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I internal flowfield of the dropletis represente,_by the classical Hill's spherical vortex.

I This allows a numerical solution for the external boundary layer, from which the
droplet's effective drag coefficent, rate of mass loss, size, and the shape of the diffu-

I sion flame with fast chemical reaction kinetics delermined. Subse-infinitely

quently, the quasi-steady model with uniform liquid temperature is extended to

I examine theeffects of the transientheating of the droplet interior. Time-dependent
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face temperatures. Comparisons of model predictions with experimental data are

I made. To examine the effects of finite-ratechemical n:action kinetics, a one-step

formulation of the combustion mechanism is integrated into the gaseous boundary

I layer equations. Simplifying assumptions for the variation of gas properties,
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I
I CHAPTER 1

i INTRODUCTION AND BACKGROUND

i 1.1. Introduction

I Over the past few decades, the widespread use of liquid sprays in combustion

I systems has led to increased research interest in the studyof single dropletevapora-
.. tion and combustion in a convective environment, as pointed out in a numberof

i comprehensive review articles, such as Faelh (1977), Law (1982) and Sirignano

i (1983). Especially in the 1980's, extensive effort has been directed toward the
analyticaland computationalmodeling of this problem,which is complicatedby the

I transient,multi-phase,multi-dimensionalnatureof the transferprocesses involved.

In manypracticalcombustorsituations,Reynolds numbersassociated with both

I gas and liquid phases are not largerthan O(I00). This "intermediate"rangeof Rey-

I nolds numbersmakes a fully numerical treatment of the gas and liquid flowfields
seem necessary. However, the transient fully-numerical solution for the lifetime of a

I burningfuel droplet requiresimmense computational effort. Dwyer (1989) reports

that computing times associated with the fully-numerical solution of droplet eva-

Ix)rationand burning are of the orderof 2 hours of CPU time on a Cray computer.

I Furthermore, these fully numerical models almost always involve various
simplifications in each calculation, such as assumption of constant gas properties,

!
!

I
I



I
neglect of liquid phase motion or heat transfer,and/or restriction of the range of

1
Reynolds, Peeler andMach numbersinvolved (Dwyer and Sanders(1986,1988)).

Facing these difficulties associated with full computer simulation even more I

severely in the seventies, F,akashand Sirignano(1978,1980) developed an analytical

model suitable for high Reynolds numbe,_both in the gas and liquid phases, which

ultimately gave reasonable results for an evaporating fuel droplet at Reynolds
1

numbers of O(100). Encouragedby and buildingon the workof Prakashand S_g-

nanc_(1980), the presentstudy aims at developing an analytical/numericalmodel for /

single dropletcombustion in a uniformconvective flowfield which will involve the
mm

significant featuresof the problem without requiring large computationaltimes. In 1

° particular,we wish to examine the effects of chemical reaction, which was not con- 1
1siderealby PrakashandSirignano0980)° employingboth infinite andfinite rate

representations of chemical reaction kinetics for an envelope flame aroundthe dto- /
li

plet. We also wish to estimate the errorir,troducedby simplificationsin the evalua-

tion of thermophysicalproperties,which is commonly done in combustion analyses I
1

to reduce computational times. For this purpose, the exact variationof gas proper- 1
ties within the boundarylayerwill haveto be taken into account. Reducing the com- 1

put,',,tionaleffort significantly, the boundary-layerapproachemployed in the present I
III

study will enable such an analysis withinvery reasonablecomputationaltimes. The

representationof compressibility in the flow approachingthe droplet provides a I

Mach-number dependent analysis for the gaseous boundary layer which is Sl

sufficientlyaccuratefor free stream Mach numbersM. < 0.3. 1

I
t

I



I
I 1.2. Sphericity ofthe Drop +

I If the Weber numberfor a liquid dropin forced convection or in gravitational

i motion, definedas
2p.u2.a

Wc= , (1.1)

! °
p. and u, being the density and relativevelocity of the gaseous flowtield aroundthe

I droplet, R the dropletradius and a surfacetension, is above a critical value, the drop

i gets deformedand, eventually, breaksup into smallerdrops. Based on experimental
observations, Eisenklam (1961) gives the critical Weber number as We= = 13 for

I drops in forced convective flow, and as We= = 22 for freely falling drops, lt can be
shown in a straightforward manner that this Weber number limit corresponds to anam

I upper limit for the productof the Reynolds and Mach numbers(Re,M,) in termsof

i gas andliquidproperties,i.e.
Re.M. _ 13°---_-- , (1.2)

|
where IJ- is the viscosity anda, the speed of soundin the free stream. Eq. (!.2) thus

I defines a regime of sphericity for a drop in forced convective flow. For the cases

studied within the framework of this thesis, the drop can be assumed nearly spherical

W accordingto this criterion.

I Clift, Grace andWeber(1978) give a similar shape regime curve in termsof the

Reynolds number and the Eotvos number Eo= 4(prp.)gR2/o for gravitational

I motion of drops. In the Reynolds number regime that we are interested in, i.e.

I 50 g Rc-_ 200, this plot gives roughly Eo <_0.5, which yields, with Wea = 22 for
gravitational motion,

I
I



m

1.3. Empirical Correlations for Evaporation Rates from Single Drops in a Con-

vective Environment. i

Experimental research on the evaporation of single drops in a convective il

environmentdates back to the 1930's. As early as 1938, Froessling (1938) was able II

to obtain an empirical correlationfor the evaporationof single suspended nitroben- Ien
zene, naphtalene and water drops at room temperatureand atmospheric pressure.

, The correlationproposed by Froesslingfor the rateof evaporationfrom a dropis I

i

th - thu( 1 + 0.276 Sct/3Ret,/2), (1.4) I
w

where Sc is the Schmidt number©,fthe surroundinggas, and th_ denotes the rate of at

evaporation from a drop in the theoretical case of spb-.rically-symmetric,diffusion I

controlled evaporation which would occur in the absence of forced convection and ][

gravitation, rhssis calculatedas (e.g. see Kuo (1986))

rh**= 4nRpsDs in ( 1+ B ), (1.5) I

where Ps and Ds arc, respectively, the mass density and the mass diffusivity of the
lg

gas at the surface of the drop, and B is the so-called Spalding transfer number,

definedas t

B = Kt., - Kt.. (1.6) I1 - Kt.. '

Kf being the mass fractionof the fuel vapor in the surroundinggas mixture. I

Froessling's correlation(1.4)was obtained from experiments performedwithin

i
' i

I
I



!
i the range of Reynolds numbers2 < Re.,< 800.Ranzand Marshall(1952) were ab!e to confirmFroessling's results aftercxper-

I imcnts on suspended water drops at atmosphericpressure and 358 K<T.. _494 K.
They reporteda slightly different coefficient than Froessling's:

I _h=_hm(l+0.30Sc_rSRe_n). (1.7)

I This type of correlationhas become known as the "Ranz-Marshall-correlation,"and
widely used in practical applications. Ranz and Marshall's data was taken at

I 10<Re. g200.

i Froessling's and Ranz and Marshall's experiments did not involve chemical
reaction. Spalding(1953) used a porousmetal sphere filled with liquid fuel to simu-

_ late the burningof a fuel dropin a convective environment. The experiments were

conducted at Reynolds numbers 800<R¢.<4000, and for transfer numbers

I 0.6 _ B _<5. Spaldingproposedthe correlation

I m" = 4nR2m=0.53 2-_RB3/SRe_ 2 (1.8)

I burningdrops at highReynolds
for these numbers.

The porous sphere technique was also used by Agoston et al. (1958). These:

authors gave for ethanol and methanol burning at high temperatures

i (2200 K _T, <2900 K) the correlation

i m = _fiu(1 + 0.24 Rc,_ ) (1.9)
to representtheirdatawhich containeda high degree of scatter. Furthermore,Pr- !

I was assumed in this correlation.

A third technique, measurementsfrom freely falling drops, was employed by

I '
I
I
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i
Eiscnklam ct al. (1966) and Natarajanand Brzustowsid (1970). Eisenldam et aL i

(1966) proposed correlations for both evaporating and burning drops, but these
M

correla6ons will not be mentioned hen: since the experiments were carried out al

very low Reynolds numbers(Re, • I0). Natarajanand Brzustowski (1970), on the I

other hand, approximatedtheir datawith the same type of correlationfor both eva- m

poration and burning,Le. I

n,,=o.73 lt 0.o) IPrR I+B '

where the subscriptm implies thatavenge quantitieswere employed for gas proper- l

ties. These avenge values as well as the transfernumberB were defined separately
llM

for evaporation and burning. Natarajan and Brzustowski's data was taken at i

4.4atm_<p,_41.g5aun, 10<Rem_20,000 and T, fSg9K, for drops of the size 'l
II0.1 mm_R<l mm.

Finally, Renksizbulut and Yuen (1983a) measured evaporation rates from 'I

suspended n-Heptanedrops in the absence of chemical reaction. These authorssug-
I

gested a modified versionof theFroessling/Ranz-Marshalltype correlation: I
..

Pm B
Prtt3Re_/2), (1.11) irh"-PrR (I+B)0.? (1 +0.285

where Pr=Sc was assumed. The data was taken at atmospheric pressure, for I

511K _T. <723 K, 78 -<Rem_ 1974, 0.9<B m -<2.79,and 0.82 mm ZR <3.18 mm.

The Re_-dependence in ali of these correlations suggests thai for large Rey- i

nolds numbers heat and mass transfertake piace across a laminarboundary layer Im
adjacent to the droplet surface.

I

I
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!



I 1.4. Previous Theoretical Work on the Evaporation and Burning of a Single

I Drop in a Convective Environment

I Until the late 1970's, theoreticalstudies of dropletvaporizationandcombustion
were restrictedto the spherically symmeu'iccase of a droplet evaporatinginto an

I infinite environment correlations for convectivequiescent even though empirical

effects on single droplet evaporation,based on experimental observations,existed

i since the days of Froessling (1938) and Ranz and Marshall(1952). Earlierworkon

I spherically symmetric droplet evaporationand combustion had suggested that the
. evaporationprocess should obey the so-called d2-1awfor the surface regression rate

if it could be considered quasi-steady (see, review article by A. Williams
e.g.,

(1973)). This was verifiedby the zero-gravityexperiments of Okajimaand Kumagai

I (1974). The fully numerical solution of the u'ansientproblem by Hubbardet al.

i (1975) confirmedboth the validity of the d2-1awfor the later partof droplet lifetime
and the importance of the initial transientperiod of droplet heat-up, the length of

I which is subject to ambientconditionsand fuel properties.

The effect of a convective flowfield over an evaporatingdrop is twofold: the

I• evaporation process is altered not only by the gas-phase convection at the droplet

i surface but also by the liquid-phase motion and heat transferwithin the droplet.
Harperand Moore (1968) examined the motion of a dropin anotherfluid, assuming

I Reynolds to large enough a boundarylayer type approach
the numbers be for of to

be valid, but small enough for surface tension to keep the drop in nearly spherical

I shape. They showed thatfor thiscase, except for the viscous liquid and gas boundary

, layers near the drop surface, the flowfield would be described by potential flow out-
side, and by Hill's spherical vortex inside the drop. The strengthof the vortex in

I
7
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I
relation to the free stream velocity could be determined imposing a condition for i

shearsu'esscontinuityat the dropsurface. I

LeClair et al. (1972) calculated the velocity at the surfaceof a water spherein
i

air flow using different approaches, and compared their results with experimental

observations.ForfreestreamReynoldsnumbersofRe. = O(I00)anddropetradia I

ofR g 0.5mm theresultsobtainedfromtheboundary-layermodelasemploy,_by as

Harper and Moore (1968) were veryclose to resultsobtained from numericalsimula- i

fion,andthesewerebothingoodagreementwithexperimentalresults.

Numericalsolutionsfordropsorbubblesmovinginfluidswerealsopresented

and Ryskin (1976) andRivldnd ct al. (1976) for the whole range between I

d

by Rivkind

_q/p.. --40 (spherical bubble) to I,q/g- -4 oo (solid sphere). The results of both m

LeClair et al. (1972) and Rivkind and associates (1976) show that for Re, = O(100) I

the streamline pattern inside the drop resembles very much that of Hilrs vortex ii
i

although the vorticity distribution may be somewhat different. Another significant

result of the above mentioned authors' numerical work is that for these moderate

free stream Reynolds numbers, i.e. Re, -O(I00), there will be only a very small m

region near the downstream stagnation point where a secondary vortex, if any, can i

be formeddue to the negative shear stress in the wake region downsn'eam of separa- ii
Jl

tion.

The mass transfer process in a droplet experiencing convection from a sur- i

rounding fluid was examined in connection with solute extraction from falling dro- ll

plets by Kronigand Brink (1951), Johns and Beckmann (1964) and Brignell (1975) i

among others. Both Kronig and Brink's (1951) and Brigncll's (1975) work is based i
I

on two basic assumptions: (i) the circulatory motion within the droplet is described

and (ii) mass flux of the extracted substance is normal lby the Hill's VOTteX so]utiorl,

s |
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I
I to the streamsuffaces of the Hill's vortex.The latterassumptionis based on a reason-

ing by Kronig and Brink (1951) that the time required by a liquid particle to pass

I around closed streamline to its is negligibly smaller than the
once a starting point

dme of massdiffusion.Then, lhc concentrationof thedissolvedsubstancecanbe

I assumed to be the same at any point of the streamline,but varies from one stream-

I line to the other. Thus, spatially,concentrationcan be considered to be a functionof
the streamlinecoordinateonly, and the differential equationfor species conservation

i be simplified accordingly. Johns and Bcckmann (1966) solved the problem
can

numerically, showing that the solution for large Peclet numbers (Pe> 100)

I approachesthatof Kronig andBrink (1951) which, essentially, is an infinite Pcclet

number solution. .
The significance of the work related to solute extraction from moving droplets

I for droplet evaporation is that both heat andmass transfer in a droplet with internal

circulation are described by the same type of diffusion equation. Thus, the findings

i of the above-mentioned authors can be applied to our problem by simply replacing

i solute concentration with liquid temperature in the diffusion equation as the property
of interest. Pan and Acrivos (1968) examined the heating of a body of circulating

liquid and showed that, as a parallel to the solute concentration in the above men-
tioned case, the liquid temperature TI is given by Ti = TI(V) + O(Pe-1) for Pe :> 1,

i where V is the streamline coordinate.

I Building on these findings by previous investigators. Prakash and Sirignano
(1978) developed a model for a dropexperiencing evaporation, internal circulation

I and unsteady heating. Later, they coupled this liquid-phase solution with a gaseous

boundary layer solution around the droplet (Prakash and Sirignano (1980)). Thus,

i essentially, the analytical model of Prakash and Sirignano (1980)contains four flow

! ,
!
!
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I
regions: anexternal gaseous region of inviscid, incompressibleflow, a gaseous boun- m

MB

dary layer adjacent to the droplet surface solved using integral methods, a viscous

layer in the liquid phase solved assuminga perturbationsolution for the velocity, and I

an inviscid liquid core where the motion is described by Hill's spherical vortex.

Based on an argumentrelated to the comparisonof the characteristic diffusion times m

involved, the authorsassumed that the only unsteady process in the problem is the mm
II

heat transferin the liquid core, where"Ii= Tl(_r) + O(Pc-I) for Pe :s, I, as mentioned

above. The heat transferhas to be consideredunsteadyfor many practical situations. I

Forexample, for heavy fuels at high pressures and temperaturesthe heat-up time for m

an evaporatingdropletcan be aboutas long as its entirelifetime. I
Q

Despite the fact thatthe rangeof Reynolds numbersin this problemraises ques-
U

tions about the use of the boundarylayer approach,and that the assumed isotherm

patternwithinthe dropletis establishedonly afteraninitialdevelopment (see numer- l

ical workof Dwyer et al. (1984)), Prakashand Sirignano(1980) reported satisfactory J

agreement of their results with existing empirical correlations, such as the Ranz- l'

Marshall (1952) correlation and the Spalding (1953) correlation which is based on
M

: datataken at higher Reynolds numbers, i.e. 800 <_Re g 4000. In the following years,

Lara-Urbaneja and Sirignano (1981) extended this model for studies of multicom- I

ponent droplets, whereas Tong and $irignano (1982) developed a more simplified lm

model involving an approximate analytical solution for the heat transfer in the liquid I

phase in an effort to obtainresultsapplicableto spray combustion calculations. 1
lm

Using a similar approach, Rangel and Fernandez-Pello (1984) examined the

effects of a diffusion flame (i.e. infinitely fast chemical kinetics) on the evaporation I

process of a circulating droplet. They included the effects of natural convection in

their work, maintaining the axisymmetric nature of the problem -- which _,,1NN

,0 |
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I corresponds to the burning of a droplet falling under the influence of gravity,for

t

instance. However, they did not consider the transient heating of the droplet. The

I reactingboundarylayer was solved using a Blasius-type seriessolution.

