaced by ¥ o * for simplicity since transfer number

is based on the enthalpy,

Godsave's result ( 2 8) was expressed in terms of an evaporation

_ R Y-
constant 'K' defined as K = D eess  { 3.29~4)
tb

But it has been seen that 'K must depend on the .t‘uel and atmospheric

properties since,
8k/c Logs (1 +B) ( 3.29-2)
f;‘ o
which is not a constant of the fuel alons since the oxygen concentration

K =

and temperature of the atmosphere affect B,

In actual spray combustion system the fuel droplets do not burn isolated
but in clouds. So mutual droplet effect must be modified for taking into



€onsideration the mutual interference effect on the burning rate.

So far few theoretical studies have been undertzken in this area; mainly

the investigations are of emperical nature,

32
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EXPERIMENTAL SET-UP AND PROCEDURE

 In the combustion chamber of an internal combustion enginz the fuel

is sprayed in the form of fine droplets ( Max. droplet diameter may be
as large as 75 microns ) into the compressed air having pressure and
tanperaturé about 40O psi and 1200 6?’ respectively, During the brief
tenure of the droplets in the combustion chamber, the pressure may rise
to 1000 psi and temperature to 4500°F. The simultaneous presence of
swirl and reéidual gases comli@tes the problem to a great extent. So

under these complex conditions it is very difficult to study the effect
of any particular parameter on the evaporation and combustion of fuel

i),
droplets Hence as we have shown in chaptei-*the parameters are best isola-

ted and studied in the simulated conditions prevailing in the combustion
chamber, and the choice of these parameters dictates the design of the
experimental set-up.

In the present study the influence of ‘the parameters such as ambient
temperature and nefghbouring droplets on the rate of evaporation and
combustion of fuel @roplet‘.s has been taken up for investigation, the x«

ambient pressure being atmospheric, gas quiescent air at atmospheric

. D S,
pressure, and the temperature controlled by means of an electric furnace.
A brief description of the experimental spparatus and procedure adopted

is given in the following paragraphs.

As has been described in chapter two, experimenters have adopted

different setw-ips in the study of the combustion of fuel droplets,each
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of which has advantages a.nd disadvantages and the design of the set-up
chosen by the writer has been largely influenced by the equxpnent. and

fac:.l;t.z es ava;lable in the laboratory.

“The fuel droplets can be st.udied either vhen they are moving or when
they are stat.ionary Though moving droplets simulate the conditions pre=
vailing in the act.ual oil fired combusbion chamber much more closely
than the stationary droplets, however in this system, repetitive inves-
tigation of a consistent arrangement of fuel droplet arravs is d.ifficult,
eihee- ednplicetions arise eege:z'ding 'i:he furnace design, Iphobegra;ehie |
technique anddmp formation. On t.ﬁe other hand, in the -statienary fuel
droplet syst.em, the droplets can be- formed either by using a l'wpcdennic
syringe through a bypodemic neédle on to a quart.z .fzher on reed,ing fuel
through a porous sphere. The porous sphere does not resamble a fuel. drop
in an actual combustion chamber since it maintains a definite shape and
volume through out the pfocess'of'investigation, the rate of 'evap'oratilon
and combustion keing detemined by the amount of fuel consumed at a
definite interval ei‘ pj.me, although, the formation of drop at the end of

of a quartz fiber has the disadvantage that the quartz fiber distorts

the shape of the fuel drc»plet and also interfers with the process of heat

t.ransfer to the droplet during evaporation and combustion, nevertheless,
t.his technique has the practical advantages that the experimental seteup

is ‘'simple in respect of the’ formation of drops, the furnace design, the

photographic arrangement and the facility of repetitive study of a parti-
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cular formation of drops.

ka3, The electric i’urnace, into which the quartz fiber with the droplet
is introduced, can be la!.d out in two chspositions. In the first the

furnace may be kept vertifcal and the drops introduced from the top. In

the second the furnaee is kept horizontal and the drops'are inserted

from the side. The natural 'Eonuwti\urrents are dominant with the
N J

vertical arrangement,’ and makes introd.uction of droplet.s fron the top

difficult to control. Hence, the horizontal arrangement of the electr{c

furnace was chosen.

b The mamner of introducing the stationary fuel droplets on quartz.

fiber into the air-ét'high t.emperaf.uﬁ could be executed in any of the
following ways. In the first, the quartz fiber with the_. drpplet is kept
stationary and the furnace mounted on a trolley is phshed forward so as

to surround the droplets. The movement of the furnace disturbs the air

near the mouth of the furnace, and induces small amount of forced convecw
tion currents ir;s?de the furnace. In the second method the furnaée is

kept_ stationary and the quartz fiber .is attached to a tfdlley. In this

cage the trolley with the nounted quartz fiber and its ldmpiets is pushed ™
.inbo the furnace, With t.his method small vibration is lmposed on the -

quartz fiber during trms;aortation and may cause the droplets to fall
doun from the quartz .fiber. The first method has been chose as it has

favourable advantages.

LeSe The life time of a droplet in the electric fumace is known to depend
on the diameter of the droplet and furnace temperature. For droplet dige
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meter Q.1 cm(kecosene) furnace temperature 785°C » the life time is
of the order of 1.1 sec. (33) | Hence a special high speed photographic
arrangement is required to investigate the evaporation and combustion

rate of fuel droplets. A high speed motion plicture camera would have heen
the most -appropriate apparatus in this investigation. However, in the

_ absence of such an expensive piece of equipment the writer adopted another

method, whereln a stationary film camera is used in conjunction with an
electronic strobasoop;: G.E.C. Str.obaia(':,- Type 1531 - A, 210-250 V,50-60 c,
with frequency of flashes ranging from 110 to 25000 flashes/min,duration
of each flash for low range is 3 microsecond. With this method, experie
ment hzd to be conducted in a dark room, since t,hé's'huttex; of the camera
had to be open. The droplet. is placed in between the stroboscope and the

camera. Now whenever the strobosco;:e flashes the silhouette of the drop].et

is projected on the film,

The description of the e:q:erimenltal' set=up { shown schematically in

Fig. U-1) is given below along with the procedure.

The experimental set-up is more or less similar to that used by

Kiyosi Kobayasi (33) in his study of fuel droj::lets.

The eiectric tube furnace ( 5.1:‘)* censists of a stainless steel tube
of diameter 3 inch and length 9 inch and is fitted with two quartz glass
window ( 4f Jof 2 x 1 x.%s inch size through which the d roplets are
illuminated and photographed. Nickel chremie electric heating coil of

2Re¥e { 1if ), ( wire diameter .036 inch and coil diameter .25 inch)

- is wound round the stainless steel tube over o2% inch layer of asbestos,

xf - indicales £19.41
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the tube with the coil windings is encased in a chamber ( 3f ) of size

11‘ x 11 x 13 inch and made of 1/16th inch M.S, sheet, the space in between
the tube and the casing is insulated by 4" thick asbestos powder in radial
direction, The heating coll is connected through on éuto transformer (17f)
to 220 V, A.C. line for controlling the current thetis temperature of the

furnace.

One end of the furnace is closed by an asbestos cement board and the

open end is closed by an asbestos cement shutter ( 2f ). The shutter can

. b_e_swirled by the handle:( 1f ). The furnace is also. equiped with an iron-

constantan t.hzmodauple ( 6£ ) placed with its hot junct.ion in the vicinity

of the fuel drops, when the drop;! is introduced into the furnace. How, the

~trolley { 7f ), on which the electric furnace is mounted, is fitted with

Le20,

wheels ( 15f ) and rolls over rails ( 8f ) made of one inch angle. The
length of the rails were chosen 18 inch to provide encugh traction track

for ths furnace.

The fuel drop is formed at the end of a hypodermic needle { No.18«20 )

+ with the help of a syringe and then transferred to t.he end of the quartz
‘fiber ( 12f ) Of o2 to 35 mn in diameter. The fiber is bent 90° so that

the drop may assume a spherical shape. The diameter of the droplet can
be varied between 0.6 to 2.0 mm. by controlling the displacement of the

plunzZer of the hypodermic syrihgé. The position of the droplet in the

furnace is determined by adjusting the position of the pointer ( 19f )

_on the markings ( 20f ).

There 1s a projecting plug { 20f ) made of asbestos powder and
attached to the stand ( 9f ), whidH:i penetrates about 4th inch into the

. furnace when the latter is pushed forward, This has been introduced to ddmp

the- caﬁvectiv £lov,
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The electric stroboscope is placed facing the camera, the fuel drop=
let remaining in between. The magnification of the droplet is obtained by
means of a convex lens ( focul length 13l mm ). and fitted at the end of

& beliows ( ‘21€ ). The degree of magnification used is 1°5 to 3.

The experimental procedure followed is described below.

The heating c¢oils were first connected to the line with necessary
ad justment of the auto transformer, so that after a definite time interval
of about 3eh hours the furnace attains the desired temperature. The rate
of heating was kept low in order £o avoid any ununiform distribution of

heat flow in the furnace walls and also to prevent burn out of thz coils,

.

