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I. Summary of Program Objectives and Present Status

In most of the liquid-fueled chemical power plants the fuel 1is
usually introduced into the combustor in the form of a Spray jet.
consisting of an ensemble of droplets. The spray subsequently ignites
and burns,. releasing chemical energy to-perform work and,~at the same :;
time, producing trace pollutants which are subsequently exhausted.

Hence in order .to improve the combustor performanee in terms of, say,
cleanliness and efficiency, understanding of the combustion charvacteristics
of fuel spray 1s essential. The present program‘then aims to study,

from theoretical viewpoint, thelvarions heterogeneoos processes involved
during (1) vaporization. ignition, deflagration; and extinction‘of o
single fuel droplets in the reactive environment simulating the spray.
interior, and (2) the vaporization and ignition of the spray as a whole.

During the reporting period we have completed the numerical -
modeling of unsteady droplet combustion in a reactive enviromnment
simulating the spray interior. From the fundanental viewpoint this
is the first systematic study on the conbustion characteristics of a
'systém exhibiting both diffusional and premixed burning. From the
practical viewpoint it provides useful information on such pertinent'
quastions as the ignition lag, burning rate, and flame size for dropletsA
burning or vaporizing within theiapray_environment.

This numerical study has also yielded much physical insight
which is useful for further analytical studies. For example, examination
of the numerical results has led us to question a basic feature of the

classical droplet combustion theory, that is the instantaneous rate of
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fuel vaporization from the droplet is equal to the rate of fuel
consumption at the flame. We have subsequently formulated a theory
vhich demonstrates that a significant portion of the fuel vaporized
is actually used in filling up the space between the droplet and the
flame instead of being consumed at the flame. Therefore by adopting
the.classical droplet combustion theory in modeling Spray combustion,
grossly inaccurate estimates of the chemical heat release rate may
result;.

We have also started our studies on spray vaporization. We have
first investigated the effect of possible condensation of ambient
moisture on the spray vaporization rate. This possibility has been
overlooked in the past although we have shown that the potential
enhancement of the fuel vaporization rate through water moisture
condensation is significant, particularly for a cold and dense spray.
'It also has important implications on the ignition delay of a spray.

In the following the highlights of these three projects are

discussed in more detail.

11, Numerical’Modeling of Droplet Ignition and Combustion in a ’

Reactive Environment

The extensive amount of literature on droplet combustion has all
Nassumed an oxidizing environment. In reality, however, the environment
which the droplet responds to within the spray interior also consists
of fuel vapor produced prior to ignition and is therefore reactive. It

is obvious that depending on the fuel vapor concentration, quantitative



or even qualitative changes on the droplet combustion characteristics
‘ can‘result. lfor example wben the environment becomes excessivély fuel
rich; droplet combustion, or even pure vaporization,.may be inhibited.
Indeed, recent experimental evidence does seem to indicate that the
single droplet combustion mode is not favored in tbe fuel rich region
of the spray core. | |
From the fundamental viewpoint fuel droplet combustion in an
environment consisting of some of its own vapor is also an interesting
chemical system to study. This 1is becausevpart of fuel present in the
system 1is premixed with the oxidizer in the ambiance whereas the rest
is perpetually being released from the droplet and has to diffuse
outward and mix with the oxidizer before reaction can take place,
Therefore thejexpected combustion mode is neither strictly diffusional
nor strictlv premixed. One would then expect that this hybrid system
will exhibit diffusional like combustion for low levels of fuel vapor
concentration and premixed- type combustion when the environment fuel-
oxidizer concentration approaches stoichiometric.
In order to provide the needed physical insight to the problem,
a numerical study on the vaporization and’combustion of a fuel droplet
in a reactive enviromment with varying reactant concentrations has
-been conducted. The problem considered is as follows. At time t=0 a
ipure fuel droplet of constant temperature T is introduced into a hot
.stagnant, isobaric environment with initial temperature ’I‘°°° and mass
and YFﬂo’ respectively;

O=o

The droplet, being at a lower temperature, receives heat from the

fractions of oxidizer and fuel vapor, Y



environmentland in‘turn releases fuel vapor to the gas medium.' The
subsequent processes of’ vaporization, heat and mass transport, and the
chemical reactions between the fuel and oxidizer are studied. The
governing equations are the spherically-symmetric, isobaric, transient-
diffusive convective reactive conservation relations for species
concentration and energy.

The nnmerical study shows that when the ambiance is fuel‘lean,
diffusion-like burning generally can be identified. Ignition takes
place close to the droplet and early in the droplet lifetime, when less.
than 1% of the droplet mass has vaporized. After ignition the flame
propagates outward, with the fuel vapor released from the droplet
being partly consumed at the flame and partly stored in the inner
region to the flame. 1In the case of a fuel-rich environment, diffusional
burning is not possible.

Considerable simplification in estimating the droplet behavior
also results if the ambiance is either weakly or intensely reactive.

If it 1is yeakly reactive then the environment is essentially frozen
during the droplet lifetime. Then 'the droplet undergoes either purely
diffusional burning 1f the ambiance is fuel lean or pure vaporization
1f it is fuel rich, If'the environment is intensely reactive, one of
the reactants will be rapidly depleted. fhen the subsequent.phenomena
of interest are again either purely diffusional burning or pure ‘
vaporization? except‘now the ambient temperature is the adiagbatic flame

temperature and is therefore much hotter. Homogeneous ignition theory

can be used to assess the reactivity of the ambiance.



This work 1s detailed in Appendix A, which has been submitted for

consideration for publication.

III. Re-examination of the Classical dz-Law'of broplet Combustion

In our numerical study‘of droplet combustion we noticed'that aftér

ignition the flame-front standoff distance T., defined és the ratio

£
of the flame diameter to the droplet diameter, continuously increases.
This is the case even whén the ambiance is devoid of any fuel vapof ‘
and thereforé'is sérictly'oxidizingm This is contrary to the result
of the classical dz-law of droplet cémbustion ﬁhich states that‘;f.

1s a constant. A céntinuously increasing %, has actually been observed

f
by Kumagai and his co-workers by conduétiqg the eipériﬁent in a freély-

féiling chamber, ‘

Waldman, and Crespo and Linan, attributed this to be caused by

_ the gas-phase unsteadin;ss as a result of thg fiﬁite magnitude of the
gas density compared with the liquid density sﬁch ﬁhat.during thé- |
characteristié gaé-phhsé transport time the droplet éurface doés.fééress
a little. This then implies that rather than bei;g quasi-steady as
assuﬁed‘;n the dz;law hodel, the éas-phase transport procesées are
intrinéically unsfeady. Crespo and ﬁihan further shoﬁgd tﬁﬁt'thése
finite-dehsity effects are expectéd to be 1hportant in the regioﬁ
located gt!? > 0@/3;73;) away from the dfsplét. .In this region‘ﬁhe
gas velocity Becoﬁes comparable with thé droplet‘radial.regréssion

rate such that the flow changes from being convective-diffusive in the

interior, quasi-steady, region to being transient-diffusive here.
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Therefore any process of significancerccugring in tﬁis far field
region is‘expeqted ;o.render the bulk cémbustion characte;isfics
unstéady. | |

Ho&eQer,.an examination of thé'data of Kgmagai et allAin light .
of the ab6§e discussion yields théﬁfollowing dileﬁma. U;ing
pz/pg=50(io3), the transient-diffusive region is expected ts bg ag
least 30 drOpiet radii away. However, the‘experimenﬁaliflame size is
?f < 10. 'Therefore the flame characteristics, as well ;é other bulk
comBustion paraﬁéters, éhould exhibit quaﬁi-steﬁdineés'witﬁ small
pér§ufbationé éf the order of J$;73;. This, of course{ is contra?y to
the observation that the flame continubusly propagates outwara. There-
fore the finite-density effect is not adequate to explain the~éxperimental
flame ﬁehavior. | o o

In tésponse to the aboveidilemma, Qé haveAfecéﬁtiy identified an
‘additional, unsteady process whicﬁ Qe believe istéf iﬁpoftancé uﬁder
all situations and indeed is quite adequate to explain the observed'
flame behavior without accounting for the finite-density effect.. Thé
process of interest is the transient build-up of the fuel vaﬁbr profile
in the inner region to the flame as it approaﬁhés_the dz-léw locafion. |
Obviousiy prior to ignition the fuel vapor céncentration in the wvicinity
of thé droplet is quite low, especially for the Sparkaighition experimeﬁt
of Kumagai et al. conducted 'in a cold enviromment. However, after
ignitidn this concentration Qill have to be signifiéantiy inereésea

in order to sustain combustion. Therefore immediately after ignition

most of the fuel vaporized is stored in the inner region rather than



being actually consumed at the flame:u‘ﬁue to the insufficient amount
of fuel supplied,ithe flame will lie in close proximity to'the droplet'
during this period. As the fuel vapor concentration increases, more
fuel vapor can then be used for combustioniand the flame subsequentlyM
propagates outward. o | |

- Formulation of the theory p‘arallels with that of the d2-law, '
except now distinction must be made between the rates of fuel vaporization
and consumption. The overall mass balance for the fuel then consists
of three terms representing respectively the amount vaporized, consumed
‘and accumulated The last term is absent in the d2-law model,

Results of the theory agree with the above reasoning, particularly ‘
the existence of a continuously increasing rf Furthermore, since the'
rate of'vaporization exceeds the rate of combustion initially but |
eventually the trend is reversed therefore by assuming these two
rates are identical in the d2 -law, the rate of chemical heat release
can be grossly mis-estimated in spray combustion studies.

It 1is important to note that recently we'have also obtained
experimental evidence which'substantiates our theoretical findings.

lhis work 1s summarized in Appendix B, which has been submitted |

for external publication considerations.

1V, Enhancement of Fuel Spray Vaporization Rate through Condensation

of Water Vapor
The rate of combustion of a fuel spray is frequently.controlled by

the rate with which the individual droplets within the spray interior



vaporize. In general theAprimary driving force to effect vaporization
is the sensible heat of the hot enviromment within which_che.sp;ay is
introduced. Through conductive-convective heat tianspo:t.tﬁe_originally
cold fuel §roélgts subgequently'heatﬂup and vaporize, producing fuel‘”
vapor which is mixed witb_the oxidizer gas to render combustion
possible.

There 1is, however, agother po;en;ially important source of hgat '
whose utiiizatiop'can significantly enhance the spray vaporization rate.
This ariges froﬁ the possibility that during vaporization the spray
interior may be chilled to such an extent that the water vapor present
in the gas medium may condense and release the assogiagéd.heat of
condensation, which can then supplement the heat ngéded for fuel
vaporization. .

