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ADDENDA AND ERRATA

line 13 delete 'was', insert 'were’,
v.,1,3 delete 'wake', insert 'side!,
Iv,2,2 delete ‘'in', dinsert 'on'!,

117,13 read .,... !'schematic .....'

line 9 read .... laccuracy!

line 1  resd ',.... (80 < Re < 400)',

Fig, II.2 reverse 'ignited! and ‘'mmignited! .

Bottom curve, fig, IT,3: a = 91 cm/secz.

Egn, 2.2,1 read '.i.. dm _ 2k1rd (T ) ',
dt

In 1-1 + —E B C(T 7 ) :]

¢/L (T -T)

after egn, 2,2.4., Tead

eqn, 2,2,5, delete Ve 2 400!
line 20, reference number for Bird is 36,
Fig. I1.7 curves 1,2 correspond to left hand ordinate, and 3 to

right hand ordinate,

after full stop in 4th line insert: !'The modified transfer number, B!,
of these two figures is related to the transfer number
as showm in fig, II,7 !'.

D p02 H p02
eqn, 2,3,1, zread - " Tf - Tg = T
in egn, 2,3,5, replace ! m'02 g‘ by ! mﬂo g !
2
line 15 read "..... ineffective with regard ....'
line 16 read ',... can receive an iris diaphragm ....!
line 10 replace }adopted' by 'adaptedi
line 7 delete 'the image of}
line 8 replace }higher' by 'IOWer5
line 14 delete ! ... system',
line 17 resd 'drag coefficient?,
line 6 delete !'Spalding 3!,
line 16 delete 13!
line 6 replace ! C'd t by ! C'dm !
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5a omit, !',,,. the low surface tension of the fuels'
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Symbols, To the footngte on asterisks add '"the dimensions of
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ABSTRACT

An experimental study has been made of the drag resistance of
burning drops.

Distance=-time records of single freely falling drops of iso-pentane
n-heptane and benzene, burning in cold, 100% oxygen atmospheres, were
obtained. The records were obtained by a specially designed photographic
technique and a technique for the measurement of time intervals between
successive flashes of the repetitive flashing equipment. The drag
coefficients and Reynolds numbers were obtained from the distance-time
records by using a computer.

Experiments were conducted, mostly for drops £ 2 mm. in gize and in
the Reynolds number range 90 to 30C. The drop could sunport two types
of flames, 1.e. side flames and envelope flames. The drag coefficients
for 211 fuels with side flames was less than the standard drag coefficient.
The coefficients with envelope flames were higher than the standard value
on the basis of approach properties, tut were well below the standard
value on the basis of the mean properties for the vicinity of the drop.
The ratio of coefficients with and without combustion decreased with
decreasing Reynolds numbers. It is believed that for burning drops, the
effect of evaporation, which tends to decrease drag resistance; and the
effect of increased temperatures, which increase the viscous forces,

nearly cancel each other out in the experimental region studied.
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CHAPTER I.

IITTRODUCTION |

Recent years heve withesséd the spectacular growth
of rocket engines snd high speed aircraft. In suchh vehicles
a nigh power/weigit rotio of the propulsion system is of
cruclal importsence. Taerefore, the aeat release rates in the
combustion chamber must be very large, and there is = high
premium on the precision of design. This leads to the need
to burn fuels in thne combustion chsmbers at the highest
possible rrtes and at the sawe tiwe to predict the various
trensfer coefficients with high accurancy.

In s typical bipropellant rocket engine, liquid
fuel and oxygen are injected tiarough an atomiser and the fuel
droos either eveporate in the hot etmmospnere with subsecquent
combustion of thae vapour, or, under certezin circumstances,
burn with flames which surround the individusl drops.
ﬁffer lesving the atomiser the drop undergoes a continuous
decrecse in size and moves with a vorying relative velocity
to the ges streesm till it is completely consumed. For
optimum design of such a rocket motor it is necess~ry to
preaict the ballistics of drops in a variety of circumstances,
snd thus the dreo@ coefficlents of drops under conditions of

intense mass trsnsfer must be known. A report describing
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calculetions of Pallistics and vaporisation rates has been

published by Trieml

There are many other prrcticsl situstions where it
would be useful to describe fluid flow pzst = dispersed

phase in the presence of intense mass trr-unsfer, chemical

reactions and gteep property greodients. Catalyst regener-

ation, flow through rescting fixed snd Tfluidised beds, the
flow with combustion behind the be=ffle stabilisers in gas
turvine power plsnts,and trrnspirstion cooling are a few

exomples.

The drag coefficents of rapidly evaporating drops
hes not yet been studied sdeguately and most of the investi-
gations dealing with the ballistics of sucihh drops have used
the stenderd drag coefficients, i.e., the coefficients for

smooth spherical solid particles moving in the steady staze

without hesat oy mass transfer. However, due to a number

of recasons it was expected thet the drag coefficients for
repidly evaporsting drops would be different from tihe corres-

ponding standard values.

For burning drops, tie fundamental theoretical

oroblem of predicting the coefficients of wgss, neat end

cmomentum trensfer have to be formulasted in a manner d¢iff-

erent from that for drops withh low retcs of moss trensfer.



Usua-ly, tiie flow ficld is obtrincd from s solution of tac
Navier-S8tokes cqu=tion or gome simplification of this eguastion
with the boundary conditions that, -t tlic surfzcec of tae drop,
tiie redial and tesngential velocitiecs =2re gzero. At i1ighh mass
transfer rotes, one of these boundsry conditions will be changed
becrzuse tune normel velocity of vapour le-ving the drop could

be in significant proportion to the main stream velocity.

D

Furtiaer, duc to ciemical reactions,. sources and sinkc of.hzit acs

well ag_mrtter oo diatributed in the mediwm. Whiile congidering
the heat balencc over an clement of space, slong with the

usuel terms describing hest trrnsfer by conductioan znd
convection, =allov=nce will hrve to be wede for tae transfer

due to tae entazlpy of tiie diffusing substanse.

Tneoretical solutions for flow witii intense transfer
across an interfcce lave only been obtrined for s simell number
of nighly idezslised systeuas. For exeudle, Spalding2 ias
studied the effect of evgporation on tue lauwinar boundory
layers for a flat »lete in a longitudinal airstream)and the
forwerd stognation point of o spinere witi » nuuber of
simplifying assumptions sucii as the exist-nce of uniform
rroperties turoughout the fluid,

ITo sucir solutions are aveilable for spiaeres but

an idea of tiae magnitude of reduction of tie film drag could

be ohimined frowm the fact tnat for the rates of evaporation



likely to preveil in tiue combustion of ldeptone in oxygen, the
heoretical solutions for flat plates indicete a reduction
of 80% in tihe Jirag coefficient compsred to the stendard value.
1is reduction in film drag could be visualised
as resulting froim 2 thickening of the boundery layer and
tiae conseguent reduction in the velociy gradient due to
bulk flow of vapour from the surface.
The form drasg is also expected to be ¢educed as
a consectence of combustion. The high flewme temperatures
cause ges expension wiicir would tend to "fill in¥® the low
pressure regioan witinin thwe wake, and taus decrs=se tae
oressure difference Letween tne regions upstrezmn =nd down-
strezm of the separstion circle. Fluid movement around
a body is further wmodified turouga o nvaber of effects
derived frowm combustion. It is xnown thst evaporation
affects the =ngle of boundzry layer separetion, snd tlaat
thie presence of the flame causes very steey property gred-
ients. +11 tnese effects interact in a cowmplicated way
and taeir incorporation in sz theoreticel snalysis of the
drag force on drops involves immensddifiiculties.
Tie oroblem of the combustion rates of drops
128 been ertensivély studied, but wmost of tihe workers
simplify tiie oroblem vy postuloting a spaerically syumetriczl

{lame surrounding the drap,
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Experimentsl results on the effect of combustion on the

3

dreag Torce on soyaeres lave been regarted by Spalding
Kaudyakov 4'and Lubanski5 . All these zutiiors report
reductions in the drag coefficient. e experimental
systems consisted of supported spieres burning in sir-
streans and tiie Reynolds numbers were in tae range 2000-
10,000, However, in prsciiceal combustion sygtems, the
droos are legs then 1 mm in sige and the Reynolds nuinbers
ere muchkh less tian 500 and, in rocket motors, the intens-
ities of evaporation are wucil higiier =s combustion takes
place in pure oxygen. Due to t.e differences in tue flame/
dro»n dismeter rotios ond the differences in the proportion
of film drag to forw dreg, tiie results of tae investigeations
in the high Reynolds number range csnnot be easily extra-
polated to tie reange relevant in practical systems.

Ingebo hes reported vslues on tie drag coefficient of
Lepntanedrops in g rocket motor, but studied tae eficct of
eveporation and not combustion and tie intensity of
evadoration was not varied in his experiments. 30 far

no definitive study hes been reported on tiwe dresg coe-
fficient of single small drops of fuel in free flight.

Tais is jsrobably due to the experimentel and taeorctical

difficulties whzth would be outlined subseqguently in



chapters Tand III.

The object of this investigation was to study
experimentzlly the drag force on single drogs of 1iso
pentane, n-ieptane and benéene falling freely in cold
oxygen ricii atuiospaeres, The drops werc mostly<2 mm
in size znd tne renge of Reynolds number investigated was
between 100 znd 400 and it wes hoped taet this range would
correspyond closely to tiat obtained in przcticsl combustion
Systeis. It wes decided to use single drops in order
to avoid interference from a number of vtier variables
sssociated witin drop clouds, s Tiie use of oxygen rich @
atmospherecs was orompted by two reasons; al) nign oxygen
concentretions were considered likely to yield the largest
mgenitude differences frowm tue standard drag coefiicients,
and tiiug illustraste tiie eifect of eveporation at the iaighest
intensities; b) contrel of tue oxgrgen percentage is en
gasy wethod of varying the intensity of evapor~tion over
a2 wide range.

The drag coefiicients were calculzted frou the
drop size, the distance-time dete and tie knowledge of the
sroperties of tile undisturbed atmospinere in the combustion
chamber. T.e distence-time records of tihe falling drops

and tae sizes werec obtrined by a specially designed
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ootograshic tecanique.

It wes found tiat over the ronge of Reynolds
numbers studied, tue drag coefficientsof drops associated
with flemes walcli completely enveloped tiueam were slightly
higher but very near the stszndard vplues, =nd that the
ratio of thae dr-g coefficientsof burning drops to tihe
corresponding standzrd coefficients decreased witih Reynolds
number. For pentane, variation of the oxygen content
in the atmosphere from 65% to 100% did not lead to aporec-
igble cunanges in tiie drag coefficient.

Tae rezson for tie hign drsg coefficicent values
in comparison witi expectations of large reduction from
tlie standard values ccn ve attributed to tihie fact t.at the
ar=g coefficients and Reynolds numoers viere calculated on
t.ie basis of tile properties of tlie undisturbved mediwa wiaile
the gectual properties in tie immediczte vicinity of tae drop
were very Gifferent from those of tue undisturbed wedium
and chsznged steendly over short distances. It is bhelieved
tiiat tiio large megnitude effectc nearly concel eaclii other
out, i.e., intense vaporisation from tiue surfrce tends to
lower the dreg coefficient waile the iiga temperatures
accomdanying coudbustion increase tie viscous forces.

It was found that one of two different types of



flees wes associated wita tie drop, depending on tie

ignition conditions, thle drop size and the oxygen percentzge
of the stuosphere. Apart frow the flames wiaich envelope

the drop, wiltich have alresdy been mentioned, one could also
obtein a flame which did not envelope the drop, bult wss almost
attocined to it at some lattitude on its surfece. Sucih flames
are referred to ilere as 'side flames' =nd wien such flames
were Gownstream of tuie ecguater, tite drag coefficients were
over 30% below tae corresoyonding standard values. This
decrerse is believed to be caused by the lzrge expsnsion

of gases following coumbustion near tie dropy surface and

could be visuslised as a consecuence of z "tarust effect®,



CHAPTER TII

LITERATURE SURVEY.
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CHALPTER 171,

The object of this survey is to take stock of
existing theoretical »nd experimentsl informetion with a
relevance to the problem under study.

Therc are only = few puvlications with direct
relevencalto the subject of tihis investigation. Tnere heve
been no experimental investigations reported so far on the
dref coefficients of burning single Grojps and most of the
oublications on burning spheres hnve been concerned with high
lteynolds numbers =nd with a type of flame different from that
of this investigation. Most theoretical investignations tend
to discuss tae problem under highly iderlised conditcions,

In view of the state of developewent of the subject, it was
felt thet 211 the fundamertal espects of the subject must be
reviewed.

Refore the effect of combustion on tie drag forcc
could be cvaluated, it is neccssary to study tic process of
combustion itself. Compustion is o spceial case of evapor-
ation. Tne various nhenowena of prarticle dyneamics in isotii-
ermal flow witiiout mass transfer nced to be Xnoun before
knowledge cen We cxtended to flow wita combustion,

Thcecrefore, this chepter is devided into threc
barts. Flow at low Recynolds nuambers, Stokes ond Oscen

opproximgtions, reccirculation and unsteady flow are discussed
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vnder 'particle dynamics', Evezporation in both meoderate
end nigh teamoscrature medic and the effect of svaporntion on
the drog force are cdiscussed in the sccond scction, The
1l ird section is concerncd with combustion of drops and
includes a review of experimental investigations of the

effect of combustiocn of thic drag force.
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I1-1. Particle Dynamics,

B A sphere travellihg in motion relative to g fluid
experiences a drag force. It is customary to correlate dats
on fluid resistance by using a parameter ceolled the "drag

coefficient® which is defined by the following relztions.

F o= % Cdf%,Avd P e | waere,
'F = drag force,

Cd = drag coefficient, dimensionless,
@% = density of tne fluid,

A = projected area of tie body,

v = relative velocity of the body.

The drsg coefficient was first used by Lord Rayleigh
to present graphically the date on fluid resistance for s
variety of solid sphere~-fluid combinations witih the drag
coefficients and Reynolds numbers as the coordinates. The
phenouwena of fluid resistance are complex and no simple
relztionsinip can be used to express tie relsgtion between
fluid flow and the force on a épheriCal particle, However,
the experimental findings of several investigetors have been
assembled in the form of the femiliar steady state drag
coefficient vs Reynolds nuuber curve. Empirical expressions
are also available for restricted Reynolds number ranges.

For the apmoacit Reynolds numoer range relevant to this
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investigation, (80 Re 400), tae Tengauir/  expression is

the best approximation.

¢, Re/24 = 140.197 Re®03 + 2.6x10% Re1-38 2.1,z

where Re = Reynolds number, given by dv€4k .
where d = dismeter of the splhere,
and, tA = viscosity of the medium,

Very few theoretical derivations of the drag coefficient

are aveilable.

TI1.1.1. Steedy isothermal flow over spheres = tileory.

———

The evazluation of the drag coefiicient depends
on 2 solution of tiue Navier-Stokes ecu-~tion, Tuis
eqguation describes tiae wmovement of an element of fluid
under tie sction of viscous and pressure forces. In
vector form, the Favier-Stokes eqgustion statess

DY/Dt = F, - (1 YgwaaP 2T 2,143,
waere Deybt is tae totzl derivative of tie wvelocity vector
v, with respect to time t, and ¥ represents the body
force,F tile nressure, and v, the kinemntic viscosity.

The continuity equrtion states:

div(pv) = - SPr 2,14,

2 F)

It is well known thet tlhie solution of t.ie full
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Navier-Stokes ecuation presents aluwosgt insupersble meth-
emztical complexity due to tue non-liinecar teras. There-
Tore solutions hove been obteined oniy for a few cases
wiere tais equstion could be siwmplified. Tae first sucn
solution weos that by Stokes for very low Reynolds numbers.,
The solution was frecilitezted by ignoring tae inertszl
terms in the MWavier-Stokes ecuations

gredp =“v7ﬂ? 2.1.5,

This relation ig solved withi tile boundary condition
thrt fluid velocity witi respect to tite psrticle is zero
at the perticle surface end ecurls tne wainstream velocity
at large distances from tue surface. Tiie following drag
relation is obteineds

F = 37dpv 2,1.6,

Tnis dreyg force is pctually mede uy of two
components - (a) the skin or film drag, due to saear,
and, (b) tie drag due tc pressure distridution over the
sphere, tie foram drag. These two are in tuae constant
ratio 2:1 according to the 8tonkes sclution. However,
the solution derives from an assyaptotic approxiwmation
to the Navier-Stokes ecuation w.ien Re->0. In coupar-
ison with experimental resulis, it is found tiaat tihe Stokes
relstion for the dreg force is vaiid uy to Reynolds nuwmbers

or &ie order of O.1. Lt bigaer Reynolds numoers, the
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drag coefficient as well as the »roportion of form drag
are nigher tien tiose predicted by Stokes.

Tiae next improvement was due to an ap.roximetion
oroposed by Oseen. Tne inertia terus were assumed to be
importent only at learge distences from the shhere where the

veloclty approaciies thnat of uniform flow. Tiie resulting

linezrised eguation is:

—p —y
Y. grad v = - 1P +v 9V 2.1.7.
<
' . (8) | : .
Goldstein obtained the complete solution for

the Oseen apyuroximation snd tne expression for drag

coefficient iss

~

¢.=(24/Re)(1+3 Re - 18 Re“ + 71 Re2'> 241,68,
d I% 1289 20480

Tais expression is in agreement witlh experiuental
results at a Reynolds numver of 1, but are in excess by
10% at Re = 10,

Pe:. rson ana Proudman9 obtained scparate infimtbe
expsnsions ol tiae strezimm functions for regions close to zuid
far away frou tae spiere, referred to as tiic Stokes and
(seen expansions respectively and employed a matciing pro-

cedure to obtain a relation for the drag coefficient:

Cq = (ZQ/Re)El +(T%)Re + (1__26)362 log Reg 2.1.9

. .10 , - e
Kewagutl used an eapirical wetiiod knowm as
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the Gglerkin metliod to obtain tne forms and tiie constants
of stresm functions for tie Reynolds nuwber range 10 to 80.°
This is not a purely thneoretical metilod since the selection
of the form of tihe stream function involves comdarisons with
experimental data. However he was able to obtain dreg
coefficients as well as streawm functions wuaicu agree with
experimentsl results and for reassons waici will ewerge in
chapter if, Kawagut®s method might well be a starting
point for a tiueoretical study of tihe dreg force on burning
drops.

Kaviagutds work represents tiae upper limit ol .
Reynolds numbers for which tneoreticesl solutions are

available.

Ii-1.2. Recirculation = the sphere wake.