Finally, it should be mentioned that the convective droplet evaporation and

I burningproblemhas also been modelled fully numericaly in the mid and late 1980_s.

i For a drop evaporating in the absence of chemical reaction, Renksizbulutand Yuen
(1983b), Dwyer and Sanders (1984), Renksizbulutand Haywood (1988), Haywood

i ct al. (1989), Huang and Ayyaswamy (1990) and Chiang ct al. (1992) performed

fully numerical calculations, the latter four being unsteady calculations. The latter

I three also took into account variationof thermophysical propertieswith temperature

I andmixturecomposition, insteadof representingit throughsimplifying assumptions,
as commonly done in combustion analyses. Later, Dwyer and Sanders (1986)

I includedchemical reactionin theircomputations.

I 1.5. Fin|tc-Rate Chemistry and Ignition

t Ignition is defined as "a transition from a nonreactive to a reactive state in

l which external stimuli lead to thermochemical runaway followed by a rapid transi-
tion to self-sustained combustion" (Kuo (1986)). lt can be introduced either by

t external sources such as sparks, pilot flames, hot wires, or it can occur spontane-

ously, i.e. by the mixture of reactantsreaching the thermodynamic conditions neces-

I sary and sufficient for chemical reaction. In the present study we will restrict our-

I selves to the latter ignition mechanism, spontaneous ignition, also termed "self-
ignition" or "thermal ignition" in the literature.

!
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Self-ignition of hydrocarbon fueh in the form of liquid droplets in air proceeds n

through a series of steps which can be roughly outlined as follows (A. Williams i
II

(1990)): (i) The surface temperature of the droplet increases, primarily by conduc-

tion, and the vapor pressure of the fuel increases; Cd)the fuel vapor mixes with the n

oxygen in the air and the temperature of the combustible fuel vapor-air mixture I

increases; (iii) the composition of the mixture becomes within the inflammability i

limits for the particular fuel-air mixture and the temperature increases so that it _l
II

exceeds the ignition temperature; (iv) at this point the rate of the hydrocarbon-

oxygen chain reaction exceeds the critical limit and ignition occurs. Obviously,
i

there are a number of open questions associated with this "critical limit," such as
i

what the mixture composition and temperature necessary for ignition are, or when i

.- and where ignition starts. I
a

The complex, transient nature of the self-ignition process makes it necessary

that a more or less sophisticated representation for the hydrocarbon-oxygen chain i

reaction be employed to study it. The simplest representation for chemical reaction
/

kinetics, a diffusion flame with infinitely fast chemistry, is not suitable for ignition i

studies. The simplest reaction rate model accounting for finite rate chemistry is a /
iione-step chemical reaction with an Arrhenius-type reaction rate expression, i.e.

i

where Af is the "frequency factor", E, is the activation energy, Ru is the universal m

gas constant, and T is the temperature of the gas mixture. This type of representa- im
tion, however, also poses problems, for instance, in terms of determining an "ignition

temperature," the temperature at which ignition will occur. As readily seen from eq. i

(!.12), the reaction rate k, according to the Arrhenius type of representation, will be

1
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i nonzero for aU temperatures. One higher stage of chemistry modeling is, then, a

I multi-s_eprepresentationof the chemical reactionthat is closer to reality.

Problems like this, and, in general, the complex natureof the ignition process,

I make the detailedexamination,interpretationand predictionof ignition phenomena

very difficult. Furthermore,experimentalobservationsare equally difficult to per-

form due to the extremely short characteristictimes associated with this transient

i Nevertheless, a significant amount o2 research effort has been devoted to
process.

the study of ignition (and extinction) phenomena, and certain criteria that can be

I used to predictignition (andextinction) have been developed.

I As mentioned above, ignition and extinction areessentially u'ansientprocesses.
However, one may assume that ignition can be achieved only if the steady-state

I equations possess a describing analyses on
solution combustion. Therefore, based

quasi-steadyflow can still provide informationthat is relevant to ignition andextinc-

i tion.

I For examining finite-rateinfluences on diffusion flames and for developing
ignition (or extinction) criteria, a number of different approaches have been

I employed by different investigators. Perturbationmethods combined with simplified

chemical kinetics have been useful in establishing a better understanding of the

I natureof the physical processes involved. Two types of perturbationapproachesare

I utilized for this purpose: Damkohler-number asymptotics and activation-energy
asymptotics. The Damkohlernumber is a similaritygroup that is defined as the ratio

I of a characteristic diffusion to a time, or, reaction rate to
time characteristic reaction

diffusion rate. This means that for small Damkohler numbers, i.e. Da-4 0, one has

nonreacting flow, the "frozen-flow" limit, whereas Da _0- implies practically

. infinite chemical reactionrate, the "equilibrium"limit.

!
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If one plots the maximum temperature"Fmversus the DamkohlernumberDa, as

shown qualitatively in Fig. 1-1, one obtains a characteristicS-shaped curve (Willi- I

mmmb

ares (1985)). The lower branchof the curve representsthe frozenflow regime, while m

the upperbranchcharacterizesthe near-equilibriumflow regime. The turningpoints

of the curve determine the critical Damkohler numberfor extinction, Das, below
m

which no chemical reactionis possible, and the critical Damkohlernumberfor igni-

above which one has a fast-chemistrydiffusion flame. When one moves ition, Dal.

towards left on the upperbranchby decreasing Da, there will be a jump in the tem-

perature upon reaching DaE, i.e. abruptextinction will take piace. Similarly coming m

from the frozen-flow regime of low Damkohler numbers, abrupt ignition will occur _r
m

- upon reaching the ignition DamkohlernumberDx. The fact that ignition and extinc-

tion conditions fall near the turningpoints of the S-shaped curve makes their compu- i

ration difficult. Usually, rather laborious ummericalintegrations are needed to locate
MM

the comers (Williams (1971)). I

Obviously, the regime DaE<Da <Dax is likely to be unstable and, therefore, n
n

not significant for diffusion flames. Williams (1971) points out the difficulty of

establishing combustion conditions experimentally that would correspond to points I
on the middle branch.

m

In the Damkohler-numberasymptotics, Da is treated as a large parameter, I

which corresponds to the case of a flame approaching the limit of infinitely fast 1

chemical reaction kinetics. Damkohler-number asymptotics, combined with one-

step Arrhenius-type reaction kinetics, was employed by Friedlander and Keller I

(1963), Fendell (1965), Kassoy and Williams (1968) for studies related to reaction- I

zone thickness and to obtain profileswith continuous gradientsfor temperatureand n

mass fractions, which is not possible if one assumes infinitely fast chemistry. I

14 _1
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Damkohler-number asymptoticsalso provides the possibility of analyzing the small

I Damkohler-_umberregime. However, analyses of ignition and extinction, i.e. cora-

l putations in the vicinity of the turningpoints of the S-curve, cannot be performed
using Damkohler-numberasymptotics. For this type of studies, large activation-

energy asymptotics more useful for it is
is valid for ali Damkohlernumbers.

l Largeactivation-energyasymptoticswas appliedfirstby Linan(1974) on _ffu-• sion flames. In this analysis "large" activation energies are assumed, which really

l means thatthe ratio of the activationenergyE, to the thermalenergy (RUT)is much
larger than unity (see equation (1.12)). The most significant result of this type of

i analysis was that conclusions were possible with respect to different reaction

° regimes and the existence of critical Damkohlernumbersfor ignition and extinction.

I i.e. the turning points of the S-shaped curve. Law (1975,1978) employed large

I activation-energyasymptotics combined with a one-step Arrhenius-typereactionto
determine critical ignition and extinction Damkohler numbers for a single droplet

I burning in a quiescent atmosphere. Krishnamurty(1976)
and Femandez-Pello and

Law (1982) examined convective ignition by large activation-energy asymptotics at

i the stagnation point of a droplet. These authors determined critical Damkohler

I numbers for ignition using matched asymptotic expansions. Using the analytical
methods established by these authors, Rangel and Fernandez-Pello(1986) calculated

I critical Damkohler numbersfor a droplet in a mixed-convective flowfield,ignition

neglecting the effects of a'ansient dropletheating and liquid-phase motion.

I Numerical integration of the conservation equations has been employed by a

i number of investigators through the use of known reaction rates in one step 0.,orell
et al. (1956)), two-step (Jain and Mukunda (1969)), or multi-step (Liu and Libby

I (1970)) representations for the combustion of different fuels. The main problem

I 15
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I
with the examinationof ignition and extinction phenomena, however, is the lack of

detailed knowledge of the physical parametersinvolved in the chemical reaction I

kinetics. Kashiwagi and Summerfield (1972) introduced an ignition criterion that

Ienabled predictions based on experimental observations. For the boundary-layer

flow of a hot oxidizing gas over a solid fuel surface, these authors postulated that

ignition would occur when the integratedreaction rate throughthe boundarylayer

!was largerthana certainvalue c*, i.e.

- I(reaction rate)dy _ c*. (1.13)
0

i

" Here, y is the coordinatenormalto the fuel surface. A value for c* was selected by I

the authors based on the experimental ignition criterion of a minimum detectable I
ii

light density, seen by photomultipliersviewing the boundarylayer.

!
I
!

I
I
1
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CHAFFER 2

I STEADY-STATE EVAPORATION AND BURN_G

!
I 2.1. Formulation and Method of Solution

I previouschapter, present study at developing an
As mentionedin the the ainu.$

ql.

analytical/numericalmodel for the combustionof a single dropletin a uniformcon-

I vective flowfield. Since one objective of this modeling effort is to avoid largecom-

I putational times, a boundary-layertype of analysis is employed, which, of course, is
valid only for moderate to high Reynolds number regimes. Species diffusion and the

I of a diffusion flame with infinitely fast chemical kinetics arc representedin
presence

the gaseous boundarylayer adjacent to the droplet surface. The external, gaseous

i flowfield about the droplet is solved by an approximate analytical method, and this

i solution is to drivethe external gaseous boundarylayer flow and the circulating flow.
in the droplet interior. A schematic description of the lkatures of the present model

i is shown in Fig. 2-1.

In this chapter, a uniform liquid-phase temperature is assumed. Since earlier

I work such as that of lh-al(ashand Sirignano (:1980)has shown that the liquid-phase

I heating is essentially unsteadyin the very early periods of droplet lifetime, calcula-
tions presented in this chapter would apply to larger droplets in the later stages of

I evaporation andburning,when a uniformliquid is reached.temperature

| n
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I 2.1.1. External Gaseous Flowfleld

!
"lhc external inviscid gas flow about the spherical droplet is represented by a

I compressible potential t_ow solution. Defining vcloci_ potential _Cr.0)
the for

axisymmctric fluid motion, the potential equation for steady, irro_ationa],isentropic

1 flow of a perfect gasreduces to (Van Dyke (19751):

- r u.u. (2.1)

I We note that the isentropicflow assumptionrequiresany chemical reaction to take
qlb

I piace withinthe viscous boundarylayeradjacentto the sphericaldroplet.
The boundaryconditions for equation(2. I) are given by the requirementsthat

I the flow is uniform far from lhc sphere and that the velocity at sphere's
normal the

surface is zero. For "slightly compressible" flow, i.e. small free-sm:am Mach

i number (M2. <: I), the solution of equation (2.1) can be expanded into the form

I (Van Dyke (1975)):
_(r,O;M2.)= _o(r,O)+ M2._1(r,O)+ O(M_). (2.2)

Since ii readily follows fromequation (2.1) thal ali the effects of compressibil-

I ity are O(M,2.),the zeroth orderterm O0(r,0)in equation (2.2) is given by the solu-
tion of the homogeneous Laplace equation V2O0= 0, with the boundary conditions

I _o "4 -u.r cos O as r --) ,-. (2.3a)

i and
a,o
----- -- 0 at r = R. (2.3b)

This, of course, recovers the well-known solution for incompressible potential flow

t
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overa sphere(Panton(1984)): ms

i

where a dimensionlessradialcoordinateis introducedas_= r/R.

Forthefirst-orderterm _l(_,e), one has from equations(2.1) and(2.2) Ilmqm

The boundary conditions for thevelocity potential¢_(_,0)have alreadybeen satisfied I

by the zerothorderso|udon ¢_0_,0), so that _1 -_ 0 as _ --4ooand c)¢___._1= 0 at _ = 1.

Substituting¢_0(_,0)from (4) into (5), one obtainsthe explicit governingequationfor

u-[[9r _ 9.-, 8,--._0"]_e [-sS-r_-_-r +-_-r jcos3e]_3"' ,,_,o]v_, =-_ - _ +_._ j _o. +

(2.6) t
which can be solved by separation of"variables, yielding the expression

*I(;,0)=-u-R 2-_r +-_--_r - ,ors+ 4224 jc°s 1
J

The potential-flowsolutionfor theexternalgasflow is thusobtainedto orderM_,
I

whichcan be regardedas sufficientlyaccuratefor the low subsonicflow regime.
.

Assuming the viscous layer to be "thin", i.e. the boundary-layer approximation I

to be valid, the velocity at the edge of the viscous layer, uc(O),is obtained from

I
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I differentiationof thevelocity potential_, which gives

.(8) 3. 28._M2..sinO[_ . O]+O(M4.). (2.8)i _ =_-sme- 1-_sm 2

I For isentropic inviscid flow, the temperature,pressure, and Mach number at the
boundarylayer edge can be computedfrom freestreamvalues in a straightforward

I manner. The use of the boundarylayer approximationalso requires the evaporation

rate from the droplet,or the radial velocity at dropletsurface,to be small. In Section

I 2.1.3 it will be shown that this requirementis fulfilled.

I
2.1.2. Internal Liquid Flow

I
The gas flow over a liquid dropinducesa liquid-phasemotion within the drop

lm

I through momentumtransferat the gas-liquid interface. Harperand Moore (1968)

i show that the internalrecirculatingflow of a dropletin a convective environmentcan
be representedby the well-known Hill's spherical vortexsolution if one neglects the

I existence of small counterflowvortices nearthe downstreamstagnation point driven
by the vortical flowfield beyond the separationpoint. In the high Reynolds number

I limit, the streamsurfacesfor this type of flow aredescribedby the streamfunction

1AR4_2(1__2)sin2e. (2.9)| v=o-7

I In the above equation, A denotes the vortex strength,which is a constant throughout
the inviscid liquid-fow region. This unknownvortex strengthA is to be determined

I throughthe couplingof thegaseous and liquid-phasesolutions.

i The velocity componentsof the liquid flow can be obtainedin a straightforward
manner, so that as a first approximation,the velocity at the edge of an internal

| 20
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I
viscous layer, ui(O), is represented by the magnitude of the Hill's voru_x velocity i

vector at r =lt:

ui(O) = AR 2 sin e, (2.10) I

indicating that the presence of the internal viscous layer is actually neglected here. m
According to the boundary layer approximation, the error introduced by this assump- [[

don will be O(Re[ '1/2) for surface velocity. Similarly, the error for the surface tem- I
i

perature will be O(Pei't /2). Brignell (1975) gives a lengthy and detailed discussion

error introduced by the neglect of the viscous layer near the drop surface, i
about the

In the analysis of Harper and Moore (1968), the velocity at the surface is taken to be ii

only a small perturbation of its value at the edge of the viscous liquid layer. Prakash i

and Sirig_ano (1978) show that this is a valid assumption while the same may not be
U

true for vorticity, since the difference in vonicity between the surface and the edge

of the viscous layer may not be negligible. However, as will be seen in the "Results I

and Discussion" section, the overall effect of liquid motion on the transfer processes m,

in the gaseous boundary layer is relatively insignificant. Thus, the emphasis being i

placed on overall evaporation and drag calculations within the scope of the present [I
li

study, the surface motion is approximated by the inviscid inner flow solution at the

limit r= R. This reduces the required computational time for the solution of the cou- I
!

pied gas-liquid boundary layers considerably, since the (presently neglected) lici:_id
ali

boundary layer solution is effectively obtained from calculation of one unknown I

parameter, namely the vortex strength A that appears in the boundary conditions for I
II

the gas flow, as outlined in the following section of this chapter.