The frequency of the flash of the electronic stroboscope was next
set at a value that depended on the temperature ( 120 fiashes/min for
400°C, and higher flash frequency for higher temperature } and an empty
quartz fiber intrcduced in the furnnce was focussed. on the ground glass
screen of the camera. When the furnace attained the desired temperature,
tthe droplet was formed at the end of a hypodermic neeule and next transe
ferred to the quartz fiber. The furnace with its mouth open is pushed
i forvard until it reached the predetermined position ( ascertained by the
position of the pointer on the markings ); The stroboscéﬁe flash was

1

started simultaneously and the film winding knob of the camera was rotated )

in me, A series of magnified.silhouettes.of the evaporating

or burning droplets were thereby obtained on the film.

-

After developing the films, the negatives were projected with the .
heip of an Epidioscope on to a graph paper serving as a screen. The
droplet crossesection were read and tabulated against the time determined

from electrenic flash frequencyf The droplets were maguified twice, first

x Appendix — |
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while taking the photographs and next while projecting the negatives on
to the sereen. The magnification factor in the first case is determined
by photographing a standard diam. . placed in the place of the quartz
fiber. In the second case the magnification is determined by projecting

an another graph on to the screen.

hoik. Diesel fuel droplet { Sp.Gr. 825 ) and kerosene fuel droplet{Sp.Gr.
«779) were investigated for three arrangements of the arrays of droplets.

1.Single droplets 2.00uble droplets 3. Triple droplets,

In double droplefs the dropléts are placed at different hights from any
reference plane, This has been done to investigate whether the variation
of théréltituﬂe produces an effect on evaporation. The triple droplet
arrangement éctually simu;gtes the condition of a spray system in simplest
form where thedroplet /M 5-" indicates the trailing droplet.

4415, PRECAUTION: The precautions taken during the investigation were te

(i) After each experiment the furnace is purged by air, in order to drive
out the vapour from the woult of the furnace.

(ii)THe'fuel droplets is formed only and only just before starting the

investigation in order to avoid the vapour concentrat‘on near the
mouptbh of ‘the furnace.

: _j_(iiI)The millivolt reading is taken hefore startzng the investigation and

- after the investigation and for calculation, the average is taken in

order to mznzmize the effect of change of temperature during taking
reading. - .

-



{iv) The focus of the camera is checked before each reading., Standard
rod for finding the magnification was photographed in every reading,

{v) '&rw circulation of air in the room should be avoided because of t.he

/draft dffect on the formation of the drep, and on the temperature of
the furnace.
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Experimental

Ambient  Ambient mgl -

Evaporation Code

Ambient
method, pressure Gas " Templ°C constant(R)
‘ : en“/ sec.
Diesel 221% +00103 H,
Suspended Atmose= Al o
Droplet pheric Kero- 233°¢c " 400136 Gy
' pressure sene I e
Kero-  383°C 00500 D,
sene '
Rero= . 384°C 00571 . Dy
sene
Diesel  386°C .00271 A,
Diesel  390°C «00364 ay
Kero=-  394°C 00512 D,
- Sene
Kero-  511°C +00667 L,
spne
Diesel 512% 00481 "
Diesel 512°% 00480 H,
Kero-  600°C +00750 v,
‘sene
kerosene 7|7°% ‘0155 Ac
(burning)
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{ Temperature accuracy ¢ 5 °C )
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Experimental /Ambient émbiwt" " Fuel Ambient %{f poragion constant Céda
pethod, _pressure = Gas : Ten.°C. - en/ gece
Suspended ~  Atmosphe- Air Diesel  220°C _Joi; - ,W B A
Droplet ;igrgre-
Kerosene 21;306 00137 «0037 Fz :
- R . .
Diesel 386°¢ +00200 00171 By
Diesel  387°C 00218  ,00218 B,
Kerosene 400%C .0033Y% 0033 By
Kerosene  L403°C 00360 00360 E,
Kerosene 511°C 00595 40062 L,
Desel  512%. 00422 .00k21 LA
‘Kerosene S71°C (1) J00677 (1) 00677
(2) .01297 (2) .00879
Kerosene 591°%C (1) .0069 (1) .o0510 -
| (2) 0108 (2) .00910 !
Kerosene 709% 0175 0136 B,

Cburnming)




EVAPORATION CONSTANT
TRIPLE DROPLET
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Experimental .

Ambient Ambient  Fuel Ambient

?Kszporaﬁi on constant Code

method pressure Gas . Temp.®C 2/ Sec.
a b ¢

Suspended Atmose  Air Kerosene  382°% -00341 .00333 .0032 R,

Droplet pheric¢. - . | -

pressure Diesel  389°C 00215 .00215 .00215 O,

Diesel  398°%C -00240 .00220 .00220  Q

Kerosene 505°C 00526 .00526 .00571 K,

Eerosene 511°C .mhhh . %m .OCﬁOO J 2

Diesel  512°% 00349 ,003h9 .003L9 P,

Kerosene 514°C L0067 .00700 .00700 3

Rerosene  601°C (1) 400831 .00810 .00672

(2) 00960 .00980 .01307 2

Kerosgene 605°c (1) .00?3‘!& .0066? ooa?Bh T3

{2) 01169
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6.0

DISCUSSION

In this chapter the di scussion of the results of the present experie
mental investigation has been presented in three sections : I. The evapora-

tion of fuel droplets, II. Combustion of fuel droplets, III. A4 general survey.

Section I

A study of the graphs Fig.(5-1 ) to Fig. (5-24) shows that the square
of the diemeter of the fuel drop variés linearly with time for the single,
double and triple droplet arrangements. For single droplets, this linear
varzation of the square of the diameter with time has also been described by

the earlier investigators (1,30) (33) (20 ) '3 moreover the theoretical

equation (3.2-4) prodicts such a linear variation,

Howérer, no experimental data has earlier been published for evapora-

tion constant of double and triple droplet arrays. In the present investigaw

tiom , the writer found that for double and triple droplet arrays, the eva-

_poration constant did not vary much. But for similar experimental corﬂitidns,

the evaporation 6oné£ant is found to be lower for double and triple droplet '

arrays when compared with that for a single droplet. This is due to the
fact that multiple dreplets fomm a vapour envelope of increased vapour concen-
tration than do the single droplets. thereby decreasing the driving force for

mass transfer 'b' ( eqn.3s-), which ultimately changes the transfer number

'B' of the: equation{a'fe-z})_

It is inferred from this that the droplet interaction influences the
evaporation constant, the degree of interaction will depend on the relative

distances between the droplets, : ' .
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The exact relationship between the orentation of the droplets , the
di stances between them and the evaporation constant is very difficult to
predict theoretically. The approach is still an emperical oné and extensive
research with different droplet arrangmmt is required for concluding an
éinpirica‘l fomulaemb'z‘eicihgrthese parameters, In .the'spr_a;y‘ combustion engines
the ‘interaction between the droplets pz;evails both before and after the

ignitzon of the d.roplets, a.nd hence single droplet data cannot be applied

directly in making vaporisation est:mates in the oil fzred systems. For

such syst.ems, the vaporisation data fmm dmplet arra,ys smulate these con-

ditions more appropriately.

From the gfaphical plots of Fig. Z( 5-1) to Fig.(5-25) it is observed
that for single, dduhle and triple droplet arrangement for both kerosene

and diesel fuel, the rate of evaporation increases with increaseg of temperaw

. ture, the rate depends in a compli cated way on the variation of the paz;a-
meters *k' 'C' *B' 5 8 P ' of the equation (212-4) with temperature.

'This can be ﬂhown by the help of t.he theoret:cal equation (312-4) and with

the following two examples t

Example- ¢
Theoretical equation ' K= ( },8% Jin (1+B)
. o [8

< pss
Envirofment temperature T 870°F 620°F
Specific Heat C 0.252 0.2U465
Thermal conductivity Kk 0.027 - 0.0243
Boiling point temp. Ty 350°F 3500F
Density of fuel at. g L6 46

Latent heat aQ 98 98



- -

Solving with the help of equation the following results are obtained

Problem I

Transfer number B! 1.34
Evaporation constant 'K! 0158 £t2/hr or .00LO7 cm?/sec

Problem II

Transfer number 'B' 208
Evapq;-atioﬁ constant "KE' - +0089 ftz/hr. or ,00229 ®/sec -

It iz found from the above two examples that for any changes of temperature,

the variation of the transfer number fB! is much greater than the variation

of the group (

?k } of equation (3.12-4). Hence the transfer number which is
°C

actually a measure of the driving force for mass transfer contributes major

influence in the variation of the evaporation constant with temperature.

A study of the experimefital data for droplets of kerosene and diesel
fuel shows that for approximat.ely the same temperature the evaporation cons=
tant for diesel fuel is lower than that of the kerosene fuel droplets, thereby
indicating that the'evaporation constant depends also on the characteristics
of fuel, This is in confirmation with the theoretical prediction since that
the evaporation constant is a function of the type of fuel as the propei'ties

like *k* 'C' , ¢ f|' 'Th are all different for different fuels, and that

higher the boiling point temperature of the fuel, the lower will be the
evaporation constant. This phenomena is important from the design condideraw

tion of any cilefired combustion system.