In an infinite non viscous fluid, a spuere in
motion relative to the fluid snould not affect the fluid
in any otaer way than taat of instantaneous displacement
and aence tae flow siould exniblit symmnetry about the equator.
Jowever gll fluids are viscous and approachl suchh sykletry
only at very low Reynolds numbers, tg tie relative
velocity increases, tie divergence from sjyumetry sbout
tiie equator increases and a point is reacined waen tie

streumlines appear to leasve tile surface of the sdiere at
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some latitude upstream to the rear stagnation point.

The rear stagn=tion point is the rearmost point on the
sphiere in the direction of relative movement of the spunere.
Taese lines converge some distence from the sphere enclosing
a region of ‘'derd fluiad'. Tae fluid in tais space is
actually circulating wituin its Dboundaries to give a
torrgidal eddy, tiie surface of waicih woves =t a speed close
to tizet of tue surrounding fluid,

It was pointed out in cunapter I thnat form drag
could form e significant proportion of tuae total drag,
and also thst it was influenced in a manner different
from that by which cowbustion affects film drag. The
literature relevant to tihe wake and tue influence of com-
bustion on tne wake will be reviewed in this section.

Thete secms to be little agreement in liter-
aturellslg’l3sl4 regarding the wake configuragation
benind a sbphere moving in a resl fluid and the Reynolds
number st wiica recirculation sets in. But it can be
assumed that for isothermal, non-evaporsting sphere -
fluid systems, such formation begins at some Reynolds
nunber below 50 and hence e weXe could exist in the present
investigation.

It is believed tiiat separation is initizted in
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tie following menner: as a spnere moves relative to the
fluid, at very low Reynolds numbers, flow 1is identical about
Neast
thue equator of the sphere. £t the sphere surface, fluid
velocity is zero near tihe forward and rear sﬁagnation points
and maximum across the equatorial circle. The gtatic
pressures are, correspyondingly, maxinum ot forward and
rear stagnation pointsg and minimum along tie equotor.
But a3 tihe Reynolds number increases viscous forces tend
to retard the wmotion of tiie fluid in the boundsry layer
adjacent to the sphere surface. On the upstream side,
tihls retarding force does not cnange tie character of tae
motion because tlie dressure gradient acts in the direction
of wotion, On the downstream side of the equator, an
element of fluid near tie surface will be subjected to
friction at tic sphere surface as wvell as an "adverset
pressure gradient, i.e. a gradient acting agoinst the dir-
ection of motion. LAs tae Reynolds number increazses, tiae
presoure gredient increases and at a certain point The
fluid is brought to rest near tie spaere surfsce and a
slow backflow begins - the forwerd boundary lsyer stream
lezves the surfoce of tiie syllere and tae latitude ot waich
tilis haspnens is known as the point of separation.

Tae eddy circulating dounstrezm to the seperation



point is termed the ‘'wake'!, A number of experimental
studiesg nave been reported on tie foruation and subsequent
behaviour of the wakelz, but tiheir findings are not con-
sistent. In this connection, it hes been pointed out by
Gernert# thaat dynsmic similarity cannot be obtcined by
specification of tihie Reynolds nuamber alone, A typical
value for initisl wake formestion is = Reynolds number of

24, which was reported by Tanedals. The angle between tae
forverd stagnation point and the separation circle increased
witia tiie Reynolds numver and resc.ed a value of 720 at

Re = 450. Garnerl4

also obtained similer results, and ais
findings »re repvoduced in fig.($.1l.)
As tiie Reynolds number increases tine fixed ring

vortex grows in size snd ~lso decreases5 in stebility and

its te1l begins to oscillate. The oscillations becone

more severe, until, gt s velue ceslled the "lower critical
Reynolds number®, it dctschies from tne fluid system adnering
to the body of the spiere and streams awey at velocity

lower tuasan tihe relative fluid velocity. fgain there is no
agreement regarding tite Reynolds nwaver zt wirlcia tiiis

occurs, and figures ranging from 200 to 1000 have been

It was pointed out in caaspter I, tihrt a part of



drag reduction in tie presence of combustion was probavly
a consequence of the reduction in form drsg due to the ex-
pansion of gases following combustion, Most of tiae avail-
able information on wake flow pattern refersto tie adiabatic
wake, 1l.e., tle wake in vwilca no aneat tronsfer tekes place
between various points in tihie we=Xke and tiere is no cuaemical
reaction, The theoretical »roblem in predicting tihe drag
correction under conditions of form drag pregsonderance is
one of »oredicting tie pressure field in the rear helf of
the sphere with a vortex attecched to it, when tile elements
of fluid circulate through tiae flame front or along it.
It will be noticed tiat a similor situstion is obteined
behind baffle stabilisers wita t:1e difference tiaat the gases
‘are premixed in tue baffle case. It hias been recognised
Vla.tu.\‘e
thaat comoustion cen exert a profound influence on tihec w=ige
of flow as the fluid is no longexr barztropic, i.e. the
density of fluid is no longer a function of pressure alone,
Inly a2 linited amount of work inas been done on
the flow benind baffle stabllisers. Lewis and von Elbelﬁ
observed thet the flow about tiie end of a blunt wire waen
it was acting as a steblliser for a V-flaue wos ¢uite
Gifferent from tst=for aodiabatic flow, Tae prinecipsl

chiange was the decreese in the size of eddies beaind the
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obstacle. Tais is illustrsted in fig.LI.2, Hotell, Scurlock
and Williamsl7 llave reported taat the wost iwporteont in-
fluence of the flame wes in inhibiting the sinedding of
vortices and extending the stable recirculation regine,

It has been stated earlier taat vortgx saedding occurs at
thae f"lower critical Reynolds number®, wiicir could bhe any=-
where between 200 and 1000,nce vortex sanedding occurs,

the flesme will cease to be stabilised continuously behind
the baffle. Hotell concluded tinat vortices do not sited
from tihe rod stsebilisers during combustion &t Reynolds

numbers far in excess of tne conventionesl 'lower critical

Reynolds nuwmbers,'

22}1.3. Unsteady strte motion of drops.

In thls investigation, tic movewent of tue drops
was unstesdy, i.e. a constent velocity was never attained,
Even waen the drops were small and nad an initi=l size w..ica
indicated a smaller distance for the attainment of terninsl
velocity tiaan was under observation by tie cemera, drod
wovenent wes still unsteady due to the cuenge in drop
dianeter.

It is known tiaat accelerastion coulda sffect thae
drag coefficientv of drons and therefore it 1s necessary

to svaluste aadusppmestz the influence of zcceleration so
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tunot tile effect of combustion could be accurately inter-
oreted. In tuis section, the effect of accelerztion would
be reviewed with a2 view to zssessing itvs importance under
the conditions of tils investigation,.

The conventional drag coefficient, expressed as
o, function of Reynolds number alone hes been known to fail
in predicting tne Lellistics of perticlcs and drops under=-
going acceleration or deceleration.18’19‘ It hes been
o'b.«;ervedl9 tant eddy formation in tiae rear of spneres under-
going acceleration would occur at lower Reynolds numbers tazn
thiose for s»yacres in steady motion. Taus, tae form drag
would be increased. Lunnonzo carried out investigetions
on tie drag force on accelerating bodies and found that tae
drog coefficient increased with acceleration; depending on
its magnitude, Lunnon's dats; rej>lotted by.Gauvin, ere
shown in fig. ii.3. de exylaired tie incféase of resistence
as a consecuence of tine rgpid cusnge of streamlines in time,
whicil would be favourable to the production of eddy motion,
If sucii is tihe case, deceleration s.ould also cause an
increase in the drag coefficicnt. In the case of drops
injected into combustion curmbers, the relative velocity
decreases as tae drops travel forward in tihae chember and

simultezneously, taey would slso be decreasing in size.
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Taerefore, tie rete of clienge of streamline pattern in the
neigubourhood of tiie drop would be intensified and thus
tiie effect on the drag coefiicient would be larger,

Keim?l has studied the acceleration drag for
bodiecg wita silapes sucii as circular discs moving in the
same dircction as taicir axis and ience under a higa form
drag condition. Tae curves obteined by Gauvin frowm ais
dats nre reproduced in fig. Li.4. T.:e magnitude of
scceleration, tihe relative velocity and tae body dimengion
are tae jparameters incorporated in this figure, The
Reynolds nuuwber range was between 200 and 1000, A study
of tails figure reveals tuat the drag cocfficients of drops
of 1lmm diaweter, subjected to accelerstions less than 1 g
would bhe affected significantly only =zt very low relative

Vl()t
velocities. Tnis is Fem=ty t.ue region considered in the
present investigation and taerefore, it mey be assuaed tiiat
tie data obtained need not be corrected for acceleration.
18 . )

Gauvin i1=s stated tazt even tne rate of caznge of
acceleration would affect tie dreg coefiicient since the
experiments witit constant and verying accelerations gave
different results. It is also believed thet an increszse
in weke turbulence caused by increasing Reynolds numbers
or by surface rougiening would decresse tie influence of

scceleration on drag.



Wnile the evidence so fzr presented siiows an
increase of drag coefficlent witih acceleration, Ingebo22 has
has reported a decrease in tae drog coefficient for accel-
erating drops..He investigated the dreg force on drops at
=ccelergstions between 10,000 r~nd 25,000 St/seéL, 2t Reynolds

numbers betueen 5,400, znda drop.sizes of 20 to 120 . He

obtzined the relation = 27{;%( 2.1.10

cd
He reported tihat rapid acceleration gove instan-
teneous drag coefiicient values vetween tiose at steady
stete and those indicoted by Stokes law, and tuat waen
accelerations ond velocity differences were lowr, tie un=-
stcady statc drag coefficients were identicel witn steady
stete drag coefficients, In wis investigstion, the
denendancy of tie drag on tiae magnitude of accelcration
wes not guantitstively studied and the difference in
the direction of tie wccceleration effect from tiat reported
by Lunnon has not been explained. Thie date for solid and
liguid spineres wos correlated by the sawe foruula,
Deta on tile influence of zcreleration on drag
cocfficient aave also been reviewed by Gilliland and Hughes?3
They used the mathematical solutions for tiue case of wvery

, . © 24
slow, or %ecreseping flow! wailchh were sunmarised by Sagsett
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and plotted values of Cd/cdo’ where Cd is the drag
coefficient corresponding to velocity v, and Cdo is the
steady state drag coefficient corresponding to the

terminal velocity Vis for a number of values of pi/po,
where suffixes 'i' and 'o' denote the inner and outer
phases (fig.II.5). Due to mathematical difficulties,
calculations could not be carried out for values of

pi/pO > 0.625, For values of pi/po>- 0.625, Hughes

and Gilliland expected that Cd/Cdo should repidly approach
unity. In this investigation pi/pO was 3 orders of

magnitude larger than 0,625,
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II.2. Evaporation.

II.2-1 Eveosorstion in uoderate tempersture medis =

stetionary drops.

The evaporation of drops into low temperzture media

in the absence of convection can be described by the expres-

ions o =2k 4 (T -T 2.1
sion dn/'dt P ( . s) 2.2
L
whers, m = Wesd of drop
k = conductivity of the vapomr-gas mixture,
L = Latent heat of evrporstion,

=]
!

= temperature
sufiixes g and s refer to the smbient gas and the drop
surfzce respectively.

This equotion applies to steady.state eveporation.
But, as the drop diameter cuanges, eveporstion can never be
perfectly steady. In the unstealy stete, the evaporation

26

is lowered ~ccording to tile relstion

du = (dum l-/"'_.m‘ 2.2.2.
i E/dt;o \/1‘1:5. gz cecee
)
1 Fl
w.ere m' = tiic moss concentration of vapour.

and, ggg indicates the steady state evaporation rate.
dt)o

g 3 hi A ‘ 0]
However, it can be shown tiat wien m <:<.@' evagporation
S

P . . . ~ "
can bLe considered to be quasistationary and relation(2.2.1)
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is applicable wiien tie concentration and temperature

gradients are smnll.

—t—

I.2-2 Drops at wmotion relative to the medium.

A large ainount of experimentsl inforwmetion is
avallable for the evaporation of drops at movenment relative
to tae fluid, agsin, under conditions of mild temperature
gradients. While theoreticel prediction is possivle
under certzin circumstences Tfor tue region oi tile drop
surfrce upstresam to tiae separation circle,; anslysis of the
region downstrena to it is extruely difficult and only

. . . . 14 o .. 3% .
experimental evidence 1is aveilable: Frossling liss obtained
local evaporstion retes frow the spinere &8s & function,of
the angle between the line joining point concerned with the
drop centre r~nd the axis of flow eand found that the Snerwood
nunber decrensed from the forward stagnation point down to
he separation circle and thien increased again, and that
the average rate of cvaporation from the forward region
and tiae woke reglon could be taken to be in the ratio
10:1. He correlated drtz 1o0r the evasoration of water,
aniline and nephtinelene into airgtreans at room temperature
“over a Reynolds number range between 2 and 750 and obtained27=

L o1 .
fu_ = 2 + 0.55Re?Sc? 2.2.3



waere Nu,«q = Skenwood’ Aambest e
Sc = Sciimidt number.

In prectical combustion systems, the instantancous
relztive velocities obtaoined for o drop depend on its size
and velocity history =and the drag force Tae evaporation
rate would be & funciion of tiue relative velocity. It is
often assumed tnat swell drops aguire stream velocity very
soon after injection and tierefore could be described by
equations for evaporestion rate wit.out convection.

While discussing t:ie eveporstion in turbulent
aerosols, FucthB es sointed out thet "Since pulses of
turbulence wuicn completely entrsin tiie drops clearly nave
no effect on tiueir rate of evasporstion, ani siunce tiue degree
d§ entrsinment rises wita tile increase in tue ratio of tlhe
Logrenge period of oscillation to tae time of mechenical
relexation of drops, wiile tie energy of pulsction falls
witn decrease in thcir jseriod; it is obvious tart tiue effect
of turbulcnce on the rate of evaporation must increrse witn
tiie droo sige,® Tals comuent 1as a bearing on the impor-
tance of the knowledge of drzg coefficient in sprays.

In view of tiic stoteaent by ITucis, it is obvious tuct tae
drrg coefiicient would influecncc tae increment in burning
rate due to turbulence =znd taat 2 reduction in tue drog

coefiicient would cause an increase in tae burning rates .,
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11.2.3 Heat and momentum transfer in high temperature
Media.

Considering drop evaporation without free convection
first, the difference from the situation which could be
described by equation 2.2.1 is that the sensible heat
acquired by the vapour after leaving the drop surface
could be in significant proportion to the latent heat and

the evaporation rate for drops is indicated by:

5? = _jE___ (Tg - T) I 2.2.4,
1n [1 + Qiggﬁ7:LE¥Q1j
where 4 =
£ (1, - 1)
where C is the specific heat of wvapour. As the
temperature difference (Tg - TS) increases, the parameter

g decreases and therefore the evaporation rate decreases
in relation to that predlcted by equation 2.2.1. The
evaporation rate under forced convection can be obtained

from:
dm _ 2Tk d _
3T = 1— (Tg Ts) 4 NuH 2.2.5.

where NuH is the Nusselt number for heat transfer.
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Rgwze and Morsiial?? have found a relation for Wu for water
drops over a range of Reynolds number O to 200 and air temp-
eratures Dbetween 80°F and 400°'Fs

1
My, = 2.0 + 0.6 ReZPrd  2.2.6

At very high mass trensfer rotes, the bulk flow
of vapour leaving the interface affects the Various property
profiles. A fully theoretical evesluntion of mass transfer
rates would involve = knowledge of tiie flow pattern through
the solution of tie N-vier Stokes equation or a simplifi-
cation of tiils equation with tiie boundary conditions thsat
the velocity at and normal to the interfece 1s zero.
But at high mass transfer rates, one of the boundsry con-

ditions 1s thet there is &z finite normal velocity.

Lttempts have been made to evaluate the influence
of bulk flow of vagpour on tiae friction fectors, heat transfer
and mass transfer coefficicnis by predicting 'correction

factors?'.

Sy = CH4SEp =Wy L &y = [
wvhere 8 = the correction factor.
Cd = drag coefficient
h = lheat tronsfer coefficlent..
by = Mass lfxt\n/.xiis\, Co&ii‘t\(‘:r\tf.



Subscripts v, T and !B indicate corrcctions for momentum,
heat and mass transfer coefficients.
¥ indicates the high mass transfer case.

Such correction foctors ave been obtained for a
few simple caseg. It is worth noting tnat the coefficients
for low mass transfer rotes too have been obiesined tneor=...
etically only for a few idealiscd cases.

The correction fectors heve been obteoined mainly
on the bas.3 of taree tiaeoretical approaches = film theory

penctration theory and boundary leyer theory.

Film thcorys Lewis end Chang3o applied film theory to

interpnase transfcr of both species of a binary wmixture at
higi mass transfer rates. Ackerman3t applicd film theory
to licat transfer in tihe presence of repid mass transfer.
Colburn3® and Drew confirmed /ckermen's analysis and applicd
the results of tane two earlier works to rapid condensation
of mixed vapours, Hickeley33 extended the subdbject to
momcntum trensfer in constant pressurc systems, Congid-
ering lominar steady flow along a planc surfacc and assuming
thet the transport pro;crties}A, the viscosity, k the
conductivity snd D the diffusivity arc constent in tie
neighbouriood of the drcp and ignoring homogenous cheiical

rcactions, viscous dissipoation and radiant heat trecnsfer,
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the correction Ov was obtained by Mickeley:

OV:'—-.—j'.——_ L 20206.
et -1

where 1 is a quantity called the rate factor and is given
for the system under consideration by the relation:

1 =
%pg VOC Cd,lOC s e 2.2.70

where,
N, = molar flux of diffusing substance,

My = mol@cular weight of diffusing substance,
Cd,loc = drag coefficient, local, uncorrected.
According to this theory, mass transfer of
components A e&m8=R into the stream decrease the transfer
coefficients and transfer from the stream increases the
transfer coefficients.
The limitation of this theory is that the

and T (pressure, local velocity along

dependence of p, Vi
3

main axis of flow, temperature) is purely one dimensional.
Hence it is not readily applicable to flow around spheres
and is of interest mainly for flcw in such cases as channels,

with fully developed profiles. Pressure gradients along fthe
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wa2ll have been ignored and tierefore the thecory cannot be
applied to flows with form drag.

tnother assumption whosc validity is doubtfull
is theot the film tuickness is unaficcted by wmass transfer.