This condensation-enhanced vaporization is expected to be
particularly beneficial for spray vaporization in a reiatively cold,
humid, envi;onment, fq;’gxample during garbug?tion_of Fhevautomogiyg
‘engine. TFor systems similar to this if has:bee? found th?t under most
sigugtiong ghg spray interior rapidly becomes satura;ednwitb fuel vapor,
leading\to\gomplq;e_;erminatioq of vaporization. Since it 1is generélly
recognized thgtvincogplege fuelwvgporizatiaghduring»c#rburetipn causes
maldistribution apd other deleterious heterpgengpus Eombgstion cha:gc- 
teris;ics, the possible minimization of these heﬁerogeneous effects
throug@,water{vapor condensatiqq is significant. Similar arguments o

can also be extended to the direct injection systems because the

environment of the spray core is likely to be cold and fuel rich due



to the slow rate of entrainment.
It"i; also reasonable to expect that the extent of augmentation
in the fuel spfay vaporization rate:can ind;ed be substantial. This
is because firstly the air-fuel mass ratio for near-stoichiometric
combustion of typical hydrocarbon fuelsA?é.g. gasoline) is ﬁsﬁally'é"‘i
large number, arSund 15. Therefore for a sufficiently humid envifbn-
ment the moisture content is of'the same order as the liquid fuel
introducéd. Fu:thermore-the specific latent heat of vaporization
of water is'ﬁﬁch larger than those;of the hydrocarbon fuels. It is
then onioﬁé.that the water.véﬁor presentfin‘the enviromment does
contain;sufficiént latent heat of condensation whicﬁ when released can
supply a significant poftioﬁ of the energy needed for fuel_vaporizationt
Finally, it is also 6% interest to note that since water is a majof
product of hydrocarbon combustion, the water vapor generated at the
hot combustion zone may diffuse back to the cofd,’véporiéation region
where it condenses.’ | |
The'Eboﬁe canepts have been substantiated and quantified through
a study of monodisperse spray vaporizatioﬂ in an environment initially
coﬁtaihiﬁé some water va%dr; 'Two;mo&els have been formulated to bracket
the iimiting behavior of spray'véﬁérizﬁtion in the presence of water
condensation. In the fastest limit, termed the hétefogeneous
condénsat;on’ﬁodé,’condehsation of water vapor is assumed to occur
at the surface of>the,fué1 droplets which, béing coider“than:thé gaé,':'
are ideally”suited as heterogeneous nucleation sites. Since in this’

limit the condensation heat release is directly supplied to the droplet,
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the droplet v;porization rate is expected to be maximally enhanced.
In the slowest limit; termed the homogepgous condensation mode, con-
densatiog occurs with the gas medium at the saturation temperature.
This implicitly assumes that there exist some heterogeneous nucleation _
sites (e.g.-dust éarticles) in the gas qther than the fuel drpplets._
In this limit the incre;se in the droplet vaporizatton rate is caused
by an increase in the gas température relative to tbe case of no water
condensétion. Due to the large amount of air mass tbat needs to be
heated, the extent of inérease in the gas temperature, and hence the
d£Op1ec vaporization rate, are not:exﬁected to be as‘significant as
the heterogeneous modé. ‘

| AThe formulation of each modél consists of a description Qf the
vaporization of an individual droplet, possibly in the presence of
water condensing at its sprf#ce;ﬂin an environmentvwhésé prééertiéé
are continuously being modified by the vaporization of all the droplets
and also the depletion of water'vépor.ﬁ Therefore conservation equations
for heat and mass are needed both for the individual droplet and:also
the spray as‘a-whole.

Sample solutions were obtained for an heptane spray vaporizing

in air with initial temperatgres.of 280°K, 300°K, and 320°K, and which
can be either fully humid, half-humid (on molar basis), or completely
dry. The results substantiate our initial reasoning. For example,
for a 300°K, fully-humid ‘environment, the presence of heterogeneous
condensation can enhance the spray vaporization rate by almost a factor

of two. The increase is less drastic for the homogeneous mode, about
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10%. However, it can be argued that even tﬁis sméllAamdunt of increase
can be significaﬁﬁ for é spray which otherwise cannot achieve.complete
vaporization. The present étudy also emphasizes the potential
complicatiﬁns on spray experimentation caused by condensation of water
either frém the inducted air or generated through combustioh. Water
condensation may result in larger droplet sizes due to heterogeneous
condensation or in high droplet number density due to homogeneous
‘nucleation. |

This,woik‘is detailed in Appendix C and will be published in

International Journal of Heat and Mass Transfer.

V. Publicafions Resulﬁing from Present Program

(1) "Deflagratioh and Extinction of Fuel Dropiet in a Weakly-
Reactive Atmosphere,' by C.K. Law, J. Chem. Phys. 68, 4218 (1978).

(2)‘"ignitipn of a Combustible Mixture by a Hot Particle,' by
" C.K. Law, AIAA J. 16, 628 (1978). .

(3) "Fuel Spray Vaporization in Humid Enﬁironment;" by C.K. Law
and M. Binark, to appear in International Journal of Heat and
Mass Transfer. '




DROPLET COMBUSTION IN A REACTIVE ENVIRONMENT
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ABSTRACT

The transient processes of evaporation, ignitiop, and combustion of a
fuel droplet in a hot, reactive fuel-oxidizer environment simulating the
spray interior are studied numerically, with emphasis on the relative impor-
tance of diffusional burning in the droplet vicinity and premixed burning
in the ambiance., It is shown that for a fﬁel-lean environment diffusional
burning is generally possible and is initiated ;apidly, whereas for a fuel-
rich environment only premixed burning is possible. For a sufficiently
reactive environment one of the reactants is rapidly depleted such that during
ﬁost of the droplet lifetime the enviromment is really non-reactive., The
present numerical study yields mméh physical insight useful for further modeling

efforts.



I. INTRODUCTION

Mnch research have been conducted on the combustion.of single fuelvdrop-
lets in oxidizing environments {1,2]. 1In reality, however, the enviromment |
which the droplet responds to within the spray interior also consists of fuel
vapor produced prior to ignition~and:is therefore reactive. It is obviousﬁﬁ%w
that depending on the fuel vapor concentration, quantitative or even quali-fl
tative cnanges on the droplet combustion characteristics can result. For
example when the environment becones excessively fnel rich,.droplet conbustion,
or even pure vaporization, may be inhibited; Indeed recentiexperimental
evidence does»seem to indicate that the single'droplet combnstion node is not
- favored in the fuel rich region of the spray core [3].

From the fundamental viewpoint fuel droplet combustion in an environment
consisting of some of its own vapor is also an interesting chemical system to
study. This is because part of fuel present in the.system is premixed with
the oxidizer in the ambiance whereas the rest is perpetually being released
from the droplet and has to diffuse outward and mix.with the oxidizer before:;
reaction.can take place, Therefore the expected combustion mode is neither
strictly diffusional nor strictly premixed. One. would. then expect that this
hybrid system will exhibit diffusional-like combustion for low levels of fuel
vapor concentration and premixed-type combustion when the enviromment fuel-
oxidizer concentration approaches stoichiometric.

. When the enviromment is-only-weakly-reactive and fuel-lean, the combustion
characteristics are expected to resemble those of the classical Godsave s
-dz-law model (4], ~with perturbations being proportional to the ambient fuel
vapor concentration. The steady combustion and extinction characteristics
in this weakly-reactive limit have been analyzed recently [S]. The results "

show that with increasing fuel vapor concentration the flame temperature and
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size both increase although the droplet burning rate is only minimally affected.
These results are amenable to experimental verification. |

When the environment becomes more reactive, chemical reactions are not
confined to a thin flame region close to the dropler and the phenomena of
interest are nore complex. Therefore in order to provide the needed physrcal
insight to the problem, a.numerical study on the vaporization of a fuel drOp-
’let in a reactive environment with varying reactant concentrations has been
conducted and the results are reported herein. The governing equations and
the.numerical details are presented in the next Section. ‘Results and dis-

cussions are given in Section III.

II. FORMULATION
Governing:Eguations

' The probleém considered is as follows. - At time t = 0 a pure fuel'droplet-
of constant temperature Tf”is introduced into a hot, staghant, isobaric’ eavir-
omment with initial temperature T and mass fractions of oxidizer and fuel

vapor Y, and YFao’ respectively. The droplet, being at a lower temperature,

Qwo
receives heat from the eaviromnment and in turn releases fuel vapor to the
3as-medium. We are interested’in the subsequentAprocesses of vaporization,
heat and mass transport, and the chemical reactions between the fuel and

_oxidizer, The governing equations for this spherically-symmetric, isobaric,r-

';transient?diffueivebconvectivedreactive gaseous system are as follows Le].

dp |

Continuity: - B_ts + % %1- (pgvr2> e 0 ' (1)
‘. . ‘ ‘

)4

Species: ‘ ] (a: + Vv ari

2 ar (p — L _'.(2)



MMy LD (23T e
Energy: pg e ¥ V3 C r2 or (Xr or vowi _ (3)
State: p = pg(Ro/W)T | ' . ‘ ' - ’ (4)
where o) &y . ' '
8 XoP P / E -
w = BT *{— —~=)] exp \- — e . (3
\ROT [+ .

T _ ROT

is the production term for a one-step overall irreversible reaction between
the fuel and oxidizer, and where r is the radial co-ordinate, p the density,

v the velocity, X, the molar fraction, Y, the'mass fraction, T theftémperatute,'

i i
p the preséure, H the enthalpy, Q the heat of reaction per unit mass of fuel
consumed, CP the specific heat, 8 an average mass diffusivity, X:éhéthéfﬁéi
conductivity, W the molecular weight, W an average molecular weight;~v£ the
stoichiometric molar coefficient, B the pre-exponential constant for the Arrhenius
reaction, R the universal gas constant E the activacion energy, L the -

specific latent heat of vaporizatibﬁ} and éT, a, and aF are cbﬁéfant ékponents.

0
The subscripts O, F, g, £, s, ® and o respectibelyﬂdesighate the<okidigef,
the fuel, the gas phase, the liquid phase, and the states at the droplet sur- -

face, the ambiance, and the initial instant.

Boundary and Initial Conditions

Since 98 ~ i/T as given by Eq. (4), the unknowns T, Yiqand v are to bé
solved from Eqs. (1) to (3) subject to the following boundary and initial
condﬁcions. |

(a) Boundary Conditions at Droplet Surface (r = rs).

Mass Conservation:

%E (% ﬂr:pz) aﬂrspgsKv ) —-_> I o IF' A



Fuel Conservation:

248 dr . _
(pg‘ 5;->s + pgs<vs ) EEQ) @ 'YFs) =0 o (7)
Oxidizer Conservation:
O 50~ feus " T w0 e
Epergy Conseantion: |
(x.§§>s " Pgs\Vs - %;g)‘L =0 : , (9)

- Constant Droplet Temperature:

T(rer) =T, - S . ‘ (10)

(b) Boundary Conditions at Ambiance (r = ®),
_ For the'p:esent system the states at the ambiance continuously change with
~ time, Therefore the proper boundary conditions to be imposed there are the

vanishing 0§ the g:ad;ents, viz.
(EEE) e (EZQ) o (8T 0 " 4 . (11)
dr /o T /g \a: - )

(¢) Initial Conditions (t=0).

At the initial instant T, Yi:and v can assume arbitrary profiles given by

T(£,0) = T_(r) , ' : T T12)
ACUER RIS | | (13)
v(r,0) = vo(r) , u - (14)

and the droplet is of a given size

rs(O) =T : (15)
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The problem is well posed at this stage. In order to solve for T, YF’ Yo
and v from Eqs. (1) to (3), we need three initial conditions as given by Egs.
(12) to (l4), and seven boundary conditions as given by Eqs. (7) to (1ll).

Equation (6) is used to determine rs(t) subject to Eq. (15).°

Non-Dimensionalization

By defining the non-dimensional variables

P=plo,, » T=HQ ,
T f r/rs(t) , R = rs(t)/rso ,
% =35 R Y, = (VW VW)Y
PgV TR 5 Xy = (VEWR/V WY,
. t = (x/cppworso)t , V= (pwocprso/X)v ,

and by éSsuﬁing that \, Cp, and pgs are constants, and that the'Leyis'numbér“ .
is unity, Eqs. (1) to (3) become
3% = 17

I} F,a-5 /oy X OFTE |
~ ~a ~a ~ ~ ' '
.Sﬁi} = £{-T}= -DYOO YFF TaTexp(-Ta/T) , (2',3")

where ~ 53
T~ : ~m_(p_/P,) o =~ ' : '
R N A R (16)
B 3 (1-p88/32)- T 0T :

and the Damkohler number D is

a
cr? gy Buwe O = (a5tap) (ap-a4-ap)

o SaTsoR N B\ (s 9
D=\ >(w:°w? /<:R°> (Cp/ 3 (17)
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Similarly, the boundary conditions Eqs. (6) to (9) can be written as

- m

dc -p,(1 -pgs/pz) ' : ‘

¥ o

=) s — (1-%) =0 A
or T=1 (1'-.pgs/ 2) ’

T =1 i- pgs/-al)

~ n ~
&) - s —T=0 . 9"
or'~ 1 (1' 985/91')

In the above ¢ is the stoichiometric oxidizer-to-fuel mass ratio, Ta = E/Ro,
and I = L/Q. 1t may also be noted that instead of 3, we have used the mass
flow rate m as the unknown quantity to be determined.- In the quasi- steady
dz-law model m is a constant of the systea and is proportional to the droplet

' surface regression rate.