In these calculations the properties of air has been taken for

approximate calculation of the evaporation constant 3 The mean . ‘ .
temperature of the alr has been taken for determing the plroperties. '
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6.5

The instances where theoretical predictions were not found to be

substantiated were in the case of upper droplet in the three~drop arrays.

From the theoretical equation {3.12-3) it is seen that evaporation constant
'K' is a function of the transfer number 'B' which is again a function of

the driving force for mass transfer Vb ( eqn.3o-1). Hence 'K' will be

l%:fere._d when B (= bg=bs ) is lowered. There-fore it was expected that
e_'t;aporation constart of the upper droplet in threeedrop array would be lower

than the neighbouring drops 'a', tc! due to the increased mass supply from
the neighbouring drops diminishing the value of the transfer number 1B?,

Similar results were also expected for the droplet 'b' in two drop arrays

( Fig.,5-1 )o. But experimental results does not show any marked difference.

between the evaporation constant of the droplets tat s ¢t in hoth double and

triple droplet dispositions, although the evapordtion constant of all the
droplets had been lowered. The writer is led to the conclusion that the

vapour trails from the droplets comlesce into a single mass envelope around

all the three droplets, affecting all the droplets simultaneously,

The effect of the droplet diameter on evaporation rate is clearly
demonstrated from the results of the double and triple droplet arrangement,
since all the droplets were simultaneously exposed to the same temperature,
Examining the graphs Fig.(5-1) to Figs(5-19) it is found that for such en
array of droplets, the evaporation constant for a particular temperét,ure is
of same value for droplets of different diameter. Hence it is concluded that
the evaporation constant is independent of droplet diameter when only the
evaporation of fuel is considered. The drop dizmeter of-course determine
the 1ife time of the droplets since droplet life time is given by the relation
DOE/K. So greater'the. initial diameter of the droplet greater will be its
life time. This is a very important factor in designing the combustion
chamber and nozzle of an oil fired engine,
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Section II

In the attempt to investigate t.he burning rate of fuel droplets it
was observed that at a temperature of 550° ‘¢ Fig. (s-29) spontaneous egnition
tock place for kerosene droplets in double and triple dropl_et arrangements,
But at that temperature ef;;ﬁtion did nqi .occur with single droplets. However,
at a temperature of about ?OOOC » spontaneous combustion occured with single,

doublé and triple droplets of both kerosene and diesel fuel,

The postulates for the occurrence of t.l;e spontanecus ignition of fuel
droplet-or droplets are that, a) there should be enough fuel vapour sround
the droplet or droplets, capable of forming stoichiametric ratio with the
oxygen of the enviroment, b) thxs mixture concentration should survive a
certain period of time during which pre-ignition chemical reaction takes
place. The ignition delay period is thus dependent on the environmental
conditions including temperature aﬁd characteristics of fuel and droplet

dizmeters. However, the influence of vapour concentration on the occurrence

of spontanecus ignition is minimized by raising the environmental temperature,

From these considgi‘ations, the writer concludes that at the lower

temperature { e.g, 55000 ) the fuel vapour from the single evaporating drop
dissipates to the surrounding at a faster rate than the chain branching chemi=
cal pre-ignition reactions which contributes to ignition and, consequently,
spontaneous ignition was inhibited ; however, with double and triple droplet~
arrays the build wp of an increased mass of fuel vapour compensates for t_Jlle_
dispersal of vapour into the surrowding air and as a result pre-;ignition
chemicél reaction can occur in the residual fuel vapour which ultimately.

culminates in ignition,
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6.8

Fige { 5-25 ) indicates that for each of the burning droplets,
whether single or in arrays , the square of the droplet diameter varies
linearly with time. Earlier investigators (23 ) also obtained similar

resultse.

The rate of evaporation and the rate of a:rmbustion of fuel droplets
can be examined simultaneously from the fig, (5.20-3) which@ that the rate
of combustion is higher than the rate of evaporation. It is noted that this
combustion rate is about 1;5 times the ewvaporation constant, the environment
temperature being the same. This effect has also been observed by Kobayasi
(33 ) and Niichi Nishiwaki ( 34 ). .The change in slope in the curves
Fig.(s.20-23) is due to the increased heat supply from the flame front around
the droplets during burning and in agreement with the writers' observation

of the influence of surrounding air temperatures on the evaporation rate.

Spalding ( | ), Penner ( 20 ) conducted experiments with single

fuel droplets, and concluded that burning rate is independent of droplet

73

dizmeter, a finding vhich they also predicted in their theoretical analysis, .

However, in the present experimental investigation it was observed

that for an array of burning droplets, the burning rate is essentially depen-
dent on the orientation of the droplets. In an array of two and three

droplets ;the rate of combustion for the lower droplet has been found to be
higher than that for the upper droplets, Penner ( 20 ) reported similar

results with two-drop arrays the droplets in this configuration being placed

side by side and were ignited by a flame source.

The variation of burning constant of fuel droplets in an array is due
to the fact that partly burned fuel vapour from the lower droplets fig.(5.20)
ascends and surrounds the upper droplet or droplets, as a result fuel vapour

ratio becomes rich in this upper region, and in consequence the burning rate



of the upper droplet or droplets decreases. The desree of this droplet
interaction during burning depends upon the orientation of the droplets and
the distance between them o A comparative study of the evaporation constant
and burning rate obtained by different investigators is given on page. 75 .

649 Once the ignition of the droplets has been initiated , from the
Fig.{Phete) the flames from the array of burning drpplets coalesce in a
unified flame front enveleoping the entire droplet dispositions‘; the structure
of this ﬂm’ Lfyant, deﬁetﬂa on the type of arrangement of the droplets.
Notwithstanding this, each droplet was found also to e surrounded but its

oun reaction fones In an actual combustion chamber, this unified flanme
structure {s expected to be presents

Section IIY

6410 The totsl henteup period of the dmplei could be divided into two
parts 3 i) the unsteady state of heating, 11) steady state heating. The
unsteady perlod consists of heating the droplet from the initial droplet
temperature to the wet bulb temperaturs 3 while in the .staady state heating
period the droplet maintains its wel buldb temperstures In the present study
the unsteady heating period of the fuel droplets has not been considered in

L7 the mmmmmem calcilation of the evaporation constant, since in this

{‘}s'@ « | transient period little evaporation takes place, and the chief function of
1

S,

; { the droplets in this period is to absorb sensible heat.

6.11 then the éxperiment was conducted with a single droplet ab a temperature

of about S00PC ( where no ignition occured ) s black residue was observed to
stick to ths quartz fibre after the complete evaporation of both kerosene

and diesel fuel droplets, This carbon deposit arizes from thermal decomposie
tion of the fuel, The carbon formeatlion indicates a diffusion process within

the droplets ond a selective vaporisation similar to the distillation process

X Promment in negatives.



Comparative study of the Evaporation and burning Constant
of single fuel droplets

»

Fuel . , Temperature Evaporation Const.

K_' ema_/SECO "

Godsave ( ) Kerosene
Sp.Gr.at 60°F/60°F - 0096
0.8051 '
Diesel Sp.Gr. 0.850 - #0079

Kiyosi Kobayasi ( )  Kerosene 650% .0103

: . (burning)
Diesel (burning) 628% .0128

Masdin - Kerosena Variation of K 0L to

Ph.D. Thesis ' with temperature ooliks

Sheffield 1560 *

Masdin Aviation Turbine 654°%¢ 00688

 Institute of Fuel Kerosene in stagnant 129 L0065

June 1962 , itrogen bt

e s k67°c <00kl

392% +0035
3109¢ 0021

Basged on the Kerosene - 471% +00407

theoretical egne(s12-4)  Sp.Gr. 0,708 . 6% +00229
at 60°F - '

Author Kerosene 233°¢, 00136
SI).GI‘. 0. 786 391]-00 00051‘2
at 60°F B110¢ +00667

600°C . 0075

7170C 015
Diesel | 2216, 00103
at 60°F 4

512°% «00h)
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6.13

This Hrmation Z:fcpurse depends on the size of the fuel droplets, composi-
tion Qf the fuel and &Gemperature of the etzvirorme_rxt;. In multi-component

fuel droplets due to this selective evaporation of fuel component, the
transfer number 'B' and hence *K' will vary during the entire evaporétion

or burnihg process. In the theoretical calculation no allowance was made for

this variation in the fuel properties,

In the experimental study, the fuel drop and the thermo-couple were
exposed not only to convective heat tranéfer but also to radiation heat |
transfer from the furnace walls, consequently, the temperature measured by
the thermoecouple will be higher than the actual temperature of the surroune

ding air., However, radiation correction for the thermo=couple readings were

_made .

In sumary, the writer has described in this report the results of his
investigation of the eva;;oration and spontaneous combustion of fuel droplet
arrays. This study has provided the information that the squére of the
diameter of the droplet varies linearly with time for each of the droplets
in single, double and triple droplet arrays. However, for similar experimental
corditions, evaporation constant fof doui:le and triple droplet is found to
be lower than that of single droplei: thus showing that droplet interaction
influence the gvaporatiéx_l constant, Moreover, it has also been observed that
droplet interaction modifies the burning rate of the droplets and the flame
structure. The study on droplet arrays was 1imitéd and further extensive
work is ﬁecessary with a variety of droplet arrangements in ordér to derive
satisfactory empirical formulae for these arrays with multicomponent fuel

droplets in evaporation and combustion processes.
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CALCULATION

This chapter devotes to a) finding out the diameter of the

droplets at different time interval b) plotting the graph D“? Vs, Time
and ¢) determining the evaporation constant K which is actually the slope
of the curve of th¢ above mentioned plot.