Penctration theory. Higbie34 has applied pcenetration

theory to prediction of mess ond hest trensfer coefficients
as influenced by the mess treonsfer rote. Thais theory
agsuncs a flaot velocity profile near the interphase, =nd 1g
tiwus applicable mainly to tane liguid phnse znd as such is
not of intciest in the gitudy of liquid drop combustion,

Boundezry layer thaeorys! In voth film ond penetration

thcories, the gffect of vX9 the local velocity in thic main-
gtrcam direction on the concentration and teapcrature
nrofiles was suparessed. Further, thcy were only applic-
able to fully developed flow. The Dboundery lsyer theory
of simulteaneous mass, hecat and womentum tronsfer taXes
these into sccount and is therefore preferred under con-
ditions such as plpe entrances. The weorls of Jiickeley,
Stewart, Chembre and Young, Scinlichting and others ere
incorporated in the book on "Transport Phenomena® by Bird36
et al. The Pprandd boundary layer cquations are solved
exactly endd , the correcction frctor is obitained as tae

rotic of "diwmensionlcss gredicnts at tiae wall®,
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T (o AKY 2-2-8
6= T (o,N,0)

where Kb is the dimensionless mess flux at the wall and A
'
V4

o, dimensionlcss pnysicel property ratio, equal to one in

the cosc ofwoumentum trensfer.

K, = (2vyo/ﬁm)J(qnx»Pv 2.2.9

wilerc Vv = norual vapour velocity et surface
yo s
X = pogition coordiﬂate,LX.directLun.

-

-t - .

values of Tf(O,A,Kg} for various values of)<b and A\
have becn cowmputed by and presented in tabular form by
Bird, et 2136

By 211 threc methnods of attack, a decrerse in
the verious transfer coefficicnts is indiccted for meoss
transfer to the grs stream 2nd an increase for mass
tr-nsfer towecrds the liguid puaasec.

Spalding37 hes computed the effect of moss
trensfer on thc dreg coefficient for flat plates and the
forward stegnation point of spheres in laminer airstresus,
He used for his znalysis & driving force called the
Wtronsfer numbert, For evaporation, the trensfcr number

-TS) 2.2.10

is given by the relationt B =¢ (Tg

L
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His regults for the variation of the drag co-
efficicnt, mrss trensfer ratcs and ihe ratio of Husselt
nunbers with and witinout mnss trensfer are reproduced in
figs. II.6 and II.S8. It cen be sioun thst the trensfer
number for the ccimbustion of pentane in oxygen is of the
order of 34 (Tablel) and for this transfer number, tae
ratio of dregs with and witnout mass transfer is of the
order of 0.1, i.e. there is a 90% decrcase in the drag
cocfficient. It can be seen from fig., II.B that the
Nusselt number is also reduced by tihie same magnitude.

411 of the work considered in tiiis section so
far has been on heat and mass transfer to and from plane
surfaces. The only publication at present availsble
witleh theoreticrlly calculates the drag coefiicicnt for
an evaporating spiiere is thet by Muggi:38. e invegt~-
igated the flow around =2 gpherical evaporating drop at low
llach and Teynolds nwabers and when the drop temperature
wes dinvariant. He extended Oseeﬂs theory of the field
around a spnerical solid to the case of an evaporating
gsphicre, and determined the variations of velocity, temp-

erature, pressure, enthalpy and concentration of tae vepour

)
in the field =zround the drop. He tinen calculded the
evaporation rates and drog force exerted by tiic stream

on Lhe drop. His theory is bosed on steady flow snd is
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valid only when the velocity variation of the drop is not
hign. Further, his aporoximations correspond to those
for a sphericel solid and would not :old at Reynolds
numbers over 1, ts it wes noticed earlier, the Oseen
tlicory for flow sround a spherical solid is true only upto
Reynolds nunbers of thne order of and therefore only for
a simall part of the Reynolds number regime in droplet
combustion.

His predictions, expresscd in terms of the

treksfer nunber, B anc the Reynolds number ares

Evaporation:
dn = 8rpnB (4_+ Re) 2.2.11
at 4 2 + B )
Drag coefficient:
C =24 2 + B - B §4+Re‘; 2.2.12
Re |2 + 3 B -%Re 2+B) 3 (2+B
4 1

His results are discussed further in Chapter IV

L1.3 Combustion of Liguid Spheres.

First, thc state of theory on the combustion of
liguid spneres will be exawmined and then sowe experimental
investigations will be mentioned. Tauis will be followed
by a more deteiled review of available papers in the drzg

of burning surfaces,
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When a liquid drop burns, fuel is evagporated from
the liquid interphase and diffuses to the flame front, while
oxygen moves from the atmosphere to tine flame front. The
rete at witichh the drop burns is deterimined by the heat
transfer from the fleme front to the liguid surface. The
flome 1s o diffusion fleme in most cases and chemical
proccsses are assuied to occur so rspidly that burning rates

are solely deteramined by mess and hcet transfer rates.

40 congsider a two film model for

Spalding39 snd Greoves
combustion of liguid fuel. One film separates drop surface
from flsme fronty; o second separstes flame front, from
surrounding atmosgphecre. Combustion is tihus 2 process in g
system of three spheres when thcre is no natursl or forced
convection.

As there is azlways o large density difference
between combustion products and cold air, natural convection
cennot be eliminated except in the abscnce of gravity. Under
this condition the fleme is spherical gnd completely
envelopes the drop. £s the relative velocity between drop
and medium rises, the fleme lengtiiens and 2t a certain point
known rs tite 'extinction point' breaks awesy from the forward
strgnation point of the spacre and is sustained in the

lageing h=1lf of the sphere. Such 2 flame is called a wake
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flame. The trensition from envelope to weoke flames has
been studicd by Spalding. Tae velocity at which extinction
occurs was siiown to be proportional to the drop diacmeter,
For hydrocarbon fuels burning in ataosphceric air, Spalding
arrived a value of v/d = lOOzwftThe we.xe flsmes could be
divided intoc two types, the first being known zs the 'closed
weke flzume' when the flciuae is of tie diffusion type, and,
the second, 'open woke flaue' walcih 1s obtained at very
b s
nigh Reynolds and is premixed. In tals investigation, the
closed wake flemc was obtaincd even wien the velocitvy was
well below tuc extinction veleccity end tiie fl=me could be
atteched at any lattitude to tne drop. Thercfore, =2ll
fiazmes which do not completely enveloge tihe drop ore called

side flsmes.
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IL.3.-1. Theory.

ost theoreticel investigations on combustion of drops
cssume o model with spherical symetry. Combustion is consid-
ered as a specirl and compliceted case of evaporation.

It has nlready been shown that ot Reynolds nunbers
above ono)the solutions of the Nevier Stokes equation is very
difficult. !t high Reynolds numbers one can usc tihe boundary
leyer approacil. Thais puvastulates tuac existence of = boundery

syer wiaich is very tain compsred to the body dimensions,
One veslue quoted for the lower limit of Reynolds numbcrs for
spheres for tiie boundary layer approxim-tion to be valid, is
1000, %2

Thus, we find tuct o purely theorcticesl analysis of
convective ness trrnsfer involves knowledge of flow patterns
#nd =2n ~nalysis of drop combustion FﬂEAuWWS en understending
of evrporstion. Correlotions using verious dimenionless
groups would necd n large =mount of experiuentsl data wnich

ane i not svoileble at present for igh intensity evaporation
and combustion withh forced convection, Thercfore, =211 the-
oretical treatuwents of combustion inveolve =z one dimensionel
moded. The furtuer asswaptions are: (a) tae verious trense
port properties are unifora throughout the gas-vapour mediun

in the vicinity of the drops (b) there is no renction any-
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where except in an infinitely thick flame Iront.
(c) the effect of radiation is negligible.

Using tae =qustion for oxygen diffusion in the
region outside the flsme, the stochiometric ratio, and the
equation for heat transfer outwards from the spherical flame

surface, one could obtain the flsume temperature -

To—-T. =PE H B, IO
5 % Vie YD 6L
L F N .
where D = diffusion coefficient.

H = lowver hest of combusticn of fuel,
7t = gtociiiometric ratio

and suffixes f and g refer to flame and gas

gj
ot

an infinite distsnce from tine drop.

gl‘= partial pressurc of oxygen.

Soplaing hes ralculated fleome temperatures for

kerosine drops witen uhere is no dissociation.3? Gravest0
took dissociation into zccount and calculated flame temper-
atures for isoatanc drops, assuming taat au. is small.
It was found that the flewme temperatures were lhigher than
tiie corresponding adiabatic flame temperatures, This was
because of the fact tnat there is no net flow oI inert gos
through the burning zone and oxygen is prehecoted to the

combustion temperzsture by the reaction products.
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C—odsave45 has obtained the temperature gradients

at the surface of a drop whichis surrounded by a flame.

4T = E(T, - T ~E/T
a5 Ef s) e S eee. 3302,
L/I'f ~E/rg rg
€ - €
' : H ."'.,V\,{‘, Lo ( //La? JUA -l
where, sulfioes § aad s alawl foa ik aoet o ey
/ﬁm) C/uy

When E is increased, keeping the other quantities constant,
the temperature gradient at the drop surface is decreased.
Burning rates can be calculated by using the equations for
heat and mass transfer in the region between the drop
surface and flame front. Godsavés burning rate equation

for a drop at its boiling point, is:

dm = log, . (& + 8T - TSE’
d =Y L ceee 333,

For calculations of burning rate,Godsave used
the flame and drop radii which had been experimentally
found. Graveééhas theoretically obtained the ratios of
flame and drop radii. For osooctane drops he obtained a

ratio of rp/ry of 18.5. For nearly the same conditions

Godsave experimentally found a ratio of 3. The difference is
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supposed to arise from the effect of natural convection.
Therefore, the influence of foreced convection could
easily be seen to make the application of the theory very
difficult. Godsave has calculated the Nusselt Number for
burning drops._
Nu,, = -1%% N ees 2304,
()

spalding** has investigated the combustion of

liquid fuels. He uses a transfer number for liquid fuels

which is given by the relation:

1 H
B = Me2,g 471+ C(Tg = TS) «ees 2.3.5.

L

The drop surface temperature could be assumed at
the boiling pecint of the fuel. In this investigation the
transfer number is used as a convenient index of the inten-

sity of combustion.

TXI. 3.2 Experimental Studies

(i) Natural Convection

Experiments in the burning time of droplets ha¥ve
been carried out by Godsave who suspended the droplet on
filaments and measured the rate of decrease in size photo-
graphically. Similar experiments have been done by Kumagai

5 47
and Kimuyf and Kumagai and Isodé?g Beft has studied the
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combustion of freely falling single drops and small drop
clouds produced from spinning disc atomisers.ga These
authors generally correlated their results in terms of 9 ,
an "Evaporation Constant" guwen by

: - d02 ot A
where t 1s the time after ignition and d is the drop
diameter, subscript o indicating the initial diameter.
For the case of pure spherical envelope flame combustion,

can be related to the transfer number by the relation:

gk/c 1n (1+B) 137
P

A

In all these studies, it was found that a2 varies linearly
with time. From these considerations, it was concluded
that the essential features governing the rate of combustion
of single drops (not in motion relative to atmosphere) were

48

understood.

(1ii) Droplets in Motion

Spaldinggp has studied the combustion from flat
plates, cylinders and spheres in airstreams. He believed
that, in general, combustion rates can be predicted from

eXisting heat transfer data by the relation:

dm 1 = b/, 1n (1+B) L3 B
v uRre

His data for both flat plate and sphere combustion
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Withvuduchonvection were well correlated by the flate@late
derivations37 described earlier. He has a2lso discussed tran-
sient effect350 suclh as the heating up of tne drop during
combustion and tie rise of trensfer numver with time for drops

winichh are mixtures of compounds of various bolling points..

:Ei.3.3 Experinents on the drag of burning and eveporating
. bodies.

A very linmlted amount of experimentsl work isaveilable
on the drag of bodies when combustion or intensc eveporation
takes place.

Lubanski5 measured the drag reduction by combustion
on liquid spheres made up of cottoun wooﬁ soaked in liquid fuel.
His experimentsl system consisted of a sphere suspended at the
end of a string in a wind tunel. From 2 knowledge of the
deflection of the sphere and ics mass, one can calculate the
drag on the sphere, Ie found the deflection less in the case
of combustion, thus directly proving the drag reductlion due
to combustion. The spheres he used were of 38mm and 19mm dia
and the fuels used benzole and paraffin. Iis curve’ﬁﬁ‘ drag
reduction are reproduced in fig.II1.9. It is noted that the
reduction 1s lower with benzene than with paraffin, thet
a larger dismeter bsll suffereda the grester percentoge of drag
reduction and tast tae reduction wita zir velocity was

meximim at about 3



metres per second,

48 can ve seen from fig. II.¥, the degree of red-
uction of drag from the strndard velue decreeses withh tae
stream velocity. Lubanski explrsined this as o consequence
of natural convection. Wnen fne streem velocity is reduced,
tiie flame tends to lift up =nd tiaerefore reaction tends to
act a2t an angle to tihe horizontal. The horizontal component
is therefore reduced and hence tiie degree of drag reduction,
The Reynolds numbers were of the order of 4000, He suggested
the following reasons for drag reductions (a) Streamlining
of the turbulent wake and the 'filling up' of the wake.

(b) 4s a greater part of the evaporation occured from tihe rear
half of the sphere witan respect to tine direction of gir flow,
tiiere could be an zporecisrble net reaction from tne vapour
leaving the drop, (c¢) Reduction of velocity gredient at drop
surfece due to eveporation. He also suggested that tiie red-
uction could be due to =2 numher of periodic explosions down
streezm to the sphere. He arguec that the wake behind the
sphere was very turbulent and consisted of a series of eddies
which could conceivably Cmuseﬁiscontinuous combustion. He
fu:ther submitted tust every jet, when ilgnited, wrkes o noilse,
and that this increasse with jet velocity =znd that discon-

tinuous combustion could be g2 reason for tie noise.
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4 measured the drag force on supported spheres in =2

Khudyakov
wind tunnel. Fuel was effused thirough the porous sphere and
the drag force was measured directly with a flat spring. The
range of Reynolds numbers investigated was 2000 to 11,000.
His curves for drag witih and without # Combusbion are reprod-
uced in fig., II.10. The reasons for the difference in the
curves for the unignited sphere for gasolene and kKerosine are
not known. He found thaat the pressure in the woke rggion
was higier when a flame was present relative to the pressure
for = non burning sphere. Fe also found tnat the flame was
attached to the sphere even at velocities of tie order of
24 metres/sec. Taec ratio v/d in this case was about 170016951
@ans fne experiments were conducted well sbove the extinction
velocity of 100xd wiich wrs guoted carlier in this chapter,
Thus, Kiudyakov's results correspond to a wake fleme,
Bol't47 studied tiae combustion rates of drops falling freely
in = combustion cuasmber. Incidentally to his combustion
rate messurements, 1le 2lso obtrined the time interval teken
by the drop to fall througn known intervals. These velues
were used to calculate the drasg coefficient of drops and the
results are shown in fig. T

Ingebcf5 mcasured the drag coefficients and evajd~
oration rates ol ethanol dross in a2 rockcet motor., He 4did

not report tie cffect of combustion on a particulsr drop,
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but reported his results for tie whole spray in terms of the
evaporation rates and dreg coefficients of the erec median
drop. His results for the drag coefiicient are shiown in
fig. fﬂ}” {He concluded that heat trensfer coefficients, and
drag coefficients for burning sprays baseé on the area
median drop size agrecd with those for non-burning drops,
The drop sizes were of tiae order of 100y~and tile relative
velocities were about 80 fps. Therefore, one obizins a
ratio v/d = 240,000%, Even at high teuperatures =nd oxygen
concentrations, it is doubtfulﬂde“ﬁ&he drop could ve 'burning'
with attached flames at such relative velocities.
His data are difiicult tec interpret due to the
interfersnce from otuaer drops, the varirstion in combustion
or evaporation rate along the cunmber and due to the fact
that the winole spray is represented by tue sree tedien drop.
Spaldin;Sl reported drag coefficients slightly lower
than the stondard veluec for burning surfsces and confirmed
siint the pressure in tne wake reglon is higher than tiast in

tile isothermsl wake,
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CHAPTER ITII

EXPERIMENTAL PROGRAVME AND APPARATUS.
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JrPTER II

It was pointed out in chapter I taast most of the
investigations reported so far on the drag force on burning
surfaces were concerned witih dircect measurement of drag force
on supported spheres in airstrecauns. The experimental arrange-

4 and Spalding3 llave been men=

mnents of Lubanskis, Kaudyakov
tioned in cheapter II, Such systems only peruit mescsurement
of drag force at Reynolds numbers of the order of thousands.

The drswbecks of such systems ares (a) as high
velocity stremus of ges ere used, only = limited range of
transfer numbers could be studied, i.e., those very ncar thae
value corresponding to atmospheric air, (b) the ratios of
flame to drop diesmeter are difierent from thosc relevant in
drop couwbustion, (c) the proportion of form drag to film
dreg is higuer than for drop combustion, (d) it mignt be
difficult to study the effect of envelope flames because thig
aemands that the airstrea.a velocities be below the extinction
velocity and direct measurements are facilitated by a high
arsg force, i.e., nigh relative velocities.

The main reason for the use of such expcecrimentel
systems is tiet it is difiicult to obtein accurate measure-
ments of tuae bzllistics of smoll drops in free flight.

52

Gruvin”’~, for instance, has stated thst "since it is ersier
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to measure the velocity of = fluid taan a particle, a

solution to the dreg coefficicent problem was sought by some=

how measuring the force on sphcres suspenaed in o lawminar fluid

streamt, Khudyakov has =lso commented on the difficulty of

obteining accurate dats on tne velocity history of drops.
However, at the beginning of this investigation,

it was nhoped thet with the proposed photogrephic technique

wiiichh would be described subsecuently, it might be possibie

10 obtain very precise size-time and distance-time records of

drops o8 smell as 50’A . tn experimentel program was envisaged

in which curves of dreg coefficicnt =2gainst Reynolds number

would be obtrined for o wide ronge of Roynolds numbers snd

for transfer numbers renging from 5 to 30. It wes found

later tnat tihe full scope of the photograpnic systen could

not be realised due to themutual interaction of the various

ports of the experimentsl system, i.e., the photogrsjhic

system, the illumination gystem, the igniter and the drop

producer.

6

Ingebo has experimentally studied tae drag ccef-
ficient of drops in & rocket wmotor. But his investigation
wn2s on drop clouds and not single drops and his observations
were with respect to a steady proccess and .ie had no problems

of synciironising his observationnl appsratus to his process.

The only photograpnic investigation of single falling drops
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in cuntrolled =taosphcres is tiaet by Bolt.47

He obtained the dismeter nistory of drops using
threc crmers stations and o sopnisticated syncaronisation
systen. The difficulties in applying his system for the
purpose of obteaining ballistics is that one camers station
is needed for eachi Observation wiltile a large number of obser-
vations are required for precise n~cceleration measurements,
It wos found in thnis investigation that position data for
5 points in time wes retiaer inadequate for tihe purpose of
obtaining accurate polynomiszl approximations to tiae distance=
time function described by che drop.