Numerical Representation

The governing parabolic partial differential equations were represented
in a central differencing scheme for the spacial derivatives.and backward
differencing for the temporal derivatives. An accurate numerical solution of
this problem requires small & clpse to the droplet in order to adequately
resolve the curvature effects, and in the same time a large computational
domain because of the large size of the flame. Therefore a linearly varying

spacing represented by
~ =~ - >
ro rn-l + 0.2 +0.06(n=-2) , n .2 |

18 used. The spacings vary from &r = 0.2 at the surface to about Ar = 6

at T = 350, which is the end of the computational domain. The fine mesh used
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necessitated the adoption of very small time steps in order to represent the
diffusion term well, and subsequently results in é large number of time steps
in the order of 2 X 104.

In the present numerical representation the Arrhenidé term exp(Jfa/?) is
not quasi-linearized but is left as is and is therefore determined iteratively.
We believe the process of quasi-linearization may rende; the tracing pf the
ignitidn period exceedingly difficult, if at all possible.' Thisvmay'be'the

source of difficulty in the failure of previous attempts [7] at tracing through

the ignition process.

III. RESULTS
'+ Sample solutions were obtained for a heptane droplet in an oxygen/nitrogen/
heptane environment at 1 atm and 1000°K. The initial gas-phase conditions are

simply T (r) = T, ¥, (£) = ¥, ., v (¢) = m (¥) = 0, with ¥, = 0.232,

im0
The droplet temperature is at a constant value of Ts L] 364°K, which s the
wet-bulb temperature of heptane in a 1 atm, 1000°K environment without any
fuelfVapor. The dependence of the wet-bulb temperature on ghe ;mﬁien:‘fﬁél
vapor concentra;ion at such 4 high temperature {s expected to be minimal, " It
may ‘also be noted that in realistic situations the initial droplét temperature
canvbe lower than the preseh: value, whereas the final températﬁfe can be »
higher'ég the -environment becomes hotter. - This results in a finite period’

of droplet heﬁting spanning about 10-20% of the droplet lifetime (2,8,9].
Therefore by fixing the droplet temperature at a constant value the liquid-

phase transient effects are suppressed such that the unsteady phenomena

exhibited by the-present results are strictly those of the gas phase,



The physico-chemical pﬁrameters used are:

Wy.= 100 Kg/Kg-mole , W, = 32 Kg/Kg-mole |,

w

30 kg/kg-mole pL‘Q 611 Kg/in3 2;

s
]

= 3,16 X 10° J/Rg , Q= 4.46 X.107 J/Kg |,

‘.aoaa_F,=:]_~ B a'r=0*,

1.26 X 10% J/kg-mole , D= 2% 105 |

. )
. n 2l

C
P

1.46 X 10° J/Kg-"K ..

Figures 1 and 2 show the development of the temperature and species pro-.
files in an enviromment whose fuel-oxygen concentrations are given by

@ = ? /§o¢°,=ﬁo.7, where @ i1s the equivalence ratio defined as the fraction

Fwo
of the fuel-oxidizer mass ratio compared with the stoichiometric fuel-oxidiger
mass ratio. The progress in time is representedvby the parameter ¢ = 1 -R;,~V
which is the fractional amoupt of 4rop1et mass vaporized and is believed to

be a more meaningful :ep:egghtaqion than the physical time ?.

It is seen that at @ = 0.7 the premixed reaction at the ambiance and the
diffusional combustion close to the droplet are both very efficient. All the
fuel vapor at the ambilance are .consumed when less than 5% of the droplet mass
has vaporized and the ambient temperature attaigs an quilLbfium value °£~?;e’s
The diffusional burning, as indigated by the bulge in the temperature pro- ..
file aﬁd}che'dip in the fuel vapor profile, is established even faster, when ;
. 8< O.OOS;A-Tb;s implies that when modeling the transient droplet ignition
process even for an ambiance as reactive as the present .one, ‘it may ;cill be. .

a good approximat;on to consider the reaction at the ambiance to be frozen

and focus only on the diffusive-reactive processes close to the droplet,
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Since all the fuel vapor at the ambiance has been consumed at € = 0.05,
the subsequent problem of interest is simplified to that of éﬁfﬁel droplet
undergoing combustién in an'oxidizing'environment with a higher temperature
and lower oxidizer concentration than the initial valugs. In fact since the
ignition of the droplet and the depletion of the ambiegt fuel vaporhbo;h

abgcur so fast for the present iptensely-react;ve system, ;be.combu;ﬁioﬁ
behavior for the bulk of the droplet lifecimg can be simply obtained by con-
sidering the droplet is burning on an.oxidizing,atmosphere.whosevproPeft;es
correspond to the equilibrium stgte of the original environment. Qn the other
hand when the envirbnmgnt is only.weakly-reactive, one may assume the ambient
reactions to be completely frozen and results of Ref., 5 are apﬁlicable.
| Realizing the fa;t that all the ambient fuel vabor is depleted at ¢ = 0,05
and therefore uﬁsteadiness caused by changes of tge environment are élimingged,
it is then of interest to note that the combustion process is still unsteady
and is therefore in éontrasc with what is to be expected from the classical
dz-law model. For example dz-law‘predicts the flameffrbn: standoff ré;io,n”
;f,,is a constant, although Fig. 1 shows that the location of the ﬁaximgm tem-
pé:ature continuously propagates outward in.?-space. This unscqadiness is
believed to arise from two sources as will be elaborated in the following.

The first sburce, widely recogniéed (10,11],1s a consequence of the

.assumption in the dz-law model that because the gas density is much lqwerv

~ than the liquid dénsity, the gas velocity would be mucﬁ greater than the drop-
let regression rate. Therefore duriﬁg the characteristics gas-phase transport
perio§ the location of the droplet surface is essentially frozen. This;
assumption obviously breaks down in.regions.far away from Ehg droplet where

the gas veiocity becomes comparable with the droplet regression rate.
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The second source, which we believe is probably more important, is the
finite amount Qf time required to build up the fuel concentration profile in
the inner regibn to thg flame. The fact that this transition time.is §ub-
stantial can be easily demonstfated.by sdmming over the mass of the fuel
vapor in the inner region, using the~d2-law results, and show that it is a sig-
nifidéhfifiéction‘o% ghe AEoplet maSé."%hegéfbfe by.assuﬁing that the quasiz
steady flame is instantaneous established, mass conservation is violated in
the dz-law‘model; 'In reality, after ignition has been achieved only part of
the fuel vapor released from the.dr0pléc surface is consumed at the flame.
The rest is used to build up the fuel vapor pfofiie as the flame propagates
outward to approach 1its quasi-steady location. This unsteady phenomenon 1is
~currently being studied in detail,

Figures 3 and 4 show the temperature and Species profiles for a stoich%-
" ometric amSiéﬂEe; with © @1, It is seen that althéugh a distinct diffusional
ignition event can still be.barely identified at € = 0.008 in Fig. 3, the
loEHI;téﬁperatﬁfé peak is rapidly eliminated as comblete consumption of the
ambient fuel and oxidizer is‘achieved. ' The subsequent situation is that of
the fuel droplet vapofizing in an inert, fuel-free environment at the adiabatic
flame temperature.

Fiéﬁre 5 shows R2 versus t for @ = 0.7 and 1.0, The two sets of results
‘are almost identical and thereforé indistinguishablé in the figure. The close-
ness is due to the facts that the maximum flame temperature fﬁr 9= 0,7 1is
“about the same as the equilibrium ambient'teﬁﬁgfature for 9 = 1.0, and,thé€7
the:flamerfs also sufficiently far away from the droplet., Therefore the
heat fluxés arriving at the droplet surface, and suBsequently the droplet
burning rate, are abéut the same for both cases. It may)also be noted that

the slope of Fig. 5 is initially higher but fabidly approaches a constant value,
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Finally, Fig. 6 shows the initial development of the temperature profile
for variods values of ¥. Of particular interest are the fuel-rich cases -
(¢ > 1) in which the droplet is essentially vaporizing in a hot, inert, fuel-
enriched environment whose temperature decreases with increasing 9. There
is obviously no {ndividual droplet combustion in an enviromment with ¢ > 1
because the condition of ¢ = 1 requi;ed for diffusional burnlng is not met

throughout the entire flow field.

IV. DISCUSSIONS AND CONCLUSIONS °

" In the present paper we have numerically investigated the combustion
characteristics of a fuel droplet after it is placed in a hot, reactive, envir-
omment containing various concentrations of an oxidizer gas and the fuel -
vapor, When the ambiance is fuel lean, with ¢ <1, diffusion-1ike burning
-geﬁerally can be identified. Ignition takes place close to the'droplet and
early in the droplet lifétime, when less than 1% of the droplet mass has -
vaporized, After ignition the“flsme-propaéates‘outwsrd, with the fuel4Vapof
released from theidroplet‘being partly consumed at the flame and partly
stored in the inner region to the flame., In the case of a fuel-rlch enylf-
' onment, with ¢ > 1, diffusional burning i{s not possible. 1 |

Considerable simplification in estimating the droplet behavior also

results {f the ambiance is either weakly or intensely reactive. If it is
weakly reactive then the environment is essentially frozen during the droplet
lifetime. Then the droplet undergoes eithe; purely diffusional burning if
the ambiance is foel lean or pure vaporization if it is fuel rioh.' 1f the
environment is intensely reactive, one of the reactants will be rapidly
depleted. Then thc subsequent phenomena of interest are again either purely

diffusional burning or pure vaporization, except now the ambient temperature
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is the adfabatic flame t;ﬁbérature‘énd ig therefore much hotter. HomogeneouS’i
ignitipn theory can be used to assess the reacﬁiv;:y‘of the ambiance tlZ}lS].
The.present study has suppressed the droplet heating process so as to
1solate effects due to gas-phase trénsient._ When droﬁlet heating is accoﬁnced
for we expect the anaiysis of Ehe'problem to actually become somewhat éimplert
For exémplg theJignitioﬁ lag will be dominated by the.period of droplet heating,
whichlis much longer than the 3as-phasé'ignit16n delay (14]. Furthermore for
an intensely-reactive énvironmgﬁt the ambient reactions will have beenxcomple;éd
during this droplet heating period, so that when the droplet is eQentuélly'

‘ ignited it will be burning in an oxidizing .environment,
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Development of the temperature profi1e for a heptane drOplet burning
in a reactive environment with initial temperature of 1000°K and

initial equivalence ratio ¢ = 0,7,

Development of the fuel concentration profile for a heptane droplet

burning in a reactive enviromment with initial temperature of

. 1000°K and initial equivalence ratio ¢ = 0.7,

Development of the temperature profile‘bf a hepﬁané droplet burning
in a reactive environment with initial temperature of 1000°K and
initial equivalence ratio 9= 1.0.

Development of the fuel concentration profile of a heptane droplet
burning in a reactive enviromment with initial temperature of 1000°K
and initiai equivalence ratio ¢ = 1.0,

The tempéral variation of the droplet surface area for a heptane

‘droplet burning in a reactive environment with initial tempétaturé

‘of 1000°K and 1initial equivalence ratios ¢ = 0.7 and 1.0. .