I
2.1.3. Gaseous Boundary Layer Analysis

I

!
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I For the viscous gas flow adjacentto the droplet surface, the governing equa-

l tions and boundaryconditions account for the effects of chemical reaction, tangen-
tial surface motion, and mass blowing due to evaporation (and combustion) at the

I gas-liquid interfacewithin the frameworkof a laminaraxisymmetricboundarylayer,
the thickness of which is much smallerthanthe dropletradius. The burningprocess

i :_ is representedby infinitely fast reaction kinetics, which shrinks the reaction zone

: effectively into a "flame sheet" of zero thickness within the boundary layer (the

i Burke-Schumann hypothesis), dividing it into two regions (src Fig. 2-2). 'lhc

i governing equations, written in surfacecoordinates (x,y), are then (see e.g. Kuo
(1986))

I _x (rspu) + _y (rspv)- O, (2.11)

p _ + v = pcue--_- + _ _y,j . (2.12)
i and

aH _H _ p
' 0 +v = +

I where rs(x) is theradiusof the cross-sectionof the sphereat x and H - cpT + u2/2 is

i the total enthalpy. These equations, of course, are valid when the boundarylayer
thickness is considerably smallerthan the dropletradius. The equations for conser-

I ration of species t_e the form

RegionI.y_;YI: P + v = D--_y] + wf, (2.14)

! Regionll, yayf: p _4. ay] _Y D 4-f,
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I
Here Kt and ]Codenote the mass fractionsof fuel and oxidizer, respectively, and f* i

is the stoichiometricfuel-oxidizermass-consumptionratio,given by I

lunun_- ' •

ALIinch gases are assumed to have the same propertiesas the productsof reaction I

and are treated together with the latter as one species. Furthermore, in the above
mequations, the simplifying assumptionhas been made that ali the species involved in

the problemhave the same diffusion coefficientD. 1

The assumptionof a thin flame sheet in the boundaJ7 layer introduces discon- m

tinuides in the enthalpyand concentrationgradientsat this location. By defining new I

composite variablesfor enthalpyand mass fraction,
U

H + f*qKo
G= (2.16)

II=+ f*qKo.= ]]
1and

' I
it is possible to eliminate these discontinuities as well as the source terms in equa- I

tions (2.13), (2.14) and (2.15) (Burke and Schumann (1928), Chen and Toong Is
(1964)). For laminar, axisymmetricboundarylayer flows with variable gas proper- 1

ties, Lees (1956) suggests the following coordinatetransformationthat incorporates m
elements of the Mangler,Howarth-Dorodnitsynand Levy transformations:

!
_,(x)=Jp=l_=u=r,2dx. (2.1S)

" l
Iq(x,y)=(_-'_'r.J.pdy. (2.19)

2, !
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I By defining a non-dimensionalcompressible streamfunction

t _(x,y) (2.20)

i where

I -_-: rspu. a'-'_:- rspv,
onecantransformtheoriginalgoverningequationsintoa setof ordinarydifferential

that thereexist self-similar solutions, i.e. if f, G and Kequations, provided locally

arefunctionsof 11only. Thus finally introducingthe non-dimensional velocity

I _ u
---- --. (2.21)

F01)- dll u,

!
one thenobtains the governingequationsfor plt = const, and unityLewis number,

!
2

G"(rl) + Prf(q)G'(q) = (l-l_) (n)F"(11)+ F'2(q , (2.22b)

t K"(q) + Sc f(rl)K'(q) = 0, (2.22c)

where _ -- Hc + i_qKo.e,and where primes denote differentiation with respect to the

similarity parameter 11.The assumption pit =const. is widely used for mass-transfer

l boundarylayers, non-reacting as well as reacting. As pointed out by Williams
(1985), this assumption is valid as long as there an: no abruptchanges in the average

molecular weight of the gas mixture. Kuo (1986) suggests the approximation

I :IIp,.. p,_,l.!--c°°""
| 2,
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I
which, for the cases considered in this study, corresponds to 0.93 < Pg/P,l_ < 0.99.

m

A thorough examination of the constant property assumption will be made in

Chapter 5. 1

The problem is now transformed effectively into the well-known wedge- m
m

boundary-layer problem, with varying pressure gradients for varying angular posi-

tions. The "pressure gradient parameter" p(_) in equation (2.22a) is defined as I

_= 7._ du,. (2.23)
u._ m

Since the pressure is constant across the boundary layer, the density ratio that m
al

appears in equation (2.22a), Pc/I}, is equal to T/Tc, and can be written as

i

for q<rh, and i

iii

for q>rlf, where Q¢= f*q/(cpTe). We note here that the heat capacity is assumed to l

be constant, similar to assumptions made by Prakash and Sirignano (1980) and D
ml

Rangel and Fernandez-Pello (1984). Calculations involving the variation of cp with

temperature and gas composition will be presented in Chapter 5. m

The blowing velocity at the droplet surface, after the Levy-Lees transformation,

gives m

PcPcUers I,,I,,

p.v.= (2_)_ f(e).

This gives in rum m

!
I



!

-- ]" ew.os3ejf(o),

i so that

=o

I This justifies the use of the boundary layer equations, for the error introduced by the
radial velocity component is of the same order as the error of the boundary layer

i approximation itself.

The solution of the set of ordinary differential equations (2.22) is complicated

I by the fact that the tangential and normal (blowing) velocities, temperature and

I speciesmass fractionsattheliquidsurfaceareallunknown asyet.The tangential
velocityUs(X)atthesurfaceisobtainedby couplingthegas-phaseflowtothe

i liquid-phase motion _hrough shear-stress continuity. This yields the
for unknown

i vortcx strength A in nondimensiona] form

, [3 F'(q =0) + O(M 2-). (2.25)
i u. 10 I_i

Obviously, eq. (2.25) gives different values for the vortex strength A at different

I angular positions O. A unique value for A is obtained by approximating it by its

i value at the forward stagnation point, i.e.

AR___2= 3 It-(2Re,)_F,(vI=0)+O(M_)" (2.25a)

I u.. I0 p_

(We note that approximating the vortex strength by its value by some other angular

i position, e.g. by its average value for 0 <-e _ al2 would change the obtained value by

I a factor of 0.83 only.) The surface velocity is then obtained as us = AR2sin O from
(2.10). The mass blowing rate ps%(x) at the surface is determined using the

I
!
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I
assumptionof negligible heat flux into the liquid phase at the interface. This cond/-

!
| i

The latent heat of vaporization, hv, is assumedconstantalong the liquid interface,an
I

assumption which is justified by an approximatecalculation with variablehr. Two

additionalrelations arerequiredto determine the fuel mass fraction and the tempera- I
lib

ture at the surface, and these are provided by the condition _hat the net flux of
I

combustion products throughthe,liquid interface must be zero, and by the Antoine I

equation for equilibriumevaporation. The formerimplies that I
iP qk

p,_,<_-K,.,>. p,v,I_K-_-I--0 <2._7>
Layj, !

which, recalling the definitionsof K(q) and f(q), reduces to I
I

K(0)= 1 1 K'(0_______)). (2.27a)

The partialpressureof fuel vaporat surface,Pf.s, is related to the mass fraction of

fuel vapor,Kr,s throughthe molecularweightsof the species: I

Pf.s= P, Kf.s/Wt + ( I - Kf.s)/Wp " (2.28)

Partialfuelvaporpressure,in turn,is relatedto thesurfacetemperatureTs through I
anequilibrium evaporationrelation,e.g. the Antoinerelation,

1",= -12, (2.29)

A- log10p/',, I

I
I
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l where Ts and pr,s are given in °C and mm Hg, respectively, and the constant

Is coefficients A, B and C can be found in tables, such as Rossini et al. (1953) for
II

hydrocarbonfuels. As an alternativeto the Antoinerelation, the Langmuir-Knudsen

relation for kinetic equilibriumhas also been employed, as done by BeUan and
Summerfield(1978), withvery little observeddifference in the evaporationrates. In

I orderto be consistent with the assumptionthat the effects of the liquid-phaseviscous

• layer arenegligible, i.e. the surfacecontourr= R is a streamline,a constanttempera-

ture is assumed everywhere on the droplet surface. (The rationale for assuming a

I constanttemperaturealonga streamlineis givenin the contextof transientliquid
phaseheatingin Chapter3.) Calculationswitha variabletemperaturealongthesur-

I face show that the change in surface temperatureis minimal, which justifies this

assumption.
The setof coupledordinarydifferentia]equations(2.22) is solvednumerically

I by central differencing after quasi-linearizing the momentumequation (2.22a). The
linearizationof thequadratictermis

I F2(q) = 2 F*(q)F(q)- [F*01)]2 + O[ (F-F*)2], (2.30)

I where the * indicates previous iteration values. The solution of thesuperscript

o.d.e.°s is carried out at discrete angular positions along the drop|et surface until

l boundary layer separation is reached. Pseudo time-dependentcalculations are per-

i formed by updatingthe Reynolds numberthroughthe calculated values of evapora-
tion rate and drag ateach time step.The dimensionless time scale x used in these cal-

l culations is basedon the free streamgas propertiesand the initialdroplet radius,i.e.,
'g= ¢x..t/R2o.Here (x, denotes the thermal diffusivity of the freestream gas. Time

steps Az areof the orderof unity.
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2.1.4. Calculation of Drag and Evaporation Rate

I
Both pressure and shear stress at the surface contributeto the drag force F D

exerted on the droplet by the convective sue,am. The drag coefficient 1

CDa 2FD/(_R2p.u_) is thus computed from the pressure distribution determined m
from the external flow solution and from the shear stress distributiondetermined

from the boundarylayer solution. Since the boundarylayer model described in this
m

section does not allow for calculationsbeyond the separationpoint Os,averagequan-

tities areemployed to accountfor the pressurecontributionsin the region 0s _;0 < x. I

0s is determined as the angular position of zero shear. Both measurements and m

numericalcalculations of the pressure distribution on the surface of a sphere in the li
I

Reynolds numberrangeof interest, as outlinedby Cliff ct al. (1978), indicatethat a lm
1

constantpressureat half thatof the separationpoint value is a reasonableapproxima-

tion for the pressure distributionin the region between the separationpoint and the I
W

rearward stagnationpoint. Fig. 2-3 shows the pressure distributionalong the droplet
Jib

surface calculated by the presentmodel for a rigid sphere without mass u'ansferat I

the surface, at two differentMach numbers. The variationof the pressurecoefficient l
m

does not dependon the Reynolds numberin thispotential-flow solutionfor the exter-

nal flowfield. Comparison is made in Fig. 2-3 with the result of a fully numerical I

calculation given by Cliff et al. (1978) for Re. = 100. Experimental distributions are

also given by Clift ct al. (1978), but these are for Reynolds numbers of 1
O(lOS... lOS),and thereforenot included in the comparison. _l

1
Fig. 2-4 shows the variation of dimensionless vorticity at the surface of a rigid

sphere, COsR/u,, which is proportional to the surface shear stress, with the angular I

distance 0 fromthe forward stagnationpoint. The comparison with the fully numeri-

I

1
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I cal results presented by Clift ct al. (1978) shows that the main contributionto the

i frictiondragcomes from the region0 _:OSOs.
The predictionof separationdeserves specialattention here. The calculationof

I the pressure distributionat the surface from the potential-flow solution does not
allow us to capturethe Reynolds numberdcpendenccof separation. As seen in Fig.

I 2-4, for compressibleflow over a rigid sphere,the presentmodel predictsseparation

i ' at 0 =97 °. In reality, however, separationdoes depend on Re.. For instance, the
fully numerical calculation given by Cliff et al. (1978), and plotted in Fig. 2-4,

I predicts separationat 0= 120° for a Re,= 100-flow over a rigid sphere--in good
_ agreement with experimentalobservations. For higher Reynolds numbers, separa-

I zion is closer to dropletshoulder. In termsof frictiondrag,however, the contribution

of the region near,and beyond, the separationpoint bearsmuch less weight than the

region 0 <_0 < _. Thus, for the calculationof drag in the presentmodel, the surface

I shear stress beyond the predicted separationangle is neglected with respect to its

contributionto totaldrag. Fora rigidsphere,this approximationresultsin the corre-

I lation

I CD =0.4926+ 6.1005Re_'t+ O(M2.) (2.31)

I for the drag coefficient. In eq. (2.31), the firsttermon the fight handside represents
the pressure drag which is, as mentioned above, independent of Re.. The second

I termis the frictiondrag, with the Rc;_t-dependencetypical of the laminarboundary

layer approximation.

I The curve described by eq. (2.31) is plotted in Hg. 2-5, along with the "Stan-

I dardDrag Curve (Ciif! e| al. (1978)", and the Stokes and Oseenapproximations for
low Reynolds number flows. In the Reynolds number regime of imcrcst in this

| 3o
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study, 50 _;Re. _ 200, our predictionis relatively close to the standarddragcurve. II

I
The error is about 13 percent for Re.= 50, about 19 percent for Re. = 200, and

remains underI percentfor 80_Re- • 110. F'mally,Cliff ct al. (1978) show that, in I

terms of both skinfriction and surfacepressure,the values for a rigid spherearevery
i

close to those for a fluid sphere(e.g. waterdropin air) for Re, =0(I00). i

The total mass transfer, i.e., the rate of evaporation from the droplet, _, is
i

given by

xfi= _(psVs)(2nR'sin 0 dO). (2.32) I
0

!
For the present set of calculations, the contributionof the region beyond the

to the overall evaporation rate is neglected. As noted by Prakash Iscpara, tion point

and Sirignano (1980), and as will be shown below, the rate of mass transferin the m

region of the flow beyond the separation point is relatively small. The results U

presented herecan thus be regardedas a lower estimate in terms of convective dto-
ml

plet evaporation. Numericalresultspresentedby Cliff et al. (1978) for mass u'ansfer

from spheres also justify this assumptionat low and moderate Reynolds numbers, I
i.e. Re, < O(I00).

!
2°2. Results and Discussion i

II

In the analysis of Harper and Moore (1968), the velocity at the surface is taken D
1l

to be only a small perturbationof its value at the edge of the viscous liquid layer.

Prakashand Sirignano (1978) show that this is a valid assumptionwhile the same I

may not be true for vorticity, since the difference in vonicity between the surface i

and the edge of the viscous layer may not be negligible. However, as seen in Fig. 2- U

!
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6, the effect of liquid motion on the profiles in the boundarylayer, andcon-

gaseous

sequenfly on the transfer processes at the surface, is relatively small, as also

I observed by Rangel and Femande.z-PeUo(1984). Thus, as mentioned in Section

2.1 2, the surface motion is approximatedby the inviscid inner flow solution at the
limit • ffiR, which reduces the requiredcomputational time for the solution of the

I coupled gas-liquid boundary layers considerably, without causing any significant
effect on dragand evaporationratepredictions.

I For the case of the burningdroplet,where the existence of an envelope flame is

i assumed a priori, thc position of the flamc before separationcan be calculated.The
. experimental results of Gollahalli and Brzustowski (1972) and Teodorczyk and

I Wojcicki (1983) indicate thatthe assumptionof anenvelope flame can be considered
realistic for Re, < 200, althoughthe recent resultsof Gokalpct al. (1988) show that

transitionto a wake flamemay occurat lowerReynolds numbersin microgravity.

I Calculated temperature, velocity, and species concenu'ation profiles in the
boundarylayer for specific frcestreamconditionsarcshown in Fig. 2-6. The profiles

in this indicate that the influenceof the internalflowfield of the droplet, of thefigure

orderof 5 percent of the flow magnitudeat the boundarylayeredge, is small. While

i the profilesshown in Fig. 2-6 correspondto a point 60° from the stagnationpoint of

_hcdroplet, similar behavioris notedat other locations along the droplet surface.
The equilibriumdeterminationof the liquid surface temperaturein our analysis

I is seen also to affect mass loss fromthe surface,as indicatedin Fig. 2-7. Comparison

is nlade here with the predictions of Rangel and Femandez-Pello (1984), who

assume a constant surface (and liquid) temperature,that of the boiling point for the

I given freestream pressure. Thus, these researchers obtain a substantialincrease in
evaporative blowing ,lear the stagnationpoint, and a predictionof boundary-layer

| 3,
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separation that lies upstream of the present calculation.

lt is also noted that the effect of Mach number on droplet evaporative and burn- I

ing processes is not strong; this is indicated in Fig. 2-8. As is physically reasonable, II
the local shear stress near the top of the droplet surface is slightly increased with I

higher froestream Mach number, but this effect is negligible closer to the stagnation I
D

point. The effect of Mach number on mass loss appears to be negligible at ali loca-

dons along the droplet, although in the absence of the flame (evaporation only), the I

increased temperature and pressure at the stagnation point with higher M,, does mt

slightly increase the mass transfer in that region. Fig. 2-8 also indicates, as noted I[

above, that as the point of separation is approached, the local mass transfer rate
u

becomes very small.
.qp

The computed variation in drag coefficient for evaporating and burning droplets I

is shown in Fig. 2-9, which also provides comparison with the experimental results li

of Yuen and Chcn (1976) for an evaporating droplet, and with the "standard curve" U

for the drag coefficient of a solid sphere (Clift ct al. (1978)). The present calcula- 1ma
tions appear to correspond well to experimental observations and indicate the

significant influence of mass blowing on the behavior of the drag coefficient. The I

calculated rate of mass loss as a function of Reynolds number is shown in Fig. 2-10, lt

for both evaporating and burning droplets at different freestream conditions. Direct ]1

comparison is made with a Froessling/Ranz-Marshall type of correlation (see eqs. lm
g

(I.4) and (1.7)) as well as the experimental data of Renksizbulut and Yuen (1983a),

(1.11) for the evaporation rate from a suspended droplet in a hot stream, lt is Ieq.

noted here that most other experimental observations on evaporating and burning m

droplets in a convective environment always involve highly scattered data. In this J

context, the measurements of Eisenklam, ct al. (1966) and Natarajan and I

33 |
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Brzustowski (1970) can also be referenced, although the average of the empirical

correlations given in both of these papersresult in evaporationrates thatare some-

I what higher that those reportedby Renksizbulutand Yuen (1983a) as well as those

calculated presently. As notedby Sandersand Dwyer (1987), thisdiscrepancycould
be due to differences in specificmechanisms present(perhapsinitial transientdroplet

I in the wake which affect the l_nsfcr.hcadngor evaporation region) mass

Figure 2-I1 displays results for the variation in droplet radius and Reynolds

number with dimensionless time, _, including comparison with the experimental

I observations of Renksizbulutand Yuen (1983a). The initial Reynolds number is
chosen to be 200, and the initial droplet radius 1 mm, for correspondence to the

I experiments. The drag coefficient used to exu'apolatethe experimental values is

taken from the data of Yuen and Chen (1976). Finally, predicted flame shapes,

I based on local maximain boundarylayer temperature(and the local vanishingof the

I reactant mass fractions)are shown in Fig. 2-12 for two different Reynolds numbers.
lt should be notedthatthe flame shapes shown areeach relative to the instantaneous

I radius of the flame from the the surfacedroplet R(_). Separation region near droplet

I appears to coincide with separation of the external boundarylayer.