For drag coefficient mecsurements, great accuracy
in kunoviledge of the tiuwe hetween successive drop positions is
required. This is bscause suchh measureuents reguire tile
second derivetive of t.ue position historizs of drops while
for combustion rate experiments, only the first derivative of
tlie arop sigze history is required. Even for cowbustion rates,
ouly few investigations have been reported with drops in
flighat.

Thus, the major difficulties in obteining the
experimentnl dats in this investigation were (a) the need
to obscrve accuratcly the diamnster ond pogition histories
of drops over o distence of 3' with a single caumera (b) the

need to syncuaronise the fzll of the drop with the opcration
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of the camera, and, (c) the need tc have very precise know=-

ledge of the duration between conseoutive light flashes.,
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IIT.1 Experimental Programme

The Bxperimental j rogramme consisted mainly of
the study of the drag force on single drops of - entane,
I’eptane and senzene burning with envelope flames,falllng
freely in quﬂ%cent oxygen atmospheres over a Reynolds
sumber range between 100 and 400, The free fall of
burning -entane drops was also studied in oxygen-

nitrogen atmospheres with 65% and 75% oxygen.

Results were also obtained for wake flames of
drops of all these fuels for a variety of oXygen
atmospheres, but no definitive study was made as such
fiames were unsteady and the theory of drops burning
with wake flames was much less advanced than that of

ehvelope flames,

This overall programme was pursued for the
following reasons:

(a) Use_of freely falling drons

It 1s possible to study the combustlion rates
of small supported drops. But 1t 1s not possible to
directly measure the minute drag force on supported
burning drops. Therefore, it was decided to obtain
data on the ballilistics of drops falling freely and infer

the drag force from such data.



{b) Use of drops

The investigations reported so far on the drag
force on burning surfaces refer to supported spheres and
cylinders at Reynolds Numbers of the order of thousands,
As such values are far in excess of those obtained in
practical combustion and as data from these 1nvestigations
cannot be extrapolated to lower Reynolds *“umbers due to
the different ratios of form drag to film drag, 1t was
desirable to directly measure drag force on drops, even
though the experimental work was much more difficult in

view of the transient nature of the experimental process.

A further reascon was that atmospheres with very
high oxygen percentages were to be used, and it was not
practical to obtain steady streams with such oxygen

contents in a wind tunnel.

(e) Use_of single drops

It was declded to study single drops rather than
streams or clouds as such a study would obviate com-
plications associated with drop clouds, such as interfer-
ence between drops, norn-uniform atmosphéres, ete, One
fasct in favour of experiments with clouds is that methods
for producing clouds of particles of known size are more

developed than methods of single drop production.
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(a) The cold atmosphere

As the main independent variable in the problem
under study was the intensity of combustion ,

, i1t was decided to vary the intensity in a
series of experiments and obtain curves of drag coeffi-
clents-Reynolds i umbers for each intenslty of combustion,
characterized by the parameter "Transfer ..umber", (See
Chapter II for a definition of "Transfer :jumber",)

This procedure could have been achieved by using
atmospheric air and a hot experimental chamber, as
described by Bolt47 s or, by varying the oxygen percentage
in the experimental chamber, or, a combination of both.

It can be seen from tables I .BR and I [, 2, that a greater
range of Transfer Xumbers could be obtained by variation
of oxygen percentage than was possible by temperature
control alone. Thus, to obtain an adequate range of

Transfer numbers, one had to vary the oxygen percentage,

with or without the use of a hot chamber.

The use of a hot chamber involves problems of
temperature non-uniformity and control within the chamber,
natural convection, the relative inflexibility of the
heavy chamber, and the possibility of erratlc drop

trajectory within the chamber.
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Table I. Variation of Transfer ilumber with OXygen

Percentages in the Gas wixture

entane, introduced at 15°C, Gas temperature - 15°C.

Percentage 0o (by mass) Transfer Number
23 8.56
50 18,76
5 28.07
100 34,43

Table IT. Variation 2f Transfer number with temperature

of

the Gas mixture

pentane, introduced at 15°C, Atmospheric Air,

Air Temperature ~C. Transfer Number

15 8,56

100 8.76

200 9.075

300 9.35

400 9.63

500 9.90

600 11.17

700 11,45
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An additional factor entering into the choice

of the type of chamber is the 'extinetion velocity' of a
burning drop. With the information available it was
not possible to prediect extinction velocities with any
accuracy for small drop sizes, high temperatures and

enriched oxygen atmospheres.,

A hot chamber would permit higher extinction
velocities than a cold one for identical oxygen concen-
trations, but the degree of advantage could not be fore-
seen and it was, therefore, decided to use a cold

chamber.

(e) The Revnolds pumber range over whlch experiments

were carried out was between 100 and 400. At higher
Reynolds numbers, drops become non-spherical, and it was
difficult to evaluate the drag coefficient accurately
wilth the sharpness of drop images that could be obtained.
At Reynolds Numbers below 100, it was difficult to
reproduce the trajectories to the increased accuracy

demanded for small drops by the photographic system,

(f£) Experiments were conducted in conditions of free
fall, It was obviously desirable to be able to impose
arbitrary velocities on drops, instead of studying them
only under the velocities obtained due to gravity alone.

Such experiments would have involved the use and control
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ot alriczts vhrough the nozzle in which the drop was

being produced. It was found that the use of such
airjets prevents the realizatlon of reproducible

tra jectories.

(g) The range of oxygen percentages used could not
be extended below 65 as it was not possible to stabllize
envelope flames abt lower oxygen percentages. Within the
65% - 100% range experiments were not conducted at a
larger number of intervals as 1t was found that the drag
coefficients did not vary significantly over this entire

range.

ITT.2 Experimental Technigues and Apparatus

The experimental system consisted of single
burning drops falling through cold, statlionary oxygen

enriched atmospheres,

To measure the drag coefficient of a drop
under this system, it 1s necessary to obtain accurate
distance-time records ana 'size-time' records of the

drop.

This object was achileved by using a pho%o-
graphlc system. By this system, a number of silhouettes
of & burning drop, were cbtained, all on one plate,

corresponding to several instants in time, as the drop
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Tell freely in & chamber containing a controlled atmosphere.
The pogitions of drop images on the plate were accurately
measured by using a travelling microscope. The
illumination was by a flash tube operated by a Dawe
Stroboflood unit and triggered by a Strobgflash. Single
drops were produced by a microburrete apparatus. The

drops fell through an ignition tube in which town gas was
burned in an oxygen enriched atmosphere and then through

a slow transverse current of oxygen into the experamental

chamber.

ITT.2.1 The combustion chamber

The combusticn system comprises ef the drop
producer, the ignitfon tube and the combustion chamber.

They were arranged in the manner shown in Fig. III.Z2.

The chamber 1s of dimensions 3' x 4" x 3",
It consists of a skeleton made of brass angles and
covered on two opposite sides and the top and bottom
by brass strips and on the other two sides by optical
grade plate glass. An opening of dimensions 2" square
is cut into one of the brass sides and covered with
gummed paper during the experiments and served és an

eXxplosion vent. .
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ITIT.1 General view of apparatus
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Thie sides exposed to the camera consist of
optical grade glass plates of area 3' x 3" and "
thick. The plates are held against the side of the
frame by means of two short brass angles at the top
and bottom, The gaps between the glass and the side
of the frame are scaled by strips of plasticine runn-

ing along the entire length of the chamber.

The top and bottom of the chamber are
covered with brass plates of area 5" x 4" and 3"
thick with a §" diameter hole in the centre. Originally
it was intended to permit the drops to fall through and
out of the chamber by this arrangement. Subsequently,
due to difficulties in control of drop trajectory and
in the operation of shutters that were intended to open
the chamber only for the duration of drop fall, the use
of shutters was discontinued and the bottom hole was
closed up and the top hole was always left open. A
layer of silica cement was spread on the bottom plate
to prevent the ignition of the brass strip or the
plasticine which was used for sealing the chamber, In
view of the very rich oxygen atmosphere whilch was used
in most experiments, ignition does sometimes occur on

contact with the burning drop.
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The chamber was bolted on to a wooden board.
The boar:! was in turn bolted on to two vertical handy
angle sections in a manner which permitted control of
the vertical level of the chamber and also its inclina~-

tion.

The controlled atmosphere is admitted through
tubes at the bottom of the chamber, The arrangements
for feeding the controlled atmosphere to the chamber
are shown in Fig. III.Z2.

IIT.2.2 The drop producer

It was required to produce small single drops.
It was originally intended to conduct experiments with

drops as small as 50 microns in dilameter.

The apparatus finally adopted for drop
production was similar to a microburette apparatus
described in an unpublished report by Abbe:c"cong3 .
Experiments were first conducted with the drop producing
apparatus of a type due to Lane54 . Since the Lane
apparatus 1s the earlier one and is based on the same

principle, its description will be given.
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The Lane apparatus used airflow around the

drop forming at the end of a capillary to augment the
downward pull of gravity. When a hypodermic needle
is charged with liquid, the liquid drains out of the
tip under the force of gravity, but remains attached
to the tip by surface tension force. The drop is
detached from the tip when the weight of the drop
overcomes the surface tension force. The weight of

the drop thus formed is given by the relation:

mg = QIquff(q/a) where,

rt = radius of the tip,

™. = surface tension of the liquid, |

a? = QTVPg = capillary constant of the liquid,
€>J. = denéity of the liquid.

Harkins and Brown55 have published experimentally
determined values of the functilon f(y/a) for a series of
values of %/a and thess values could be used to calculate
the size of drops produced hy any given capillary tip and

a liquid of known surface tension and density.

Lane calculated that under the conditions of
applicability of Harkine and Browa relationships,
spherical drops of Apilezon oil of 1 mm diameter would

call for a caplllary tip of external radius of 0.01 mm,
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As it was then impossible to use caplllaries of this
diametev, he devised an apparatus in which the gravita-
fional pull was augmented by the drag force exerted by
the air stream around the drop. The Lane apparatus 1s

shown in Fig. III.3.

The Lane apparatus employed a hypodermic
needle attached to the end of a burette with two right
angle bends to facilitate the maintenance of a uniform
hydrostatic head, and airflow through a nozzle coasial
with and around the hypodermic needle, The burette
was charged with the fuel which flowed through the
hypeodermic needle at a rate depending on the hydrostatic
head and the pressure applied to the liquid reservoir.
The experiments wlth the Lane apparatus showed that over
the range of drop sizes of interest to this investigation
both (i) the instant of drop shedding, and, (ii) the
frajectory of the drops could not be easily controlled.
An important requirement in this investigation was that
it should be possible to direct the drop vertically

downward for a distance of about 5',

The Abberton apparatus which was finally used,
operated on the same principle as the apparatus already
described, but was more advanced in the @Howhx%

two detalls ¢
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(i) Finer capillariles were used, thus making
possible the production of drops of a
required size with much lower nozzle air
velocities, and,
(i1) +the nozzle dlameter was larger and
controllable and it was easier to centre

the capilllary in the nozzle.

The rate of liguid flow out of the capillary
is controlled by the pressure of primary ailr applied to
the liguid reservoir, and the drop size by the capillary
tip diameter and the velocity of secondary air at the
nozzle, It was felt that this apparatus would allow
production of drops down to BO)A in diameter and also
a clear control over the frequency of drop production

and the trajectory.

The Abberton apparatus was developed for
micro-~biological research. When used in conJjunction
wlth the igniter, the fuels, and synchronization
system and the photographic arrangement of this
investigation, it was found that the full potentilal of
the apparatus in terms of smallness of drop size could
not be realized. The complete system could only be
used for the study of drops with an initial size of
not 1¢s3 than about 5001 . The reasons for this

limitation are as follows !
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(1) As pointed out earlier the photographic

system dictates that the drop should fall a distance

of about 5' without a transverse movement in excess

of 1". When secondary air supply was used, it was
very difficult to achieve such precision of trajectory.
Even though the reproducibility of trajectory was
better than with the Lane apparatus, 1t was still
inadequate. Therefore, the use of secondary airflow
for drop size control was abandoned and reliance was
placed solely on the use of caplllary tips of various
degrees of fineness, Therefore, the lower limit of

drop size attalnable was conslderately raised.

(2) Another factor which ralsed the size of
smallest drops attairable was the very low surface
tension of the liquids used which invallidated the
application of the Harkins and Brown relation quoted
earlier for drop size,. The only dimension of the
caplllary tube that entered this relation was the
external radius of the tip. This relation rests on
the assumption that a growlng drop would only wetv
the tip of the caplllary and not the side. The
liquids used in this investigatlon were pentane,
'heptane and'benzene, wlth surface tension values of
15, 20 and 29 dynes/,, respectively at 20°C in contact

with air, compared to T4 dynes/,, for water.
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Therefore, these liquids had a much greater tendency to
spread. On inspection, it was found that the liquid
flowing out of the capillary tip did not accumulate at
the tip, but crept up on the outer surface of the
capillary, and accumulated in the form of a ring some
distance above the tip. Therefore, the size of drops
shed would correspond to a complex relation and would
be a function of capillary tip diameter, liquid flow

rate and the outer profile of the capillary tube.

Attempts were made to suppress such liquid
spreading by coating the outer wall of the tube with
a number of materlals of low surface energy. It was
fourd that even a material with as low a surface
energy as that for 'Tluon' did not suppress spreading
with heptane, and thevefore, surface chemical means of
drop size control could not be used, and the drop
sizes were larger than would pe indicated by the
Harkins and Brown relations if one used the tip

diameter.

Further, as the drop size depended on the
profile of the capillary tube and not Just the tip,
and no two tubes were identical, the results with two
tubes with the same tip diameter were not the same and
the synchronization system had to be set up by trial

and error for each capillary tube.
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(%) After leaving the capillary tip, the drops
fell through an ignition tube traversed by hot com-
bustion products. This current of hot gases caused
the drops to devlate from a vertical trajectory and
the deviations did no®t occur in a reproducilble
fashion. As the degree of deviation increased wilth
the decrease in drop size, work with very small drops

was not convenient.

(4) The nature of the synchronization system
further discriminated agalnst the study of small
dxrops. The system to synchronize movement of the
platcholder with the time of fall of the drop rested
on the assumption that after the application of
primary air pressure to the capilllary, a drop will be
detached from the tip in a reproducible time interval.
The time intervals permissible were between & and 1
second, As the fuels used were very volatile, thelr
rate of evaporation from the tip was comparable to
thelr rate of flow from the caplllary at the setting
for small drops and not reproducilble. Therefore, the
time lag between the application of primary ailr
pressure and drop shedding was not exactly reproducible,

and the synchronization system became unreliable,
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The production of small drops also called for
very {ine capillaries and these tended to get clogged
up and change their pressure drop characteristics very
soon after installation and invalidate the synchroniza-

tion system,

(5) The capillary tip diameters for fthe production
of 100 micron drops of pentane are of the order of 10
microns. Apart from clogging difficulties, such
capillaries were extremely fragile and this made their
usé very difficult, Because of the high volatility of
the fuels, and the resulting evaporation from tip,
moisture condensed on to the region of the tube near
the tip, and this mede the fineness of the tube
ineffective the regerd to drop size, The condensed
dew had to be frequently wiped off the caplllary tip
and this could not be done safely for very fine

capillaries,

(6) While the tendency to deviate from a desired
trajectory increased with reduction of drop size,
precise adherence to such trajectories became more
important for small drops, from the point of view of

photography to record the drop size accurately.
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Thus, the overall drop producer - igniter -
photographic system for the production of burning drops
falling with a vertical trajectory was inexact in
operation. The system became increasingly difficult
to operate successfully with decrease in drop size and
the smallest drop size which could be studied was 500 f.
Even above this drop size and throughout the range of
drop sizes, only a small proportion of plates exposed
were successful, The capillaries needed frequent
replacement due to breakage and clogging:h@ﬂ {or each C“OP
size, a different capillary had to be employed. Each
new capillary called for setting up of the primary air
pressure and the synchronization system by trial and

error photographicallvw,

The drop producer is shown in Fig. III.4
and III.5 . The drop
producer moves vertically in a guide built in a steel
supporting box which houses the primary and secondary
alr control arrangement, the pressure gauge for primary
air, and a manometer for secondary ailr, The air flow for

the drop producer is schematically depicted in Fig. III.Z.
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IIT.5 The drop producer. Photograph.
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The capillary is held in place by two pin

chucks screwed on to 2 barrel as shown in Fig. III.4.
The pin chuck device fits inside a perspex tube with a
very small clearance and rests on shoulders in the
tube., A primary air attachment can be screwed on to
the perspex tube. The lower part of the perspex tube
is sealed from the primary air supply by an '0' ring
placed between the top pin chuck and the primary ailr

attachment,

Secondary air enters the perspex tube through
a side tube and passes down towards the capillary tube
througn holes cut into the shoulder support for the pin
chucks: An adaptor can be loosely screwed into the
bottom of the perspex tube and then accurately positioned
by means of three screws placed around the circumference
of the perspex tube. The adaptor can receive on iris
diaphragm which enables control of the size of opening
of the secondary air orifice around the capillary. The
caplillary is made by drawing out a glass ftube in a micro-
electrode puller of the type marketed by C.F. Palmer
(London) Ltd.
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Use_of mehbal exbensio.. to capillary tube

The glass capillary tubes were found to have
a very small storage cepacity for liquids,necessitating
frequent recharging anc were also very fragile,
Therefore, it was found desirable to insert the short
capillary tubes in a brags tube 7" long and seal the
gap between the brass and capillary tubes with Araldite.
This provided for larger time intervals between charging
and greater ease in handling of the capillaries, Due
to the very small bore of the capillaries, they clogged
up very easily. A length of cotton thread inserted
and packed inside the capillary served as a rudimentary

filter,

IIT.2.%5. JIgnition

Ignition of drops before entry to the chamber
was achieved as the drops fell down an lgnition tube in
which town gas was burned in an enriched oxygen

atmosphere .

Initially it was decided to obtain an Zgnition
device which would not disturb the drop trajectory. 1t
was felt that a simple way of achieving this would be %o
use the repetitive sparks from the electrode of a high
frequency sparking unit of the type used for vacuum

testing.
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The model T2 high frequency tester manufactured by
Edwards High Vacuum Iimited was used in the preliminary
experiments. Tt was found that large drops (> 2 mm)

could be ignited hy bGnic method, but not small drops.