Initial development of the temperature profile of a heptane droplet
burning in a reactive environment with initial temperature of 1000°K

and various initial equivalence ratios.
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THEORY OF TRANSIENT DROPLET COMBUSTION

LEADING TO THE dz-LAW STATE

C. K. LAW
Department of Mechanical Engineering
and Astronautical Sciences

Northwestern University
Evanston, Illinois 60201

ABSTRACT

The present investigation demonstrates that:due to volume effects the amount
of mass required for the transient build-up of the fuel vapor comcentration leading
to the dz-;aw state of droplet combustion can be substantial, . By properly account-
ing for this transient process, but still assuming gas-phase quasi-steadiness,
simplified theories are formulated for droplet vaporization and combustion. The
present results generally agree with those obtained from more detailed studies
allowing for gas-phase unsteadiness, and with the experimental observation that
the flame-front standoff ratio continuously increases for a significant portion
of the droplet lifetime, It is emphasized that by assuming the instantaneous
rate of fuel vaporization to be equal to that of fuel consumption at the flame,
an& therefore not accounting for the amount withheld in building up the fuel
vapor concentration, the dz-law can seriocusly over-estimate the rate of chemical

heat release from droplet burning.
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I. ~INTRODUCTION |

In the study of the vaporization and'combusﬁion of fuel droplets and thedr
applications to the modeling of spray-fueled combustors, the classical-dz-law IR
model of Godsave [1] has provided much'unéerstanding on this apparently simple’
chemically-reacting system, The model assuﬁes that the state of the droplet
interior is constant; that the combustion process is spherically symmetric and
isobaric; that because of the significant difference between the'gas and liquid-
densities, -under subcritical conditions, the gas-phase transport processes can
be considered to be quasi-steady; and that chemical reactions are stoichiometric -
and confined to an infinitesimally-thin flame sheet which simply serves as a
~s:l.nk for the reactants,gnd a source of heat .and products, The resulting gas=
~ phase diffusive-convective model predicts that the droplet'sﬁrface regression rate,
the ratio of the flame radius to the droplet radius ?f, and the flame temperature
Tf are constants of the system as burning progresses, |

A well-controlled experimental investigation on the extent of validity of
the dz-law model is difficult to be realized, A major obstacle is the presence
of buoyancy which can severely distort the flame from its spherical shape that -
- a meaninéful identification of a flame radius is impossible, Furthermore since
these buoyancy effects are droplet-size dependent, their continuous variation
as the droplet size diminishes renders the cambustion'process~to be intrinsically
unsteady, R | ' o SR

Recognizing the preéence of these asymmetrical, unsteady buoyanéy effects,*;
Rumagai et al, 2] conducted the exﬁeriment in a freely-falling chamber and
consequently observed spherically-symmetric combustion., Their data on the
temporal variations of Tf and normalized droplet surface area,'Ri, are shown in -
; Fig. 1. When compared with results of the dz-law model, these data show three: -
important differencesy (1) The droplet surface regression rate approaches a°

! . -‘B-z
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constant onl& after an initial transient period spanning about 5-10% of the drop-
let lifetime, during which the burning rate is'very slow; (2) The flame front
staﬁdoff rat;oﬂ?f monotpnically;inéygases throushout the entire run which was .

 terminated atfR: = 0,64; (3) The value of ?f‘probably would not'exceed 10 had
the increasing trend continued, and therefore is.in serious disagreement with the
dz-law.value of gbout 40 for the heptane-air system investigated.

The data of Kumagai et al. [2] clearly démonstrate the existence of transient
transport processes, in both.the gas and liquid phases, during spherically-
symmetric droplet combustion. Aiming to separate the transient effects caused
by droplet heating froﬁ-those of gas-phase unsteadiness, models were fo:mulated

. by Law (3] and Law and Sirignano (4] allowing for droplet heating but still
~assuming quasi-steady gas-phase processes. The theoretical result on the regres-
sionjrate,[Sl agrees very well with the data of:Knmagai et al., although the
predicted ?f'still attains the d?-law value of about 40, and at the much early
1nstantvwhén the droplet heating period is over,

. Subsequently Law and~LawA[5,6] formulated a fairly rigorous model for dfople:
‘ combustion allowing for realistic property variations, and showed that the abnor-.
mally large d2-1aw value pffff_is strictly a consequence~of thé constant -property,
unity-Lewié number assumption.. Specifically it is, showm that by using the proper
Lg&isanumber, defined as the ratio of the thermal diffusivity in. the inmer region
to the maés diffusivity in the outer regiom, then the predicted flame size is of
the order of 10..

From the above diécussions it can therefore be stated that the initial . |
slow rate of burning as observed by Kumagal etval.;[21uis primarily caused by
droplet heating, whereas the abnormally’large,dz-law fla@e size is a matﬁematigal-
consequence rather than of a physical nature. These then lead to ;he‘conclusioq 9«
that the behavi&r of the continuously increasing ?f, well past the.dropletzheating

period, must be caused by some unsteady gas-phase processes. Indeed when the
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gas-phase processes are treated as being unsteady, the approximate analytical
results of Waldman [7] and Crespo and Linan [8), and the numerical results of
Birchley and Riley (8], do show a continuéusly inéreasing ? over a significant
portion of the droplet lifetime, )

Waldman [6] aﬁd Creséo and Linan [7] attributed the gas-phase unsteadiness

to be caused by the finite magnitude of the gas density compared with the liquid
_density such that during the characteristic gas-phase transport time the droplet
surface does regress a little, 'This then implies that rether than being'qﬁesia
steady as assumed in the dz-law model, theAgas-phase transport processes are
intrinsically ﬁneteady. Crespo and Linan [7) further showed that these finite-
density effects are expected to be important in the region located at ¥ > OCJE;7E;)_
away from the drOplet. In this region the gas velocity becomes comparable with
the droplet radial regression rate sueh that the flow changes: from being convective-
diffusive»in'ﬁhe interior, quasi-steady, region to being transient-diffusive here.
~‘Iherefore any process of significance occurring in this far field region is expected
to render the bulk combustion characterietics unsteady,

However ,. an examination of the data of Kumagai et al. [2] in light of the
_ above discussion yields the following dilemma. Using pz/p 0(103), the transient-
diffusive region is expected to be at least 30 droplet radii away., However, the
‘experimental flame size is ?f< 10, Therefore ehe flame characteristics, as well
" as other bulk-cembustion parameters, should exhibit quasi-steadiness with small
per;urbatione'of the order of,JE;7F;. This, of course, is contrary to the observa-
tion that the flame contiruously propagates outward, Therefore the finite-density
effect 1is not adequate to explain the experimental flame beﬁavior.

. In response to the above dilemma, we have recently identified an additionmal,
uneteady proeess which we believe is of importance under all situations and

* indeed is quite adequate to explain the observed flame behavior without accounting

for the finite-density effect. The process of interest is the transient build-up

v
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: of the fuel vapor‘profile,infthe inner region to:the flame as it approacnee-the
dz-law location. Obviously prior to ignition the fuel vapor concentration in

the vicinity of the droplet is quite low, eepeoielly for the spark-ignition
experiment of Kumagei et al. 2] conducted in a cold environment, However, after
_ignition this concentration will have to be significantly increased in order to

. sustain combustion.  Therefore immediately after ignition most of.the fuel vapor-
ized is stored in the inner region rather than being actually consumed at the |
flame, Due to the insufficient'anount of fuel supplied, the flame will lie in
close proximity to the droplet during this period. :As the fuel vapor concentra-

tion increases, more fuel vapor can then be used for combustion and the flame

. . Subsequently propagates outward,

. It 1s also easy to demonstrate that the amount of fuel vapor present in the

., inner region is significant when oompered with the droplet mass, and therefore-

this relaxation proceas ehould be ecoounted for in droplet modeling. Take the
quaoi-eteedy profilee of the d2 law eolution as an exemple.‘ It can be eeeily

ehown that the ratio of the mass of the fuel vapor to the droplet mass ig given

by | . , A
Y L
e g (e V)

el o) o)l e
e 3(?83/p2>(cpi8/L>- | )

B f Tﬁ - TS + YoQ Q . S . '. ) o -._“._',"A
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and x = 1/¥. ‘For a heptane/oxygen/nitrogen system, with Ts- 372°K, CP- 0.35
cal/gm«PK, L = 75.8 cal/gm, Q = 1,07 % 104 cal/sm} A = 0,03, Fig. 2 shows Rc as
a function of the transfer number Bc and oxidizer concentration ¥. . For

O

‘heptane burning in air, ¥. = 0,063 and Bc- 8.56, Figure 2 shows convincingly

O
‘ that the amount of fuel vapor stored in the inner fegion can be of the same
order of, if not more than, what is contained by the droplet ;tself{ Physicélly
it is also reascnable to expect that this amount i{s substantial because even
‘though the gas density is much lower than the liquid density, volume effect
dominates in this case due to the extended dimension of the flame., Therefore
by assuming all the fuel vaporized is inshantaneously consumed at the flame, the
dz-law'hcdel yields inaccurate results on the chemical heat release rate dus to
- droplet burning 19 a spray,

Extending the above concept further, we have also evaluated the ratio Rv '

for the case of pure vaporization, for which
. _ Y . . o
Ry = A Il (YF/'T') ) , (5)

s o) R
T . (‘i‘s-ril) +(1+ a;)u-x)h | | 1 | | )

¢ " [ Y
Bv - ?ﬂ. ‘Tﬂ °

¢
. -

~

The integral in Eq. (5) depegda on the value uged for ?,, the locat;on 9£ s
"1n§1n1ty," Using :_-.9QO°§ and Yhai 0, Fig, 3 shows that Rv inc:onscnwithogt
bound &s progressively larger values of !; are used, Therefore bylloptins
1;- @ in the study of droplet vaporization, an infinite amount of fuel Yapor,has
been implicitly assumed to exist in the gas for a droplet of finite mass,

There is, however, an important difference between combustion and pure

vaporization as revealed by the above results, For the case of combustion one
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expects that since the.gmount of fuel vaporizedeill continuously decrease whereas
the amount consumed at t@e flame will increase as burning proceeds, the dz-law
behavior wgll evéntually be attained du:ins:the,droplet~li£ecime. The relaxation
time, qffcourse, depends on ;he value of A; smaller \ results in shorter times,

On the other hand for‘the case'of pure vappriza:ion the dgalgw behavior may never
be reached because it ragu;res an igfinite amount of fuel vapor to be present.,
Finally, it is also reasonable to expect that the characteristic ratekfo;

appreciable changes in the fuel vapor content shquld be of the same order as the
droplet regression rate, and is therefore much slower than the characteristic
gag-phase transport rate forlsubcritical burn;ng. Furthermore, th? unqteady |
transport processes occurring in the far field region will also haye small eﬁfects
on the bulk combustion‘behavior% except probably towards the end of the droplet
lifetime, because the dominant transport processes will oceur cloge to the droplet
as accumulation of the fuel vapor proceeds, These then imply the gas-phase pro-
cesses can still be assumed to be quasi-steady; the trans;ent fuel vapof accumula-
tion process occurs at larger time scales. |

' We shall therefore present in the following a theory for droplet vaporization
;(Seccion II) and combustion (Section III), properly Lccounting for this transient
accumulation effect, By further assuming that the gas-phase pfocesses greﬁquasi-
steady, expliéit analytical expressions can be derived for all quanticiea!of
interest, Finally, in order to isolate the phenomena of {nterest, we have also
suppressed the effect of drbplet‘ﬁeating‘by £ixing tﬁé droplet ﬁeéperatﬁré at a
constant value &s' Déscription of the aroﬁlet heating process can be grafted”

. X . ’ ’ ! M o 4
on to the present thedry in a straightforward manner [3,4]. ' o

} : f
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II. THEORY OF DROPLET VAPORIZATION

Formulation

el
s

The problem of interest is as follows. . A droplet of constant temperature
Tg and initial radius LI undergoes pure vaporization after being introduced

into an infinite environment of temperature T, and fuel vapor concentration YF .
: =V -

The quasi-steady gas-phase conservation equations for fuel vapor and ehérgy are

‘respectively given by the following [10].

2 o - X -
F - 6o dYF/dT = ® . | . (8)
} 1<¥<?