I 2.3. Summary

The results presented in this chapter demonstrate that, by including only the
crucial physical phenomenaassociated with fuel dropletvaporization and burningin

I a convective environment,a very reasonablerepresentationfor droplet behaviorcan

be obtained. By using analytical representationsof the inviscid gas and liquid inter-
nal flowfields, and by employing the boundary layer type of assumptionsfirst u._.d

I
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by Prakashand Sirignano(1980) and laterby Rangel and Fernandez-Polio(1984), it

is possible to solve for the characteristicsof the reactingflow adjacentto the droplet mm

surface. These characteristicsallow calculation of parameterswhich describe dro-

plet evaporationandburning(dragcoefficient,mass lransfcrrates, size histories)that gum
M

compare very well withthe experimentaldataof Renksizbulutand Yuen (1983a) and

Yucn and Chcn (1976). As noted above, there is a relativelylarge degree of scatter I

present in the experimental data available for burning droplets, e.g., scatter over i

nearly an order of magnitudein the measured mass loss rates (see Natarajanand [[

Brzustowski (1970)). Hence, comparison of the burning rates with the present mm
II

model's results becomes less precise, lt should be noted, however, that the current

predictionslie well withintheerrorbars of theexperimentaldata,but tend slightly to I

undcrpredict(comparedwith the averageof the data) the degree of mass loss by the

droplet. Currentpredictions for mass loss arc also somewhat lower than the full- t

scale numericalpredictionsmadeby Dwycr and Sanders(1986), but this may be due mm
NIto the fact that these researchers choose to lincarize the exponential term in the

equilibrium relationused. Despite these minor discrepancies,our model appears to I
lm

be relatively robust and accurate,with a minimum in requiredcomputational times

(on the order of 30 seconds on an IBM 3090-600S), and thus allows detailed I

parametricstudiesto be performedwithease. am

l

!
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I CHAPTER 3

I TRANSIENT EVAPORATION AND BURNING

I
3.1. Transient Heating of the Droplet Interior

!
The case considered in Chapter2 was the quasi-steadyevaporationand burning

I process of a fuel drop in a convective environment, lt is relevant for practical

i combustorsituationsonly when the drophas reached a nearly uniformtemperature
since the heat-upprocess of the dropcannotbe considered quasi-steady. As already

I mentioned in Chapter1, especially for heavy fuels at high fTeestn_arnpressures and

temperatures,the heat-up period can be as long as the droplifetime itself for small

drops, say 10-2mm _ Ro_ I mm. This was pointedout also by Prakashand Sirig-

nano (1978). To account for the entire lifetime of the droplet, the transientheating

I process of the dropletinterior has to be considered.

I
3.1.1. Streamline Coordinates

I
The unsteady energy equation for a liquid with constant thermal diffusivity al

I is

_ . u'VTi; a_V2TI. (3.li

!
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where Tl is the liquid temperature,u is the velocity vector, V standsfor gradientand

V2 for the Laplaceoperator. is

Now we can write equation (3.1) in terms of the orthogonal streamlinecoon:ft-

nate system (_,gr,¢o),as shown in Fig. 3-1. The streamsurfacesare given by equa-
g

tion (2.9). We let gro= AR2/8, so that at the vortexcore, i.e. _ r-- (1/2) g, e- _/2.

the streamfunctiongrhas the valueO. Then the streamfunctiongris N

' !gr= 'i "AR4[ 1- 4_2(1-_2) (3.2)

The velocity componentsare

1 _f. 2 ..2" =-AR (1-r)coso (3.3a)

t_= r2sinO ;)0 . ' I

1 _-- = AR2(1-2_2)sin O. (3.3b) Iue= rsinO ar

We note thatthe velocity vectorsarealways along streamlines,i.e. _[
II

[u = l uleg = u2 + u eg, (3.4)

!
where eg is the unit vector in the _-direction. Thus the streamwise velocity ug can

be writtenas I

U_(_,O) = AR2[ (1-_2)2cos20 + (l-2r2)2sin20 ]1,_. (3.5) I

The differential operators in the orthogonal curvilinear coordinate system

(_,gr,¢o)are (see e.g. Balchelor (1967)) I

Ii) I a ll)

!
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I where the metric scale factorsaregiven by (see Kronig andBrink(1951))

I ht= ....S uc_¢os3e' (3.7a)
xe (_- _)_

!
1 (3.7b)

I bY= sinO '

I hw= R_sinO. (3.7c)

- Lines orthogonal to the streamlines arc then given by

! _cos'e
- 2R2 - const. (3.8)

1-722
I Substituting(3.6a) and (3.6b) in the energy equation, considering thatfrom (3.4)

I u'VTI =
aT,

h_a_'

i andaccountingforaxialsymmetry(_/aca= 0), we obtain

_t h_, a_ h_.hvhco hi _'j + "_ ' hv . (3.9)
I _+ _--

i As argued by Kronig and Brink (1951) and Pan and Acrivos (1968), the time
for a liquid particle to travel once along a closed streamline is much shorter than the

i characteristictime of heat diffusion for high Peclet numbercirculation. This means
thatat any time, the averagetemperaturefor a streamsurfacewill be a valid approxi-

I mation for the temperatureat any point on the same streamsurface.As mentioned in

Chapter 1, Pan and Acrivos (1968) show that this is a valid assumption for large

I liquid Peclet numbers, the error in this approximation being O(Pei'i), or,

!
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O(Pri'tRe]'l). For the cases considered here, the liquid Reynolds number Rel, m

defined as Rc| = pi(AR2)(2R)/i_I, is O(Re.) and liquid Prandtl numbers for hydro- I
IIW

carbon fuels are typically (3(10), so that Pe! ffiO(I03).

!The average temperature on a streamline, TI(V,t), is given by

I Tlh_hvh'd_ I
T|(V,0 ffi _h_,hvhwd -. (3.10)

Then, I

hv d_ I
ir

= (3.10a)

Integrated along a closed streamline, the energy equation (3.9) reduces to
m

_ ITlh_hvh,od_=__I h_h_. 0Tld_ (3.11) !
since (u_,/h_)(h_h_,hm)= 1 and _(_Ti/_)d_ = O.

_ !
Using the definition of the average temperature Ti(V,t), eqs. (3.10) and (3.10a),

we obtain for steady flow, i.e. j' h_hvh_d _ = 0, I

where f IAR
J h_,hvhwd_ (3.13a)J_(V)z --i" !

8 J'_d_ (3.13b)i2(V)_ _- • i

The values of the functions JI(V) and Ji(V) within the range of interest, i.e. I
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v

I 0 < ¥ g We,are shownin Fig. 3-2.

I Finally, inu'oducing the nondimensional variables _l E att/R 2 andits

----8v/(AR4), equation(3.12) can be writtenas

II a_, _. _ j_<_) o._,)

I 3.1.2. Initial and Boundary Conditions

I At time t-0 we assume that the drop will be at a uniform temperatureTo.
This corresponds to the physical situation of a cold drop being exposed to a hot

I environment, thus heating up andevaporating simultaneously. This condition can be

writtenas
TI(;) = To at _1=0. (3.15)

! .The differentialequation(3.14) will be valid at the vortex core, i.e. at V = 0, as

I at any other value of V. Noting that J2( = 0)= 0 arid the second derivative of TI
with respec_to V being finite at_I/=0, however, it reduces to

| .'aTi ! aJ2 aTi A
= at V=0. (3.16)

At the surface, the temperature gradient is determined by the amount of heat u'ansfer

I from the gas into the liquid phase, QI, which is obtained by integrationover the sur-

i face areaof the drop:

I
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where _ is the thermalconductivityof the liquid,and from(3.2)

!
I-- l r ,l._._ , :-xi t-_-jw 8sin2e. 0.17a) I

This yields, formulated as a boundarycondition.

. !-3 _ at ¥; 1. (3.18)

_ _x kR _

3.2. Coupling of Gas and Liquid Phase Solutions I

Now, the equation (3.12), combined with the initial and boundary conditions I

(3.15), (3.16) and (3.18) can be solved numerically,e.g. by finite differencing. The

surfaceheat transfer¢_ is unknown, andtherefore,the solution of the transientliquid I

phase heating must be coupled with the gas-phase boundary layer solution. This I
coupling is given by the heat-transferboundarycondition for the gaseous boundary

layer I

{_s- _hv +{_l. (3.19)

!
Then, the "effective"latent heat of vaporization,defined as h,,.err= ¢_s/rh, is related

to the liquidheating ratethroughthe relation I

lh

We note that the present solution approaches the steady-state solution, I

described in Chapter 2. as _ -_ 0, or, h, --4h_,en.This is the case for the later part as

of the droplet lifetime when the liquid temperaturebecomes nearly uniform and its

gradient vanishes. In other words, the steady-state solution is the solution for the I
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same problem for the special case (_1= O, or hv= he,eft,which simplifies the boun-

I darycondition (3.19) for the gaseous boundarylayerproblem.dm

The iterative solution of the coupled probleminvolves a firstguess for the sur-

| -"face temperatureTs = TI(V=I) at each time step.Then the gaseous boundarylayer is

i solved itcratively as in the steady-statecalculation. This time, however, we have _,
or he.efr,as an additionalunknown to be solved for, and the transient liquid-phase

energy equation formulatedin this chapter provides an additional relation. Gas-
phase solution yields a value for hv,_, or (_1,which in turngives a new value for the

I surface temperature TI(_=I)= Ts. This procedureis carriedout at each time step

- until the solutionfor Ts converges.

I
I 3.3. Results and Discussion

I 3.3.1. Effective Transfer Number

I The variation of the droplet size and drag is calculated using the same metho-

dology as in the steady-state case, which is outlined in Chapter 2. Comparison of the

I results is made with the empirical correlations of Froessling/Ranz-Marshall,

Renksizbulut-Yuen and Natarajan-Brzustowski, given by eqs. (1.4), (1.11) and
(I.10), respectively, lt is observed that ali of these correlations involve the transfer

numberB. In the literature(see e.g. guo (1986)) B is often defined as a mass o'ansfer

i number, Btu,

Bm= Kr.s - KC.. (3.21)

1 - Kr.s '
as in eq. (1.6), but also as a steady-state heat transfernumber,
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%(1". - 1".)B_u
. (3.22)

lt is interesting to note that for the special case of unity Lewis number, i.e. Pr-Sc, I

and ff the droplet has uniform temperature, i.e. ¢_ =0, these two numbers are the II
gsame:

Bm: B_,u : B for Le: 1 and _ : 0. (3.23) I

This was the case for the steady-state calculations of Chapter 2. However, now that
m

we are also considering the initial, transient part of the droplet lifetime, i.e. the heat-

up period when ¢_ _ 0 and consequently, from (3.20), hv,_ ,_hv, the thermal transfer I

number has to be modified to represent the analogy between the heat and mass

• !transfer appropriately. This is achieved by letting

%(T. - Ts )B_h (3.24)
by.efr

m

lt can be seen easily from eqs. (3.22) and (3.24) that as the droplet heat-up is being I

completed and as the process is becoming steady-state, i.e. hv,c.ff-4 by, Bth--*Bth.ss. Ii

In other words, by defining the thermal transfer number as in eq. (3.24), Bm= Bth= B ]_

holds for the entire drop lifetime provided that Le: 1. I
II

3.3.2. Comparison with Empirical Correlations I

I
The effecL]ve transfer num_r given by eq. (3.24) is used in the correlations g

(1.4), (1.1 I) and (I.10) when comparison is made between the predictions of the l
ml

present model and these correlations. The result is summarized in Fig. 3-3. lt is very

interesting to note that the agreement of the present model with Froessling/Ranz- I

Marshall and Renksizbulut-Yuen type of correlations is fairly good not only for the
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I
I evaporation case but also for the burning drop. This is significant because these

i correlationsweredeveloped for the steady-state,non-reactingevaporationratesfrom
drops. Modifying the transfernumberB as in eq. (3.24) to account for unsteady

I heating, we seem to have shown thatthis type of a correlation can be a fairly good

predictorfor the convective evaporationbehaviorof a drop in the presence as well as

I in the absence of an envelope flamesurroundingiL

I As for the correlationof Natarajanand Brzustowski, the observation is made
that the values obtainedfrom this correlationlie higherthan ourpredictionsby about

I factorof in the calculations 2). As mentioned in
a two, as steady-state (see Chapter

_ Chapter2, however, we still are within the error margin of this correlation consider-

I ing the scatterof Natarajanand Brzustowski's (1972) data over an entire orderof

I magnitude.
The case consideredfor these calculationswas chosen thus as to enable a direct

I comparison with the transientmodel of Prakashand $irignano (1980). The fuel is n-

Decane, the freestreampressure and temperatureare 10 atm and 1000 K, respec-

I tively. The time-dependentcalculationis startedwith the initial values Re..o = 200,

I Ro= 50 pm andTo = 300 K, To being the uniforminitial temperatureof the drop. In
order to repeat the case calculated by Prakashand Sirignano, the relative velocity

I was takento be constant throughoutthiscalculation. In other words, no deceleration

was considered due to drag. Figure 3-4 shows the predictedtemporal change in tiro-

l plet radius in comparison with the previous predictions of Prakash and Sirignano

I (1980). The latter slightly overpredict the evaporation rate and, consequently,
underpredictthe lifetime of the dropfor the case withoutchemical reaction(consid-

I the results in 3-3). Predictions for a burning also displayed inel'ing Fig. drop are

I Fig. 3-4, but a direct comparisonwithPrakashandSirignano(1980) is notpossible
44
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I
in this case since lhcy have not reported calculations for burning drops. The I

predicted sud'ace temperatures arc compared in Fig. 3-5, and good agreement is

observed. However. lhc results shown for Prakash and Sirignano (1980) represent I

the variation of lhc surface temperature at drop shoulder (0=900), whereas we I!

assume a constant temperature along lhc drop surface and approximate it by its value

at the forward stagnation point (0=0°). lt is clear that lhc temperature at lhc forward I
II

stegnation point will be higher than that at the shoulder, but this means that Prakash

Sirignano arc essentially predicting a higher surfacetemperature, and, conse- I
and

quently, a higher evaporationrate. The discrepancyfor the predictedsurfacetem- II

peraturc between lhc two modelsis most probablycausedby the difference in the

relations usedto representequilibrium evaporationatdrop surface.
lm

A second sample calculation is carried out in order to compare the present

model'spredictionswith thoseobtainedby Sandersand Dwyer (1987) through their I

fully-numerical model. The fuel for this caseis n-Decane, the frccstream pressure ai

and temperature are 5 atm and lO00 K, respectively. The initial values are ][

Re.,o = 100, Ro= 50 I.tmandTo = 400 K. This time the decelerationof the drop due I
II

to drag was taken into accountas wasdone by Sandersand Dwyer (]987). Again,

due to different relations used for equilibrium evaporation at the drop sur- Iapparently

face there is a discrepancy between the two predictions for the history of an eva-
I

porating drop, as shown in Fig. 3-6. As already mentionedin Chapter 2, in the

presentstudythe Antoinerelation is usedto representequilibrium evaporation at the II
J

droplet surface, while Sanders and Dwyer (1987) have employed a linearized version

ofthe Clausius-Clapcyron relation in their model. Sanders and Dwyer (1987) repon I

results for the burning case only for a drop with uniform temperature, that tempera- m

turc being its boiling point value. As expected, their results for that case arc higher I
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I than ours, and are likely w be higher than experimentalobservations(se_ Fig. 3-2).