The spark zap was very small and the spark
was weak and. therefoure, the drop had to travel precisely
across the spark for seztvisfactory ignition. As it was
difficult to control drop trajectories correct to
fractions of a millimeter. this method of ignition had
to be abandoned. ILarge Grops had a greater probability
of travelling acrossol’, in the neighbourhouvd of, the
spark gap anc Ifurther. left behind a trail containing
a greater volume of gas and therefore ignition was

€aSY .

The next arrangement used was an ordinary
horizontal gas flame with a tube discharging a Jet of
orygen immediately below and parallel to the gas Jet.

The drops were successfully ignited by this
arrangement, but as the work progressed, it was found
that the flame did not completely envelope the drop.

As the wake flame on the drop was unsteady in the sense
that the position of the flame on the drop progressively
changed as the drop travelled down, and as such
unsteadlness could not be studied in a controlled

fashion, it was decided to study mainly the influence
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of envelope flamess on Ghe Arag coefficient.

To facilitate this, a high intensity ignlter
was finally employed. iThe igniter consisted of a
vertical steel tube 3" long and placed with the same
axis as that for dror fali (Fig, ITT.2) and the igniter
was traversed by the prodiacits of combustion of town
gas and oxygen in a couaber current fashlon with respect

to drop travel.

It is believed that falling drops were
ignited in the following manner after their passage
through a flame from a horizontal burner:the drop 1s
subjecved to high temperatures for a very short perlod
and only a small amount of Yapour is produéed and a
flame is obtained in the region of maximum vapour
concentration, i.e., the wake behind the drop. The
flame thus attached to the drop causes an increase in
vapourization in its immediate neilghbourhood and,
therefore, the flame progressively dilverges away from
the rear ctagnation point of the drop till 1t completely
envelopes the drop. This process indlcates that if the
drop were to be subJected to high temperature condltions
for a long enough period, envelope flames could bhe

attained before the drop leaves the igniter.
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This reason leé o the i1se of an igpiter which ensured
that the drop will fall for about 3" in conditions of
high temperature and oxygen concentrations. This was

-adequate for the production of envelope flames.

The igniter tube was of brass 3" diameter

- and 3" long and was attached to the top ef the com-
bustion chamber by two brass angles. A clearance

of 3" was allowed between the bottom of the igniter
tube and the top of <The combustioh chamber to prevent
the atmespnere in Lthe combustion chamber from being
disturbed by the current of burning gases in the
igniter. During an experiment, a slow traverse
current of oxygen is passed across this gap to prevent
the extinction of the burning drop leaving the lgniter
before it enters the oxygen-rich atmosphere in the
combustion chamber, oxygen and town gas are fed to thé
igniter and burn inside. Envelojpe flames ant side firacs
are saown in figs, ITL,15 and I1IX,16,

IIT.2.4. Photographic Technigue

The bulk of the work done on the drag force
on bodies in relative motion to fluids used experimental
techniques in which the object was attached’to some form
of force measuring device with the fluld streaming past
the body in a wind tunnel and the obJect was statlonary

during an experlmental observation.
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Only a few investigations deal with freely falling
drops due to the obvious reason that a transient
process is more difficult to study. KhudyaROV'4
measured the drag force on burning spheres vetted
by fuels and abtbached %o a leai spring in a wind
tunnel. With regard to the study of burning drops,
he commented "Exverimental investigaticn of actual
drop in flight i1is difficult o échieve as 1t is
impossible to make the nccessary observavious and

measurements during its shers duratvion 1 fraghs®,

But suchi shbudy has bscowe pes=sible since
the development of electronic and photegraphic

v

technigues for th

m

study of movemenv. It was desired

-
]

to study drop fail over a distance of about 3' and,
therefore, & convenbional cinemabtographic Technlque
would be unsuitable because the larpe flgld rabio

preciudes measurements of drop size and position with

sufficlent »nrecision,

()

An experimental technique for studying the
combustion rates of xreely falling drecps was reported
by Bolt #7, ‘fhe ralling drops inbtercepted a light
beam and caused a phobomuliiclier to actuate a flash-
lamp. A camera with an open shutter recelved the

drop image as a sillhoustie in a nright background

provided by the #lashlampe.
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He had bthree suci camera-flash tube stations and the
time intervals for the fall zf the drop between
successive statlons was obtained from an electronic
arrangement which acted on the photomultiplier

signals.

In the presernt investigation, 1%t was

]

44,

desired to shudy tha size and position history of
tha drop over its fall through 37 divided into 2
lavrge number off stages so thabt the valuas of welcel-
ties derived from positions would be. more nearly
instantaneous than average. Therefore, an arrange-
ment similar to that of Bolt would have become very

elaborate as one camera station was required for

each drop positlon.

After = period of unsuccessful trials with
another photographic technique, a shadowgraphile
technique was developed which pefmitted the recording
of the posltion and size history of the drop over
its 3' fall in a single run. Repetitive illumination
was employed in conjunction with a camera which was
used, in effect, as a drum camera. To obtain a
shadowgraph, the camera is focussed on the plune of
drop fall and the camera 'sees' a silhouette of the

drop against the brignht background.
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In normal shadowgraph work, the bright background
consists of the light from a flashtube which is
focussed by a condenser in 3uzsh a way as to
illuminate the exposed plate. This enables %the
maximum intenslty to be derived from a given light
source. The light bundle converging from the con=-
denser covers the field to bes photographed and is

normal to it.

In the present investigation, sueh a
technique had to be adopted for the study of a 3'
long plane of drop fall, This was achieved by
arranging for a 3! diameter searchlight mirror to
focus on to the camera lens the reflected image of
the sperk from & flashtube, The‘mirror, camera,
flashtube and the combustion chamber are laid out in
the plan as shown in Fig. III.7. Fig. III..1 shows
a general view of the entire apparatus. The camera
was marked so that the plate was exposed to the
process through a vertical slit of dimensions 10" x 3".
Fig. III.8 shows a close-up view of the mirrar, the

combustion chamber and the dllumination unit.
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IT1.6 Variation of drop position with time.
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11I1.8 View of mirror and combustion chamber.
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By this method, for each light pulse, a
narrow strip corresnending to the path of drop fall,
vas 2xpoacd on the pleie, Tthe drop image appeéring
as a bright cirele agoinst a dapl background. The
nlate was moved horizontally during exposurc and.
therefore, a number of such strins were exposed, and
the image of thzs falling drop avpears in progressively
hizhar positions as one proceceds from the first to the
last strip in the order of exposure. Fig. III.4
shows one such distance-hime recoerd, 1LO" x 4"
photographic plates were used and the magnification
was about 0.3 Therefore, 1t was calculated that
approximately 2%' could he studied. In fact, it was
only possible co cbhlein informnation over a distance
of 1%' because of certain Limitaticns to oblaining a

bright background wo Hhe doops over larger disbances.

IL.2.5_ _The photopraphic apparatus

ity e ermnn 2 I A R S A e e R

The photograpnic system is shcewn in General

Layout in Fig. III. 7

The illumination is provided by a Mazda
IF.A.5 flashtube connected to the capacitor of the
Dawe Stroboflood, type 1201E. The Stroboflood is

triggered by a Dawe Strobaflash of type 1200D.
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A cylindrical lens 1ls used to narrow the
light from the flashtube and project it in the form
of an clipse with a vertical major axis on to a 3!
diameter searchlight mirror. The mirror condenses
the light into the camera lens, The line of drop
fall is through thils converging light beam. The
camera lens is focussed on the plane of drop fall,
The flashtube, the mirror and the camera lens are

all iIn the same horizontal plans.

In practice, it was found difficult to

illuminate the entire plate when working with image
object

magnifications of 0.7 and apertures of the order of
gﬁ6e This waé:%ecatse the mirror did not condense
the image of the Clash In tihe form or a point, Tut
rather more intc complex shapes with dimensions of
the order of Inches. The maximum intensity and
coverage of the vath of dropn fall could only be
obtained by trial and error. This 1s probably due
to the fact that the mirror was originally intended
to provide a parallel heam of a light from a source
close to 1t rather than to provides a small image of

a source jfurther away.
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TI1.10 The Camera ~ rear Vview.
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The Camera

The camera consists of a wooden box measuring
11" x 5" x 15" with a metal sleeve screwed on to its
front. The sleeve 1s threaded inslde and holds a brass
extension containing the lens mount, (See rig. IIL.9D ).
A parface wide angle lens of focal length 14" 1s used,

The rear face of the camera 1s modified to
make it, in effect, arg drum camera. The rear face 1is
extended in width to render the unmasked plateholder
lightproof at 1its extreme points of travel. Attachments
are made at the top and bottom to serve as guide

arrangements for movement of the plateholder (See Fig. ITI.H)

The vlatehnlder is of tha spectrographic type

and can hold »lates of size 10" x A",

' 45 gserewed into the side of the

An 'eye
plateholder halfway down its height. The plateholder
Is pulled in 1ts guide by means of a hook engaging the

eye.

A fractional Power DC motor coupled to a
reduction graring provides the motive force. The
method of transmitting motlion from the reduction

gearing to the plateholder is shown in Fig. III.1g.
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The power for the motor is supplied through rheostats
to control its speed. The motor wasoperated by a
reversible drum switch. The lever of the drum switch
also operated a microswitch which closed the circuilt
of the solonoid valve in the primary air line to the

drop producer.

It was originally intended to have a mask
with a vertical opening, 2 mm wide, in the rear face
'of the camera. But as the drop trajectories were not
reproducible within the limit imposed by this width,
the mask was later widened to 4 mm.With the original
mask width, the maximum speed of plateholder movement
would have sufficed to permit operation of the flashing
unit at 3000 RPM with only a slight overlapping of
exXposures., With the firal mask width, the maximum
permissible flashing rate was of the order of 2000
RPM. This makes possible only about five images of
drops with manageable sizes as they fall and, therefore,
a smaller number of observations for processing, parti-
cularly in view of the use of the computer for smoothing

the distance=-time curves.
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ITIT.2.6. Synchonization System

The camera was used in effect as a drum
camera., Therefore, it was necessary to synchronize
movement of the plateholder with the fall of a drop.
Such synchronization c¢ould be achieved by the use of
a solonoid valve operating on the primary or secondary
alr ¢ircuit of the drop producer. Fig. III.l2shows
a schematic diagram of the synchronization system.

A reversing drum switch was used to start the motor
which moves the plateholder. A microswitch was
supported in a suitable position so that the lever
operating the drum switch closed the microswitch con-
tacts, and the microswitch operated the solonoid

valve.

Initvially an attempt was made to attain
synchronization by using the solonoid valve in the
secondary air line. The primary alr pressure was
to be applied for a pariod suitable for the accumu-
lation of a drop of the required size at the capillary
tip. Then the operation of the solonoid valve would
produce a pulse of secondary air which would dislodge

the drop from the capillary tip. 1
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This method had to be discontinued as the secondary
air jet Jeopardised the reproducibility of drop

trajectory.

The sclouold valve was then:placed in the
primary air iine. Control over the period between
application of pressure and the sheddéing c¢f the drop
was achieved by controlling the primary air pressure.

In a number of cases, convenient synchronization also
called for a time lag betwcen the closing of the circuit
of the motor operating the plateholder and actual plate
holder meovement. The plateholder is pulled on its run-
way by means of a nylon, thread attached to a pulley.

By arranging prior to the expcriment for an appropriate
amount of slack 1n the thread) reproducibile time delays
of upto one second could he obtained between the closing
of the motor circuit and the start of plateholder

movement.

This nethod was cirlginally developed while
working with fairiy lavge drops and, therefors, with
capillaries which had a longer period of reliability.
As mentloned earlier this method was not reliable for
very volatile fuels like pentane. With all the fuels
used, this method involved trial and error adjustment
of capillary diameters, primary alr pressures andg

lengths of slag@thread in the cammera drive arrangement.
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The alternative would have been the adoption
of an electronic system using photocell detentlon of the

fall of a drop to initiate plateholder movemant through

[

a se’b of amplifiers and relayrs. Suon an electronic

system would havz become elavorate, partlcularly in
view of the fact that the flashtube which operates at
voltages in excess of 2000 volts would give rise to
serious interference problems. Tnerefore, the simpler
phototransistors could not have becen used. But the
present synchronization system was found falrly
successful with henzene at drop sizes of %the order

of 2000 B+« and the problems of drop producer operation
at lower drov sizes could not be clearly anticlpated.
Therefore, the present method of synchroniZation syctem

wage adopted.

The photographs were obtained with Ilford
N.40 plates of dimensions 10" = 4".  The photographs
were developad in D.75 developer for four minutes.
These conditions were chosen to obbtalin maximuom

definition.
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The distance betWeen an arbitrary datum
line to the centres of drop images on the plate in
a direction parallel to the long edge of the plate
were measured with a 'Pye’ vravelling microscope

correct to 0.0l mm,

The drop sizes were subsequently measured
using a 'panphot' projection microscope. The

magnification was of the order of 30.

ITI.2.8 _The time monitoring system

-7

One of the special features oY the_present
experimental arrangement involved in the casuiement
ot drag coefricient of drops falling in gases is the
great accuracy with which time intervals between con-

secutive light flashes must be known.

A study of the errors in the calculated
drag coefficient that could arise from a vawviety of
srIors 1in Ehe perforaniace 0¥ the experimental system
is presented in Appandix @@). It is seen chat tThe
caliculated drag coesficient might we incorieet to
very high percentages as & consequence oOr Gulte small
short term (within a range of four flashes, for

example) changes i1 the flashing rate.




It was not possible to predict the
performance of the illumination system with con-
fidence with regard tc absolute intervals in Ttime
between two light flashes and also the likely degree
of wvariation of intervals over a period of time.

The light source, the FAL Ilashtube is operated by

a Dawe Stroboflood unit triggered by a type 1200D

Dawe Stroboflash. The reliability of the arrangement
could he jeopardised at any one'of‘these units. it
can be seen from the table in Appendix @l) that a
difference of 1% behween the time iatervals between
consecutive flash pairs for drops accelerating at
about 300 cms/as2 coula lead to the calculated drag

ccefficient to lie in error by 13%.

As a precaubleon against such errors; a
techinigque centred on the use of a tape recorder was
developed which permitted the storage o7 signals
initiated by the light pulses from the flashtubs and
subsequent study of such sighals to yield the time
interval correct to 0.0001 sacs,. hebtween a pair of
flashes corresponding to any specified pair of drop

images on the phuotographic plate,




i1l

In this technique, a twin channel tape
recorder was used and signals initlated from a
phototransistor by the light flashes were recorded
on one ftrack. On the other track, the output from
a sine wave generator, operating at 10,000 cyclae/sec
are recorded. To obtain time intervals between
the records of ligh® flashes, the tape is played
back and a 'cintel®™ counter counts the number of
sine waves from the suitable tracl. The counter
is arranged so that the signals from the track bearing
the records derived from the light pulses switch the
counter 'on' and ‘'off'. By this way, the number of
sinewaves Pbetween a pair of flashes is known and,
therefore, the time interval between them . ?
Methods of obtaining a record to accurately
coryresypond to the 1lignht flashes and further playback
and study of the tave to yield the recuired informa-

tion are descriwnad in the following nassages.

Recording

A 'Ferrograph'

twin channel ftape recorder
was used, At first, it was attempted to record the
sound produced when the flashtube discharges. It
was found that the recordings revealed not a single,
sharply rising pulse for each flash, but a complicated

slowly decaying pattern of signals arising from echoes.
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Such signals made fthe task of measurement of the time
interval between two flashes very difficult, Therefore,
it was decided to use the light pulses from the flash-

tube.

The phototransistor circuit shown in Fig. III,. 13
was finally employed to porovide the signal for the tape

recorder.,

Initially the phototransistor was placed neax
the light source. It was then found that the photo-
transistor was highly sensitive to interference arising
from the high voltage charge applied across the flashtube
terminals and might lead to confuslon between the
signals from the light flash and those from the applica-
tion of the charge to the flashbtube. In fact, the
transistor was even sensltive to the relatively weak
triggering pulses from the Stroboflash. In case the
flashtube was not functicning preperly these two would not
coincice. Therefore. the transistor was moved well
avay from the flashtube £ill the intewrference signal
became negiigible. The lizght from the flashtubs vas
reflected Dy a nlrror on to ths zensitive surface on

the Ttransisto=.
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The signals arising from the light pulses also
decreased in voltage due to the decreased light
intensity and had to be stepped up by using a lens

to collect the light and focus it on to the sensitive

area of the photocell.

It was useful all along the way to have
clean and large amplitude signals. Therefore, the
oubput from the photocell was used to trigger a pulse
generator which then fed a 20 volt square wave puke
of 100 microsecond cduration on to one traclz of the
taps . The cubtput from a sinewave genciracor seb
at 1¢ ke/sec was lmpresscd on The obher track and

ensmized accurates measurement ol time intervals regard-

2
£

jeas o

J

variations in fape speed, fiubter, cic.

The accuracy with wWhicn the time between
two ligh%t #lashes can bhs measured increases with the
freauency at which the sine wave generstor has been
sct. But the tape recorded could noi record frequencies

nigher than 1C K¢/sec reliabiy.

A schematic diagram of the recordias 3ystan

iz shown in Fig. ¥iV.14-
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Measurement of time intervals

On playback, the number of sine waves are
counted by a 'Cintell' counter. The counter is
switched on by the flrst signal from the track of the
tape containing the signals from the light pulses
after a perliod of run of blank tape. The signal '
from the tape 1is amplifiéd and shaped In a pulse genera-
tor to start the counter. The 'Stop' pulse is
obtained from a batch counter which counts the number
of signals from the flashtube, The function of the
batech counter in the vresent technique 1s to permit
the calculation of time intervals between any chosen
palr of flashes. The tapne is played back repetitively
and the hatch counter setting is progressively advanced
and the time intervals between flashes () -(2), 1 -(3),

@ -0 @(x ~ 1), (=) are obtained in this tashion.
By subtracting the time intervals (J-(x -1) from
(D-(x), time intervals between flasnes (x - 1) and (x)

can be obtained,

In operation, the flashtube is opsrated for
a period of about one minute in an eXperimentc wnile
the falling drop is under observation by Tthe plate

of a
for perhaps L/6Asecond,
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Therefore, *t 1is necessary to ildentify any particular
drop image with 1ts corresvonding signal on the tape.
This is achieved by using a microflash unit as & the
source of a marking flash, l.e. during its movement,
the plateholder 1s arranged to trigger the microflash
unit and the light from this microflash unit 1is
recorded on the plate and &lso initiates the recording
of a signal on the tape. As the light pulses from the
microflash and the FA5 flashtube would rarely coincide,
inspection of the time intervals for a seriles of
flashes would reveal the signal corresponding to the
microflash and the subsequent time intervals could

be labelled with appropriate drop image numbers.