Since the dropllet at the tip of the quartz fibre is not perfectly
spherical and assumes an oval shape as the droplet evapo.rates, .its shape
s’hoizld be corrected to an equivalent sphere., This has been done heré by
assuming that the shape of an actual droplet at the end of a quartz Bibre
is an eiibsbid.éa’nd then equating its volume with an equivalent sphere (33 ).

4+ L
N _

AL A
N

Actual droplet . - Equivalent droplet

Volume of a sphere ... - 1/6‘RD3
" "Volume of an ellipsoid- = 1/6_1\'1.11.22

Sor
Hence ‘Dew 3 L]_Laz

Let D7 = Diameter of the actual droplet.
= Major axis of the actual droplet

e

'L} = Minor axis of the actual droplet

D! = Magnified droplet diameter on the film
Li = Magnified major axis on the film

L3 = Magnified minor axis on the film

= Hagnification of the actual droplet on the film
D = Magnified droplet diameter as projected on the screen,

1,

N



.
L, = Magnified major axis as projected on the Screen

l.2 = Magnified minor axis as projected on the Su-een.

my = Magnification of the droplet‘. on the film and t.he droplet on
t.he Sct‘eeh a

- I ' ‘2
! 3 Ll  =aom g/manzmngz
"2 '

n
= mpmp 3/l

-] mlmanﬂ\

D

Dﬂg _ .

ml ma

* D¢ yas measured in Iinches. Writing the value in centimeter D"
can be written as 3

ml mzr

Uhen‘mlué
My « 2.5

pn = ( 5) (D) = (D) (0.169) cm.

6::2.
When m =6
ﬂ_lz - 2.32

Cpnom (254 sy (o ‘ B
, (_____..6 R ) (D) = (D) ( 0.1825 ) cmo

78



When my = 6
By = 1.67 _
D" = (D) (05253')5 :

When ml = 5.5
my = 1,67
D" = (D) (0,2765)

Evaporation constant is determinedligy the following equation:-

2

- (n;"’_- Dy ) Anv_'a
at

t.lt time corresponding to DY
tzn time coyresponding to D,"

x  The negative sign indicates that the dismeter of the droplet decreases
with time. In this thesis the absolute value of the evaporation constant

! K t  has been considéred. '

» The specific gravity of the kerosene and diesel fuel were determined
by Westphal Balance,

Fuel 0il Temp. Sp.Gr. of ofl Sp.Gr. of ofl
at at 60°F
Diesel 26% 0.829 = 0,832

Kerosene 26°C 0,78 0.786

x  The themmocouple was calibrated with the help of a Electric muffle
furnace.( Appendix A ). The temperature variatfon was found to vary within

+ 5°C maximum, Persondl error in reading the negatlives '!.27.
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EXPERIMENTAL DATA ON EVAFORATION AND COMBUSTION

OF
FUEL, DROPLETS
Date Room Tem- Flash arrange Fuel Type of  Noe.of nvVy v, Code
perature ment i.e. Nof. used arronge- experi {rea~ (rea- No.
of flashes/min, ment of  ment cone ding ding PI)
droplets. ducted on 1) ng
each. :
Single 1 19,5 19,0 A
droplet N 19.0 = 19,0
13.4.66 36,7°C 110 Diesel
Double 2 19,2 19,0
droplet 3 19.0 19,0 B
l 19.0 18.5
Bouble 2 20.h  20.0 e
droplet L 19,5 19,2
23.]4066 3h.5°c 120 Kero
S singte 1 19,9 19.2 0
droplet 3 19,0 19.0
i 19.0 18.9
Double 2 20,1 20.0 E
droplet 4 19.9  19.9
zhohoss 3ho5oC 120 Kero~
' sene
Double 2 114 11,2 F
L droplet
26.14.66 33.9°C 120 Kero-
sene
Single 1 11.0 10,5 G
droplet
° Single
26.14.66 33.3C 120 Die= droplet 2 10,2 10,0 H
sel
Double 1 10.1 10,0 1

droplet
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EXPERIMENTAL DATA ON EVAPORATION AND COMBUSTICN

OF
FUEL, DROPLETS
Date Room tem= Flash arran~ Fuel Type of No.of nV. v,
_ 1 2 Code
perature gement i.e, used arrange- experi- (rea- (rea- No.
Nosof flashes/ ment of  ment ding I) ding II)
mine dropletx. conduce
ted on
each.
120 Kero- Triple 1 6.2 .20 J
150 sene 2 26.0 25.8
i 25.0 25,0
130 Kero- Triple K
17.5.55 37.2°C sene
10 2 25.7  25.4
Double 1 26,0 25,8
1Lo Kero=- L
sene  Single 2 26,0 25,8
Single ! 26,0 26,0
2 26.0 ’ 2600
17.8.66 36.7°C 10 Die Double  * 2.0 2.0
sel = . 2 25.8 25,8
Triple 2 2%6.0 26,0 P
. Die  Triple 1 20,0 195 Q
' sel
23.5.66 35.6°C 120 7 2 19.5 1900
Kero- Triple 2 19.0 18.7 R
sene
Triple 3 3.5 3.2 T
25.5,66 - 35.6°C 200 Kero- Iriple 2 7 3.3 31.0 L
: Sene  gingle 2 3t.2  31.0 ¥
Double 1 3.1 30x0 X
2 29,8 25,0




CALCULATION SHMEET
Date Room tem= UNo.of mVy aVlp  Average oc Actual Code No,
perature observa- . nV tempera-
o Hmen b,
36.7% 1 19.5 19.0 19,25 353.5 390.0%
B 19.0 19.0 19.0 349.0  386,0°C -
13.’46% . —6
2 19,2 19.0 19.1 350.7 387 ¢
%6.7C 3 19.0 190 19,0 39,0 386°C B
| L 19.0 18,5 18,75 34he3 381 °C
" 2 20,4 20.0 20.2 370.7 Los%c |
34.5°C
L 19,5  19.2 19,35 355.3 390%
23.4.66
19,9 19,2 19.55 359.0  394°C
wsc 3 19.0 19,0 19,0  349.0 384 Y
b 19.0 18.9 18.95  348.0 383%
Aclboox
' ' 3 19,9 19,9 19,9 365.3 Loo°c
33.9% 2 1.4 11,2 11,3 209.5 3% F
26.1.66 — — s :
33.9¢ 1 11,0 10,5 10.75 199.5 233°%¢ G
33.2% 2 10,2 10,0 10.1 187,7 221% H
26.h-66 — "
33.3°¢c 1 10,1 10,0 10,05  186,7 220°C I
: 2 26,0 25.8 25.9 473.5 511°%
17.5.66 37.2%¢ 1 25.0 25,0 25.0 57.5  Lggec K
. 2 25.7 25.4 25.5% 167.3 505°C
.2 1 2640 25,8 25.9 k73,5 511°C L
2 26,0 25,8 25,9 k73.5 s511°C




CALCULATION SHEET

83

Date

Room

Noe.of

Code No.

temp. obser- i A;;rage °6 ilctual
oc vation tg?;cra-
— onn each
3%6.7% 1 26,0 26,0 26,0 u75.3 512% "
2 - 26,0 26,0 26,0 475.3 512°C
' 2 25,8 25.8 25,8 159.0 L96°C
36.7%c 2 26,0 26,0 26,0 475.3 512°C P
35.69C 20,0 19,5 19,75  362.5 398°C 0
2345466 2 19,5 19,0 19.25 = 353,5 38%°¢c -
35.6% 2 19,0 18,7 18,85 3861 82X R
35.6°C 3 31.5 31.2 31.35  $69.0 605°C T
25,566 3B.LC 2 .3 3.0 3.5 5.5 601°C U
3% 2 3.2 3.0 3130 %Ly 600°C W
3.6°Cc * 31.1 30,0 30,55  555.3 591°C N
2 29,8 29,0 29,40 535,0 571°C




Fuel - Diesel

Droplet arrangement - Single

Code = A‘l

ﬂi-éljﬂz"2o32

1 2 3 Vo5 6 1
1 116 132 .9 .88 86 . B .84
L, AT 6T 83 B2 B A9 S
L2 56 Jg 3% 27 26 2L 202
L2 o5 oS0k .35 L2388 .22 L2040  am
D in. 865 %6 46 606 588 .555
«16 o1l7 «1315 o122 112 »1085  ,1025

+0255 L0215 L0172 L0l L0126 0118 L0105

o ‘1-.o9v 2,18 2,725 3.815  L.360 L.905




fuel « Diesel

Droplet arrangement - Single

-Code No.