I are not Fig. they are essentially steady state.
These results i_,cludedin 3-6 since for

Compared with computational times of 0(1 hour) on a Cray computer for fully

I numericalmodels (Dwyer (1989)), our computingtimes of O(1 min.) on IBM 3090-

i 600S for typical droplethistory calculations as presentedin this chapterdemonstrate
the meritsof the present analytical/numericalmodel in termsof reasonably predict-

I ing transient dropletburning behavior with a minimum in computing times.

g 3.4. Summary

I In this chapter, a simplified model for the transientheating of the droplet inte-

I rior, along the lines of the previous work by Kronig and Brink (1951) and Prakash
and Sirignano(1978), is developed. This enables a coupled solution for the gas- and

I liquid-phase transfer processes, that is, simultaneous heating and evaporation or

burningof a droplet!ina convective flowfield.
The most significar,t result of these calculations is that, if an appropriate

transfernumber B !isu.¢_ in Froessling/Ranz-Marshalltype of correlations, these
turnout to be fairly adequatepredictors of transientevaporationrates from droplets

not only for the non-reactingcase but also for the case of anenvelope flameexisting

aroundthe droplet.
A comparison,with the predictions of Prakashand Sirignano (1980) for the

I non-reacting case slight disagreement terms evaporation rates,
3_sultsin in of the

probably caused by the fact that these authors use a different relation to describe

g equilibrium evaporation at thedroplet surface. The discrepancyin evaporationrates

I is more significant in the comparisonwith the fully numericalpredictionsof Sanders
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and Dwyer (1987), again for the non-reacting case. We note, however, that these i

authors use a liaearized version of the Clausius-Clapeyron equation for equilibrium ml

evaporation. I
Finally, in terms of computing times, the present model compares very favor-

ably with fully numerical models such as that of Dwycr and Sanders (Dwyer (1989)) I

---considering that this simplified model enables a very reasonable prediction of II
transient droplet burning. II

!
. !

!
!
!
!
!
!
!
!
!
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1 CHAPTER 4

SINGLE.STEP, FINITE.RATE CHEMISTRY

I
So far in this study we have chosen to represent the burning process with

infinitely fast chemical reaction kinetics, which simplifies the governing gaseous

boundarylayer equations considerably through the use of composite variables as

I describedin Chapter2. This type of approximationis useful for representingquasi-
steady burning processes, but it cannotbe used to examine phenomena such as igni-

tion and extinction of flames. For this a finite-ratechemical kinetics modelpurpose

is necessary. As a firststep in thatdirection,the boundarylayer model describedin

I the previous chapters is now extended as to account for a single-step, finite-rate

chemical reaction.

I 4.1. Chemistry

For the generalchemical reactionof the type

[ Fuel ] + a [02 ] --_Reaction products,

the molar rate of consumption of the fuel per unit volume is given by
1

1 dQ sdr.,,
---= =-kt'r)Q_, (4.s)

dt a dt
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where k is the chemical reaction rate,and Ct and Ce denote the molar concentration

I of fuel vaporand oxidizer in thegas mixture,respectively.
The Arrheniuslaw providesanexpression for k,

I
I

where Ar is the "frequencyfactor,"in general a function of the temperature.For the

calculations in this chapter,however,A_will be assumedconstant. In eq. (4.2), Hais

the activationenergy, and Ru is the universal gas constant. Now the fuel and oxi-

dizermass productionrates, given bydefinition as

° dci
wt = Wi dt ' i = f, o; (4.3)

I where Wi denotes the molecular weight of the correspondingspecies, can be written

and

Arexp-El 1 (4.4b)I ,o--f*woP2 [ _u'J K'_'

respectively, where f*= Wt/(cxWo)is the stoichiometric fuel-oxidizer ratio, already

mentioned in Chapter2. The negative signs in eqs. (4.4) indicale that fuel and oxi-
dizer me consumed by the flame,not produced.

I
4.2. Boundary Layer Equations

1
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I
The energy equation for the gaseous boundarylayer, eq. (2.13), can also be

as (see Kuo(1986)) I
written

(4.5)
!

where the index i in the summationrefers to fuel vaporand oxidizer, lt is assumed

that the specific heatcp and the mass diffusivity D are constant, and have the same I
valuefor ali the speciesinvolved.

!
Using the expressions (4.4a) and(4.4b) for fuel and oxidizer mass mass produc-

li

tion rates,the species equationscan now be writtenas I

ayJ=_Lsc_'J w-oo"'p r_x,, ,,,,, I
!

P + v -- _-Y _ /_Wo exp KfKo. (4.7)

I
The equations (2.11), (2.12), (4.5), (4.6) and (4.7)constitute the boundary layer m

equations for finite rate chemical reaction kinetics. These equations can be I
transformedto a set of ordinarydifferentialequationsusingtheLeestransformation I

I
outlined in Chapter2. The resultingequations,assuming self-similarprofiles for the

velocity, temperatureand species mass fractions in the boundarylayer are I
F"(tl) + f(rl)F'(_) + J3(_)[ O(11)- F2(rl)] = O, (4.8) I

I

e"(ri) + [ f01)+ _c(Kr'(rl) + Ko°(q))] O'(rl) = -(¥- l)M_[ F'(q) 12

exp[-E/O(q)] I_Q"Kr(n)K_(n) (4.9)r, o(n) '
I
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1
exp[-E/e(_)) Xt(TI)= 0 (4.10)

K:'(Tt)+ f(Tt)K:0q)- & Ko(_) e(n) '

exp[-E/O(vl)] F_(_I)= 0, (4.11)I oo,>'
I where

T

ii

i is a nondimensional temperature, Ea
E_= - (4.13)

i R.%
is a nondimensional activationenergy,and

2_Ar (4.14)_E 22 "
PcUersWo

i The nondimensional parameterAccan also be writtenas

i 2Da,. u. 2_ (4.15)
Ac= Sc Re.. p."-R • u2r2 'I_c cs

I where

p.R= Ar
m Da. = (4.16)

D Wo

i is a Damkohler number,defined as the ratio of the characteristicdiffusion time R2lD

i to the characteristic timefor chemical reaction, (p.A_/Wo) -I.
As in the previous chapters, pl_=const., pT=const. (equation of state),

I Pr=const. and Sc=const.areassumed. The boundary conditions areessentially
the

same as in Chapter 3, with the additionalconditions for zero oxidizer mass fraction
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!
at the droplet sur/acc, i.e. Ko(TlffiO)--O,and zero fuel mass fraction in the free

M
stream,i.e.Kt(TI_--)= O.

MM

The momentumequation (4.8) and theenergyequation (4.9) containnonlinear I

terms that have to be quasi-lineafizedfor the numericalsolution of the set of ordi- I

narycfifferenfialequationsin orderto guaranteenumerical stability. The Hneadza-

don of the quadratictermin the momentumequationis given in eq. (2.31). Simi- 1

larly,the exponential termineq. (4.9) can be linearizedas B
II

[[ 1"[[ 1"exp(-E/O) ffi 2- exp /O) _ 1- exp /O) O+O[(O-O*f],

o !(4.17)

where the superscript * indicates previous iteration values. Analogous to the I

infinite-ratesolution, the set of one-dimensionalordinarydifferentialequations (4.9) li

to (4.11) with the quasi-lineafizations(2.31) and (4.15) is solved by central cfif-

ferencing at discrete angularpositions along the dropletsurfaceuntil boundarylayer ]]m
separationis reached.

I
4.3. Results and Discussion I

Sample calculations have been carried out to obtain solutions using the finite- l
g

rate formulationdescribedin the previous section. Figure 4-1 shows calculated tem-

perature, velocity, and species concentrationprofiles for an n-Heptanedroplet of 50 I

pm radius at an initial liquid temperature of 325 K, suddenly introduced into air at
ma

p. = 1atm, T. =700 K, at a relative Reynolds number of 200. These values I

correspondto M. =0.251 and Da.. =42,341, A reactionzone of finite thickness is al
II

I
I
!



!

I predicted, with its center near 11=2.8. It is also seen from Fig. 4-1 that the max-

I imum temperature lies slightly closer to the droplet surface than the approximate

middle point of the flame zone. The results shown in this figure correspond to the

I angular position 0=60 °, i.e. 600 from the upstream stagnation point of the droplet,

but similar profiles are obtained at other angular locations between e=0 e and the

I separation point.

!
4.3.1. Activation Energy

I
A new parameter introduced in the finite-rate formulation of the governing

I equations is the activation energy Ht. For the calculation of Fig. 4-1 an activation

Q

energy of E, =5 kJ/mole is used, which can be considered relatively low. In fact,

I values given in the literature for the activation energy of hydrocarbon-oxygen reac-

I tions very within a relatively broad range about the order of magnitude
Ea=O(104 J/mole). The effect of the activation energy on the temperature profile is

I shown Fig. 4-2. For these particular flow conditions, burning solutions are
in

obtained for Ea < 10 kJ/mole. On the other hand, there is practically no burning for

I E, >_50 kJ/mole.

I lt is also interesting to see the effect of the activation energy on the mass frac-
tions of fuel vapor and oxidizer, as well as on the thickness of the reaction zone. As

I seen in Fig. 4-3, the reaction zone becomes slightly broader as the activation energy

h,creases, but is still low enough to allow burning. The mass fraction profiles for

I E, =50kJ/mole correspond to a near-frozen flow solution, except that the boundary

I condition for the oxidizer mass fraction, Ko =0 at droplet surface, is not correct for
nonreacting flow. Strictly speaking, the conservation equations for ali four s_cies

I
| 53

I



!
--fuel vapor, oxygen, nitrogen and combustion products-- need to be solved with II
the appropiate boundaryconditionsto obtainthe correctprofilesfor each of the latter M

three species as well as fuel vapor. An examination into the effect of this I

simplificationwill be presentedin Section4.5.

!
The fuel mass fraction at the surface decreases as the activation energy

increases, or, as the reaction rate decreases. This result suggests that, as expected, I

the evaporationrate (or the mass blowing rate)at the surfacewill also decrease with

reaction rate,which manifests itself in Fig. 4-4. lt is also seen in Fig. 4-4 thathigher

reaction ratesresultin increasedlocal shear stressesat the dropletsurface. Here, two li
li

effects of the mass blowing rate on the velocity gradientat the surface seem to be

competing. A higher blowing rate means, on the one hand, that more fuel vapor I

needs to be transported--hence largervelocity gradients along the droplet surface. m

On the other hand, the normal velocity component at the surface due to blowing I

tends to flatten the velocity gradient at the surface. The first effect seems to be II
II

stronger up to an angular position near 0 = 85°. the point where the threecurves for

the skin friction coefficient ct(Re.) ½ overlap. For 0> 85o, then, apparently the I

second effect of higher blowing rates is strongerthat the first effect. Consequently,
mm,

the separationpoint moves closer to the droplet shoulder (0=90 °) as the reaction I

rate increases. I

4.3.2. Fast versus Finlte-Rate Chemistry I

In this section, a direct comparison is made between the two models that treat I
I

chemistrydifferently. Fig. 4-5 shows the temperatureand fuel mass fractionprofiles

obtained from the two models. "Model I," representedby the dashed line, in the I

i

I
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l infinitely-fast chemistry model; and "Model 2," represented by the solid line, is the

I finRe-rale modeL To isolat_ the effect of the of chem-one-step, chemistry treatment

ical kinetics, both models arc run under the same conditions, i.e. p, = 1 atm,

I T, =700K, Re,, = 100, R=50ttm for steady-state evaporation and burning. Profiles

i shown in Fig. 4-5 are taken at 0=60 e. For both models, the average constant heat
capacity is chosen to be cp = 1.5_p.,, and the heat release from the flame q= lxl0 "_

I JAg. In Model 2, where the activation energy E, needs to be specified, Es =5
kJ/mole is used.

I Fig. 4-5 shows that, compared to the finite-rate representation, the fast-

I - chemistry approximation tends to predict a larger flame distance from the surface,
and also a higher fuel vapor concentration at the surface. Model 2, i.e. finite-rate

chemistry, on gives a slightly higher temperature.
the other hand, flame

Fig. 4-6 shows the variation of burning rate and skin friction along the droplet

I surface. The prediction of Model 1 for burning rate is about about 10 percent higher

I than that of Model 2. In steady-state evaporation, where heat transfer into the liquid
phase is zero, the local surface mass-blowing rate psvs is proportional to the feta-

l perature gradient at the surface. The detail inserted into Fig. 4-5, after close exami-

nation, shows that the temperature gradient at the surface calculated by Model 1 is

I indeed larger than that calculated by Model 2, by a factor of approximately 1.10.

I This is consistent with the higher blowing rate predicted by Model 2.

As for the skin friction coefficient cf, Fig. 4-6 seems to support the argument

_ that a higher blowing rate corresponds to a smaller velocity gradient, and, consc-

i quently, to a smaller shear stress at the surface.

1
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I
4.4. A Criterion for Ignition I

The variation of the reaction rate with the angular position along the droplet [I
m

surface can also be examined, based on the results of these calculations, and in con-

junction with the ignition criterion developed by Kashiwagi and Summerfield I

(1972). Along the lines of the analysis of Kashiwagi and $ummerfield, an integrated

reaction rate, I

" I
_ (R.R.)dy = _KoKf exp dy, (4.18)
O 0 ,0

II

is calculated along the droplet surface. The results for the nondimensional integrated ii

- !reaction rate, _(R.R.)dy/(p.u.), are shown in Fig. 4-7. Kashiwagi and Summer'field
O

based on their experimental observations, postulate a critical value for igni- I(1972),

tion as

I
_(R.R.)dy = 3.1 x 10-2 k__ (4.19)
e m2s " !

For our highest reaction rate considered, i.e. for E,=40kJ/mole, the maximum
mm

dimensional value for the integrated reaction rate is equal to 2.48x10 -2 kg/(m2s) at I

the separation point. We note that for ali three cases the maximum integrated reac- II
II

tion rate occurs near the separation point. According to the ignition criterion of

Kashiwagi and Summcrfield, this indicates that ignition is likely to start at a location I

near the separation point. This is consistent with the experimental observations of
I

Teodorczyk and Wojcicki (1983). In these calculations, only cases of v,'eakreaction I

are considered since ignition is not of interest any longer after vigorous burning has !

I
I



I started.

I Altough the present one-step, finite-rate chemical reaction model is more

advanced than the fast-chemistryapproximation,it is still a very crude represenut-

I fion of chemical reactionkinetics. Inreality, typical combustionprocesses of practi-

I cat interest such as the oxidation of hydrocarbonsinvolve dozens of chemical reac-
tions and species. Investigationof transient ignition phenomena within the frame-

I workof a time-dependentcalculation requirea representa-
would somewhat detailed

tion of these chemical reaction mechanisms, which is outside the scope of the

I presentwork.

I
I 4.5. An Improved Representation of Chemistry

I As alreadymentioned in Section 4.3.1, so far in this study the composition of
the gas mixture in the boundarylayer has been represented by three species --fuel

I vapor, oxidizer, and combustionproducts. Accordingly, equations are
conservation

solved for two species only, fuel and oxidizer (see eqs. (4.6), (4.7)), and the mass

I fraction of the thirdone follows from the condition that the sum of the mass frac-

I tions of ali species must be equal to one. This treatment, obviously, inu'oduces some
errorinto the computation. The objective of the analysis presented in this section is

I to error.
estimate this

The only change in the bounda_ layer equations is that we have to solve an

I additional species equation to solve, either for the products or for nitrogen. We

I choose nitrogen, the mass fractionof which is denoted by g n, since it has a produc-
tion rate of zero, an,l, therefore, easier to solve for. So we have in addition to the

I

!



l
species equations(4.6) and (4.7). I

!IP _--+" =_l.s_%-J' (42o) !
lep-- 1- (N+Ko+Ka). (4.21) m

where the subscript p refers to reactionproducts. We note that now the formulation II

of the boundaryconditions for gas species is also differenL In the presence of more II
mB

than three species, one has to strictlyformulatefluxconditions, such that ali species

except fuel vapormusthave zero fluxat thegas-liquidinterface. I

m

I

A salTiple calculation is carriedout to compare the results obtained from this

improved model, which will be called Model 3, with those obtained from Model 2. II

These resultsarepresented in Figs. 4-8 to 4-10. II

Fig. 4-8 shows the temperatureand mass fractionprofiles obtained at 0=60 ° 1

for p.=latm, T.=700K, Re.=I00, R=50pm, E,,=5 kJ/mol.-.,cp=l.Scp...