Energy: ’&("I" - ";'."s> - ’i‘zd"i"/d‘f = - § - (9

Fuel: =Y

where ® = m/ (4n pgDrs), ¥ = r/rs} T éhcpf/L. The only difference between Edg. (8)
and (9), and the classical expressions, is that thé outer boundarylis now finite
at T; ragher than at infinity. Presently the location of ?; cogtinuously increases
as the fuel vapor profile builds up and is to be determined thrédgh overall mass
conservations,

Integrating Eq. (8) between ¥ and ?;, and Eq. (9) between 1 and Y, we obtain
=11 )xr{i(x-x)] - a0
and 7 = (T - 1)+ ex'p[-m(x-l):\ ) | L ay

Evaluating Eq. (ll) at ¥ = ?;, the mass evaporation rate is found. to be-

wefu(ien) JO-) L ay

Substituting Eq. (12) into Eqs. (10) and (1l1), we fiﬁally have

Yp=1- (1 - Yo )/(1 + 3B ) () /(o) . . - C(13)



B9 =
~ » (l-x)/(l-xa)
and T = (Ts - 1) + (1 + Bv) . , - (14)
Overall mass conservation states that the rate of change of the droplet
mass should be equal to the négative of the rate of change of the fuel vapor in

the gas,or

d f4_ 3 .4 j ® 2( ) \
dt {3 m Tq 4%} de L J brr < \Pg¥F" 0gotr0/d%) - (15)
s
where p go= 0 g and YF°= YFcn'

Using the isobaric relation

Pl = PgsTy (16)
and after non-dimensiqnalization, Eq. (15) becomes
"d{(l + kf’)Rs} =0 | ‘ an
v/'s
where R = r/r__ and -
. so
ks : C
> 2% Ygo | ‘
fv=f.7,(:-:—di‘ . : (18)
1 T T L o ,

with YF(’T) and 'E'(?) given by Egs. (13) and (14). Integrating Eq. (17) and using
the initial state that fv°= 0 at R = 1, the dependence of the droplet size R, on

the location of the outer boundary '?Q is
3 -1 - e
R = (1 + va) _ : A9

The problem is now completely expressed in terms of Ré (’i’a).' To relate RS

to time t, we use the identity

d (4 3 . o
. ?1?{3“ L pz} = « 4n pgDrsﬁ . : : ) (20)
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Integrating Eq., (20) yields
R 4

.."’a:--.fls(g;/e)‘dns'; S ) (21)

where ¥ = (psﬁ/pz soz)t. o

Therefore the solution to the problem can be most expediently sought 1n an
inverse manner, that is for a given ? the oorresponding R and ¥ can be found ’
from Eqs, (19) and (21) reSpeotively. | |

'Fiﬁally, it is worth‘noting that ehe ooly difference between the'pfesent
formulation and that of the dzélaw model 1s the additional Eq} (15), wﬁioh'properly
constrains the amount of fuel vapor that can exist so that overall maesyoonserva-
tion can be satisfied. Using Eq. (15) we are chen'aole to detefoine :he gsize, T;,
of the Sphere of influence of the traﬁepoft prooessee. Equationsl(laﬁ and (19)
" show that ? 'is finite except at the instant of eomplete vaporization at whioh

rs-Oand*fsa.‘

.. Results
-The parameters used for study are the same as those of Fig, 3, The time to
achieve complete vaporization for the present case is ¥ = 0,382,

. Figur®es 4 and 5 show the development of the fuel vapor andd;eoperature pro=-
files as evaporation proceeds, where M = 1-R: is the fractional amount of o:oplet
mass vaporized and is a relevant indication of the progress im vaporization, It
1s found that during the initial 5% of the droplet lifetime rapid changes in the
entire profile occurs, Subsequently the profiles in the droplet vicinity relax
to almost eceady behavior, with changes‘oecurring prima;ily in regions further |
away. It is, however, significant to note that these changes persist throughout
the entire droolet lifetime{ implying that the dz-law model 1s inadequate to pro-

vide accurate descriptions of the temperature and concentration profiles.
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Figure 6 shows the temporal variations of ¥, R:, and ?f.‘ It is seen that
initially the evaporation rate ® is very high, being caused by the close prox-
imity of th hot '"ambiance" to the droplet, However, shortly'af:er the droplet
neiéhﬁorﬁood is coo}ed by.the reieased fuel vapor, the heat transfer r;:é to the
droﬁlet, and therefore T, are reduced, Subsequently © decreases very slowly
until complete droplet consumption. This behavior is further refiected in the
. Rﬁ curve, which shows a sl;ghtly steép initiai slgpe, but assumes an almoqt
linea; variation,afferwardq._ |

The abévg rgsgits show that'the d?-law model is certainly accurate enough
éb_pred;ct :hé total evaporat;on time as well as the 1netantane§us vaporization
ratn,.excapt during the initiil_peridd'og rapid transient, Physicallylthis is
due to the fact that even though significant changes continuously occur in regions
further away from éhe droplet, the droplet evaporation rate is primarily con:roiled
by processes in its vicinity. As shown in Fig. 3, these p:opertieé gapidly achieve
steady behavior after vaporization is initiated,

‘Finally, it is significant to note ‘that towards the end of the droplet life-
time ¥ does attain very large values, implying the breakdown of the quasi-steady
‘assumption here and the need to properly account for the transient processes in °

the far field region.



‘ III.ATHEORY OF DROPLET COMBUSTION

'Formulation . | ‘ L
‘ The problem to be studied is the following. At time t=0 a droplet of 'redius

Too and constant temperature Ts is ignited in an etvirenment or te'mperaturen"ljn and

oxidizer mass fraction Yoa‘ The initial ratio of the flame to the droplet radii

is ¥__ and the initial fuel vapor concentration a.nd temperature distributions in

fo
the inner region to the flame are Y C?) and T ) reSpectively. These initial
"profiles may correspond to those of the pure vaporization case at the time of
ignition., They provide information on the initial amount of fuel vapor present,
The exact shapee of these profiles are irrelevant because, owing to the quasi-
eteady assumption, they will be instantly adjusted to the burning profiles con-
,strained‘bj the mass of fuel vapor they represent,

We shall also aesume that initially part ofithe fuel raporized is stored in
the inner region, with the rest being stoichiometrically consumed with the inwardly-
‘diffusing oxygen at an infinitesimally thin flame, During the,later part of the

burning process the fuel vapor initially stored will be made available for burning,

The burnihg process is governed by.the following equations.

Inner Region (1 < ¥ < 7). .
Fuel: V.- '!‘deF/d’!’ - | (22)
Energy: Tf - "I's) -?szf‘/d!' - o , | N ¢ X))

Outer Region ('!"f <Y< ),

-~ 2 o~ -

Oxiditer: WY, ¥ Y, /AY = - A, (24)
Energy: ,‘ﬂl(r - Ts> - 'r dT/ay = - & + Q. . o (25)

In Egs, (22) to (25) ﬁ 1s the rate of vaporization and ﬁ 1s the rate of consump-

tion of the fuel vapor at the flame, In the d2 law formulation m B ml ‘When

B -12-
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allowing for the fuel accumulation effect we expect T > 'fn’l until the dz-l'aw"""‘
) .l:lieh;viér 1s attained, The.'n éhe dz-law results wili be .uséd fof the subéeﬁuent
“combustion préceés. | |
Integrating Eq. (22) from 'i‘f to ¥, Eq. (23) from 1 to 'i'f, and Eqs. (24) and

:'(25) from ¥ to ®, we obtain

-1.exp[ix-xf)] o | o f<zs>

}oreren,
- (1,- 1)+ ex{-mx-n]‘ o ) 27)
?o .- +(1 + ?o») exp (=¢ Bx) | _ } L (zs)”'
. 54 < 'f <= _
- ("‘fs- 1+ 83) (T - T + 1 - cQ) exp(-ﬁx) (29)

where ¢ = ‘H /ﬁ!.
Evaluating Eqs. (27) to (29) at ¥ = ‘!'f, we obtain three equat:ions from which

the unknowns 'El, ?f and Tf can be solved as functions of ¢, viz,

amaf (B-%+1- &)+ 32 +‘§o’)w] D (30)
¥, = ott/an (1+ %) (31)
Tf - ("'r's- 1+ c'&) + ("r;- 'i‘s+ 1. ¢'6>/<1 + '*Zo’)l/. | (32)°

The remaining unknowm in the problem, ¢(¥), is to be determined from overall

N fuel conservation

£ | |
d .
bry psDrs’ﬂi(l-e) il v U‘f bnr psYFdr} e (33)

s
‘It 1s of interest to no.‘t_:e that in the integral of Eq. (33) we need not subtract
the {nitial mass because it is a comstant for the present case. For the pure

- evaporation case the fuel vapor profile is built upon ‘the fuel vapor originally
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present in the environment, This amount continuously increases as the fuel vapor
sphere propagates outwards and therefore needs to be subtracted out, as shown in
Eq. (15). | |

Substituting Eq. (20) into Eq. (33) and rearranging, we obtain

3 dfc |
-Rs ;5- = fc+ (l-¢)/A - : (34)
. Tf |
where £.(¢) = Il ?Z(YF/T> a¥ ‘ » .FSS)

and YFC?;e) and'§C?;c) are given by Eqs. (26) and (27) respectively.

Integrating Eq. (34) with the initial condition that fc-‘fco vhen R = 1"
yields

3 c df} ' SRR : :

Rs'“P{'.ff m; o L . .68
where.f is either given or can be ensily evaluated usins Eq. (35) with the
known initial profiles Y C!) and T . ' - N

Therefore the solution is again sought in an inverse manner, that is for a
given ¢ we f£ind the eorresponding R’; The reiation between ﬁs and ¥ is éiven byi

Eq. (21).

Solutions for ?651<,1'

For the hydrocarbon-air systems of interest to practical combustiom, the --
parnneter'TOa is ususily a small number compared with unity,” Then for ¢ >=?;u
Eqa. (30) and (32) can be simplied to -

e gn(1+3) e

and

Tp = Tt Yol - a (38)

with‘!’f still given by Eq. (31).
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Equationa (31), (37) and (38) show that except for the very inicial period
during which ¢ >'? may not hold the fuel accumulation process will esaentially
have no effect on H and Tf. However, the ‘influence on ?f is significant and is
expected to persist uutil ¢=l, Theue features are in qualitativé agreement with
the observations of Kumagai et al. [2] and are also confirmed by our exacu results

presented in the followiné.

Results

Thu parameters used for study are the same as .those of\Fig.-Z, with the addi-
tional conditiou that YFo
the droplet surface, The time for burncut is ¥ = 0,22,

= 0 which implies that the flame starts propagating from

Figures 7 and 8 show the development of the species concentration und tem-
uufature profiles as burning progresses, It is again.séen.that shortly after
burning is initiated, the fuel vapor and temperature profiles in the droplet
vicinity approach almost steady behavior, This results in the neaf-constant
burning raie as shown in Fig. 9, in which‘the ;euporal.variations of‘ﬁ. Rs, and
¢ are p}ptted, Tﬁe behavior of ® and R: are quali;atively similar with thopé
| for uhé pure vaporization case. It is also seen thét the state corresponding to
dz-luw burhing, ¢=1, ;s attained late in the droplet lifetime, when ¥ = 0.14 and
M = 0,77, Since ¢ indicates the rate of chemical heat release at the~flamq,‘by
assuming e=l the dz-law will yield inaccurate estimates fof this {mportant parameter,

‘The above concept is further 111uetra£ed in Fig, 10 in which the fractional

amount of the initial droplet mass that has actually been consumed at the flame,

R3

. 8 3 '
w = -,I ¢ dR' ) . (39)
: C]

1 .
1s plotted versus the fractional amount that has vaporized, M = 1 - R3. It is

clear that by allowing for the present fuel vapor accumulation process, the amount

of fuel vapor burned substantially lags behind the amount of fuel vaporized. The
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practical implication of this result on the rate of heat release during Spray
combustion is Significant.
fR , and Tf It is

seen that after the initial rise Tf 1evels off rapidly. This agrees with the

Figure 11 shows the temporal variations of ?f, R. T

.analytical result of Eq. (38) However, the flame front ‘standoff ratio con-
tinuously increases until the state of d2-1aw burning is reached. This result
is in qualitatively agreement with the experimental observations of .Kumagai et al
[2] that the increase. of rf persists throughout a significant portion of the drop-
let lifetime. The physical flame size, f, exhibits a maximum as should be..ﬁ: |
Finally, it may be noted that the discontinuities in the curves of Figs. 10
and 11 are results of changing the description of the system frome < 1 and
. ?f-varying to:e=1 and ? fixed It is reasonable to expect that when the gas-phase
equations are treated completely unsteady, these discontinuities will be smoothed

out as demonstrated by the numerical solutions of Birchley and Riley [9]



IV, CONCLUSIONS

In the present investigation we have identified the time required to build up
the fuel vapor profile from an initial state of low concentration is significant
and can have important transient effects on the droplet combustion characteristics,
By further realizing that this transient process occurs at rates much-slower than
the gas-phase tranSport processes, at least in regioms not.too far from the droplet,
simplified theories assuming gas~-phase quasi-steadiness but properly alloWing for
the process of fuel accumulation have been formulated for both pure vaporization
as well as combustion. Results show an initial period 3pann1ng less than 5% of
the droplet lifetime, during which rapid changes in all combustion characteristics
occur, Subsequently the droplet surface regression rate and the flame temperature
relax to values close to those of the dz-law although the flame size continuously
increases throughout a significant portion of the droplet lifetime, The flame
behavior satisfactorily explains the experimental observations of Kumagai et'al.
[2]. Finally, the present theory has also‘demonstrated that the actual amount of
fuel consumedlat the flame significantly lags behind the amount that has‘beeu
vaporized. Therefore the adoption ofrthe dz-law, which assumes the two quantities
are the same, ma& lead to incorrect estimates on the~heat-release:rate during |
spray combustiom,

When the droplet heating process is accounted for, it will completely dominate
the higher initial vaporization rates as shown in Figs. 6 and 9 in that the initial
rate of decrease of the droplet size will be very slow and therefore resembles the
Rz(t) results in Fig. 1, Furthermore, droplet heating will also reduce the initial
'values of ?f; this will result in a higher initial rate of increase resembling the
Tf(t) results in Fig. 1.