.1"63 12"2-32

2 E 56

L 1,10 1,08 1,07 1.03 Lol 1,02 1.02
L, &7 72 W67 62 58 55 53
Lé? : 591 «52 o5 <385 «335 305 428
L,l, o651 562 82 397 9 G307 L2858
D in., B68 821 785 g 05 675 .65
D" ca. 606 aS2 s .13 w132 L1208 L1218
pe? an.? 0257 023 ,021. .18k  .0169 L0155 .OLLB
Time in 0 1,09 1635 2,725 3,27  3.815

Sec.

k37




Fuel =~ Diesel
Droplet arrangement = Double

, COdQNO. ""‘Bz

in Sec.

1 2 3 & G 3 7
l.a1 o% 092 087 . oah -77 075 -75
La2 663 06 056 .Sh 03-16 ' o_lll .36
L 3% 36 .31k 291 212 268 a3
Lall'zag 037 0331 . 273 . zllh ¢163 0126 .0975
Dain 7179 692 6187 6249 ShS3  W5013 603
D7, em W131 L1268 L1182 - o114 099 L0915 .08
pn2 e? L01716  .01598  .013% .013 L0098  .00837 .0706
Lby 1.05 1,05 1.00 .97 9l .9 9
Lbz 075 ‘_072 070 067 062 959 055
Lb22 <561 »52 L9 ' -hS 0385 +348 »30L
Lk, .59 SU5 b9 A3 W32 L 27
ob In 8387 L8168  .788) J7583  JT127 L6797 . 6495
D" em  ,L153 U9 <1439 .1382 W13 J24 L1183
Dp2 cm? 02341 0222 02071 20191 01693  ,01535  ,L01399
Tize 0 .55 1.10 165  3.30 3,85 Lo




Fuel = Diesel

Dreplet arrangmenet - Double

Code No. By
B -63mp 232

L 2. 3 b 5 6
la, - 11 | ;;1 RS 1S SN --;_.65 - 1,00 .95
Ls 2 81 72 .69 b .36 AR
LajLa,? B9 .93 W7 612 .86 oS
Da in. 2964 926 91 877 +825 $752
Da. mo 0178 .173 .168 0162 .1521 0139
Da"® em.2 L0316 L0299 .0283 ~0262 0232 0194
Lb, .9 o9 87 .88 82 L
Lba «70 +65 .62 .55 54 45
Lbz'a-‘ b9 W32 JBE 304 428 .203
Loty 2. a3 3% .28 205 185
bbb ifi. 076 0725 ' O -‘36 059 | '538 |
Db* cn, o108 a3 28 L8 .09 L0995
ppe? em.’ 0298 L0178 L016L L0138 .012 L0099
Time in 0 1,09 2,18 3.27 4.36 [N
sec., .

EWOLTA o i, 5 e



Fuel = Kerosene

Droplet arrangement « Double

Code No. Q) : -
¥ my - 65 my - 2,32

3 L s

in Sec.

1l 2
Lay .00 .98 .90
:Laz a62 .60 og?
Lag- $B5 W36 328
Lajlap2 385 43525  .992
Da ih. 07275 0706 0663h
D" em. o133 L1291 L121
Da."z Gn.?" .0169 .01667 oOlhéh —
Ly 692 #9592 _992
b, .66 63 59
Lby? 4% 397 39
!'blLbzz .1&01 0366 0322
Bb® en, 613,49 0131 0125}4
Dh2 em.2 L0182  .O1716 .O1573
Time 0 5 1

88



Fuel = SiRgd® Kerosene

Droplet arrangement - Single

Code No. Dl
.31‘6;%-2032' '

3 -

!-l‘.'

Seca

S 6
L, 1.2 L2 115 12 1.7 1.08
Ly .75 o7 65 6 .53 A7
" Laa 056 nhg -hz 036 128 22
LyL,2 67 B9 83 W03 3 .23
D i, 875 8k 785 739 67 613
D" cm. 1618 .155 a5 1361 JA2h L1213
Dﬂz m.z .026 .02’4 l 0021 q0186 . QOISh 00'128
Time In Q- .S 1.0 ' 1.5 200 205 7

89



Fuel = Keroseng ,
Droplet arrangement - Single
%de_ NO. - D3_

m =63 mpw 2,32

1 2 3 L 5
L, 116 116 Lk 1.1 1.04
L, S a2 66 S5 W7

L;L,2 651 B0k .L96 332 - .23k
D in. 8667  .Bh33 L7916 L6924 L6162

D" cm. #1582 L1543 J1Lhk A28 112k
D*? .2 ,02803 02381 .02085  .01598 0127

Time in . ' ' _ |
0 o5 1 2 2.5
Sec.




o1

in Sec.

n
‘Fuel - Kerosene
Droplet arrangement = Single
3 b 5 6 7 8
L, ‘1.5 - 1.13 1.0 110 1,08 1.06
Ly 084 0.8 0.75 0.7 0.65 0.61
L,? J05 W6k WL W9 W23 372
L1L22 « 725 .'519 05'-‘ : -hS? « 394
D in, 9322 L89Bk  J6522 L8143 L7703 733
LI 1703 .165 1559  Jk8h L1l 1339
o2 o, 2029 .02722  0.2012 .02202 .O1988 .01793
Tine 1.5 . 2 2.5 3 3.5




Fuel = Kerosene
Droplet arrangement = Double

in Sec,

Code_ No, = Ez .
M -6; mp- 2,32
1 2 3 ’h 5

Ly 1.00 1,00 1,00 +98 95
La22 «591 «561 «50L oliS olil
L31L822 0591 0561 .5014 ohh 0389
‘Da in .8392 .821&8 07958 .76% 073
Da® cm, 0153 11503 01!45!4 «139 «1333
Dan? cne” «023L1 .0_2259 0211 . ,01932 01777
Lby o72 65 .62 55 450
L2 L3028 .25 L3116 W6 .U56
Db in. 6019  LSUST L5079 L4362 L8878
Db" cm. L1l #0995  L09255 L0796 L0765
Time 0 -5 1 1,5 2

02



Fuel « Kerosene
Droplet arrangement- Double
Code No. 53

* 93

B =63 o= 2,32 S
1 2 3 h 5 7 8

Lay 1.1 1.0 1.04 1.00 1.00

l«ﬂz 086 085 08 .78 075

Laaa #7396 «7225 _06,4 «5929 #5625

Lall.aaz 0813 076 +686 65929 05625

Da In. «2333 #9126 -8819 8399 +8255

Da%® cm. »1704 «1667 161 153 151

Dav® ca.? L0290} 02779 .0259 0231 0228

Irbl .75 .65 06 c52 .50

Lb, Sk 50 o5 o o35

Lb22 +2516 «25 «2025 W16 1228

Lb,Lb,? +2182 +1625 1218 083k L0612

Dy in. ¢6020 05'&5’7 oh953 .h369 o39h1

Db* T i1 00996 00905 00798 00?2

b2 em® L0120 0099 00819 00637 J00518

Time in 0 5 1 1.5 2.0

See.




Puel - Kerosene

Droplet arrangement - Double

Code Ko, - 'F2

n =6; My 2,32

. 94

Sec.

1 2 3 L5 A 8

Lay 1,20 1,16 1.15 - 1,12 1.10 1.11 - 1,06
La, 0,90 0.90 0,86 0.80 0.75 0,75 0.67
Lay2 W81 81 L7396 6L $5625 L5625 W9
Lang,za 97 ] o9k o 815 ) «716 062 .625 - . oh?g
Da in, «9899 9796  .9LSk L9k6  B527 855 «7803
Dam ame 01805 L1785 1729 .163 1559 L256  .1L29
Dan® em.2 0323  L03186 ,02989  ,02657 L0243 .02kl 0,20k
Lbl .85 '35 082 075 073 .73 h62
L, I3 12 6T BB 55 S
Lb,,2 «5389 L5184 JuhB9 o3l 336 L3029 L2116
Db in. : 07708 07606 07166 .650h 06266 060'—6 05079

. Dpw Clle 01’41 0139 01309 0120? ollhB 011 « 929
Dbv2 en,® 01988 ,01932 01723  0.lS7  .01706 L0129  ,OOBSTS
I-ime in 0 . 1 ) 390 500 655 7.0 809




Fuel « Kerosene

Droplet arrangent « Single
Code No. Gl

B =63 mp = 2,32

05

B z 3 L g 4 T I
Ly 1,25 1417  1a1h 1.5 . 1.15 1,15  1.15 1.15
L2 9 +86 83 o9 .72 of «68 56
Laa : .81  oT396 6889 0621 - 052 A9 Jhb2 - oh35
Lity? 2400 L8655 (85 M5 W59 W565 W53 oS
D in. 1.003 #9528 9225  89k2 843 826  LB11 «795
D" em, . L1828 oI7h  W1685 4163 L1539 151 L1l L1lS
plen? 03342 L0303 L0283 L0257 023 L0228 022 02
Time in 0 145 3.0 T 645 .7.5 840 845

Sec.