Model 3 predicts a higher flame temperature,a greater flamedistance, and a higher I

tamm

mass fraction of fuel, than Model 2. These results correspond to slightly higher
l1

mass-blowing rates, as seen in Fig. 4-9. II

The same figure shows that Model 3 predictsa significantly smaller skin fric- I

tion coefficient than Model 2. In other words, solving three species conservation
I

equations instead of two by accounting for N:zseparately instead of lumping it with 1

oxidizer and/orproductsas "one species" seems to make a significantdifference in I
the predicted shear stress. The nondimensional skin friction coefficient, cf, at a cer-

tain angularlocation, is given by 1
I

5s !
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I which suggests an examination of the velocity profiles obtained from different

i models. Fig. 4-I0 shows the velocity profiles across the boundarylayer at 0=60 °
--a location where the difference between the skin friction coefficients is quite pro-

I nounced, as seen in Fig. 4-8. Again, a close examination of the slopes of the two
velocity curves near the surface is needed. The inserted detail in Fig. 4-10 shows

I that between the velocity gradientsobtained from Models 3 and 2 there is indeed a

difference of a factorof approximately1.5, which explains the difference in the skin

I frictioncoefficients.
qb

I
4.6. Summary

!
A one-step, finite-ratechemical reaction mechanismis integrated into the dro-

I plet model. Results obtained from finite-rate calculations are compared to fast-

I chemistry results. In general, fast chemistry seems to give a larger flame distance
from the surface, and a higher mass-blowing rate. As for surface friction, blowing

I reduces shear stress at thesurface,and the drag on the droplet.

i The ignition criterion of Kashiwagi and Summerfield (1972), based on the vari-
ation of the local integrated chemical reaction rate along the droplet surface, is

I applied to the presentdropletmodel. Results indicatethat ignition is likely to startat
a location near the separation point, which is consistent with the experimental obser-

I vations of Teodorczyk and Wojcicki (I983).

i Finally, an improvedrepresentationof gas composition and chemistry is intro-
duced to isolate the effect of lumping nitrogen with reaction products, i.e. assuming
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identical molecularweights for nitrogenandproducts. Results show thatthere is lit- m

tie change in the predictedmm,,s-blowingrates. However, the difference in surface
m

friction is significanL This comes from the difference between the surface velocity

gradientspredicted by thc two differentmodels -- to whichthe correspondingshear I

stresses are proportional. As for flame characteristics, the improved chemistry
mm

seems to predict a higher flametemperatureand distance,as well as a thickerflame !

zone. I

!
!
I
I
!
!
I
I
I
I

_0 !
I
!
!

rll , , , ,, I



I
1
I

CHAPTER 5

I "EXACT" VARIATION OF GAS PROPERTW_S

I IN THE BOUNDARY LAYER

I
So far in the present work, variation of gas-mixture properties such as specific

I heat capacity Cp,viscosity tr, thermal conductivity _., and mass diffusivity D, within

° the boundary layer adjacent to the droplet surface was represented through the

I approximations

Cp= c"p= cerise., (5.1)

pl_= [2v -- const., (5.2)

Pr= l_cpl_= const., (5.3)

Sc = I_/CoD)= const. (5.4)

These approximations are widely used in the combustion community, although

I their accuracy may be considered questionable in lhc presence of large temperature

i and density gradients in the boundary layer. Significant differences in the molecular
weights of _hc species comtx)sing the gas mixture, combined with the existence of

I considerable concentration gradients near the surface and the reaction zone, also

raise questions as to how appropriate the above approximations, i.e. eqs. (5.1) to

I (5.4), are for a given boundary layer problem.
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I The present chapterof this work will be devoted to the examination of the

I of these commonly used approximations. Our aim is to arriveat conclu-
accuracy

sions with respect to burning rate, &ag, and flame position, lt is desirable that these

I conclusions arc sufficientlybroadto be useful for futureresearch ta the areaof dto-

plet combustion, and diffusion flames in general

I Boundary Layer Equations
5.1.

I As in Chapter4, the chemical reactionkinetics will be representedby a one-

step, finite-rate chemical reaction model, where the reaction rate k is expressed

I throughthe Arrheniuslaw, given in eq. (4.2).

I Since we wish to treatthe thermodynamicpropertiesof the gas mixtureas vari-
able quantities, it is useful to rewrite the boundary layer equations, eqs. (2.11),

I (2.12), (4.1), (4.6) and (4.7), in the following form:

l -_-x(rsPU)+ -_y-y(rspv) = O, (5.5)

P _x + v = p,u,-_ + , (5.6)

,, =- _-- +E D,Ty_ -h,,_,
(5.7)

I p[u_)K, v_)K,1 _)[pD _)K,I[ -ax-'x+ ay J:'_Y i"_-yj +wi, i:f,o,p,n. (5.8)I
Equations (5.5) and (5.6) are the same as (2.111 and (2.12). respectively. The

l
| 62

I



I
reaction underconsiderationin this chapterb the one-step oxidation of a hydrocar- I
bon fuel in air, i.e. m

[Fuel]+ a[O2] +4¢t[Nz] -4 [Products]+ 4¢[N2], I

or, morespecifically, for ann-paraffin, /
m

CmH2m+2+ 32+1 02 + 2(3m+l)N2 -4 mCO2 + (m+l)H20 + 2(3m+l)N2. (5.9) m

Thus, the subscripti that refers to the i-th species stands for f (fuel), o (oxygen), n I
(nitrogen), or p (products),aHin gaseous form. We note that the reaction products,

° CO2 and H20, will be u'eatedtogetherin the species equations. For the mass ft'ac- I
.qb

fion in particular,this means 1
=Kco,+K. o. (5so)

ml

This can be done since the reaction is assumed to be in equilibrium, i.e. the

stoichiometriccoefficients, given in eq. (5.9), are assumed to holdeverywhere in the 1m
flowfield.

In eq. (5.7), hi denotes the specific enthalpy of the i-rhspecies, given by I

hi = )cp.i dT + Ah_,i , (5.1 la) IT"

where the superscripto denotes the standardreferencestate,and Ahf. i is the enthalpy 1

of formation for the i-rh species. The specific heat capacity of the mixture,cp, is _l
Iilgiven by

Cp= _ cp.iKi, i=f.o.p.n. (5.11b) I
i,,,l

where cp.i is the specific heat capacityof the i-rhspecies, m
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i The mass productionrates for the fourspecies are given as:

!
i *_= Wo _:texp , 0.12a)

1

l *o -- _" *f, ($.12b)

I_ where ff=Wf/(aWo), is the stoichiometric Nel-oxidizer consumption ratio, and,

i since N2 does not enterthe chemical reaction,
_,,,=o. (S._2d)

t As in Chapters2 and 4, these equations are transformedinto a set of ordinary

l' differentialequationsusing the Lees transformation:

[C('rl)F'(n)].' + f(q)l='(q)+[_(_,) ..-==.:-®(n) - F2(q =0, (5.13)

I [-A-e'(n)]'+ [f(n:__ _-+ Ld K:(n)le'(n>
C(_) %' C(n) _ C(n)Cp.i

" i=nSci cp

Cp., dT, j ' cpW (¥`- 1)M_[3(_)F(n)®(rl) (5.14)

I _ expl-E/O(_)]
=-C01) (%_ I)M2[V(rl)]2 W AcQeKr(q)Ko(rl) L

W, f* 0(11) '

I
"_c exp[-EIO(rl)]_ IscK:(n)l'+fCn)K:(_)-_(n) K:n)=o,(s._s)t O(q)

!
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I
w A,Kt(n) -K_(n)=0.(5.16)

[ o Ko'(n)]'+f(n)K_'(n)W, f* o(n)

zp(n)=1- [K_(n)+Ko(n)+Z.(n)1. (S.lS) i

Intheaboveequations,thenewlyintroducedparametersaredefinedas

C01) = p_t/(pd_), (5.19) I
B

Scf01) = I_/(pDi), i = f, o, n, p, (5.20) _
I

_A,
Aem , (5.21) li

LI 2-21_F@is _nr0 II

Qe= f*q = f*(hr+ho/f* +(l+f)hp/f*) I
cpT, cpT, ' (5.22)

where,forthesakeofconsistency,thenondimensionalparametersAc andQc are 'I

defined the same way as in Chapters4 and2, respectively. Ii
Finally,as in previous chapters, the nonlinearterms in the momentum equation

(5.13), and the energy equation (5.14), are quasi-linearized. The linearized form of I

these nonlinear terms are given in eqs. (2.31) and (4.17), and shall not be repeated

here. I

$.2. Thermophys|cal Properties I

!
The variationof the transport properties,i.e. viscosity, thermal conductivity and

mass diffusivity, with temperatureand composition of the gas mixture is evaluated i
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I
I according to the Chapman-Ens_& kinetic theory of gases, as outlined in Edwardset

al. (1979). The Chapman-Ensto& Theory. together with the Lennard-Jones 6-12

I Potential Model for the potential energy of intermolecularcollisions, yields the foi-

, lowing formula for the viscosity of the i-lh species:

II fW_T)_t2
_-2.67x10 -+ (5.23)l '

I where T in Kelvins gives I.tiin Ns/m2. oi, given in Angstroms (1 A= 10-10 m),

denotes the so-called "force constant,"and D.ttdenotes the "collisionintegral"for the

I Lennard-Jone: potential, o for variousgases, and f_ttas a functionof temperature,

I - can be found in the literature. Values used in the presentstudy are given in Tables
5-1 and 5-2 (for n-Heptane,_/k = 282.0 K, a = 8.88 A areused, after Hirschfelderet

t al. (1954)).

Thermalconductivity for a monatomic is related to viscosity,
gas

i 15 Re_._non..= tri. (5.24)
4 Wi

And for polyatomic gases,

l [c 1:_pon.+ 1.32 p,i 2 Wi Pi. (5.25)

I
The viscosity and the thermalconductivity of a gas mixture can be estimated

I from the values for the pure species that are calculated from eqs. (5.24) and (5.25).

t A simplified, but sufficiently accuratemixture formulabased on the kinetic theoryofgases was developed by Wilke (1950):

1
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N N I
tt=[ZX+m]/[ZXj% ], (S+2_a)

i=I j=l i
N N

7.---lZXigi]/1ZXj_ij], (5.26b) +li
_1 _,1 ii

whereXiisthemolarfractionofthei-thspecies,end 'i

[1+(l_/_)In(wilwi)11412 m%
(s(1+W_lWj)12tJ " I

The procedure for obtaining the mass diffusivity Di of the i-lh species is dif- I

fercnt, since it involves the binary diffusion coefficients Dij, describing the dif- m

fusivity of species i in a binarymixture of species i and j. Again, from the

Chapman-Ena_g theory, Dij is given by I

[T_(Wi+Wi)l(WiWj)llt2 (5.27) i
Dij = 1.86x10-7 02 f_DP "

Here, T in Kclvins, p in atm., and o in Angstroms yield Dij in m2/s. The collision 1

integral f/D, as f/tr, can bc found in the literature(see Table 5-2), and the average Ii
force facloroij is obtained from the empirical relation (see Edwards el al. (1979)) '_

!
oi + oj (5.28)

oij- 2 "

I
Finally. the mass diffusivity of the i-lh species in a mixture of N species can be

approximated as I

! - :Xi 1
Di--_(XjIDij), (5.29) _

"' |
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i under the assumption that the i-rh species is dilute in the mixture, i.e. Xi is

I sufficiently smaller than one (F.dwardsct al. (1979)). Even though this condition
" cannot be satisfied for ali species in our case, eq. (5.29) is used to estimate Di, m

I avoid extensive and involved calculations obtainjust tO Di.

I 5.3. Resultsand Discussion

I Sample calculations arc carried out for the steady-stateburningof n-Heptane

i dropletsat two differentfree-streamtemperatures,and the resultsare compared with
results obteined from variousexperimentalstudies, as well as with results obtained

I using simplified, "model" propertyvariation,as given by eqs. (5.1) to (5.4), for both

infinitelyfastchemistry andone-step, finite-ratechemistry.

5.3.1. "Exact" versus "Model" Properties

{+ Fig. 5-1 shows the typical variationof some gas mixture propertiesacross the
boundarylayer. Specific heat capacity cp, Prandtl number Pr, and the productof

and ali normalizedwith their values thedensity viscosity rCs_tivc al boundary

layer edge,areplottedagainstthe nondimensionalnormal distancefrom drop sur-

I face. This particulargraph correspondsto 0=60 ° in terms of the angular distance

I from the forwardstagnationpoint, butprofilesat other angular locations between the
forward stagnation point and the separationpoint axe found to be similar. In the

I simplified representationfor properties, Prand areali assumed to be
gas Cp, plt con-

stant, lt seems thatthe assumption Pi_=Pcl,tc=const. gives an errorof about 30-35

i percent near droplet surface at the given free stream conditions

I (p. = I atm, T. =300 K, Rc, = 100). At this point, it is interesting to compare this
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vAthresultsobtainedat a highertcmperatm_.(T. = 700 K). U

Fig. 5-2 showsthat,for this case, the errorhardlyexceeds 15 percent. Basedon i
U

these observations alone, it appears that, at least at higher Dec-streamtemperatures,

assumptionplt = Pcg_= const, is not very inaccuratedespite the existence of the I
the

.q /

temperature and concentration gradients in the flowfield. The assumptions i

Cp= consL, Pr= const., however, may potentially introduec a significanterrorin the II

determination of flarnc characteristicsand surface transport rates, which will bc
Slinvestigated in the following.
A

First, wc wish to examine the effect of the choice of the average specific heat, I

Ep,on flameand_ansponcharacteristics.Figs.5-3 to 5-5 showtheeffectof E'pin i

thesimplified-propertymodel.Thetwo valueschosenforF..p,1363and1666J/kg-K,

arc the values forcp(vi)at the flame(i.c. whcrcthe gas tcmpcraturcis maximum) and i

at the surfaceof the droplet,rcspe£tively,obtainedfrom the "exact"calculation, j_

Furthermore,a constantheatreleaseq=6.43x10s J/kg, anda constantactivation

energyEz= 5 k.I/moleareusedfor both. The formeris thecalculatedheatreleaseat i
qF

theflame,i.e. wherethetemperatureisa maximum,obtainedfromthe"exact"calcu-

llation. As for En, it needs to be specified in both models, and the above mentioned

value is chosen for both models. |
Both simplifiedmodels seem to predicta higher flame temperatureand a higher

flame distance. At least the firstvalue for F.p,1363 J/kg-K, is definitely lower than I

the effective average _ in the region between the flame and the droplet surface. A m

lower Fpleads to a higherflame temperature,which explains the trendin peak tem- _

peratures. I

!
i
i



.....

!

i As for the flame distance from the surface, a higher flame temperatunh i.e. a

I heat release from the would lead increasedblowing, which, in its
higher flame, to

turn.would push the flame furtheraway from the surface. This is seen in Fig. 5-4,

1 too, where the mass-blowingrates from the two simplified models (largerflame d/s-

l rance)are clearly higher than the mass-blowing rates obtained from the "exact"cal-
culation. The question, however, why a higher _, i.e. a lower flame temperature,

, correspondsto a higherblowingrate, to
still negd$ be 8.nswel'O_

The present computations were performed for steady-state evaporation, i.e.

I underthe condition of zero heat transferinto the liquid phase. This means thatthe

I surface mass-blowing rate at a certain angular location is directly related to the gas-
phase heat transferat the surface through the equation

l p,v, - hv(T,) '

I or, in non-dimensional form,

I psvs Ps_ d Tp.u'---_ hv(Ts) drl " (5.31)g

l As seen in Fig. 5-3, the surface temperature,and hence the latent heat of vapor-

I ization hv(Ts), are almost equal for ali three cases. From this graph it is difficult to
distinguish the gradientsof T/Tc for the three cases fromeach other. The calculated

values seem to be very close to each other. A closer look at the temperature gra-
dients near the droplet surface, as seen in the detail inserted in the lower right-hand

cornerof Fig. 5-3, however, shows that the values for d(T/Tc)/drl at the surface are

l almost identical for the "exact"calculation and for the model-property calculation

| 7o
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I
with _ = 16456J/kgK. while the value for the same gradient,calculated with model ali

propertiesat_ = 1363 J/kg-Kis about15 percentlargerthan the othertwo. I

As for ps7_, in the simplifiedtreatmentof gas propertieswe have

i

which follows directly fromthe assumptionsgiven in eqs. (5.1) to (5.3). i
qP

The variaton across the boundarylayer of propertiesother than el, being the dt

same between the two simplifiedmodels, it is obvious thata higher_ will result in a l
- larger value of Ps_- Then, it follows fromeq. (5.31) that the mass-blowing ratewill i

i
be proportionalto the productof PsXsarldthe temperaturegradientat the surface.

Thus, in the simplifiedmodels, thechange in blowing ratewill resultfrom two com- I
rmlM

peting effects --one of them, the productps7_, increasingwith Ep,and the other,

the temperaturegradientat the surface,decreasing with_.

As for the "exact" blowing rateresult, if one forms the ratioof blowing rates
U

between the "exact" calculation and that with _.p-(Cp.s)exac t- 1666 JAg-K, one

using eq. (5.32), i
obtains,

(p,v,)ex,_ (P,l_)cx,c, Pr. i
= =0.81, (5.33) qP

(P,v, ),imp. P-P-* (pr,)cx,t

which explains the discrepancybetween the blowing rateresultsobtained from the i

"exact"calculation andthe "model" calculation. This is confirmed by Fig. 5-2, too. Di
41

These findings suggest that, using surface values for gas properties in the

• simplified-propertycalculation would, in general, give more reliableresults in te_,s i

of mass blowing, or evaporation,rates. The same, however, cannot be said for flame

t
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i temperature and flame distancepredictions, or skin friction pre,dictions (see Fig. 5-

I 5). Herein lies a potential shortcomingof the approximatetreaunentof gas proper-
ties in the boundarylayercalculation. Thatis, a simultaneouspredictionof physical

t processes at the surface and in the reaction zone arc, in general, not possible to the

same degreeof accuracywith such simplifiedproperty-variationmodels.