The present formulation assumes an infinite environment whereas in the spray
interior the location of the '"ambiance" is about (half of) the inter-droplet distance,

B~-17 -
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For tﬁe pure vaporizatidn case the edge of the propagating fuel vapor sphere will
then reach this ambiance much earlier, Afterwards the properties of this ambiance
will change and this effect will aléo haye to be accounted for through conservation
relaticns .for the bulk gaseous éedium. For the combustion casé the present results
show that the flame 1is 1niﬁially very small and therefore not overlapping, there-
‘fore the possibility of individual droplet combustion within -the spray interior
is énhanced. FinaLly;.for both cases :hekquasipétaady gas-phasé asédmption is
sérengtheped due to the limited extent of the inter-droplet spacings, '

Results of the present invesfigation also indicate that whereés'pdfduserhefe
‘axperiments can'pfpvide_accurate estimates on the droplet burning rate and_;he v
flame temperature, they cannot descriﬁe.the flame movement and the Epeéieé and

tempefature profiles.during the transient périod which may well gccupy‘the,bulk?'

of the droplet lifetime.
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NOMENCLATURE
T - i‘s+ ¥,.Q
QD-TS
Specific heat
Mass diffusivity

Droplet diameter

' Defined in Eqs. (35) and (18) respectively

Specific latent heat of vaporizatiph' "
3 :

I'Rs

Mass evaporation rate

Mass cbﬁsuﬁpﬁioﬁ rate at flame

m/ (4n psDrs)

Heat of combustion per unit mass of fuel

Q/L

Defined in Eqs, (1) and (3) respectively

r/rso

Radial distance

r/rs

Temperature

CPT/L

Time

(o,D/p 7, )t
8 "4 80

V5

Mass fraction.

vYO

B - 20 -
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Greek Symbols

€ -ml/m L

A 3(pg /) (C T, /1) |

v Stoichiometric'fﬁel;oiidizer ﬁ;sé ratio

p . Density

w Fraction of initial droplet maSSVBurnéd, Eq; (3§)'

Subscrigts

F Fuel

£ Flame

g Gas phase

J) .Liquid phase

0 Oxidizer

o Initial state

s | Droplet surface

® Ambiance or effective ambiance



Figure 1,
Figure 2,
Figure 3,
.Fignre 4,
Figure 5.

Figure 6.

Figure 7,

Figure 8,

Figure 9,
Figure 10,

Figure 11,

FIGURE CAPTIONS

Experimental results og the temporal variations of the normalized
droplet surface area and the flame-front standoff ratio ¥¢ for a
heptane droplet burning in gravity-free, standard environment [2].

Ratio of the mEss of the fuel vapor to the mass of the droplet, as
given by the d“-law results, for a heptane droplet burning with
different transfer numbers B, and ambient oxidizer concentratioms.

Amount of fuel vapor present, as given by the d2.1law results, for
different locations of the ambiance, for a heptane droplet vaporizing
in a 9009K fuel-free environment.

Typical fuel vapor profiles as pure vaporization proceeds.

Typical temperature profiles as pure vanorization proceeds,

Temporal variations of the vaporization rate ™, surface area Rs’ and
edge of the outwardly propagating fuel vapor sphere ¥,, for a heptane
droplet vaporizing in a 9009K, fuel-free environment.,

Typical fuel vapor and oxidizer profiles as combustion proceeds.
Typical temperature profiles as combustion proceeds.

Temporal variations of the vaporizatioE rate ©, fractional fuel
consumption rate ¢, and surface area Ry, for a heptane droplet burning
in the standard atmosphere. : =
Comparison between tne present theory and the dz-law on the fractional
amount of fuel reacted as a function of the fractional amount of fuel
vaporized,

Temporal variations of the flame temperature Tg, the flame fromt

standoff ratio ¥g, and the physical dimension of the flame R¢, for
a heptane droplet burning in the standard atmosphere,
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FUEL SPRAY VAPORIZATION IN HUMID ENVIRONMENT
€. K, Lav and M. Binark
Department of Mechanical Engineering
and Astronautical Sciences

~ Northwestern University
Evaneton, Illinois 60201

ABSTRACT

The vaporization and transport of & monodisperse fuel spray in a cold,
humid environment are analyzed, allowing for the poseibility that the water
vapor may condense, either heterqgeneously at the droplet surface or homo-
geneously in the gas medium, as the spray interior is chilled through fuel
"vaporization., Results show that the associated cchdensa:ion heat release is
substantial and can significantly enhance ;he fuel vaporization rate, especially
for the heterogeneous mode, It is further found that after initiation of
. vaporization the droplet temperature rapidly approaches a characteristic,
constant value Qich heterogenéous condensation; this renders analytical
solution possible, Pb:ential complications caused by water condemsation

during spray experimentation are also discussed,
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NOMENCLATURE

Antoine vapor pressure constants

area

: A/A°

. transfer number, Eq. (7)

chamber function, Eq. (36)
specific heat
mass diffusivity

specific latent heat of vaporization/coddensation

. m_; Li/LW

ﬁea; utilized for droplet heating per unit change in droplet mass

/Ly

mass flow rate

- .
& mi

mi/ (lmpng.rs)
pressure

1+ ch(LF- 1)

radial distance
r/rs

s0

time

temperature

‘CPT/LW,
- velocity

u/u
/'O
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W ratio of molecular WeighE‘of.i‘td that of the noncondensable species

x -axial distance along chamber
a - 2

X ) XPng/(pzuorso)

Xi molar fraction

Y mass fraction

i

Greek svmbols

€, m, /m

P deqsity

.wF fractional amount of fuel vaporized , (1~ R3)

Wy fractional amoﬁnt of water condensed

-Subseripts

¢ . state.co?responding to constant §rop1et temperature solu;ion
F fuel |
g gas phase
R index for species

L - 1iquid phase '

s - droplet surface

W Qater

° . initial state

Suoérécrigt
* fully vaporized or equilibrium state |
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I. INTRODUCTION

The rate of combustion of a fuel spray is frequently controlled by thé
rate witﬁ which»the individual droplets within the spray interior vaporize.
In general the‘pfimary driving fofce to effect vaporization i; the sensible
heat of the'hot enviroﬁment within which the spray is intro§ucéd. Through
conductive-convective heat transport the originaily cold fuel droplets sub-‘
sequently heat up and vaporize, producing fuel vapor which is mixed with the
oxidizer gas to render combustion possible, |

There is, however, another potentially important source of heat whose
utilization can significantly enhance the spray vaporization rate., This
arises'from thé'posgibility that during vaporization the spray interior may
be chilled to such an extent that the water vapor present in the gas medium
may condense and release the associated heat of condensation, which éan then
supplement the heat needed for fuel vaporization. |

This condensation-enhanced vaporization is expected to be particularly
beneficial for spray vaporization in & relatively cold, humid, environmenc,
for example during carburetion of the automotive enéine. For svstems similar
to this %t has been found [1,2,3] thﬁt under most situations the spray interior
rapidly becomes satgrated with fuel vapor, leading to complete termination of
vaporization. Since it is generally recognized that incomplete fuel vapori-
zation during carburetion causes maidistribuﬁion and other deleterious
heterogeneous combustion characteristics, the possible minimization_of these
heterogenéous'effects through water vapor condensation is significant.
Simila; arguments can also be extended to the direct injection systemﬁ because
the'eﬁvironment of the spray core is likely to be cold and fuel rich due to

the slow rate of entrainment.
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It is also reasonable to expect that the extent of augmentation in the
fuel spray vaporization rate can indeed be substantial, This is because
firstly the air-fuel mass ratio for near-stoichiometric combustion of tynicai
hydrocarbon fuels (e.g. gasoline) is ustally a large number, around 15,
Therefore for a sufficiently‘humid enuironment the moisture content is ofwthe
same order as the liquid fuel introduced, Furthermore the specific latent
heat of vaporization of water is much larger than those‘of the hydrocarhon'“-
fuels. It is then obvious that the water vapor present in the environment
does contain sufficient latent heat of condensation which when released can
supply a significant portion of the energy needed for fuel vaporization.
Finally, it is also of interest to note that since water is a major product
of hydrocarbon combustion, the water vapor generated at the hot combustion
zone may diffuse back to the cold vaporization region where it condenses,

In the following we shall substantiate and quantize the above concepts .
through a study of monodisperse spray vaporization.in an environment initially
containing.some water vapor. Two models will be formulated to bracket the
limiting behavior of spray vaporization in the presence of water condensation.
In the fastest limit, which is studied in Section II and is termed the hetero-
geneous‘condensation mode, condensation of water vapor is assumed to occur
at the surface of the fuel droplets which, being colder than the gas, are
1deally suited as heterogeneous nucleation sites. Since in this limit the
condensation heat release is.directly.supplied to the droplet? the dronletﬁ
vaporization rate is expected to be maximally enhanced. In the slowest limie,

which is studied in Section III and is termed the homogeneous condensation

mode, condensation occurs within the gas medium at the saturation temperature, .

This implicitly assumes that there exist some heterogeneous nucleation sites.



.C=3

‘(e;g; dus; pﬁrt;clés) in the'éas other thgn‘the>fuel_drop1efs; fn'this‘limiﬁ
.tﬁe increasg in the droplet vaporizgtion‘réte is cgused by an increase in the
gas ﬁeﬁperature relativé to tﬁé caﬁe of no water condensétion. Due to the
large améunt_of air mass that néeds.to belheated, the extent of increase in
_the gas temperaturé, and hence the droplet vaporization_raté, are not expecﬁed
to be as significant as the heterogeneous méde. Finally, the transport of the
spray in a quasi-ongrdimensional_chamber, with either mode of condensation, .

is formulated in Section V.

II; HETEROGENEOUS CONDENSATION MODE

(1) Gene:ai Discuséiqns 

| ‘In this 1limit condensation of wﬁter vapotr is assumed to take place at the
droplef surface. In order to ascertain the maximum effects éf wa:er.condenéétion
§n fuel vaﬁbriZation, it 1s also assumed that ﬁhe droplet surface'is.not covefed
by thé‘coﬁdensed Vater.so that fuel can vaporize unichibited., This is a

" reasonable assumption dﬁe to the fact that since water and oil'genefally do
not mix, the condensed water will contract under surface tension and hence
offer minimum blockage of the’d;oplet surface, Furthermore, since in realistic
situations a relative velocity, 'and henée éhear.stress,'exists between the
droplet and.;he‘gas stream, it is reasonable to'éxpect that tﬁese loosely
attached'water globules or caps tend fo be striﬁpéd awvay from the fuel’&robiet
if they “are of any significant size, : ; -

An important QUanﬁity governing drbﬁlet vaporization is the teﬁﬁ&ral vari-
ation of the droplet teﬁperature distriﬁution, fértiéﬁlariy its value Et the;'
surface, Té’ beﬁause it directly influences the #mount of‘heﬁt the'droplet
receives from the environment, the extent of dfoﬁlet heating ;ééuiréd:'and

the surface concentrations of the fuel and water vapor. An accurate
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determination [4,5) of the droplet temperature distribution is difficult because
it requires the knowledge of the internal circulatory motion responsible for |
convective transport.' It has been found e], however that the bulk droplet
vaporization characteristics are only minimally dependent on the detailed
description of internal circulation. This is because as long as the massive
surface layer is heated at approximately equal rates, ths subsequent heating
of the much lighter inner core constitutes only minor perturbations to the
total heat budget at the droplet surface, Therefore for mathematieal expediency
we shall assume that the droplet temperature is spsciallyAuniform but temporally
varving, which is the simplest possible model allowing for droplet heating (7).
The problem of interest can then be stated as follows. At time t = 0 an
ensemble of'evenly-distributed“pure'fuel droplets of uniform,radius oo and -
temperature Tso start to vaporise within a stagnant éaseous environment’
characterized by its temperature Tgo’ and fuel and water vapor mass fraction,
‘YEgo and Yw8°,re3pectively. The initial mass fraction of the liquid‘fuel .
is YFLo‘ The subsequent behavior of this spray ensemble is determined by.
analyzing the vaporization of,a single fuel droplet and the collective modi-

fication of the gaseous medium by all of them, as will be shown in the following,