Fuel = Diesel - .
Droplet arrangement = Single
Code No. H2

R« 63 R = 2,32

1 2 3 h 5 6 78
T Ll L2t 207 L5 143 112 142 1.2
L, Bh 483  WB8L - 80 78 TT W6 WTh
L2 JT056 W69 L6561 L 609 5929 LSTI6 o576
;,11.22 «855 83 JT69  WTIB 6865 4665 654 W61k
D in. +2l91 9398 5162 L9025  L881 ;8739 «8680  ,8li99

D" cm, o173 #1711 L1673 165 o161 #1593  ,1583 L1855

o en, «02993  ,0292h ,02799 ,02722 . L0259 402538 ,02506 02402

Mmedn 9 . . 1,5 25 35 LS 5.0 55 6.0
SeCy




Sec;

F‘ue).- - Diesel o

Droplet’ grranganmt. = Double

Code No.” = Ij

m -63m - 2,32

1 2 3 M 6 7 5

Lay 1,25 1.20 1.7 112 15 115 1,12 1.1
Laz . 94 93 ‘ 989 .08 087 +86 <85 085
La22 .8836 986)49 07921 07714’4 -7569 07396 01225 0?225
Lajla,2 1,105 1.0k .92 866 .87 845 481 795
Da in. 10338 1.0032 .97k7  .9532  .95h6 .95k L9322  .926L
Da? cm, 0189 -185 01?79 -dl?h il?hz 01729 t1702 a1692
Dar? em,® .03572 403422 .03165 03028 .03035 +02988 .02897  .02863
Lb, .88 W65 .8 o8 .82 .80 76 76
Lbzl 676 .72 .67 066 065 V .63 661 46
Lb,2 oST76  L518h LW W36 Lh225 L3969 WTAL .36
Lbith,2 508 3% W38 W36 a8 282 .26
Db ini 7979 L7606 L6107 703k 7020 L6826 L6588  L6lg5
Db" cme #1458 G139 .13 J1282 L1281 g2k6 12 1185
b2 em 2 ,02126 L01932 L0169  LOR6hk L0164  .O1553 .0thk  .orkok
Time in o ) | 2.5 . h.o 5;5 700 8.5 9'0

o7



Puel = Keﬂ)sene

{.

Droplet atrangmmb- 'l‘riple
Code No. Jl ,

M -6 mp 2,32

Sec.

1 2 3 h 5

Laj_' 9 085' i 67 .
Lay? #3969 .396h W25 . 156k
Lagla,2  .357 0303, . 1925 .18
Dain, . - 6717 . 5T7h- . JL905
Da" cm. ] .1298 «1227 o1055 .0896
an? em2 L0168 01506 L0113 400803
th .98 o9 08 i75

' Lb2 57 52 o5 30
Lb22 .32’49 «270l4 L2025 «02

CLglb2 L msy L2k L162 L0675
Db iny = 6808  L62W5 WSMSL  JhoOT
Db® em, .12,42 011’4 00995 ' -G’IMJB
Db*2 cm, 01543 +013 L0099 00552
Lcl .88 : .82 ' 72 055
L02 Q56 050 . oh .28
chz . l .31% .25 016 o 0078!I
Lole,® o276 205 L1155 LOh32
De ino #6511 05896 : ohBTO' 03509 o
Dg e .119 01075 0&9 .06111
De" cm,” JOLW6  L01156 .00792  .0OLL09
Time in 0 5 9 1,5

o8




Fuel « Kerosene

Droplet arrangement - Triple

M o=63my = 2,32

1 2 -3 .} 5
La, «95 092 90 ) +88 "o87
Lazz 05930 5329 -!49 «Lili90 « 3810
Lala,2 56k W9 Wa W3k .33
Da in. JB262  L78BLh L7612 W73: L6938
Da® L1 1Y o151 olh” #139 01338 01265
Def’ em? L0208 L0207 .01933 L0791 016
Lb, 101 95 91 W89 .89
Liaﬁ 7 69 «65 6 W54 J6
Lb,2 76 l225 (3% 22916 L2116
tyib? W8 Jor .38 289 168
Db in, o7830  J877h 6896 L63Th L5729
Db* cx, o143 1345 01258 L1163 L1045
Dov? cme? L0205 L01809 L01583 01353 02092
Loy 1.0 95 92 87 -85
1.62,2 . #5625 #5181 .h225 ".36 «2704
Lele,® o625 W92 W38 LmB .23
De in 08255 0789,4 072921 06796 -6‘27
De® cn. .15@ tl’-lh 0133 01239 01119
Den® em,” 402278 L0207k LOL769 L0153 01253
Time in 0 .h .8 1.2 1.6

99



100
Fuel - Kerosene
Droplet arrangement - Triple
‘ Code Wo. Ky
1 2 3 b 5 6 1 8
La; 1,00 1,00 96 .93 .86
Laﬂ 8 -76 Y 065 059
'-322 “oBl 5776 A9 o225 §3ltﬁl '
La;La,? 6l <5776 L7t 0393 - 3
* Da in. _ «8618 8323 7781 a7325  .669h
Dan? cn.® 02181  ,02286°  L02009  LOL793 .OL488-
Lbl. 1.00 «100 «100 92 86
Lba s «7h o 6l «57 . 50
Lb,2 W6 g 096 L2l .25
Lbjlh,”  oSWT6 IO B .35 L5
Db in. 48181 ~788Y +T29Y 67k o6
Db* cn, 1194 «1hk 1331 123 109
Db*2 em.? 0223  ,0207 0177 01512 012
Ley "+ +87 8 +75 - «6h
ch 462 56 k9 - q,-l . #3%
Lcaz oaahh 03136 ozh 016 .1225
o ;
Lejle » o35 272 <192 .12 0785
De in, - 702 +6k79 «576 9k o429
DC" Cllle .128 .1181 01051 -09 00782
De"a m" 001638 .01395 001105 .0081 «0051
Tine in’ c o6 52 1.38 1.8L

C g



= -

—)

101
Fucl ~ Kerosene
Droplet arrangement - Triple
mde No. Kz
-6 ;Mg = 2,32
1 2 3 L 35 -6 T 8
Lay .55 o5 9 .82 80 .7
Loy 68 65 60 58 o8 40
La2 .h62h sheas 36 3025 L2304 - .16
Da® e, a3y ai A28 LIl 42039 L0912
pa" am.® L0193  LOL716  LOM573 .01l  J0108 L0087
L, +68 6 o59 52 B o3
Lby2 G2 Jlog6  3BL 2ol 216 1296
Lb11.b2 -’t'ﬂl : Ji01 . 3205 «2438 . .18 «0972
Db in. J7686 L7374 <6BBL . L62L7  56M8 US98
Db® em.. Wdb 1345 w1246 llh +103 08382
DbiPem, 2 L0196 L0890 L0156  .013 0106 0702
Le, 1,00 1300 95 B 488 .80
Le, o3 «68 6 60 53 o3
chz 05329 .b52h OI-I»O96 036 «28 «203
LejLey? 05229 JMS24 388 032 . .23 163
De in. .0 #MR.8107 L7733 7294 686 62 S5
De" cn, k7l il 133 1252 L1130 0995 .
Den? 1.2 02273 L0199 Q177 L0157 L0127 L0099
Time in 0 oli3 .86 1.29 1672 2.15
.s—ec. . .. - . N - 5 P




\

102

b
/ Fuel - Diesel
. Droplet arrangement - Triple
Me NO. g Ll
ﬂ1 ‘36 H .2 -‘2.32
i 2 3 B 5 8

LBI 1,05 1.02 ._»95 ' 95 . o9
La, .8l 83 J6 o7 65
Lageo 2 T .65 SIS - W86 B
Da in, <9019 8680 8168 783 J7243
Da® cnm, .165 01583 01’-62 olll19 .132
Da" cn. <02722  L02506  .02226 0201k  .OL7L2
Lo, 88 .87 B2 82 LS
Lb, +62 6 52 S o35
Lb2 o384k 5 2704 L2025 #1225
inLb,2 33 313 o222 o166 <0915
b in, 6966 6790 6055 - Sh90  L506
Dh® cn, ‘ «1272 «1239 +1108 01005 0083!4
ppe2 m.z 201618  L01535 01228 .01 200692
Time in 0 oi3 +86 1.29 1,72




Fuel - Kerosene
Droplet arrangement - Single

By =65 My - 2,32

2

10 3

+06

1 2 3 5 é
[ 1,17 1.6 1.07 1,06 1,04
Le 0?8 l?h .67 .6 .5
L,? 6080  JSHTS  LJuBO .36 .28
L1L22 .711 .635 . hB * 3815 . 26
Din. 8925 8595 LB 3 6363
DM cn.  L163 L1569  L1L3 2325 L1218
Dre oq, 2  <02657 02462 .02045  LO1756 .01558
Time x» | '
in Sec, O 43 1,29 1.72




Fuel « Diesel

h Droplet arrangement = Single
:__¢Odé Noe = EI -
: ﬁl 1.6 ;-m2 - 2.32

104

1

5

1.72

2 3 7 8

L]_ 1005 ‘ 1'_.02 1.00 ¢96 ¢93 9 ; -88

L2 Gl 5775 533 M5 k22 L38 2811

LyL,2 672 W59 .533 M5 3925 .3132 247

D* cm, .16 Jd52 LB JAkol L1339 .12} J1145

DH cm,® 0256  0.023h1 (02193  LOL9T2 <OL793 L01538  .OL3li
Tine in ‘ .