Law and Williams (1972) also arguethat the significantgas propertiesaffecting

I evaporation rate arc specific heat capacity cp and thermal conductivity _ both
evaluated near dropletsurface. They report that their empirical correlation,basedon

I average values of Cp and _. in the region between the flame and the droplet surface,

i ° yieldsgoodagreementwith experimentalobservations.

._ There is one importantgas property,however, which, so far, has not been sub-

i jected to a close examination --mass diffusivity D. One difficulty of analyzing the

t effect of diffusivity is that there are several diffusivities, one for each species,
involved in the problem--which has been taken into account in the "exact" calcula-

E, tion. In the model, however, the Schmidt numberSc,
simplified given by eq. 0.4),

is constant,and,consequently,fromcq. (5.2), thequantityp2D is a constant.The

I variation of the diffusivities of fuel vapor and oxygen across the boundary layer is

i shown in Fig. 5-6. Here, the diffusivities are expressed in terms of Lewis numbers,definedas

m Sq _.
lci= --_= pcpDi, i=f,o,CO2,H20,N2. (5.34)

For evaporation (or burning) rates, it is plausible to think that the significant

i diffusivities will be the diffusivity of fuel vapor in the region between the surface
and the flame, or, that of oxygen far from the droplet, i.e. in the region between the

!
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flame and the boundarylayer edge. Fig. 5-6 shows that the latter correspondsto a

IILewis number very close to unity. As for the fuel vapor Lewis number, it experi-

ences a sharpchange over a factorof five between surfaceand flame zone. Thus the
U

effective average Lewis number for fuel vapor in that region will be somewhere

aroundthe value 2. I

The effect of the choice of Lewis numberin simplified-propertycalculationsis R
shown in Figs. 5-7 to 5-9. In these calculations, surf'accvalues from the "exact"

model arc used for the constants Fn,,Pr, and pl_, which means that p_. is also i
4tru

evaluated at droplet surface. In ali three figures,the results arcalso compared with

the "exact"results. I

As seen in Fig. 5-7, a higherLewis number,or, a lower mass diffusivity, results
I

in a lower flame temperature,and a smaller flame distance from the surface, lt is

' significant thata Lewis numberof unity predicts almost the same surface fuel con- J

centration as the "exact"model, whereas a higher Lewis number overpredicts the

surfacefuel concentration,butcomescloserto the"exact"calculationas faras the I

shape, or the gradient,of the fuel concentrationprofileis concerned. A higherLewis ii'
gnumber gives a betterpredictionfor the local mass blowing rates along droplet sur-

face, too (see Fig. 5-8). In termsof skin friction,however, the unityLewis number, t

which gives an almost identical result as the "exact"calculation, seems to be the
,.22,

better choice, although,obviously, the difference in Lewis numberdoes not resultin i

a significantchange in predicted surfacefriction (see Fig. 5-9).

Finally, we wish to comparethe results from ali four differentmodels that have m

been developed in the course of the present study: the model with three species con-

i

servation equations and "exact"propertyvariation(Model 4); that with three species i

" |
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t conservation equations and "model" property variation (Model 3); that with nvo

i species equations property (Model 2); finally.
conservation and model variation ILrld

.. the one with infinitely fast chemical kinetics, and, of course, with modcl pro_rty

i variation(Model 1). Figs. 5-10 to 5-12 show the comparisonin termsof temperature

i and mass fractionprofiles, mass blowing rate and skin friction. For Models 1 to 3,
the following constants me used: FqD=1363JAg-K, ptt=p¢_, Pr=Pr,,Le=l.

I Furthermore,the same constant heat release q=6.43x10 s JAg is used for ali three
models, and the sameconstant activationenergyEs = 5 kJ/moleis used in the models

I 2 through4, where the latterneedsto be specified.

I Since comparisonsbetween the Models 1 and 2, Models 2 and 3, and Models 3
and 4 arealreadymade previously in this study, we shall not go into a detailed dis-

cussion at this point. However, it is interestingthat, in 5-10 and 5-11,
as seen Figs.

the best agreement to Model 4 in terms of flame temperature, flame distance, and

I mass-blowing rate is reachedby Model 2, and not by Model 3, which is closest to

i Model4 inthedegreeofcomplexity.Thismeansthat,thetwodifferencesbet_,een
Models2 and4,i.e.solvingoneadditionalspeciesequationandaccountingforthe

i "exact"variationof properties,exert opposite effects on profiles and
gas temperature

evaporationrates.

! As forsurfacefriction,solvingthreespeciesequationsinsteadof t_,'oby

I accounting for N2 separatelyinstead of lumping it with oxidizer and/or products as
one species, seems to make a s_gnificantdifference in the predicted skin friction (see

Fig. 5-12). A discussion of this phenomenon was given in Section 4.5, when Models

2and3werecompared.

i 5.3.2. Comparison wilh Experimenls

1
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So far, comparisonhas been made between computationalmodels that involve

gas-property and reaction-chemistry models of varying degrees of complexity, i

Nothing has been said,however,concerningthe agreementof mese models, or of the

most complex one, with experimentalresults. As mentioned in previous chapters, 1

experimental results exist for overall steady-stau:evaporationrates from drops, and
M

for the drag on evaporating drops. Fig. 5-13 shows the results for the steady-state

evaporationrate from the dropletvaryingwith the free-sueam Reynolds number,as I
mm

pre,d._ctc/Jby the "exact"model. Comparisonis made with the experimental results

of Law and Williams (1972), and with a FrosslingflZanz-Marshalltype of correlation I

(see eq. 1.4). In the latter,surface values obtained at the forwardstagnationpoint lm

° from the present "exact"calculation are used. In other words, the comparisonwith 1

the Ranz-Marshallcorrelationis to beunderstoodasanexaminationasto howaccu- I
rl

rateit wouldbeasa short-handrepresentationof thepresentboundary-layercalcula- "

tion. The Ranz-Marshallcorrelationunderpredictsthe results of the boundary-layer 1

model, but considering that it was developed from observations on droplets in the I

absence of burning, this finding is not surprising. The experiment of Law and Willi-

ams (1972), is for burning droplets. Evaporationratespredictedby our model seem i
I

to be about twice as large as those of the latter.

Since Law and Williams (1972) conducted their experiments at room tempera- !

tune, much lower than 1".=700 K0which we used for these calculations, an addi- I
tional calculation was performed at T, = 300 K. This time, the agreement with the I

results of Law and Williams is muchbetter, as seen in Fig. 5-14, which is very I
I

encouraging. At this free-stream temperature,a Ranz-Marshall type of correlation

that involves surface values calculated at the stagnation point also seems to provide a I

good representation for our computation, j
I

"/5
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i Finally, the results of these steady-state,quasi-timc-depeedentcomputationsin

terms of droplet radius and droplet Reynolds number histories at T. = 300 K arc

l shown in Fig. 5-15. The initial dropletradiusand Reynolds numberwere chosen to

ii be 50 _ and 150, respectively. These results,obtainedfrom the "exact"model, arc
I

comparedto results obtained from a time-historycalculationbased on experimental

I results. The dragcorrelationof Yuen and Chen (1976) is used to updaterelative dro-
plet velocity at each time step. To updatedropletradius, the correlation of Law and

l Williams (1972) is used. Our "exact-property"model slightly underpredictsdroplet

l size and somewhat ovcrpredictsdropletReynolds number. In p_rticular,the differ-
ence between the two Reynolds numberpredictionscan probablybe attributedto the

I fact that the Yuen-Chen correlationis based on data from evaporating,not burning,
droplets. But,overall, the agreementis quitereasonableandsatisfactory.

!
I $.4. Summary

l In this chapter, an examination of the accuracy of commonly used
simplificationsfor the variationof gas properties is carried out. As opposed to a

I fully numericalanalysis, the present on boundarylayer approximation
model based

enables, within reasonable computational times, consideration of the variation of gas

l properties in the flowfield.

I Results show that gas properties that arc often assumed to be constant in
combustion calculations, such as specific heat Cp,Prandtl number Pr, and effective

! " Schmidt number Sc, may vary by a factor of up to 3 or 4 within the regionbetween

i the flame and the droplet surface, lt is, therefore, important what value is chosen in
these simplified calculations for cs,, Pr and Sc. In general, surface values, or aver-
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ages for the region between the surface and the flame zone, arcrecommendedfor a

better estimationof surfacerates suchas mass-blowing rateand surface friction. For is
a bcncr prediction of flame characteristics,however, averagevalues for gasproper-

des should bc evalua_d near the flame zone. This, of course, makes it difficult to
II

achieve simultaneousagreementbetween simplifiedand exact propertycalculations

in termsof evaporationrates and flamecharacteristics. I

Theresultsobtainedfromthepresentdropletmedclwithexactpropertyvaria- m

tion arc also comparedwith experimentalresults. In termsof evaporationrates, our

predictions are in good agreementwith the correlationof Law and Williams (1972), ]1
m

given that mc latter is evaluated at the conditions under which these experiments

" iwereconducted. This correlation,combined withthe correlationsuggestedby Yuen

and Chen (1976) for droplet drag,can be used to calculate droplet historiesfor size lm

and Reynolds number. Again, under the appropriatefree-stream conditions, there is 1
good agreement between our predictions for droplet histories, and those based on the I

labove-mentioned correlations.

!
!
!
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I CHAPTER 6

CONCLUSIONS

I
I 6.1. Boundary Layer versus Fully Numerical Modeling

I Since the late seventies, therehas been extensive modeling workon convective

o single droplet evaporation andburning. R.esearchershave gone two separate ways in

I approachingthis complex fluidmechanics problemthat involves multiple phases and

i multiple transportprocesses -- numerical solution of the full Navier-Stokes equa-
tions, or, an analytical/numerical approach along the lines of the boundary-layer

t approximation. Even the computing capacity to engineer-
wi[h that is available the

ing and science community today, a complete numerical solution of Navier-Stokes

i equations accounting for ali aspects and details of the problem is still not possible.

I The reader is also referred to the discussion of this subject by Dwyer (1989). In
other words, what is referred to here as "fully numerical" approach has- so far at

least _ also involved simplifying assumptions and approximations, in general with

regard to interface transportphenomena, property variation in the gas and liquid

I phases, chemical kinetics in the case of burning, etc. To say this, of course, is not to

t underestimate the extensive and very useful work of such researchers as Dwyer and
Sanders, and Renksizbulut and co-workers over the past decade.

i
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The basic shortcomingsof the boundary-layerapproach,on the,other hand, are Q

quite obvious. By its nature,the boundarylayer approximationrestricts the rangeof '_

Reynolds numbersfor which the analysis is valid, for it a priori assumes high Rey-

nolds numbers. The Reynolds numbers associatedwith the convective single droplet i

evaporation and burning problem are observed to fall into the "intermediate"or

"moderate"range,that is, O(100) typically, renderingquestionableany useful imple- I

mentationof the boundary-layerapproximationfor this problem. A strongcase for a D
|boundary-layeranalysis,however, was made by the workof Prakashand Sirignano

(1980). Their results, essentially, confirmed the suggestion that reasonable agree- B

rnent with experimental observations was possible for Re=O(100), the Reynolds

numberbeing basedon dropletdiameter. I

A furthershortcomingof the boundary-layerapproachis its incapabilityof pro-
II

viding results for the wake region downstream of the droplet. The errorinn_duced

by the failure of solving for the wake region is relatively small in the case of the i

overall evaporation rate from the droplet, since it is observed (and shown computa-

tionally) that evaporation beyond the separation point can be assumed to be negligi- /I

ble compared to that in the region from the forwardstagnation point and the sepa.ra- ml
|tion point (see, e.g., Cliff et al. (1978)). In the case of the droplet drag, however, the

same cannot be said. Dropletdrag consists of two components, drag due to pressure,

and drag due to surface friction. Again, surface friction in the wake region can be

shown to be muchsmaller than, say, around the forward stagnation point of the dto- I

plet. But since the contribution of the pressuredrag to the total drag is of the same I
orderas -- usually even greater than -- the contribution of the friction drag, drag

calculation by the boundary-layer approach is, generally speaking, much more I
as

unreliable than that by a full solution of the Navier-Stokes equations.
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1
I In the present work, the bounds-layer approachwas chosen as the method of

studying droplet evaporation,and, especially, burning. Table 6-1 summarizes the

I extent of some of the most significantand innovative researchin this area. As seen

in this table, the case involving chemical reaction has been studied by only two of

I the six formerresearchers. And of thosetwo, bothhave left out some otheraspect of

i the problem, such as transientheating of the droplet interiorand/ora consideration
of gas-property variation in the flowfield surrounding the droplet. To our

I knowledge, the presentwork has been the only one so far employing boundary-
the

layer approachto combine the burningof the dropletwith the transientheating of the

t droplet. The interestingresult of the transientcalculation, concerning the use of an
9b

I appropriateeffective transfer number,will be discussed in Section 6.3.
And as for taking into account the exact variation of gas properties in the

i flowfield, again,to our knowledge the presentwork offers so far the only analysis of

! that kind involving more than two gas species, and chemical reaction. That, also.will be discussed more in detail, in Section 6.5.

!
6.2. Steady-State Burning: Flame Position and Droplet His{ories

!
In general, the steady-state calculation outlined in Chapter 2 serves as a

f verification of the suitability of the present boundary-layermodel for the prediction

I of the physical processes associated with single droplet evaporation and burningin a
convective environment. In particular,evaporation rates from evaporating and barn-

i ing droplets predictedby the present are to agreement
model found be in reasonable

with experimental observations, given in the form of empirical correlations (e.g.

I Froessling/Ranz-Marshalltype of correlations). Furthermore,predicted life hi_,_ories
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II
of evaporating/burningdropletsappearto be within the same degree of accuracy as

fully numerical solutions of any degree of complexity thus far have been able to I
obtain.

And finally,reasonable predictionsof flamepositions up to the point of boun- N
-,,./

darylayer separationis possible with this model The apparent relative thickness of II

the viscous layer--- where also the chemical reaction is assumed to take place --- n

does call the boundarylayer approximationin question,especially for Re< 100. Yet
U

this does not seem to keep the results from being sufficiently reasonable. This, of

course,wasexpectedin the light of the imporl_tntwork by Prakashand Sirignano I
(1980).

!
6.3. An Effective Transfer Number for the Entire Droplet Lifetime B

I

The most significant result of the transientcalculation, outlined in Chapter 3, /

has been the concept of an effective transfer numberB thatcan be used to satisfac-

torilydescribe the evaporationbehaviorof a burningdropletboth in the early phase I

of transientliquid-phaseheating, andthe phaseof quasi-steadyevaporation.

i
Empirical correlationsfor steady-stateevaporationrates from dropletsin a con-

vective flowfield, such as Ranz-Marshali (1952) and Renksizbulut-Yuen (1983a), /li

involve a nondimensional transfer number B. In the literature, B can be found
III

defined as a mass transfernumber,

I
Bm - Kt., - Kt,., (6. l)

I - Kt,s /
U

or a heat transfer number,

I
U
!
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I B,h= Cp(T.-T.)

h,, (6.2)

I Eq. (6.2) is valid for steady-state evaporation only, i.e. when there is no heat

U transfer from the gas phase into the liquid phase, and the entire heat transfer is used
• for the phase change. For the case of nonzero heat transfer into the liquid phase, a

modified, or effective, latent heat of vaporization can be defined as

m • •
hv,e.ff= Qilrn= hv+ Qllm. (6.3)

i Used in the transfer number, h,,.eff would give an effective transfer number

cp(T, - Ts ) (6.4)
I_ B_eff - hv._

t which, for the special case of unity Lewis number, is equal to Bm given by eq. (6.1).

t This effective transfer number was used in Ranz-Marshall type of correlations
that were compared to our computation results, both in reacting and non-reacting

I cases. Both Froessling/Ranz-Marshall and Renksizbulut-Yuen correlations turned

out to be good predictors for droplet evaporation behavior for the entire droplet life-

I •time, and for both burning and evaporation only. This is remarkable, because these

I empirical correlations were based on observations made with droplets evaporating in
steady-state, in the absence of chemical reaction. The significance of this finding

I lies in its usefu?ness for which of thepotential spray calculations, is, course,

i rationale behind single droplet modeling.