(2) Fuel Droplet Vaporization with_Water‘Condensation

To serve as input to the spray analysis, and neglecting the small inter-
ference effects caused by the presence of neighboring droplets (8,9]), we
are concerned herein with the spherically?symmetric»vaporization of a single
fuel droplet in an infinite expanse of‘gas which has temperature Té and mass
fractions of the fuel and water vapor YFs and ng respectively. Since the

states of the droplet and the environment change at rates much slower than

the rate of gas-phase heat and mass tramsport in the vicinity of the droplet (5],
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the‘droplet vaporization process can be‘considered to be qussi steady with .
slowly-verying boundary conditions. By further sssuming that the specific heat
CP and the conductivity coefficients are constants, and that the gas-phsse

Lewis number is unity, the non-dimensional gas-phase diffusive- convective con=

servstion equations for fuel vapor, water vapor, and energy can be respectively

written as [103, '

~ ﬁz 5 ~ :; . ' 4 ‘ — o .
Y - BAYp/dE e R, L o (1)
LA nd A A N } | . . -

ny, - Ay, /db e @, (2)

’ .' A A * .‘2 P '.:(" SA' " .‘:A - ~? | ' i |

m(f- Tg) = T ET/dT = = (ply + Ty + mL,) , (3

wvhere i = m<4"°3°§rs); ts T/t 7 i‘CpT/Lw, i? - LT/LW,:EH . L/Ly moe o +”mw,

m, is the mass vaporization rate of species i, L, the latent Neat of vaporization

of 1, LH the amount of heat utilized for dropletlhesting pefr unit change in

the dropleét mass, r the radial distance, o the density, and D the mass diffusivity,
Integrating Eqs. (1) to (3) £rom the droplet“surfece to the ambiance

yields explicit expressions for the three parameters of interest,

howin (L4B) S )

oo g Yugd¥es * gt Yoty
Foo pgm¥pg) # (g 0 ,
and ‘
. <“r - 7 ><e Ype)
w g (1oL ) o e - : (6)
1“ e (FS l?s) ) -
where .
oy | . - |
B = is I A A R

LF + L2 + LH

and €, = mi/m such that ex + ew =1,
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Fu;thér realizing that the phase change pf&ceésés-occur ht}fates.mﬁéh
faster thén the gas-phase transport rates such that the vapor ét the'drbpiét
surface can be considered to be saturated, and that water and oil do not mix
such that they vaporize independently of each other, the vapor concentrations
of fuel and water at the surface can be related to the droplet surface tem- ~

perature through, say, the Antoine vapor preésure relation [113,

i.

1s ~ 760p °*P L%y (T, +C,). -
where p is the system pressure expressed in units of atmospheres, Ai’~Bi and C
are constants for a given substance [11], Xi is the molar fraction which,
for the present system, is related .to the mass fraction Yi through
| X,W .
Y i1 {=FW _, . . 9)

= S - ’
i 1l + E (Wi l)xi/

and Wi 1s the ratio of the molecular weight of { to that-of the non-condensable
species (e.g. dry air).
Equations (&) to~(9) show that m, s and iH are functiogs of ;he droplet

temperature %s and the states of the ambiance characterized by &g and Yig

These will be subsequently detérmined through coupling with the liquid-phase
heat balance and overall conservation relations for the spray.,
Finélly, it may be noted that since we éxpect the: fuel to vaporize and -

. water to condense, ¢, 2 1 and ¢,, S O, Therefore in situations where water

F w
condénsatipn has not yet taken place, then €p © 1, and Eq.. (5) together with

the water vapor pressure relation Eq;'(8) are not needed,
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(3) Droplet Temperature Transient
By definition

: 5 : .
L - (4ﬂ/3)rsp£deTs/dt 10y
.fd[(aﬂ/3)rzoz]/§t
which wheﬁ;egpressed;in;non-dimensional-form is
L= -de/d(Ln'R ) y (QUY)

where R Q'rs/rso. Therefore by equating"Eq..(ll),with the expression obtained
through gas-phase energy conservation, Eq. (6), the rate of change of the

droplet temperature as evaporation proceeds is given by

aT ' T -T Yo=Y )"
s . & - S. F Fs
61 - ¢ (l-1.) + B
Ao R) A (Ypg - ¥

- (12)
Fs)

vhich 1s subject to the initial condition thét'Ts = T vhen R =1,

(4) Spray Comservation Relations

_From energy conservation for the present adiabatic system, we have
Tgo + Y%‘Lo(&so - LF). = (1 +wFYF£o ) waWgé)Tg

L)Yy o(Tg - L) + oty (T - 1) (13)

where wp ']l - Rsvis the.f;actional amount of liquid fuel that has vaporized,
and ww‘is:the fractional amount of water vapor that has condensed. By.

definition they are related to YFg and'ng through

Ypgo * Cr¥rgo

4

= . ‘ ' ' (14)
) (1- ww)ngo (15)
g " T+ oY, - 0¥ '

Yrrro” “wwgo
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From conservation of water we can write
d(w )
w W o Yps0 ] LV : g - (16)

(4n/3)r

L}

which states that the rate of depletion of the water vapor from the gas medium.
1s equal to the rate of water condensation onto one droplet times the total
number of droplets,

- Similarly, conservation of fuel stateéﬁthat‘:

d[(4ﬂ/3)r’°o£ FJ
¢ - F an
Dividing Eq. (16) by Eq. (17), we have
W Fio\/1l \
e 1T S (18)
dRa (YWgo)(°F /

which 1is to be solved subject to the initial oondition Wy, ® O when R - l. ﬁhen

Y

Wgo - 0, ¢p = 1; therefore the differential is finite.

This completes our formulation for the heterogeneoul oondensation mode.
The final solution involves solving the coupled first order non-linear ordinary :
differential equations of Egs., (12) and (18), with the inhomogeneous terms
being functions of Wy R, and &s' 1f water does not condenee,ythen Ean(lS)

ig not needed,

(5) Criterion for Complete Spray Vaporization

Without solving Eqs. (12) and (18), it is possible to derive an explicit

criterion allowing a priori assessment of the ability of the spray to achieve

total vaporization, Designating the fully vaporized state, W = 1, by the
¥* *
LT
superscript » it is then required that 'r8 > T sz YWs’ and YF > YFg

Therefore a suffieient although not necessarily unique, criterion governing -



-full vaporization can be obtained by equating any two of the above three
relations such that the remaining inequality will serve as the criteriom.
‘ o % * % * Lo Y *

As an illustration we have adopted 'r8 = Ts"YWg s YWs’ and YFg < YFs

our criterion, Using Eqs, (13), (l4) and (15), it can be shown that the single

as

inequality to be satisfied for completé spray vaporization is

*
YFgo " Yo < - ¥Fs (19)
V4 Y0 " Twgo 1-1
g s
. * ¥* adk. ‘ | e
where YFs and sz are functions of T8 given. by Egs. (8) and (9), and Tg is to
be iteratively determined from the relation
T4y T T -1+ e Q-1 20
g( 4o’ go+YF£o( so~ Lp) szo'YWs( +¥ppo) /(L Yyg) (20)

(6)  Results

Equations (12) and (18) have been‘nﬁmerically integratea usiﬂg the Runge-l
Kutta scheme, An n-heptane spray vaporizing in humid air, with Cp = 0,35 cal/gm-oK,
LF = 75,8 cal/éﬁ, Lw = 5§C cal/gm, Wé = 3,46, Ww 20,622, is adopted for study.

The Antoine cbefficients'Ai, B, and C

{ L for heptane and water, are lis;gd in

Ref, [11].
To limit‘ihe extent of our pérametric study, we shall also consider £ixed

values of Tﬁo e 300°% and Y 0o ° 0. The dependence of the system on Tso and

Fg
YFg§ is physically obvious and hence need not be speﬁially considered, Results
will be presented for an environment which initially is either fully humid,

or half hgﬁid (on molar basis), or completely dry. Corresponding to Tgo ] 280°K,
300°K, and 320%K, the saturation water contents are Yo = 0:005979, 0.02183,
and 0,06722 for the fully-humid states, and 0,002984, 0.01084, and 0.03294

for the half-humid states.
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Figures 1 and 2 show the variation of Tg with the fractional amount of
liquid fuel vaporized, Wps which {s an indication of the progress in the spray
vaporization process. Since Tso = 300°% is higher than the wet bulb temperatures
of heptane for the values of Tgo considered, it is seen that Ts generally
decreases as vaporization is initiated; the oﬁly exception here i{s the fully-
humid case of T8° = 320°K, for which the extent of condensation heat release..
causes an increase in the droplet temperature. The importance of water con-
densation is further illustrated by the fact_thaf for a given Tgo’ curves.
representing different levels of initial humidity immediately branch off as
condensation ié initiated, For Tgo = ZSO?K, the half-humid curve coincides
with the non-humid cufve because condensation is not possible owing to the
extremely low level of humidity in such a cold enviromment. For this case -
complete spray vaporization cannot be achieved; a state of equilibrium is
reached with about 67% qf the fuel still remaining in the liquid phase. However,
for a fully-hﬁmid environment complete fuel vaporization can be attained
through the additional condensation heat release. Therefore the potential of
water cqndensatgqn is particularly beneficial for cold mixtures which otherwise
Vould not be able tq‘gchieve complete vaporizationm,

The present formulation assumes that the properties of the spray interior.
are uniform. In realistic situatioms, for example in the case of a spray jet,
the cone region is much richer in fuel thap the sheath region due to the
' finite rate of entrainment. To investigate effects due.to this non-uniformity,
Fig. 2 compares the variations of Té for the near-stoichiometric and fuel-rich
cases of Yon =.0,05 and 0.2 reSpectively; It is seen that whereas Ts depends
only weakly on YFlb’ complete fuel vaporizatipn for the rich case is very

difficult to achieve. This is because not only there is now more fuel that
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neédS'to be vaporized, but there is also less air and hence correspondingly
less: sensible and condensation heat available for vaporization.

-An interesting result shown in Figs. 1 and 2 is that within 10-15% of the
droplet lifetime the droplet temperature }apidly approaches a constant value,
This behavior has also been observed 'in our previous studies [2,3) on fuel -
Spray<vaporization‘in non-humid environments, and can be explained
as follows. ‘When the droplét ensemble vaporizes, the gas medium is
simultaneously chilled and enriched with fuel vapor., These two effects tend
to suppress, and elevate, the droplet temperature in such proportions that
the opposing trends cancel out, Therefore after the initial transient, ;ﬁe
droplet.attains:aﬁconstant;temperature; Similar argument can be extended to
the present situation when there is the additional process of water condensation,
‘which is just the reverse of vaporization.

It may also be eﬁphasized that this constant drop}et temperature is not - °
the conventicnal wet-bulb temperature, which exists for droplet vaporization
in a éonstant environment., In the present system the states of the environmment,
as :well as the droplet wvaporization rate, are continuously changing. The
droplet temperature, however, is left unaffected,” As will be‘subsequeﬁtly

“shown, the establishment of tﬁis constant dffers‘significantws{mplifications
in the solution of the problem.