Sec. 0 A3 T 1429 2.15 2.58




Fuel = Diesel

Droplet arrengement= single

Code No. = M

105

3 T

1 2 3 b 5 6 7 8
Ll 1005 1003 1.00 097 097 095 092 .96
La , 079 b77 O'n-i . 07 067 - 062 ¢56 .51
L22 62111 +593 55 o9 Al L38h 32 «26
LiL,2 685 61 W55, W75 37 - .35 W9k L22h
p in 6685 JBUSL L8193 L7803 WTSTT  JTIWT | L66l9 L6073
DY en LI585 LISMO W95 JM25 L33 .33 . J212 .l
pPen® L0251  .024 02235 L0203 01913 01698 LOLMG9 01232
Time 0 .!;_3 .86 1.72 | 2,15 . 2.58

in Sec,

1.29

3.01




Fuel ~ Diesel .
Droplet arrangement - § Double
Code Nos = Ny, & Ny,

mlu6;m2-2o32

106

) 2 3 b 5 6 7 8
Lay .03 103 .03 1.1 .98 .95 .92 .86
ILaz .82 077 075 o73 o7 066 7o62 057
Lay?2 6720 L5930 W5625 533 M9 L35 L3818 L3219
Lajla,® o625 .61 .58 53 B 4105 3L L2797
Da in 8761 .8l81 .83k HB138 7830  J7h32 L7074 +6540
Daf em, &6 J549 L1521 U85 L1L3 +1358 L1291 1192
Dar? am.? L0256  .02402 L0231k  .0220k .020L5 O0.018Lk 02667  ,01h2
I-bl 1.01 95 92 «87 +85 .82 280 75
Lbz 072 .67 -65 063 060 .55 050 {lh
: “’22 o5180 W98 Leos 03963 .36 33025 .25 .16
Lbjib,2 523 7L 4368 S347  W306 .28 .2 o12
Db 1n. L8057 L7797 .7299 JT027 6739 J6283 L5818 J4932
D% ema ' LAU7L L1422 L1331 L1282 ,123  L1lMB L1067 .09
Db*2 em.2 L0216 .02022 LO1772 L0643 .O1513 .01318 .01238 0081
Time' in . - . : . . )
Sec . (4] .86 1 . h9 1 .72 2. 15 2.58 3. 01 30 h-’-l




Fuel - Diesel
Droplet arrangement « Double
Code Ko. ﬂz :

31‘63m2-203é

107

Sece.

1 2 3 4 5

Lo, 107 1,05 105 ho5
Lag .83 a9 W76 W75
. La22 .689 .62’4 05776 05625
Lala,2 o736 655 W606 .59
Da® cm. - J1649 W1582 L1547 153
Dan? em.® L0272 025 02393 ,0234
th 1.% 10.05 130‘4 ‘ 1.02
Lb, .85 B2 .8 .78
Lb,2. .722 6720 6k 6065
LbiLb,2 (763  J706 4666 46195
Db in. .91116 t89 c8733 085211
Db* cm. #1669 W1622 L1592 L1558
b2 on,©  L02785 L0261 L0253k  .02h2?
Time in 0 ol3 36 1.29




108

Fuel « Diesel

Droplet arrengement - Triple

Code No. Pa

®) ~6 ; mpy - 2,32

| 2 3 k 5 6 7 8 9

La 1408 1,00 1,00 .95 .95 .90 .85 8% .8
La, 9. W76 T8 .72 »70 67 66 63 56
Le,2 62k J5T76 L5625 W51BL L9 B9 Jh225 43969 W31
La;,l-azz OT5 WBTT6  .5625 925 LJuES L0l <319 «B37 «2535
Da in. oBT7T2 48328 L8255 L7897 WTIST T WTOh L6959 6329
Da® em. 1604 L1521 L1501 Lkl 2123 L1349 L1282 L1272 L1157
Dav? am.Z  ,02573  .02313 .0228  .0207h .O1997 L0161 L0165 = .O1618 L0139
Lo, 1.1 1,05 1,00 .95 .95 95 9 W87 «82
Lb, JL 8B 67 W65 62 W86 S5 WB1 6
Lb,? LS0UL B2k JLl91  Ju22 L3885 L3th L3023 .28 0203
iglb,? S5k WJBSL Whh9 W01 . 366 W298 W72 L222k .562
Db in. 8213 LT85T L7667 W09 662 6L 59 S
Pb* cm, 15 . L1k38  J1h L1388 W29k a2 117 «1G8 «0976
phe? an.® 40225 . 0207 0196 L0181  .167  LOLW62 0137  LOL6B 40095
Le, 1.20 1,05 3,03 .95 1,00 .95 93 -90 .85
Le, o7 5 3 1 .66 62 60 56 9
Le,2 5929 5625 532 W506 L35 W35 W% Sk 42301
Lcchaa 1651 «59 o518 o481 28 e X6 033!$ « 202 204
De in 8667 8387 8184 .209 +758 o715 625 ) +656 «589
De% cie #1583 4153 o192 L1W3 1383 .13 127 .12 .1078
Dev® em? L0250 L023hF L0223 L0208 L0192  L0ATL 161 oalh 01178
Tine in
Sec. 0 -h3 086 1:29 1:72 2015 2058 : 3001 30“#




109
* Fuel = Diesel

Droplet arrangement « Triple

Code No. @

B =6 3mya 2,32

1 2 3 L 5 8
Lay 97 +95 93 90 488
La, g6 T 72 «69 266
La2 e58 +5LT6 52 M6 Lh3s6
Lajla,? 561 52 - W79 oli28 o384
Da in, 825 L8042 B3 W78k L7269
Da" en. - «1508 S5 . k3. W37 1328
Dar? em.® 0226 L0206  .020h L0189 L0176
Lb, 1,00 295 97 #90 .82
Lb, .58 053 k9 o7 3
Lb,2 3364 L2809 2000 L2209 L1819
LbyLb,2 3Bl 267 e233 o199 1513
m in. W6955 M3 L6153 . (563 .5329
Db* ca, o127 o1173 JA2iE  G1063  L097h
pbe? a?  L01613  LOL376  L01266 01130  L009LS
Ley 58 82 61 .82 80
Le, 57 52 <50 oli6 o2
Ley? \ .:,33!;9 -2704 25 «2116 176k
Legley” 2922  ,222 «2028 L1734 L4
De in 6636, L6055 JBBTS 5576 5206
Def ca, o121 +1208 2072 L1018 095
Det? em.2  LOLLS8 01228 .011h9  LO1036  .00903
]
Time in :
0 o5 1,00 1.5 2,0




Puel - Diesel

110

Secs

Droplet arrangement - Tripl

Codg No. Q2 ' '

m o6 B2 - 2,32

1 2 3 L 5 6 7 8

La, 1.0 1,00 95 «92 93 92 9 .88
Lay o79 77 76 73 oT1 59 66 64
Lay2 62Ul 5929 56 529 LS0ML 76 L4356 Jh096
LajLa,2 629 #5929 «5k9 b9 o168 u395 o392 .
Da in. 8568 8ko1 .8188 7884 76k JT602 7319 711k
Da® ca, o156k L1535 o1koh  L1k39 Lilpg 1391 L1338 .13
pav® .2 Lo2ls L0238 0223 L0207 L0201k LOL93 L0179 L0169
Lby 1.05 1,02 .96 1,02 1.00 1,00 .98 .98
Lba «72 69 66 Sl .«60 «57 53 50
Lb22 «518L U761 <1356 11096 35 <3249 L2809 «25
Lb]_l-hez oBli5 +1B6 o418 17 36 032]":9 2754 2B
Db in, +8168 <7862 «TL7T «ThT1 «T11h o6B875 L6506 L6256
Bb® om, «1491 #1435 +1365 «1362 w13 1255 L119 L1l
o2 e L0229 L0207 . L0186 L1885 L0169 o157 <OL416 ,0130)
R
Lcl 095 o9h «92 o2 08 o85 +85 +86
ch lmﬁéé 063 60 «57 . 055 052 ghg ._JG
Ley? A6 a3969 W% 3209 W2 200k .2kor 2028
Loyle,? A9 373 3319 .292 «266 023 o204 .17k
De in, #7L58 #7202 6924 +663) «SL31 6127  ,5887 .5583
De" cmy 1361 1318 1265 121 1172 J1119 L1072 L102
pen® e 01852 01737 0.16 OLU6k  0,237h 01252 .011l9 .010k
Time in 0 5 1.0 1.5 2.0 2.5 3.0 3.5




Fuel « Reroscne

Droplet arrangement = Triple

111

Code Ho. R
B .63m .23
1. .2 3 4 5 6 7 8

Lay 1.00 .98 «93 9 87 .86
La, T T8 67 . 6L 60 85
La,2. 5929  ,5625 B9 029 .36 3025
LalLaz? 5929 WBIS L4165 L372 o3 2%
Da in, 8401 8168 «7h58 7191 M.6768 46383
Da® cn. J1535  Lllo1 o1k JA311 L1239 1165
Dav? .2 (02356 ,0223 <0196  .01719  .01535  .O1357
Lb, 1.00 «98 95 92 b2
Lb, 62 «58 .52 o2
Lb,2 « 281k o33N 25 o176
LbjLb,? 3BUL o329 237 .62
Db in. o7271 69 62 545
Db* cm, 1329 G126 o113 958
Db? e 01766 01585  .o128  Qpo99
L, »93 97 92 87 82 o717
Le, 69 66 57 Sh 7 e
Lo, A7l U356 o329 2916 02209 L1764
LeyLey? 67 oh23 22088 ,25% L1861 13
De in. TTSE JTHOT L6685 L6330 L5657  W51h3
Dc* cn, oll2 137 o122 J1155 1030k  L,093%
pev? an? 02006 01877 .015  .0133h  .0007 00876
Tine in 0 5 1.5 2,0 2,5 3.0
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Fuel - Kerosene . -
Droplet arrangement = Triple