The number of light pulses which have to be
processed on tape was reduced by using the plateholder

to close the photectransistor circuitb.

The use of this technigue first revealed
that the illuminatlion system was performing
unsatisfactdrily and that the varilations in time
intervals between pairs of flashes was of the order

of 3%.
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As this was worse thar. the most pessimistic estlimates
of the performance of the illumination system, the
Stroboflood was checked for faults and 1t was found
that at cne of the positions of the selector switch

for flashing rates)the Stroboflood was malfunctioning.

Tests with the other channels revealed that
in general, the illumination system was satisfactory
on the short term basis, but was still liable to

drift over a long period.

Tn practice, it was found that the time
interval between'an unsveciried pair of.flashes,
chosen at random, could be easily cbtainec,; but the
time intervals between a pair of flashes corresponding
to any required pailr of drop images was relatively
difficult and ftedius. This was due to the difficulty
in obtaining the signal from the microflash unit in
the Qorrect amplitude range on the tape. At the same
time, the short term performance of the flashtube was
satisfactory and, therefore, the system was largely
used to obtain the average flashing rate and was not

used to 1ts full potentiality.
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The focussing of the light on to the minute
sensitive area of Hhe phototransistor, the tape recorder
settings for each track, the pulse generator settings
for recording and for playback, and batch counter
setting, etec. had to be kept accurate within very narrow

limits, and were all subject to drift,

Therefore, the system was very tedious_to
operate in view of the large number of experiments which
had to be conducted and was used to its full potentlality
only for a short period. For the rest of the time, 1t
was used to monitor the time interval between pairs of
flashes chosen at random. This made it possible to
obtain accurately the average flashing rate and to make
sure tha®t there were no faults In the operation of the
illumination system such as inadequate warm up period,
Taults in the circuit such as inadequate contacts, amd the
end of the reliable period of operation of the flashtube,
etec. The flashtube was beling operated far beyond its
guaranteed life of 10 hours and at flashing rates of the
order of 30/sec., rcliability of operation to within 3%
on the short term basis could oniy be checked by such

methods of monitoring.
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I11.15 Photograph of a drop with a side flame

I11.16 Photograph of a drop with an envelope flame.
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CHAPTER IV

EXPERIMENT AL RESULTS AND DISCUSSION.
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HAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION.

Drag coefficients have Peen experimentally det=
ermined for drops associated with envelope flames as well
as side flames.

Envelope flemes and side flames have Been defined
in Chepter II, and the mechanism of ignition in the exper-
imental conditions of this investigation has been descr iped
in chapter iii.

Two conditions have to be met in order to obtain
envelope flames in the combustion chamber. The drop must
have been subjected to high temperatures and oxygen concen-
trations for a sufficiently long periodé%hat the drop leaves
the igniter with avuenvelspe {lame, Further, if them® envelope
flome is to be stable, thie oxygen concentration in the com=-
bustion chamber should correspond to extinction velocities
higher than the maximum drop velocity. If the drop is
agsociated with a side flame when it leaveg .. 5ot =7
the igniter and if the oxygen concentration in the chamber
corresponds to extinction velocities higher tihan the drop
velocity, the flame travels upstream along the drop surfazoe

until it envelopes the drop. . LTl

G



125

The drag coefficients obtained experimentally are
compered with the standard drag coefficicnts, i.e. the
steady state drag coefficient for smooth solid spheres in
an infinite medium. In all the figures showing experimental
drag coefficients, curves of the standard drag coefficients
are shown for comparison.

It was found that the drag coefficients were
influenced profounaly by tihne type of flame associated with
the drop, and that the greatest deviations from the standard
drag cocfficients were obtained for side flames. However,
a systeuwatic study of the influence of side flames on the
drag coefficnts could not be pursued as such flames were in
the unsteady state in the present investigation, and it
would hove been very difficult to stabilise them on any
particular latitude on a drop.

Drag coefficients for drops under the influence
of envelope flames have been obtained for isopentane, n=
heptane and benzene, burning in oxygen. Iso pentane and n-
heptane will be referred to below as pentane and heptane,
respectively. For pentane, experiments have also been
conducted in oxygen: nitrogen ztmospheres containing 65%
and 75% oxygen by volume. The Reynolds number range was

between 100 and 400,
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The drag coefficients were calculated on the bvasis
of ®"gpproeci properties®, i.e. the properties of the undis~
turbed atmosphere in the chamber. It was found that, in
general, the drag coefficients were slightly higaer than, but
close to, tize standard values. However, the drops were.
burning in pure oxygen and consequently the flame temperatures
were very nigh. herefore the physical properties of the
gas-vapour mixture in the immediate neighbourhood of the
drop vary steeply. Calculzations based on approacn properties
are therefore erroneous.

However it is very difficult to represont accur-
ately the entire varistion of the compositions of the gas
vapour mixtures as well as the physical properties of the
mixture in the imwmediate vicinity of the drop. Only
approximate ways of representing the properties are feasible,

An attempt wes made to use properties represante
ative of this flow region by taking the arithmnatic mezgn of
the properties at the drop surface, the flame front and the
undisturbed atmosphere, It wes found that the points
represcnting drag coefficient vs Reynolds number, calculated
on this mean-property basis lay well below thie curve for the

standard drag coefficient =t=mwb@rri—amrye,
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Experimentel Results,
Ez.l.l Envelope flsmes. ZFPeatane.

It was planned té ceﬁééntrate the study on pentane
because this was one of the hydrocarbon fuels with a boiling
point very close to atmospheric temperature and could be
conveniently nandled.

Thus, the chenge in density of tne fuels, as well
as the change in transfer number, which accompany the heating
un of drops to taeir boiling point are minimised, Such
chonges are difficult to evaluate precisely.

Experiments were conducted in the Reynolds number
range between 50 and 300 in pure oxygen. The experimental
conditions wiica restricted study within this range of Reynolds
numbers have been discussed 1in chapter iii. Drag coefficients
were also determined for pentane dropsvburning in oxygen- .

. . . nespecki ue.(%
nitrogen mixtures contsaining 05% and 75% oxygen by volume,
At lower percentages of oxygen, envelope flames could not
be stabilised under the drop size snd velocity conditions
obtained in this investigation.

he drag coefficient. - Reynolds number points for
pentsne burning with envelope flemes in 100%, 65% and 75%
oxygen are shown in fig. IV. |

A11 the calculaﬁions in section IV.1l. are based

on approach properties of the medium and the properties of
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the fuel drop at atmospheric temperatures:-.

As the dragq coefficient curve without mass transfer is
well established, experiments for non burning drops were not
carried out for the entire range of Reynolds numbers. The
object of experiments with non burning drops was to check on
the experimentad accurazcy and to meke sure that 211 the exper-
imentzl parameters entering tie calculstions were correct by
locating a few points on the stzndard curve. The experimental
narameters were the same for all'experiments.(fiq.lv.2_)

From fig. IV.l)'it can be seen that the drag coeff-
icient values sre scattered. The scetter was larger than the
expectntions besed on s consideration of experimental errors
and also greater than thot for non burning droys (fig.IV.ZJ‘_

Over most of the rrsnge of Reynolds numbers studied,
it was observed that the drag coefficients were guite close
to the corresponding gtandard values, with a tendency towards
a reduction of the ratio of burning drop drag coefficients to
the standard dreg coefficients as the Reynolds number decreases,
A meen curve representing thie expverimentzl points would cross
tiic standerd drag coefficient curve at a Reynolds number of
about 200.

However o5 the ‘ data were only obtzined for a
relatively nzrrow range of Reynolds numbers and the scatter

is large, no attempt is made to use the experimental points to
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present an empirical relation for the drag coefficient of
burning drops.

The drag coefficlents of pentune drops in oxygen-
nitrogen aotmospheres witn 65% and 75% oxygen by volume were
not different from those for pure oxygen. Thus, it can be
concluded that variation of oxygen percentage from 65% - 100%
hos little effect on the drag coefficicent. The meclhiznism
which could account for this observation will be discussed
subsequently.

IV.1-2. n-Heptane and Benzene.

Experimentelly determined drag coefficients for
heptane and benzene, associatced with envelope flames in pure
oxygen are presented in fig. IV.3.

Again, the valucs were scaticred to a greater extent
than indicated by exderimentsl errors for non-burning neptane
drops. Over the entire renge of Reynolds numbers indicated,

e experimental points for burning heptane drops were a2bove
the standard drag coefficient curve, As wita pentane, it =zlso
appears that tiie ratio of the drzg coefficlents for burning
drops to those of non burning drops increases with Reynolds
number. But, on extrapolasting tihe best curve, it appears
to cross the siandard curve at o Reynolds number of 60.

L sweller number of experiments were carried out

for benzene, The values for benzene appear to be approx-



imately the ssme as those for heptane.

It was steted in section IV.1 that fuel properties
at atmospheric temperature are used in the calculations.
The boiling »oint of heptane is 98deg.C and the density of
heptane at this temperasture im 0.6185 gus/ce while the value

used in the calculstions was 0.68 gms/ec. Thus a& voiling

point the drag coefficients should he 9% lower. However, the

temperature of the drop under the experimenial conditions in
this investigetion could not be determined with confidence
and the drop prooerties were calculated for atmospheric temp-
erature.

IV.1-3 sude flames,

It hes been stzted ezrlicr, in chapterll and at

S

the begining of this chapter, that under certsin conditions
of ignition, a drop will leave the igniter with a side flame.
Depending on the ozygen concentration in the combustion
chamber, such z fleme will) bte sit:hle or unstable. Over most
of the cxperiments conductcd in this investigntion, unsteady
side flames were obtaincd. In = few cases, sucih as with
atmospheric air, stable side flames were obitalned,

The drag coefficients for heptane; benzene and
pentzne under %tue influence of side flames are presented in

fig. IV.4 T35 can be gzeen thet the scatter is liigh. In

o

this casse, tihwe Scatter is secsy to explain as tihe Reynolds
9
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number is not sufficient to ensure dynamic similarity. The

tlatitudet

flame must be attached at the same
to obtein dynanic similarity and further, such = flame should
be stable at that latitude. Most of the experiments were
conducted under cohditions of flame progress from a lslitude
very near the rear stagnation point to a complete envelope
flame in about 1/5 sec, and ilie drop wes usually obscrved at
5 uniforuly scperated instents in this period. It would haove
been very difficult to match the oxygen concentration and drop
size precisely in order to0 stabilise a side flame at a desired
latitude. For this reason, no systcmatic study of side fleomes
was carried out.

It is clear ihat the drag coefficients of drops
associnrted with side flewmes arc considerably lower than the

stehdard valuca, often to the cxlen’ of 40% of the standard

drag cocificiens. Thug, the type of Plame exerls a prof-
ound influence on the dray cocfricients. For e¢xample, for

heptane drops at a Reynolds number of about 400, whicl prog-
fessed from a side flezme stage to an envelope flame stege,
the cocfficient chenges from 504 “o 130% of the stendard values
ovar a pneriocd of 1/5 sccs.

Pig. IT.10 === shows the results obiaincd by
Khudyakov for side flemes and fig, IT,9snows the results of

Iubangkil ..
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Iv.2 Discussion of Results.

Iv.2-1 Drag coefficicecnts based on approach properties.

The iaitial expcctation was thot the flow of vapour

from the drop

[47]

urface, combined with the action of the flame
on the wakc would cause a reduction in the drag cocfficient.
Lubansk15 , Spalding 3 and Khydyakov4 have reported reduct-
ions wita spheres of kercsine, paraffin, etc., burning in
atmospneric alr. 231 these authors used supported spheres
ob &= high Reynolds numbers. Their meesurcments were for steady
flow snd witihh & stcedy flame configuration. 45 pure oxygen
was usged in most of the experiments in tuis investigation, it
was expected theot tihe much higier trensfer numbers would cause
greater reductions in drag. Subsequently, it was found that
the drag coefficients in the presence of side flaoues were
different ITrom those corresgondiv. to envelope flames and
the suthors guoted above 5:3:% obtained meinly side flames.
Except for certain resulis obtained by Bolt 47 ,
there have eppearced no reports on the dreyg cosefficicents of
unsupported drops associated witl envelope flames. Bolts
result: are siiown in fig. IL,1i.
A number of theorcticel investigations of the
effect of intense mass transfer on drag coeffic:ents in

cerbrin idenlised sycotems iiave been mentioned in chapter

11 33534, 36,2 £11 these | . . . .
) YT ) hese publications indicate that the
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effect of evaporation would be to reduce tihe drag coefficient,
The results of the present investigation, however, show that
over a certzin range of Reynolds numbers, the drag coefficients
with envelope flames are higher than the corresponding standard
drag coefficients.

The explonation lies in the fect thaet while cowmbus-
tion causes intense evaporation, it also czuses steep property
gradients in the immedinte neigitbourhood of the drop,. The
rise in tewmperature causes a decrecase in density and an increase
in viscosity. Therefore, tiae viscous forces near the drop
surface would be considerably higher than those indicated by
calctlations which are based on apbroach properties.

An ides of the magnitude of such diffcrences can be obtained
when one notesc that for heptane drops of C.llcm dia., trav-
elling =t 300 cms/sec, celevlations based on atmosphieric
temseratures indiceted = Reynolds number of 218, while Bolt
obtrined a Reynolds number of 17 c¢1 the basis of approsach
propertics in his cxperimental chember which was at a tenp-
erature of 800 deg.C. It was felt that the mean teuperstures
to be used for the combustion of heptone in oxygen could well
be in excess of 800 deg.C and therefore correlation of drag
coefficients sgainst Reynolds numivars on this basis would be
considerably differcnt from the one drawn on the bases of

approach properties.
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IV. 2-2 Study of the drag coefficients of burning drops

on the basis of mean properties

The physical properties of the fluid and the
conventional dimensionless groups are not uniquely defined
in the presénce of large temperature differences. Jakob56
has pointed out that for complete dynamic similarity between
two non-isothermal systems, the same ratios must exist
between physical properties at geometrically equivalent
points. Deisler57 has derived exprcssions in a complex
manner. However, his calculated results were reasonably
well represented when the arithmatic mean temperatures
were used to evaluate the Nusselt and Reynolds numbers.
Douglas and Churchi1158 have stated that the rigorous
introduction of the temperature gradients to yield heat
transfer information was beyond the methods of analysis
available to them and therefore they used the properties
at the arithmetic mean temperatures. A number of other
workers have also used mean properties for heat transfer
correlations in thc presence of large temperature gradients.

In combustion work too, the burning rate relations
presented by various authors involve the assumption of
constant properties. Rasbash and Stark59 have used the

properties of gases at the arithmatic mean temperature to
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calculate the Nusselt and Reynolds numbers for the evapo-
ration of water drops in a bunsen flame.

The physical models generally used in the study
of the combustion of fuel drops are highly idealised and
particularly for an envelope flame of the shape obtained
in this investigation, no theoretical model is available.
Therefore, the use of accurately integrated mean properties
is not feasible, The correct evaluation of mean properties
to be used in this investigation becomes further complicated
as the compositiong of gases vary greatly over small
distances and cannot be easily evaluated quantitatively,
particularly since direct data on the transport properties
of gases at temperatures far in excess of 1500°K are not

available.
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IV.2~3 (Calculstion of Mean Propertiss.

As mass transfer and chemiceal reactions occur in
the neighbourhood of the drop, the composition of the gas
vapour wixture varies greatly from point to point and there-
fore, the use of properties at = mean temperature is not
convenient o8 this will have {0 be related to a represent-
ative composition. Therefore, it was decided to use the
arithmetic me=n of the properties of the gas=-vavour unixtures
corresponding to (a) the drop surface, (b) the flame front,
and (¢) the undistubed atwosphere, =t tewperatures corres-
ponding to each location,

The flenle tewperatures and the composition of the
gases at the flame front were calculated according to the
metnold presented by Ros&in.GD This method enables ocne to
calculate the adigbatic flame temperature snd takes dissoc=
istion into account. It nas been pointed out in chepter.IX
that the fleme tewperature of a burning drop is different
from the adisbatic flame temperature. However, calculations
of flame temperatures for hydrocarbon drops hurning in pure
oxygen are not ~vrilnble even for spherically symmetric
envelope flames. The use of such calculations involves the

assumption that the effect of radiation is negligible.
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Further, the heat and mass transfer relations for drops
with relative velocities of the order of 300cmd/sec would be
different from those for spheoricel flames. Therefore, it
was decided to adopt the siampler calculations proposed by
Rossin. Bxperimentally determined values of tiie physical
properties of gases are available upko temperatures of tiae
order of 1500 K. The propevtiics of various gases at the
flame front witih a temperature far in ecxcess of lSOd’K vere
calculated by graphical extrapolation of property~- temp-
erature curves. The gas composition at the flame front,
according to the calculation procedure of Rossin,is known,
The mean of the properties of various gases, weighted accord-
ing to the composition of the mixture, is used to represent
the properties of the wmixture at tae fleme front,

It was found that lfor pentane drops burning in pure
oxygen, the Deynolds nuubers, calculsted on the mean property
basis, were 1/35 times and *he drag coefficients were 1.25
times oFf thoss calculated on the basis of agaiga%h pgﬁﬁ%rties.

The drag coefficient-Reynolds number Eoiits for
pentance and heptane drops are shown in fig, IV.5 as indicated
by both mean and approacii propecrties. It can be scen that
the drag coecificients, calculated on the mesn property basis
are gpproximately 80% lower than tie corresponding standard

drag coecfficient. Thus, when the effect of evaporation
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alone is isolated by making an approximate allowance

for the changed physicel properties dues to combustion

in the medium surrounding the drop ,- the dray coefficient

is seen to be reduced in accordance with expectations.

It can also be noticed that the points for heptane and
pentane are closer when plotted on the mean property basis.
This is due to the difference in density between heptane and
pentane vapour wiich lowers the ratio for heptanc of drag
coefficients on the mean properties basis to tihose on the
approach properties basis. If one further lowers the drag
cocfficients for heptane by assuming the density for heptane
at its bolling point, the drag cocfficients on tiie mean
propertics basis for heptane and pentane would coincide.
This gecms tMn%d% o explan the discrepency between the
drag coefficients of pentane and heptane on the approach

properties bosis.

22.2"4 Comparison with theory.

Spalding nas suggesived that for a flat plate in
laminar flow at moderate Reynolds numbers, the ratio of
drags with and without mass transfer is of the order of

1-n(1+B). In the absence of any similer solutions for
B

gphisres at Reynolds numbers compsrable with those of this
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investigation ( mesn properties basis) the experimental
results of this investigetion will be compared with the

predictions of Spalding. Fig.IV.6 shows a curve of ] n§l+Bl
B .

for a range of transfer numbers. From table I, the transfer
number for pentane drops burning in & pure oxygen atmosphere
is found to be 34. For this trensfer number, fig. IV.6
indicates tiuat the drag coefficient would be reduced by
about 90%. This agrees surprisingly well witn the value

for the reduction in drag coefficient of about 80% indicated
by fig IV.5.