I 6.4. Finite-Rate versus Infinlte-Rate Chendstry
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i
One advantageof the boundary-layermodel here, as opposed to that of, e.g., M

Prakashand Sirignano(1980), is that it can accomodate chemical reaction. In the
m

present work,calculations areperformedwith both an infinitely-fastand a one-step,

finite-raterepresentationof chemical kinetics. This enables a comparison of the two I

kinetic models in termsof surface mechanisms such as mass-blowing rates and fric-
i

tion, as well as flamecharacteristics. These results, furthermore,can be extended to I

more generaldiffusion flameandreacting boundarylayerproblems.
i

The results show that, in general, infinite-ratechemical kinetics give a larger I

flame distance from the surface, and a higher mass-blowing rate. lt can be argued I

that higherblowing rateswould pushthe flame furtheraway from the surface,but, at j

the same time, this could result in a smallertemperaturegradientat the surface,in its

turnreducing the blowing rate. Thus the rate of blowing and the flame distance and I

temperaturearedeterminedby the balance of competing effects, and it is not possi- l/

ble to arrive at a generalizedconclusion valid for ali diffusion flame problems. As

for surface friction, it is verified that blowing in generalreduces surface friction m iii
ni

even though,undersome circumstances,the fact that increasedblowing means more

mass to be transported,may providea competing effect. I

The diffusion-flame approximationwith infinitely fast chemistry, where the I

flame zone is reduced to a flame sheet of zero thickness,allows for three gas species m

only: fuel vapor, oxidizer, and reaction products. In orderto isolate the effect of I

finite-ratechemistry versus fast chemistry, the existence of these three species only 1
El

was presumed for the former, too. For most cases of practical interest, however,

non-reacting species are also pre,_ent in the flowfield, such as nitrogen, when i

combustion is taking piace in air. To examine the effect of lumping nitrogen with

!
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I reaction products, another, slightly more complex one-step, finite-rate computation

I was carriedout by solving an additional species conservationequation for nitrogen.
The results show that there is little change in the predicted mass-blowing rates. As

I for surface friction, the difference is factor ofhowever, significant, amountingto a

approximately 1.5. This comes directly from the difference between the surface

I velocity gradientspredicted by the two models. Since the friction itself brings usu-

ally less than half of the contribution to the total drag, however, the effect on total
lD

dropletdrag will be somewhat reduced. In terms of the prediction of flame chaxac-

i teristics, the more complex chemistrymodel seems to give slightly larger values for
_ flame temperature, flame distance from the surface, and the thickness of the flame

zone. .

t 6.5. "Exact" Variation of Gas Properties

I
Accounting for the exact variation of gas properties in combustion calculations

I increases the computational effort significantly, since these properties vary not only

with temperature, but also with the mixture composition. For this reason, it is quite

I common in the combustion community to resort to simplified correlations for pro-

I perry variation, such as Plt =coast., Pr=const., Sc =const., and Cp=const. The accu-
racy of these correlations is very questionable in the presence of large temperature

t gradients, and, especially for gas mixtures the components of which differ

significantly from each other in terms of molecular weight -- as in the case of

I hydrocarbonfuels evaporating and burning in air. In spite of this fact most investi-

I gators of convective droplet evaporation and burning have also used similar approxi-
mations in their calculations, as seen in Table 6-1, obviously due to computational

I
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restrictions.

Enabling a reasonable analysis of the reacting gaseous flowtield surrounding m

the droplet in a minimum of computationaltimes, the present model proves to be
qsuitable also for a thorough examination of the errors introduced by the above-

mentioned simplifications for the variation of gas properties. Furthermore, the i
u

results obtained here for evaporatingand burningdropletsare valid for more general
,ak

situationsof reacting boundarylayer flows with nonzeropressuregradients. I

One significant result of this analysis is that, several of the gas properties
m

widely assumedto be constantin combustioncalculations, such as the specific heat,

and Prandtl and Schmidt numbersof the gas mixture, may vary by factors of up to 3 I

or 4 within the viscous region near the surface containing the flame. Under these cir- as

cumstances, it may become an important question what average value to choose for i

these properties so that a good estimate is obtainedfor surface transportrates as well II
Itas flame characteristics. Calculations show that this is indeed a difficult task since,

in general, an average value chosen for, say, Cpthat gives a good estimate for eva- I

potation rates, will not be as succesful when it comes to predicting flame tempera-
ali

ture andflame distance fromthe surface. In general, as suggested by Law andWilli- I

ares (1972), the thermal conductivity and the specific heat capacity of the gas mix-.
|

tune in the regionbetween the droplet surface and the flame turn out to be the crucial

parameters for evaporationrate predictions. I

Finally, it is found that results obtained from the droplet model develcped in ali

the presentwork are in good agreement with experimentalobservations; particularly _1

with Law and Williams (1972) for evaporation rates from burning droplets, given II
U

that the latter is evaluated at the free-su'camconditions under which the respective

experiments wereconducted. I
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1

i 1". = 293 K, Re. = 120, M., = 0.01.
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Figure 2-8. Effect of the freestream Mach number, M., on the skin friction sz

coefficient and evaporation rate pcr unit area along the burning dto- 1

pier surface at p. = 1 atm, 1". = 293 K, Re. = 50. i
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I Figure 2-9. Predicted variation in dragcoefficient of the droplet with freesu'eam

i Reynoldsnun)bcr,for bothevapolatingandburningdroplets.Com-
parison is made with the experimentaldataof Yuen andChert (1976)

I for evaporating droplet, and with the "standard"curve for the
an

I dragon a solid sphere.
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Figure 2-10. Predicted variation in mass transfer rate of the droplet with Reynolds l
number, for evaporating and burning droplets. Comparison is made 1

with Renksizbulut-Yuen and Froessling/Ranz-Marshall correlations i

for an evaporating droplet.
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Figure 2-11. Predicted droplet histories (radius and effective Reynolds number),

i for evaporating and burning droplets. Comparison is made with the

experimental data of Renksizbulut and Yuen (1983a). using the data
on drag coefficient from Yuen and Chen (1976).
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Figure 2-12. Predicted flame shapes about spherical droplet for twodifferent Rey-

nolds numbers. I
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i Figurc 3-1. Illustrationof the orthogonal strcamlinecoordinale system (_,V,e_).
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I Figure 3-3. Predicled temporal variation of the nondimensional evaporation rate,

i compared with various empirical correlations.
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Figure 3-4. Predicted temporal change in droplet radius, compared with the

predictionsof Prakashand Sirignano (19g0). I
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Figure 3-5. Predicted temporal change in surface temperature,comps'cd with

I lhc predictions of Prakash and Sidgnano (1980) at O= 90°.
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Figure 3-6. Predicted temporal change in droplet radius, compared with the i

predictionsofSandersand Dwycr(1987).
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I Figure 4-I. Predicted temperature, velocity, and species mass fraction profiles at

an angular distance 0=60 ° from the upstream stagnation point of

I the droplet.
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Figure 4-2. Effect of the activation energy on predicted temperatureprofiles li

m
within the boundarylayer.
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Figure 4-3. Effect of 0le activation energy on predicted fuel vapor and oxygen

I mass fraction profileswithinthe boundarylayer.
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Figure4-4. Variationof thelocalskinfrictioncoefficientandmassblowingrate

alongthedropletsurfacefordifferentactivationenergies. I
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Figure 4-5. Temperatureand fuel mass fraction profiles, predicted by M_els 1

I and 2, at an angular distance 0 = 60° from the upstream stagnation

i poinL
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Figure4-6. Variationof the local mass blowing rateand skin friction coemcienl I
along the dropletsurface,as predictedby Models I and 2.
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I Figure 4-7. Variation of the nondimensional integrated reaction rate along the

I dropletsurface fordifferentactivation energies.
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Figure 4-8. Temperatureand fuel mass fractionprofiles, predictedby Models 2 I
and 3. at an angular distance 0=60 ° from the upstream stagnation

point. I
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Figure 4-9. Variation of the local and mass blowing rate and skin friction

I coefficient along the droplet surface, as predicted by Models 2 and 3.
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Figure 4-10. Velocity profilespredictedby Models2 and 3. at an angular distance

O= 60° from the upstream stagnation point. I
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I
I
I
I Force Constants for the Lennard-Jones Potential Model"

I .. ;l" .. _" .. ;t'Species A K Species A K Species A K

AI 2.655 2750 CHaCCH 4.?61 252 LiaO 3.561 182"/

I AIO 3.204 54:2 CsHs $.118 23"/ MB 2.926 1614Ali 2.940 2"/50 n-CaHIOH 4.349 ST/ N 3.298 7|
Air 3.711 79 n-C, Hm 4.687 531 NHs 2.900 558

i "- Ar 3.542 93 iso-C4H,s $.278 330 NO 3.492 117
C 3.385 31 n-CsH,s $../84 341 Ns 3.798 71
CCI. 4.692 213 C._H,, 6.182 297 NsO 3.828 232
CCItFs _5.23 233 n-CsH:, 5.949 399 Na 3.$67 1373

I CCI4 5.947 32.t CI .3.613 13l NuCl 4.1116 1989CH 3.370 69 el, 4.21./ 316 NaOH 3.804 1962
CHCla 5.389 340 H 2.708 3./ Ns. 4.156 1375
CH_OH 3.626 482 HCN 3.630 569 Ne 2.820 33

I CH, 3.758 149 HCI 3.339 345 O 3.050 107CN 3.856 ./5 Ht 2.827 60 OH 3.147 80
CO 3.690 92 HaO 3."/37 32 OI 3.467 107
COt 3.941 195 H:C_ 4.196 289 S 3.839 1147

I CS.a 4.483 46"/ H:S 3.623 301 SO 3.993 301Ct 3.913 79 He 2.$51 10 SO2 4.112 333
C:Ht 4.033 232 Hl 2.969 "/50 Si 2.910 3036

C,H+ 4.163 225 lt $. 160 474 SiO 3.374 569
C:H+ 4.443 216 Kr 3.655 179 SlOt 3.706 2954
C,H_OH 4.330 363 Li 2.8._0 1899 UF, $.96? 23?
CtNz 4.361 349 LiO 3.334 430 Xe 4.047 231

I C._HzCHCH_ 4.678 299 Li_ 3.200 1899 Zn 2.284 1393 .
" 1,,Left I,,rli:cl) f, om R. A S+-ehl,ll. NASA TR R. 132. Iqb._

I
I Table 5-1. Force constants for the Lennard-Jones potential model (from

Edwards el al. (1979)).
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I

CollisionIntegrals for the Lennard-Jones Potential Model"

•r " ,T ,_T

I• 0.30 2.785 2.662 !.60 1.2/9 1.161 3.SO 0.9811 0.8942
0.35 2.628 2.476 1.65 1.264 1.153 3.90 0.9755 0.8888

0.40 2.492 2.318 1.10 1.248 1.140 4.00 0.9700 0.88_ I
0.4.5 2.368 2.184 I.'/5 1.234 1.128 4.10 0.9649 0.8788 I
0.50 2.2.5'/ 2.066 1.80 1.221 I.I1_ 4.20 0.9600 0.8740
0.5.5 2.156 1.966 1.85 1.209 1.105 4.30 0.9553 0.8694
0.60 2.005 1.8"T7 !.90 1.197 1.094 4.40 0.9507 0.8052 I
0.65 1.982 1.798 1.95 1.186 1.084 4.50 0.9464 0.8610 I
0.70 1.908 1.729 2.00 1.175 1.975 4.60 0.9422 0.8568
0.7.5 1.841 1.667 2. I0 I. 156 1.057 4.70 0.9382 0.8530 mmu

" 0.80 i.780 1.612 2.20 1.138 1.041 4.80 0.9343 0.8492 I
0.8.5 1.725 1.562 2.50 1.122 1.026 4.90 0.9305 0.8456 I
0.90 1.67.5 I..517 2.40 1.107 1.012 .5.0 0.9269 0.8422
0.9S 1.629 1.476 2.50 1.093 0.9996 6.0 0.8963 0.8124 m
1.00 I..587 1.439 2.60 1.081 0.9878 7.0 0.8?27 0.78% |1.0:5 12549 1.406 2.70 1.069 0.9770 8.0 0.8538 0.7712
1.10 1.514 1.37.5 2.80 1.058 0.9672 9.0 0.83"/9 0.7556
I.I.5 1.482 1.346 2.90 1.048 0.9576 I0.0 0.8242 0.7424" I
1.20 1.452 1.320 3.00 1.039 0.9490 20.0 0.7432 0.6640 I
1.2S !.424 1.296 3. I0 1.030 0.9406 30.0 0.700S 0.6232
1.30 1.399 1.273 3.20 1.022 0.9328 40.0 0.6718 0.5960
1.3.5 1.37.5 Ih2,_3 3.30 1.014 0.9256 .50.0 0.6504 0.57.56 I
1.40 1.3.53 1,233 3.40 1.007 0.9186 60,0 0.6335 0.5596 I
1.45 1.333 1.21.5 3.50 0.9999 0.9120 70.0 0,619,1 0.5464
1.50 1.314 1.198 3.60 0.9932 0.9058 80.0 0.60?6 0.5352
I..55 1.296 I. 182 3.70 0.9870 0.8998 90.0 0.5973 0.5256 I

100.0 0.5582 0.$170 I

" Taken fromJ O H*rbchfclder.R B B,rd. and E L Spolz.CAem RciJ..sot 44.p ,_0509491 ,,,

I

Table 5-2. Collision integrals for the Lennard-Jones potential model (from I

Edwardsel al. 11979)). I
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p. = I atm

U f _/T. T. = 300 K
%/%" / Re. = I00

1.5 \ R = 50 Izm
| z \ %

! -l _" •

p_/fa_).

n 0.5- x_• \
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n Nondimensional distance from drop surface.

I

I Figure $-1. Variation of specific heat, Prandtl number, pp. temperature, and

I speciesmassfractionsacrosstheboundarylayerat an angulardis-

rance0 = 60° fromtheupstreamstagnationpoint.
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I

i Figure 5-1. Variation of specific heat, Prandtl number, piJ. temperature,and

I species mass fractions across the boundarylayer at an angulardis-
tance 0 = 60° from theupstreamstagnationpoint.
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T.= 700 K
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I
I

Figure 5-2. Variation of specific heat, Prandtl number, pp, temperature, and

species mass fractions across the boundarylayer at an angulardis- 1
rance 0= 60° from the upstream, i
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Figure 5-3. Temperature and fuel mass fraction profiles at an angular distance

I 0=60 ° from the upstream stagnation point, predicte,d by Model 4,

i andby Model 3 for twodifferentaverage specific heats.
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0 p.= 1 atm i
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Re. = 100

" I1.5 R = 50 _m
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Figure 5-4. Variationof the local mass blowing ratealong the droplet sud'ace,as

predicted by Model 4, and by Model 3 for two different average I

specific heats. I
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°q Modelpropenies,_'p=i363J/kg-K 1:)=, -_ 1 at, m
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Figure 5-5. Variation of the local skin friction coefficient along the droplet sur-

I face, as predicted by Model 4, and by Model 3 for two different

g average specific heats.
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Figure 5-6. Variation of fuel, oxygen and nitrogen Lewis numbersacross the 1
boundary layer at an angular distance 0=60 ° from the upstream

stagnationpoint. I
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I 1.5 Fuel: n-Heptane
, p., = 1 atm

i T.= 700K
Re. = 100
R = 50/_m

l

I 0
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i Nondimensioned distance from drop surface.

I
I

Figure 5-7. Temperature and fuel mass fraction profiles at an angular distance

I 0=60 ° from the upstreamstagnation point, predictedby Model 4,

i and by Model 3 for two differenteffective Lewis numbers.
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Figure 5-8. Variationof the local mass blowing ratealong the dropletsurface, as I

predicted by Model 4, and by Model 3 for two different effective

Lewis numbers. I
I
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I
Figure 5-9. Variation of the local skin friction coefficient along the droplet sur-

I face, as predicted by Model 4, and by Model 3 for two different

i effective Lewis numbers.
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Figure5-I0. Comparisonoftemperatureandfuelmassfractionprofilesatan i
angular distance0=60 ° from the upstream stagnationpoint,

predicted by Models I to 4. i
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Figure 5-11. • Variationof the local mass blowing rate along the droplet surface, as

m predicted byModelsIto 4.
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Figure 5-12. Variation of the local skin friction coefficient along the droplet sur- Ii

face, as predictexlby Models I to 4.
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I
Figure 5-13. Predicted variation in mass transfer rate from the burning droplet

I with Reynolds number at 700 K. Comparison is made
g,'i|h the

experimental observations of Law and Williams (1972). and the

I Froessling/Ranz-Marshall correlation.
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Figure 5-14. Predicted variation in mass transfer rate from the burning droplet 1

with Reynolds number at 300 K. Comparison is made with the [[

experimental observations of Law and Williams (1972). and the lm
U

Froessling/Ranz-Marsha]! correlation.
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Figure 5-15. Predicted droplet histories (radius and Reynolds number) for a burn-

I ing droplet at 300 K. Comparison is made with the experimental

data of Law and Williams (1972), using tile dala on drag coefficient

I from Yuen and (hen (1976).
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Reference Type of Transient Chemical "Exact" I
Model Heating? Reaction? Properties?

Prakash and boundary yes no no ' l
Sirignano (I 980) layer

Renksizbulut fully no no no I

and Yuen (1983) numerical i

Rangel and boundary no fast no

Femandez-Pello (1984) layer I

Dwyer/Sanders fully yes finite no l(1984-90) numerical rate
_

Haywood ct al. fully yes no yes I
(1989) numerical

Huang and fully yes no yes I
Ayyaswamy (1990) numerical

Chiang et al. fully yes no yes i

(1992) numerical I

I
Table 6-1. Some of the previous theoretical work on convective droplet eva- I

poration and burning.
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