COdeNO.-TB

1 2 3 L 5 6 7 8
Ly 1,00 W97 . 92 . .88 W86 75 .68
Lap? 6728 L5929 W5329  WAT67 - L3BhL 42809 L276L

Lajlas? W72k W58 Lot k2 03308  .2005  .11L8

Da in.  .B760 B30 7889  .74B9 6916  .59L9  .LBLS
Da cm,  L15 S1H9 L1331 1268 W117 .1003  .0817

Da#2 gn,2 ,0225  ,021  ,01772  .01598 .01369 .OL006  .O0667
Lby o5 .82 77 ' -

l,ba .1‘6 039 .32
Lby? W2126 L1521 ,102h

Lojlby? .19 125 079

Db in. 579 W5 4291
Db" em.  L097 L0845  .OT245
"2 on.2 009l LOOTLL 00525

Ley 92 W90 W85 75 0
Ley’ 68 62 456 o9 0
Lc,? 2l W38l L3136 L2u00 L16
Lejle,?  oli25 3W6 4266 #1805 112

Bo in, 7519 L7020 L6h3L L5651 .UB20
De*® Cle +127 1189 .1086 00956 .0815
De"2 o, 2 L01613  LOLMk 01179 0.00913 006Gk

Time in g o3 o6 9 1.2 .8 1.8
Sece : :
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Fuel = Kerosene '
Droplet arrangment - Triple
Code No. = Uz

nl-é; n2-2;5

1 2 3 L 5 6 7 8
Lal 92 . 085 -_81. 075 | 065 o
Lag W87 62 54 16 .36

Lay2 JlB9  .38LL .2916 2116 1296
Latla,2 a3 327 .2%6 L1586 L08L3
Da in. JUL7 6889 L6180 Shl3  .U388

Da" Cile -1259 .1162 clObs 00915 .oO?hl
Da*2 em.2 ,01585 0135 .01092  0.00837 .005L9

095 092 .89 Q?? ,67

Ly,

L, o66 60,52 A3 . W3
Lby2  u3B6 W36 .270h .18k 1156
Lbikb,2 W25 W3313 J2408 .2 L0775

Db in, oTUS9 L6920 6221 5217 8oL
Db* cm, «1262  JAL7 L2052 0881 L0721
0b"2 cm.® ,01593 ,01369 LO1107 00776 400519

Lcl .85 .85 .80 06?
L_Cz , _ _0_62 o 0.56 49 36
Le,? oML L3136 201 L1296

Legle,?  +327 .26 L1923 L0868

De in 6889 631 L5772 JlihoB
Do" cn.  o1163 1088 .0973  .O7M7
Dew? om.© .01383 L0118l .0095  ,0OSS8

Time In

Sec? 3 06 ’ 09 i.2
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Fuel - Kerogene
' . Droplet arrangement = Single
G.)de No, = . W2 .
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6 7 8

1 2 3 h 5
L]_ ' 097 095 . 095 ogh _,7088 . 085
L2 ‘ol5 "o68 462 -#5T +a50 olit
L,2 5625 a2l LBUL L3209 W25 1681
LILQQW Z .5!6 5 -hh' l%& 0305 ’ 022 * 01’.‘3
DP eme L1382 ,1288 ‘.21 1138 .202 .088Y
0% en2 L0191 - .01659 ..0lbSh 01295 .OLOK 0007815
Time in o ) - . _
SECQ, . 0 . o3 ) '.6 o9 1.2 . 1.5




Fuel = Kerosene
Droplet arrangement « Double
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CodeHo, = X,
B 65 B8
1 2 3. 4 5 6 7 8

La, 1,06  1.03 1,00 196 #95 82 65"

Laz Y 76 - 71 -66 061 055 L] ll5 L 32

La,? 5776 WSOkl JWB9 W37 L3025 L2085 .102h

LagLa,~ o612 G518 W89 358 L2872 (166 L0666

Dain. . WBUO0  .B03L L7652 W71 J6597 596  LLOS

Da" em.  J1432 L1359 L1295 .12 112 9929 L0665

Da?? en,2 .0205  O1847 LO1677  O0.0Lhh  JO1237 400863 +00L59

Lb, J5 W72 .66 62 .56 o

Lba 06]4 057 052 _ oh6 .38 27

,2 W% J32l9 .20k L2116 WA L0729

Lbylbp2  ,3061  423h  .A785  J13L L0809 L0291

Db in. 6739 6162 5630 $5079 LU325 L3076

Dh" CMe .1138 010!}2 .095 .086 0073 00519

oo? o2 L01295 L0106 .00902  L0O739 00533 00269k

Time in . ,

SeC. 0 .3 06 .9 1.2 1.5 1.8




Fuel - Kerosene
. Droplet arrangement Double

- Code Nos =- Xl
m-63mm-25
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i 2 3 Y 5 6 7 8
Lﬂz : . «68 «62 55 . uB 33
Lay2 - - Wh62h G38Mh L3025 ,230L L2089
LalLa22 76 #396 $3025 ._'196 0761
Da in_. 07808 073h3 06713 . -5899 01‘238
Da" en.2 L1742 L0153 .01286 L0096 .005112
Lb T2 W62 - W55 W
b, W3 e e .
1b,2 02809 J2M0L .76k 0729
LbiLSéz 2025 . Qihg +097 ,0306
Db in. 5872 JB302 LlS95 L3128
Db" eéme- <0993 L0896 L0775 40529
b2 en,2 L00986  .008028 ,006  .002798
Tine in:
SGG. 0 i l3 .6 09 1.2




Fuel - Ke_rosene
{combustion )
Signle droplet
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Code - Ac .
. L N o
1 2 3 b 5
Ll 067 -61 055 '.52 o,-l?
L, 7 A3 .38 32 .25
L,2 .2205 f184 Ll .102 40625
L1L22 .151 12 .0792 .053 0274
D'in «533 182 o113 «376 +3082
Time in T '
sec, 0 02‘ ch ’ 06 o8
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SeCe

Kerosene
Code - ch.
' ‘(Com.bustion) T = 709°C
Dqt_.lble droplet , .
My =55 ; My = 1.67
1 2 3 k5 6 1

La, .72 JO W67 63 .60 .55 .50
La, .55 S0 W6 M2 36 30 .28
Lay2 302 25 .212 o176 21295 .09 +0625
Lajla,®  .216 A75 k2 - a1 0777 LOl95 L0312
Din .6 .56 S22, L8126 %8 318
D cn 166 .155 J14kS .1332 118 1,099 0872
DPm L0275 .02 .0209 L0178 L0139 .0098  .0076
Lb, 5 iS5 A3 36
Lb2 ol 36 +30 25
Lbzz‘a. T L1295 09 <0625
LoyLs,? .08 0582 .0387 .02k
D In R .388 ;338 262
D cm .1198 1075 0935 .078
b2 ém .0li3 0116 - .00875 L0061 -
Time {n 0 o2 N o 8 1.0 1.2
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% Specification of the fuel

% Hamehclature
® Bibliography. '
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e T
.

Specification of the Fuel
Test Kerosens Diesel
Specific gravity 04786 0,832

at 60°F

ASTM Distillation

108 point " 30208 356%
90% point Y S 630°F
Viscosity at 100°%F o~ o U6

82ybolt second -

Carbon residuc % . . 0.05
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NOMENCLATURE

= Convection effect

« Transfer number

» Specific heat

= Concentration of vapour. in equilibrium with the droplet.

= Concentration of vapour of infinite distance from the droplet.:
= Diameter of thedroplet.

w Diffusion co~effinient.

= Thermal corductivity., -

= Evaporation constant.

® Mass frostion concenkrabion

= Mads™6F camponent ¥ 3

= Partial pressure )

= Radius of thedrop

= Reynolds number

= Schmidt criterion

= Time

= Temperature .

» Yelocity of flow in * y ! direction

= Stream velocity ' :
= Coefficient of vapour diffusion into the surrounding medium
= Height of the spherical sdgment

= Density of the liquid drop

= Density of gas

= Amount of radient heat absorbed per unit mass of fuel eveporated
= Total amount of heat necessary to evaporate the fuel

= A function of heat absorption and temperature

= Radiation effect

= Absorption of heat

. = FPunction of the radius

= A function of thermmal conductivity and specific heat.
= normal velocity ef the surface.
«l- TO fractional accompolished temperature
Tg- To
= Mags of component J transferred across unit area in unit time,

S\ﬁ:scrigts

ona Y

= burning time

= hoiling point of the fuel.
« In the gas phase

» ot the drop surface

= Tnitin state.
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