The conclusion cmerges therefore that the apparent
lack of influence of combustion on the drag coefficient-
Reynolds number points based on approach properties was
due to the fact that evaporation reduces the drag resist-
ance, winile the high temperatures in the neighbourhood .of
the flame increase it through increased kinematic viscosity.
These two effects nearly cancel eéch other out.

Similar calculation of mean properties could not
be carried out for side flames as oniy a part of the sphere
was subjected to the influence of the fleme and the drag
coefficient wvalues refer to unstecady side flames.,

The work of Muggia38 has been discussed in chapter

II. It was attempted to compsre the results of this invest-
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igation with those of Mugeis 28 the Reynolds numbers with
referenée to the mean properties lay between 2 and 10 in
thils investigation,

Tne dresg coefficients predicted b, Muggla as
given by the equation 2.2.12 werc calculnted and are shown
in fig. IV.7. Thue drag coefficient
values change very steeply over smell ranges of Reynolds
numbers and increase to a high figure ncar a Reynolds number
of abouw 3. Tiquation ?;2.12 indicates that the drag docf-
ficient becomesod at a Reynolds number of 16/3. Tais is
due to the approximations used in his theoretical develope=-
ments, Thusa, MUggiﬁs work is inepplicable excépt at very

low Reynoldse numbers.
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IV,2-5 Slope of the drag coefficient ~ Reynolds number

curve for burning drors.

The drag coefficient values based on mean
properties have been found to be approximately constant
within a range of Reynolds numbers of 2 - 10, whilst
the standard drag coefficient decreases steadily within
this range of Reynolds numbers. As the experiments were
done with freely falling drops, low Reynolds numbers were
associated witn small drop sizes. It is suggested below
that the lower drag, on mean properties basis, observed for
small drops can be explained by the fact that the
evaporation rate per unit mass of drop increases with a
decrease in drop size.

Muggia38

equated the resultant of the pressure and
viscous forces acting on the drop to the time derivative of
the momentum of the drop, which is part liquid and part
already transformed to vapour. He calculated the momentum
transfer rate to the drop from the difference between the
integral of the forces on the drop and the flow of momentum
from the drop. As the flow was steady, the same
expression can be calculated on any closed surface which

contains the drop within it, rather than on the surface of

the drop. The resulting wrelation is:



lyg

— 2 + B dm
ma = 6Wpry sy Trweriny tVaz ¢ -2
The drag coefficient is obtained

by dividing this expression by’}éf%TiI12v2 . The term

v %% is the rate at which momentum leaves the control
surface due to vapour flow. ,ngyis drag coefficient can be
visualised as the difference between two coefficients

1"
Cd' and Cd .

C i Cdl b Cd“ q‘c u2¢

Cd‘ being the coefficient due to the integral of pressure
and viscous forces on the control surface and Cd"
corresponding to vapour momentum leaving the drop. Values
of C4' were calculted for Muggias drag relation (2.2.12)
and are shown in fig. IV.7. It can be observed that,
over the range of applicability of his equation to non-
burning drops (i.e. Re < 1), the difference between
ed' and the standard drag coefficient is quite small

in comparison with the difference of the total drag
coefficient he calculated for evaporating drops from the
Standard one.

Calculations of £ d"m were made from the drop
9

size and vapour velocity data obtained in this investigation
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for heptane drops by assuming an evaporation constant of
0.025 cmz/sec quoted by Penner61 and mean properties.

The use of suffix 'm' indicates that mean properties were
used. £ d:m was obtained from ggd,m + Cd:m . These
values are plotted in PFig, IV-~5. It can be seen that the

C,! points follow a curve of a similar form to the standard

d
curve, i.e., they decrease with increasing Reynolds number,
but they lie well below the standard curve, The
evaporation constant chosen relates to supported drops

and for the conditions of this investigation, the constant
could well be higher. There is further uncertainty
regarding the choice of mean properties and the location of
the ﬁzd,m curve is therefore only approximate.

It therefore appears that the great drag

reduction for small drops is caused by the larger

evaporavion rate per unit mass.
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Iv.2-6. Comparison of burning rates.
61

Penner reports an evaporation constant of

25 x 107 cm?/sec for heptane drops in 100% oxygen
atmosypheres, It was observed in most of the experiments
in this investigation that a clear dropsize decrease

could not be noticed over the period of drop life recorded
on the photographic plates. This corresponds to a period
of 1/6 sec. The decrease in drop diameter as indicated by
Penner was calculated to eatablish wkdﬁu%he failure to observe

a drop size decrease is in line with available information

of burning rates.

where
d = drop dia. at time %

do = initial dropr diameter.

t = time

For an initial dropsize of 2 mm., the drop size
after 1/6 sec is

a® = {(o2} - 0.025 % 1/6]

v0.036 = 0.1925 cms,.

!

d
This would correspond on the microscope projec-
tion screen to a reduction of approximately 1 small
division of the scale on the screen and would not be noticed
with the available sharpness of drop images. Thus, the
burning rates prevalent in this investigation were not

demonstrably low.



152

IV.2.7 Extrapolation of data to steady state conditions.

The drops studied in this investigation were
travelling in the unsteady state. It is known that
acceleration affects the drag coefficient.

21 Ingebo?? and Gilliland®’ on

The work of Keim
the effect of acceleration have been reviewed in chapter II.
The results of these authors show that the ratio Cd/Cdo
increases with increase in the dimensionless groups
49g//31 and ad/vzo In the experimental conditions of
this investigation, it appeared that the groups /Og//ol
and ad/v2 were too small to cause a significant departure
of Od/Cdo from unity. However, there was no direct
evidence reported in literature for the specific conditions
of drop size and ballistics encountered in this investigation.
Therefore, an attempt was made to extrapolate the
acceleration - time points for some of the experiments to
zero acceleration and obtain the terminal velocity and
calculate the drag coefficient on the basis of the terminal
velocity.

The terminal velocities were calculated in the
following manner, The acceleration values obtained
from computer calculations were plotted with acceleration

and time as the coordinates. The curve obtained was then

extrapolated to zZero acceleration in accordance with the
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expectation that acceleration decays with time at a dimini-
shing rate. Thus, the total acceleration was found. As
the datum velocity was known, the terminal velocity could
be calculated, The drag coefficients calculated for the
terminal velocity condition, along with the corresponding
points pertaining to the experimental condition are shown
in fig. IV.R. It can be seen that no significant
reduction of scatter is discernible. Thus it appears that
for the ,<>g//>1 and velocity conditions of this
investigation, the accelerations were low enough for drop

movement to be considered guasi-steady.
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CONCLUSIONS

The drag on a drop is affected by mass transfer,
the distribution of which over the sphere is influenced by
the type of flame associated with the drop. In this
investigation, drag coefficients have been obtained for
both envelope and side flames.

The drag coeflficients have been calculated on the
basis of approach as well as mean properties. The
following conclusions emerge from this investigation.

1) The coefficients for drops with side flames
downstream of the equator were always lower than the
corresponding standard values, often by about 50%, and
the degree of reduction depended on the lattitude at which
the flame was attached to the drop.
2) As to envelope flames and coefficients based on
approach properties, the conclusions are:
(a) The coefficients for all fuels were higher than
the standard values over most of the experimental
range, i.e., 90 << Re <_ 400.
(b) Heptane drops had coefficients higher by about
20% compared to pentane drops.
(¢) TFor all fuels, the ratio of coefficients with
and without combustion decreased with decreasing

Reynolds numbers, This finding is consistant with
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the relatively larger evaporation rates for small drops.
3) The conclusions from the calculations based on
mean properties for drops with envelope flames are:
(a) The coefficients for heptane and pentane drops
are only slightly different from each other (compare
2.Db)
(b) The coefficients were lower than the standard
values by about 80%.
4) I+ is believed that, for burning drops, the effect
of evaporation, which tends to lower the drag coefficient
and the effect of increased temperatures, which increase
the viscous forces, nearly cancel each other out over the
experimental region studied.
5) The experimental points exhibited large scatter
and did not warrant the presentetion of empirical equations.
They were difficult to obtain experimentally because of
the following reasons:
(a) The low surface tension of the fuels.,
(b) The transient nature of the experimental system.
(¢) The need for great accuracy in the time intervals
between successive light flashes.
6) The experimental results could not be qusntitatively
interpreted on a theoretical basis since a satisfactory

theory which would represent the conmplex drop-flame system
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over the flow regime studied has not yet been developed.
However, the results have been explained in comparison with

a theory relevant to highly simplified systems.
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number; mean properties Al.7
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The relation describing the movement of a drop,
falling under gravity and subjected to aerodynamic

resistance is as follows:-

Pl -r
mg ( —_Lﬁ’—;g) - ma =% 0y A V2 5 5.1.1.

where the suffixes refer to the liquid and gas states.

Py -/
mg ( ——l7554g )

is the downward force experienced by the drop due to gravity
and the buoyancy of the medium, and ¥ Cq ﬁ% v° A is the
aerodynamic drag resistance and, 'ma' is the resulting

gain in drop momentum.

For spherical drops,

m = L ﬂ’dB /01

®
and A:I;_—Idz

Eqn. 5.1-lcan now be rewritten as follows:

%-Tl'd3 Plg(l-f—g) -%’\Tda /Ola

F1
i .2 2
=-§d Cd,OgV
/o fg(l—‘{.iﬁ)‘aj
therefore, Cq = : L1 d 21 5.1.2.
Pe v



Al,2

The Reynolds number is given oy gxf
.',A,,

The results of an experiment consist of a
series of drop images on a plate pdrogressively farther
avay frow the short edge of tue plzte. These images
repregsent the successive positions of tie drop in the
chainber, eacih position corresponding in time to one flash
digcharge in the flashtube. Tne times elapsed between
guccegsive light flasiies are obtained through tine time
monitoring system.

The distances of successive drop images from
an arbitrary datum on the photographic plate are measured
in the direction of the major axis of the plete using a
Pye travelling microscope,

Tne density of the drop liguid, and the viscosity
and dengity of the medium are known at atmospheric temper-
ature. The date recuired to be derived from the photo-

graphs are = the drop diasmeters,; velocities and accelerations,

velocity and accelerationt

The travelling microscops, and the time wmon-
itoring system yield distance = time vecords for the
drop images on the plate. It is necessary to obtain

thie instantaneous velocities and accelerations from
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these data. The first and second differentials of the

function of distance with respect to time would give

velocities and accelerations. It is therefore necessary to

represent each set of distance - time data by means of a

function which is accurate enough to yield velocities and

accelerations within an acceptable margin of error.

Because the drops were burning, there was no prior knowledge

regarding the form of the equation which would be obeyed

by the ballistics of the drop. It was felt that the

simplest solution wovld be to fit the distance - time

data to a least squares polynomial. In this connection

a theorum by Weirstrass states that "if a function f(x) is

single valued and continuous in the closed interval,

(a1 to a2) and if € is any preassigned positive number,

then there exists at least one polynomial p(x) such that

(f (x) - px) < & for all the x's in the interval.n®2,
However in this investigation, a set of only 4 or 5

s -~ t points were usually obtained. Therefore it was

not possible to fit polynomials of a degree higher than

3 to the experimental data, and there was a limit to the

accuracy of the s - t polynomial. However, the drag

coefficients calculated from accelerations and velocities

obtained from 3rd and 4th order polynomials for a few sets

of data were not very different, and thus, approximations
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to 3rd order polynomials were not seriously in error.

Least squares polynomials of degree 3 were fitted to
the s - t data using the University of London 'Atlas'
computer. The programme empioyed was the programme 1000
from the CHLF 3 Autocode library of the University of

London Computer Unit. Polynomials of the form

_ L2 3
s = b1 + b2t + b3u + b4t cecees 5¢1.3
were obtained where bl’ b2, b3 and b4 are the
coefficients of the polynomial. The velocity is given
_ 2
by, Vo = b, + 2b3t + 3b4t 5.1.4
and the acceleration by .= 2b3 + 6b4t 5.1.5

v and a are the velocities and accelerations of the
drop image on the plate. To obtain the wvelocities and
accelerations of the drop, Ve and ap are multiplied by
K, Which is the ratio of size of object to the size of its
image on the photograrhic plate.

A projection microscope was used to enlarge the
dropr image. The size of the drop image an the projection
microscope screen was measured. The ratio of the drop
image size iF=mm, on the plate to the drop image size on
the screen is ', If 'Di'is the diameter of the drop
image on the screen, the drop Tmase size is given by

J D1 =d cms.
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Therefore, in terms of v, a and D;, edn. 5..2

— o
becomes, W P K'K"D(Lg(l - 75%) - K'aé} ..5.1.6.
I g (K'v_)°
b
For heptane drops falling through oxygen at
atmospheric pressure and at 1500, ;;5 = 3%6 « Therefore,

1
eqn. 56 can be simplified by approximating (1 - 735 ) to 1
1

and,
oy K'KWQ (g - K'ap)
Cd - ’3" 2 5.1-7-
1
(K vp)
Similarly the Reynolds number becomes,
av (K')° K" Dy
Re = —_— = ]P 5-1-80
-V -V

Example: Plate 115.

Fuel: heptane; density 0.684 gms/cc.

medium: oxygen; Temperature = 2500. density of oxygen
at 3590 = 1.429 x %%% x 10 gms/cc. Kinimatic viscosity
of oxygen at 25°C = 0.152 stokes,Interflash period. 0.0308
secs: uniform flashing rate.

magnification K' = 2.

magnification K" = 0.0256.



h,BCCS, Sy .dn ina. on plote,

: 3
0.0000 36.58
0.0308 69.00 D, = 1,6 units on the
0.0616 102,35 projection screen of
0.0924 135.90 the microscope.

0.,1232 169,20
The polynomiagl with iiie least square deviation

wiich was fitted to this set of st data is

s = 3,657 + 103.27 t + 76,952 t2=336.5 t3cms
v.= dg = 103.27 + 153.90% = 1009.6 t%cms/sec
Gt

For t = 0.0308 secs

It

v

P
2

107.05 cms/sec.

I

dv_ = 153.90 - 2019.3 t
dt

For t = 0.0308 =acs

a = 91.9 cms/se&l

rb
Therefore,
Gy = &x 0.684 x 298 x 2 x 0.0256 x 1,6(981-2x91,9)
3 1.429 x 273 % 10 10 x(2 x 107.5)<
= 0.995
Reynolds number = (X!')< KiDVe N
=
= (2)°x 0.0256 x

1.6 x107.5 x (__ 1 ;
10 - (0.152
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A.1.2. Calculation of drag coefficients and Reynolds

numbers on the basis of mean properties.

The mean properties used were calculated using the

relations.

Py T 2P0 T Ly
Pm = 4

Ms +4 %/&f +,f*g

/Lm 4

where suffixes m, s. I and g refer to the mean, the drop

surface, flame front and the ambient gas respectively. At
each point the properties calculated correspond to the
composition at that point.

IMame temperature:

As described in IVv.2.3., the adiabatic flame
temperature was calculated using vables presented by
Ro&sin6ow '"he flamec +emperatures for pentane in oxXygen,
toking disscciation inte account, was 2810°¢C, Inspection
cf the calculation proceduvre reveagls that the flame
temperature of hepntanc could not differ from that of
rentane by more than 1%.

Compositions

The composition at the drop suriace is taken to be

100% fuel vapour, and the ambient gas is oxygen.

Roxsin's tables could be used to calculate the
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composition of dissociated products up to a temperature
of 2500°C., This temperature corresponds to a 40% oxygen
atmosphere. At this temperature, 40% of the carbon was
present as carbon monoxide and 25% of the hydrogen as OH.
At higher temperatures, the proportions of these
components will be larger, As no concise calculation
procedures are available and in view of the approximate
nature of the calculations of mean properties, it is
assumed that, at the flame front the gas mixture is composed
of CO and OH only.
Densities:

For heptane vapour at boiling point, (98.5°C)
ignoring deviation from perfect gas laws,

4

LPs = 32.8x 107 gms/cc.

fer pentane vapour, on a sinilar basis,

4

/Qs = 28.4 % 107" gms./cc,

At the Ilame Troni, the density ol nroducts &f reaction

of pentane, assumed to consist of CO znd OH alone is

the density of oxygen at 15°C is

/Dg = 13.5 % 107 gms/cc .
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Viscosities:

7/9; = 0.152skckes -

Daéa on the viscosities of hydrocarbon vapours is
meagre. Therefore, for pentane and heptane, the
viscosity values quoted for benzene are used65.

Mg = 750 x 1077 poises.,

viscosity data are not available for the flame temperatures
relevant to this investigation, High temperature
viscosity data has vecen presented in the form of tables66
of /J//io vs. @ where s is the viscosity at
275 K. Such tables are available for temperatures up to
1800°K. Therefore, to obtain the values corresponding to
281000, the values were plotted and graphically extra-
polated. For the approximate conditions representing
the flame after making allowance for the viscosity
properties of water vapour, the wviscosity walue chosen

7810 x 167/ poises.

Mean properties. Burning pentanc drops.

o= % (28.4 + 2 x 0,72 + ¥13.5 ) x 1074 gms/cc

4

= 11.R3 x 10 ' gms./cc.

5“495toke5_

similarly Vo
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for calculations based on approach properties, the

values used were

Pe = 13.5 x 10" gms/cc,
Vg = 0.1525k0Res.
Therefore, 13.5
Cam = ITH3 Ca = 1+25 Cq-
_ 0.152 — Re
Rep = ®g %6 = 53

Mean properties., Burning heptanc drops.

All data exceptxthe density of vapour at drop
surface are similar to those for pentane. Therefore, for
4

heptane, using Lo = 32.8 % 107" gms/cc.

»n = Y% (32{é + 2 x 0,72 + 13-53) x 10"4 gms/cc

ol ,
12,33 x 10 ¥ gms/cc,

il

]

Cqy = ‘%§§3 04 = 1.11 ¢y (note difference

from pentane.)
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A.71.3 Calculation of C"d,m'

In section }¥.2.5., the slope of the drag coeffi~’
cient -~ Reynolds numher curve was explained as a consequence
of the greater ratio of evaporation rate to drop mass, and
the drag coefficient was visualised as consisting of two

componants, C! representing the integral of forces on a

d,m

surface enclosing the drop, and C"d n’ representing the
9

"
flow of momentum out of the surface due to vapor flow from
the drop.