Figure 3 shows the wvariation of.'rg as vaporization proceeds. During the
initial-5-10% of the droplet lifetime Tg.reméins close to the initial vdlues -
for.those cases. in which-the droplet temperatures initially'cOSI down, This
.is because even though their initial vaporization rates are rélétively fast,
the lateﬁt heat of vaporization is supplied:by the sensible heat;of the "hot"

droplet rather than. the environment. In fact the excessive heat contained in
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the aroplet‘may even produce an initial slight increase in Tg, as is found

to be the case for '1'8 = 280°K. -On the other hand if the droplet temperature

initially increases, then the environment actively supplies heat to the droplet

from the beginning ‘and therefore Tg starts to decrease immediately. In all

cases, however, it‘is'interesting to note that after the initial'transient 'r8

decreases almost linearly with Wee | |

. Figures 4 and 5 show the fuel vaporization rate, &F’ as functions of &Fl

The qualitative behavior are.as sxpected. It is again of interest‘to'note

the almost linear dependence of &F on wy after the initial transient. The

most significant result shown in these figures, and indeed for the present

study, is theiextent of;ausnentation in the spray vaporization rate in the.
presence of water condensation. For example, Fig. 4 shows that for Yon = 0,05

at half-lifetime, a fully humid environment would enhance the fuel vaporization
rate by about 30%, 70%, and 150% with:TSQ ] 280°K 300°K, and 320°K ‘respectively.
| Figure 6 shows that for situations in which T R and hence mF, initially
decrease, an initially increasing €p results. This is because as Ts decreases,
'the rate of water condensation increases, But since &ﬁ is inwardly directed,

the net mass flow rate, @, is reduced, This causes an increase in e, = ﬁr/ﬁ.
After the initial_transient, €r assnmes almost constant values for the restrofA
the vaporization process. |

| Figure 7 shows that after the initial transient the fractional amount of
water vapor condensed varies almost linearly with the fractional amount of

fuel vaporized, with slopes approximatelv being proportional to (e - 1)/% Wgo

<(Eq. 22), Therefore even though a relatively hot spray may have a higher
rate of vaporization, and hence higher rate of condensation, it also contains

more water vapor initially. " Hence the net effect can be a smaller. slope

than the case of an initially cold spray.
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(7) Conetant Droplet Ieggerature Solution

The obeervation that tne droplet temperature rapidly approaches a constant
value efter initiation of spray vaporization rendere possible analytical solu-
tion by eesuming the droplet is at this characteristic:temperature, Tsc’ .
throughout its lifetime. Hence by setting dT /dR @ 0 in Eq. (12), T o can be

iteratively determined fram the implicit algebraic relation
: ‘YFgor Ypec)Qe * (ep =¥ sc>[Tso'+YonTse' <1'FYF20)Tscj =0 (21)

where Q_ = 1 + ch(if- 1) and ¢, is determined from the following.

Fe
Assuming that‘cF is a constant, Eq. (18) can be readily integrated,

yielding
W ‘szb Cpe/ T ‘ o h

Substituting Eq. (22) into Eq. (5), and using Egs. (14) and (15), ey is given by

<1 Wsc) Fsc<1 YW ) '
- ' ' . (23)
Fe (YFgo + YWQO (YFs c YWei.r _'

i

; ¢

which is only a function of 'I‘s R and hence shows that the assumption ep =€

used in deriving Eq. (22) is consistent, Equation (22) also shows that w

Fe

w:
varies linearly with wgp, @8 1s found in Fis. 7

The transfer number B is now given by

(1+3) (1+B,/Q)) 249
+3B) = e ‘

(L +wp¥p,  /ep)
where A B, " (Tso- Tee) ¥ Ypp0(Teo = Tac) * . »’(25)

For complete vaporization to occur, B> 0 atwF

for complete spray vaporization can now be simply stated as

= 1. From Eq. (24) the criterion
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B> YryoQe lege S K - (26)

If Eq. (26) {s not satisfied, thén“vaporization terminates . when the dropietau

reach the equilibrium size
| L \31/3 o .
R={1-(Bep.)/(Yp, Q)] - an

Finally, asing Eqs. (4) and (24), it can be shown that for_small values

of YFLo’ the variation of the fuel vaporization rate as vaporization proceeds is

: ., df S R SO
,,1 | ﬁ_.yuo , (28)

F

. Equation (28) agrees with tte aumerical'results‘of Figs., 4Iaad 5, in which it

is shown that after the initial tranmsient curves with different Tg become -
parallel to each other, with a slope approximately equal to YFLo'

| The pteblem can therefore'be éonsidered to be comﬁletely solved analytically,
with the enly numerical work involved being the initial, iterative determinatien
of"i'sc from Eq. (21)., Results obtained from the variable and constant<dtop1ét

temperature solutions will be compared in Section IV,

<III; HOMOGENEOUS CONDENSATION MODE -
(L) Formulation
jIn the slowest limit condensation of water vapor occurs in tﬁe'gas medium,

‘either homogeneeus or heterogeneous on some dust particles, Without being
‘unduly concerned about the detailed nucleation and condensation proeesses,

we shall simply assume that the water vapor is always in'avsaturated‘state in
the gas medium, which implies that the exceasive amounts will have been
condensed, at the prevailing gas temperature, with the attendant condensatlon

heat release.
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Most of the formulation for the heterogeneous condensation mode remain

valid here by setting m, = O, and hence m = m_, ¢, = 1, ¢, = 0; etc. ' The
¢! ™= nence W = Wp» €p W .

energy conservation relation, Eq. (13), 1is slightly modified to become

~

Tgo + YFLo(Tso"LF) = [1'+wFYF£o Yy Wgo]T
Nt ) ST I + (1 -wF)YFan(T LF) W Wgo

The constraint on the saturation of the gas medium by water vapor is
simply the Antoine relation evaluated at the gas temperature Tg, or
' B,
1 r W = .
= esne— exp - CETEEeE——— .
g T Tl P A T Ay
Furthermore, by .definition

X, o Yaa’
g T T (I s (T- I

. where YFg and ng are given by Egs. (14) and (15), and;ww is obtained from

Eq. (29). Hence by equating Eqs. (30) and (31), a transdendental equation

P |
F‘Tg,Ts,R ) =0

- (29)

(30)

(31)

(32)

results, The final solution then involves ‘an iterative determination of %é and

~

then the environment has not. saturated. Hence W, = 0 and only Eq. (12) is

needed,

A criterion for complete spray vaporization .similar to that derived for

the heterogeneous case can-also be obtained for the present case.

\

(2) Results

Ts as functions of R3 using Eqs. (12) and (32).  If the solution yields Wy < 0,

‘ The system parameters adopted for illustration here are the same as those

for the heterogeneous case, Figure 8 shows that for the fully-humid environment
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condensation is initiated rapidly after the excessive heat initially contained

in the droplats has baeon dissipated through vaporization. However, for the

half-humid envirenment initiation of'condcnlation can be quite delayed,

Indeed for ero = 0.05 condensation fails to occur for the three initial gas

'.tempcrnturnl investigated, The reason that céndenlntion is difficult to start

for the homogeneous mode is that an unsaturated gas medium has to be sub=

. stantially chilled, through fugl vuporizatiqn, for water vapor to become

saturated, This is particﬁlarly difficult to be achieved vhen er° is small,

However, for the heterogeneous mode condensation is induced by the concentration

gradient between :ﬁe gas mediﬁm and'tﬁe &roplet surface, Since the dfoplet

—-surface is usually at a lodcr ﬁempefature than the environment so that fuel

veporization is possible, the water vapor concentration at the surface is

likely to be lower than that in the environment, rendering condensation péaliblc.
Figure 8 also shows that in the prisence of condensation, the droplet

temperature increases almost linearly with W after the initial transient,

The behavior of other system parameters are qunlitdtivelyhsimiilr with thoseA

of the heterogeneous case and hence will not be elaborated, Finuily. Fig, 9

compares the fuel vaporization rate, &F, in a full&-hunid environmiﬁt for the

heterogenecus, homogeneous, and non-condensing modes, In realistic situations

the vaporization rate will be bounded by the homogensous and heterogenaous curves,

IV, QUASI-ONE-DIMENSIONAL SPRAY TRANSPORT

.. In the following we shall consider the transport of the spray emsemble
in an adiabatic, quasi-one-dimensional chamber with cross-sectional area A(x),
where x is the axial distance, To focus our attention on effects due to
rhea: and mass transfer, we shall also assume that ﬁhefe is no velocity lag

between the gas and the droplets,
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| Using the definition of mF and the identity d/dt.e ud/dx. where u is the
velocity, we have | |
| RGdR/dk = - cpdn(1+8) (33)
where U e u/u‘ and % = xogD /(°Luo so) Furthermore, continuity requires that
uA=l+w mwwgo " BENCOR

where A = A/Ao.

| Substituting Eq. (34) into4Eq. (33)'ahd‘integrating, we have

o 1 (1+w. Y.,
ay o FYFs0 " %Wiugo) .-,
- C(x) IR- €p in (14-B) £2- r'dr ‘ ' (33)
where C(X%) is the chamber function defined as
X, o
c&) =_|' A(x"ydx' ‘ - (36)
) ‘ .

which is a measure of the axial distance travelled.

HFigore 10 shows C(i*) as a function of the inlet gaseous temperature Tgo
for the heterogeneous, homogeneous, and non-condensing mooes, where %* is o
the location‘of either complete or equilibrium fuel vaporization. It is
obvious that the shortening of the chamber length required to achieve complete
spray vaporization as a result of condensation is significant, particularly
for the heterogeneous mode and at higher inlet temperatures, : |

B& further invoking the constant droplet temperatﬁre‘assumption for the
heterogeneous condensation mode, Eq. (35) becomes"

|r.1 (1+wFYFL /e Fc)

¢Gy = ' Tpe IR LB /(T ugTe epe)

R'R' (3D
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Equation (37) can be integrated by assuming that the spray is not rich

(Y'M° <<’ 1) and the evaporator is sufﬁ;ciently efficient (Yon << BC/Q), yielding

L C(k) = &;iio.S(u,;)aeRz) -o.2z(1-R5)] S - (38)
where : &Fc = eFCLn(l-bBc/Qc) T T (39)
Cand | z = (=1 4+ ,1—) Yo L (40Y

_ch i
Therefore in order to achieve ccmplete spray vaporization, the chamber length

'nééds to have a minimum lengﬁﬁ V
Ck) = (0.5+40.32) . . (4D

Figure 11 compares C(i*) given by the exact expression Eq. (35), the
constant temperature expression Eq. (37), and the efficient evaporation limit
of Eq. (41). It is found that results from the constant. droplet temperature
integral agree with those from the exact integrai to within 5% and hence can
be considered to be accurate, Results from the efficient evaporation limit:
agree well with the exact results at higher inlet temperatures, although thg
agreement deteriorates as 'I‘go decreases and completely breaks-down near the

fuel saturation limit, as should be,

V. CONCLUSIONS

| In this papef we have investigafed, énd bracketed, the effécts 6f water
' bépor-condensation during theivapprization of a fuéi sﬁfay iﬁ é humid énvifr
onmégé. It is demonstrated that.for the heterogeneous mode the effecﬁ of
condensation is indeed significant and can éubstantially hésten the fuel
vaporization process. For the homogeqeous case the effect is relatively,

smaller because of the large amount of air mass that absorbs the condensation
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heat release. For both modes the potéﬁtial of water condensation in enabling
an initially cold spray.to échieve comﬁiéte vapdrizéiion,~and therefore
minimizing the deleterious heterogeneous combustion eéffects, are particularly
significant, |

The present results also indicate that caution should be exercised when
experimentally measuring spray propgrtiesi_ The cbndensation process not only
introducés an additiomal heatAsource, but i; can #lso give a larger value of
tﬁe fuel droplet size iﬁ the preéence of heterogéneous nucleation,‘ana é larger
value of the droplet number density in the presence of homogeneous nutle#tion.
- In both cases inaccurate data will belﬁaken on the spray vaporization rate,
the . droplet distribution function, the total amount of fuel available forA
combustion, and its relative amounts in the gas and liquid phases, The:
difficulty in avoiding this masqueradiﬁg effect is further compounded.by
realizing that éven 1f the gas mixture is dried before using,'ﬁater vapor can
still be generated in the combustion region and possiblyAdiffuse'back to the
vaporization region. It seems a necessary precaution to take in aséertaining.
the accuracy of the daté»is to ensure that the data do not violate'the require-
ment of atom or species conservation,

Finally, considerations should also be given to‘gaseoﬁé experiments in
which seedings are introduced for optical measurement purposes.' These seedings
may ser?e as héterogeneous nucleétion sites and hence may become largef_than
assumed, éubsequenily their velocity may not always Pe‘in phase with éhat

of the gas, and therefore yielding inaccurate data on the gas velocity.
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