In this scctinn. the calculation of C"d - is
?

described,

+dm

__.dm 1
d,m ~ ‘@t

%P v

cn ) v

In the absence of direct knowledge of dm/dt,

the evaporation constani quoted by Penneré' N = 0.025

2 ﬂ . .
cm“/sec for heptane drops in oxygen atmospheres is used.

da/at = - VYeoa 5,2.1

_ 4 p
dn/dt = -¥(/01§T1’r))
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using 5.2.1,

dm/at = - W2 P Ar
therefore,
P11 N
G"d,m = ] _.é ~= 5e242

In terms of experimental observations,

W ot
r = %K" Dy CmS ., whesw &= 1<K

therefore,

an - 2;)__ 5.2.3.
TS
g X" K D1 vp

Example:
Heptene in oxygen.
/31 = 0.584 gms/cc
Py = 12.13 x 10™% gms/co
X = 2, Km = e-05/16.
D = = 1 ° .
1 3, i 30.4 cm/sec
oLl . 0.684‘ X 0.025 X 10
dym = I

12.13 x 10 X 2 x 0.516 x 3 x 130.4

= 466
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APPENDIX II.

STUDY OF SOURCES OF ERROR

Errors due to short term change in the
interflssh period.

Errors from movemenf of the drop in the
tranaverse direction.

Errors in drop size egstimgtion.

Brrors due to locazl air currents.

Wall correction.



j) Errors due to short term cinange in tihe interflash period.

Erfors arising frow a change in the interflash
duration over a very sgmall number of flasshes, will be con-
sidered in this appendix when no time monitoring system (one
vilich gives the exact time interval between any required
poir of flashes in a series of flashes) is used. The
flashing frecuency,.=Em is obtained from the indicator
on the stroboflash unit. Tnerefore, any changes in the
time intervels between consecutive flashes will not be
noticed. All cslculations will be made on thie basis of
thie strovoflasih setling and so tine periods used in the
calculetions could be incorrect.

It is assumed thst no polynomial curve fitting
involving tihe miniwising of-the Vvariance is used. A
simple divided difiference method can he usezd to obitain
the velocities and accelerziions, and one value of the
drag coefficlent can be obtained from 3 consecutive d4ro)
images. fssuming that Uihe velocity rises linearly in
the period hetween two successive lignt flaosies, tiue
verticnl distance between two drop imzges on the »late

indicates the mean velocity of the drop at the midpoint

c .

of the corresponding tiwe interval. The distznce-time

data actually obey a curvilinear ecuation and instantaneous
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velocities 2nd accelerations should be used for accurate esti=-
mations of the drag coefficient. However, it is desired
to locate only large sources of error in 8¢ calculation of
drag coefficients and Reynolds numbers znd simplified relations
will be used to indicate the megnitude of errors involved,

Let the distance vetween two consecutive drop
images be vxand thiat between the next pair of images be

v . Using the notation of Appendix I,
x+1

.~ v_) KW@
sl " V)

where N = flashing frequency/sec.
As 3 drop images are considered for each acceler-
ation figure, the wmean velocity guould be used for calcu-

lating the drag coefficient,

= + !
v % (voyq T 7)) XK'
d = K'K'D

Therefore, Erom—emwHp, vae drag coefficient, in terms of

Voet1? vx, D1 end N, iss

v - 1
M;K'K“Dlsg (v, 4q~ VK Nj

3 = Lt LR 2
[J@‘ [%_( fx_}'l"' v -K it

-

cd -
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I "
If we substitute k' for % L K'Ké—
e DK
2
ve have 8l -~ K'(v - v, ) N ]
e naves 0y = k'D; —= 2 (Va1 = Vo) .. 6.1

2 2
g (Vx+1 - Vx) N

Let us now suppose that the flashing rate changed

from N/sec for v, to I' for v and, V

T i
x4+l and Vk emain

x+1’
the vertical distances between consecutive pairs of drop

images on the plate. The actual drag coefficient would

then be: —

N' + N
981 - K (N'v -~ Nv,) = ]

c."M = k'D

a 1 6.2

2
(NvX + N'vx+l)

If the drag coefficient is cadbulated according to egn. 6.1.

the error would be
- mnt
Cq ~ C4

100 G

d

It was known that the flashing rate, N, does not
vary by more than 2% and an error of this order could be
rejected. Therefore, error calculations will be carried
out only for flashing rate variations of 2% and less.

In this appendix, only errors in the experimental variables
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which would cause errors in the calculated drag coefficients

of 5% and more are studied. Hence, the denominator in

equation 6.3 could be approximated to (vX+l + vx)2 N2,

and the error in drag coefficient becomes:
C, = C." EA(N'V - Nv_ ) (N+N' )= (v = ¥ )sz
a xX+1 X X+l X ee6.3

100 —@-—C-——— -~ 100K .
d 981 -- K'(vx - Vk) N

+1

The errors in drag coefficient calculated for

100 (E_ﬁngl = %, 1 and 2% and for values of (vX+1 - Vx) in

the range 0.1 to 0.36 cms. are presented in table III. 1I%

is assumed that v_ is 3 cms., K' = 3 and N = 30 flashes/sec.

TABLE ITI - TABLE OF ERRORS IN CALCULATED DRAG COEFFICIENT

100 L8 i 1% 2%
Yx+17 Vx

0.1 cms. 7% 13% 25%
0.2 cms. 20% 45%
0.3 cms. 55%

0.36 cms. 2300%
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An inspection of the table reveals that errors in
drag coefficient incraése with (i) increase in the short
term errors in the flashing frequency, and (ii) increase
in the acceleration rate.

For a difference vetveen vx+l and vx of 1 mm, even

a chienge in flashing rote of 4% causes an error in the

calculated drag coefficient of 7%.

2) Movement of the drop in the transverse direction.

If the drop drifts in the direction of thie cameres
axis; the distance from tihe drop plane to the lens plane
cianges and taerefore, the magnification K' changes. This

vould cauge an error in the drag coefficient ealculation.

=
n

141 where ;i = focel length of lens.

B
il

. 57f’dist¢nce from lens planes to drop plane

n = 18,6% where n = distznce from lens plane
to plate.

K' = 3,06
If m cianges to 56", tie new K' = 56 = 3.01.
‘ ’ 1‘3’.‘6

Therefore, the error in Reynold's Jumoer calculated on

the basis K' = 3.01 would be

e "\ )
100 51 - Re'g = 100.1 - 3,017 = 3%
Re L_ 3.0 |



The error in celculated acceleration would be proporionate
to the error in K@, The error in calculated drag coef-
ficient would slso be of the same order as that in Reynold's
Fumber.

This is the case if the drop travelled perallel to
the plate plene and perpendicular to csmera asxis. But,
if the drop travelled 1" towards the cemera between gucc-

essive pairs of flashea} the error would be very much

greater. Trhe magnification changes by 2% and therefore
v also changes by 2%. Therefore, the error in v

X+l x+1
would be reflected in s magnified error in acceleration.
It would result in an error in Cd of roughly the same mag-
nitude as with a 2% error in flashing rate as & = K'Nv .
But the drop generally travels vertically over 3" in the
ohamber between two flashes (30 RPS) and a transverse
movement of 1% in 3% is very unlikely. 4% the most, the
drop would travel %+ = 1" ¢ser 3 f%. and thus the error
would be reduced consideravly. For 1% {ransverse movement

in 3 ft., the drop would travel in 3% and the magnif-

ication changes by, say, ;%. This would hardly result
6

in & big error in C, calculations,

a

3) Error_in drop size estimeation,

This error could be caused by the drop being



A2,

(i) slightly out of focus and also, when using a travell=
ing microscope for size determination, (ii) due to the

inherent error of the microscope. The Pye travelling

R ~ .
microscope is accurate to < 0.02 mm. and is not capable of

very crisp focusing. Thus, a Grop measuring 0.4 nmm, could
be resd with an error of 5% and must be measured with the
panpaot projection microscope. Tirrors in drop size
measu:ement result in proportional errors in Cd as well

as Re,

4.) Iocal Air currents..

The velocity of the drop is usuvally of the
order of 250 cwy/sec. Thus & local air veloclty of
25 cms/sec would cause an error in Re of 10% and as v
is the divisor in the Cd formula, 1t would cause in the

drag coefficient an error of:

2 .
100 cd_wcd/(l.l) = 17.5%

C

O

This is theerror from the movement of the drop in a steady
25 cma/sec air stream., If the drop should be falling
through a velocity gradient ia tile air stream, the error

would be greater. But such velocities are considered

to be unlikely.
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5) Errors _due to Woturzl Convection.

Natural convection due to combustion would tend
to 1lift the dropy up. Hence the drag coefficient obtained
from burning drops, uncorrected for the convection velocity
would be higher tnan the resl drag coefficient.

6) Wsall Correction,

It hes been reported that v/ wiere v is
drop velocity in & confined space and W is drop terminal
velocity in free spoce aporcaches 1 for d/b = 0.1 where

dﬁ is the ratio of drop/vessel diameter: é% Reynolds

o]
numbers above 10. Therefore, in the present ivestigation,
he #all correction should not be gignificant. +

Conclurions.

(1) It was found thzt the potential source of largest
magnitudes of error were the short term chianges in the
frequency of flashing of tiie lignt source. This lead to
the decision to develop a Time umonivoring systeun.

(2) | In practice, even afier develobing a time wmoni-
toring system, it was found that errors in drop size
determination geve rise to large errors in tize cslculated
drag coefficients and Reynolds numbers. Due to the

deterioration in the repr»aucibility of drop trajectory




AN

AZ,Q
with decrease in the size of tae drop and the resulting
deterioration in suarpness of focus, such errors are higher

for smsll dron sizes,
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TABLES OF RESULTS

Only plates whiech corresponded to uniform flashing
rates are reported in this appendix. The existance of |
uniform flashing rates was verified either from detailed
tape recorded data using the 'marker!' flash and the batch
counter, or, after failure of the batch counter, by random
sampling of the interflash frequencies both immediately

before an experiment end subsequently on play-back.



A.3.2.
TABLE IV

Properties of fuels and gases.,

Fuel Density. Boiling Point.
Pentane®? 0.626 gms/cc 3290
I-Iep‘l:ane64 0.684 gms/cc 98.4°¢

6Lk 0
Benzene 0.87¢ gms/cc 80°C.

Viscosity of benzene '\rapou:cﬁ5 at 9000 = 75 % 10—6 roises.
Density of oxygen at 15°C = 1.35 x 1072 gms/cc.

Kinematic viscosity of oxygen6o at 1500 = 0,1525¢tokes.
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TADIE V

PCOITION - TIiMe HISTORILSS

NONoURMING DROPS

Hentrne Benzene
\ N
XK =3 (5) 44,9
K" = 0,254 > 74, 02 1,7
t = 0.,0307 secs. 105,42
138.94
Plote
(6) 8.34
(1) S (mm) D1 26 42 1.7
96.86
21,34 129.58
59.66 3.1
100,56
143.84 (7) 6.38
58-50
_ 98,50 2.7
(2) 28.02 141.11
6z.61 §
105,45 2.65
146.46 =7
184.93
(3) 55.54
95457 dye
138.9z
o= 3.1
Kt = 0,29

0.0343 secs.

(4.) S mm Dl

16,19
71 15
3.84 1.4

EAL




A3.4
Ti3IE VI
POSITIOH - TIME iIISTORIGS; EEPT iR, BENZEIE;

o0 7.
EGVELCPE FL:IGS, BPT/HE,, OAYGEN - THMOSIPHIRE

! .
K =2 (14) 28.74 1.9
Kt = 0,254 62.10
t = 0.0307 secs. 96,09 1.7
130,08
1 2.61
Plate 196,08 1.4
s (mm) D
(8) 12,85 Plate
55.34 S {mm Dy
96.56 3 ,
136.07 (15) 25.00 1.8
173.75 g6.01
7456
119.34 1.6
(9) 54,11 150.53
92.70 160.89 1.3
132.56 2.9
174,26
‘ 48,94
(10) 32.71 82.13
74.,16 115.50
114,34 2.9 149,18
152.79 182.20 1.5
189.41
(17) 8z.zH
(11) 44.19 53.97 1.8
83.11 2.9 8@.26
183,47
(18) 26.58 1.7
(12) 44,22 9,00
86.16 4 102.35
131,02 135.90
177454 169,20 1.3
(13) 29,42 (19) 42.75 o
76,86 4 79.07 25
121,40 117.65
156433



(27)  8.39
56.34
102,33 4.2
146,13
187.39
i
K = 3.1
K¥ = 0,29
t = 0.0344 secs,

3

(28) 46,19
74.15
103,84
135,00
167,44

Dy

1.35

£3.5



ENVELOPE TFLAMES .

oo/, .
Bengene, oxygen -~tmosphere

k'=2 (36) 65,85
Kt = 0,254 107.16
t = 0.0307 sec¢s. 149,24
S D
. (36) 64.36
(29) 43.27 102.99
1§2.59 z.55 135.44
26.73 182,43
166.33
(30) 68.16
109.58
145,27 2+
187.60
(31) 46.09
86.11 2.6
127.56
170,28
o= 3.1
Kt = 0.29
t = 0.0344

(32) 108.78
142,12 1,7
176,26

(33) 96.05
129.%52 1,8
164,25

(34) 102.45

135.94 1.7
170.46

(35) 96,42
120.32 1,65
165,30

<

ny

.4
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T:DLE VIT

A3o7

POSITION - TIME IISTORIBS: FBNT NB, BIVELOPE FLAIES

k' = 3,1 Atmosoneres: oxygen
K" = 0.29z2 -
t = 0.,0343 secs (42) £ D1
Atumosphere 75% oxygen »
L2070 e 46,06
2h% nitrogen lg%.gz Las
8 b1 133,20
(37) 34-2§
53% 15 (43) 45.04
104,51 7Lk ,
121.9.23 12’5008 l.é
154.39 156,81
(38) %g:ig t = 0,0277 secs.
83.02 1.8
l ° 2
104_g§ (44) 40.45 0,85
182,33 60.16
79.68 0.70
98.63
(39) 37.57 116.84 0,55
58.71 1.3 133.76
071 L 1328
103:25 162.95  0.40
ttmosphere 65% oxygen N -
35% ni%rogen Kt o= 1
5 o (45) 44.74 0,38
o) R 674
‘(-
1§g°lg 1.5 115.42  0.36
134, 140.17
159.23 165.16  0.35
(41) 49.32 (46) 42.21  0.27
71,90 1.4 Sf-gz
2042 103.81  0.2¢
119,56 124.96
116,08  0.24



(47) s D1 (54) 104.95
139.15
30.99  0.26 173.70
51.79
52'3Z 0.24
. .d
115,65
138.63  0.23
(48) 47,01
69,04  0.37
91.78
(49) 32.09
52.83 0.4
7 04'"}‘
(50) 33.73
55.61 0435
78.27
(51) 41,31
05.74
88.15  0.39
111,1
13d.4
.F Oo 4‘
80.§9 ]
o= 3,1
K" = 0,292
t = 0,0343
(53) 67.61
9735
128,14 1.6

1.6
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TABILE VIITI

POGITION - TIKE HISTORIS; DROP WIVn SIDE FLAMES

too-/.

Pentane, , 0xygen
2taos dhere (61) gg.;
) 53
1 111,24
(55) 45.55
109,72 15
142,01 007,
Bengzene,, oxygen
plitogpilere
(56) 41.85 .
104,95 o 00.2 Cec
139.1% 101,8
(63) 415.24
Penteone, otwdsalieric air 85,92 2.4
129,06
(57) 4-%%
3 .
91.59 te5
128,27 Bengzene, ztwosdheric sir
154,13
(64)  39.39
79639
, 121.30 1.8
Penteone 50% oxygen 164,87
50% nitrogen
(65) 18,08
(58) 51.75 sg.gs 1.8
73.57 93,87
96,55 0.95
1z20.4% .
141.83 (66) 24,77
169,70 64,09 1,7
105.‘/1'5
148,56
(oo
Héptane, oxycen
Atmosphere
(59) 31.22
9.16 1.4
;9.‘]'3

121.70
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SYMBOLS
a acceleration of the drop L/t2
a acceleration rate of the dropr image on the 5
p plate /%
A projected area of the drop L2
B transfer number -
bi coefficients of polynomial -
c specific heat of the medium, constant 2, 2
pressure L°/%°T
Cd drag coefficient -
Cdo drag coefficient, steady state -
Cdm drag coefficienli, mean properties basis -
C'd, C"d componants of the drag coefficient -
Ty todidwd dhag  wefpricat)
Cd,loc drag coefficient, aocal -
*
Cd drag coefficient for rapid mass transfer -
C"a corrected drag coefficient -
D diffusion coefficient Lz/t
D1 dror image size on panphot projection screen L
Dc diameter of vessel L
i body force vector ML/’G2
Py drag force ML/t2
g acceleration due to gravity L/t2
. heat transfer coefficient M/t3T
h mass transfer coefficient M/412
ht! enthalpy per unit mass L2/t2
x Dimentews  ane quen o berws o Man (M), Length (L) | lime (f’}/

CM\J{ ‘fe;\\.rel cvl;m ( T)



Kl
K!l
K!H

xi

Heat of combustion

rate factor

magnification: field/plate
magnification: plate/screen
magnification: field/screen
mass flux, dimensionless
conductivity of medium

a constant

latent heat of cevaporation

mass of drop

mass concentration (suffixes s, g, and O2 g
refer to drop surface, the medium
and the concentration of oxygen in
the medium respectively.)

Molecular weight of component A

u/1°
M/mole

molal flux of component A across the interphase

flashing frequency, average .

flashing frequency. short term

Nusselt number

Nusselt number for mass transfer

Pressure

Prandtl number

partial pressure of oxygen in the medium

drop radius

moles/th



Re

xii
drop radius (egns. 2-3.2-4)
flame radius (eqns. 2.3.2 =4)
stoichiometric ratio
radial distance from drop centre
universal gas constant
Reynolds number

distance of drop image from an arbitrary
datum on the platve

time
temperature (suffixes g, f and s refer to

ambiant gas, the flame and drop surface
respectively)

velocity

relative velocity between drop surface

and the medium at infinite distance
to it

normal velocity of wvavour at drop surface
terminal velgaity

velocity of drop image in the plate
position coordinate, x direction
Correction factor for high intensity mass

transfer case. (suffixes v, T and AB
indicate corrections for momentum, heat
and mass transfer coefficients).

density (suffixes 1, g, 0,, i1 and o refer
to the liquid, the medium,oxygen, inner
and outer phases respectively.

L/T

L/T
/T
L/T
/T

M/



dx A Y

xiii

evaporation constant
diffusivity ratio
surface tension
viscosity

kinematic viscosity
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