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Abstract—A simplified spray environment is used to represent the multicomponent nature of liquid fuels
and to examine the sensitivity of their vaporization behavior to the various liquid- and gas-phase models.
Liquid-phase models are the diffusion limit, the infinite diffusion, and the vortex. Gas-phase models are
the Ranz-Marshall correlation and the axisymmetric model. Three subsets of equations are solved by a
hybrid Eulerian-Lagrangian, explicit-implicit scheme. Results demonstrate that the fuel vapor distributions
are extremely sensitive to the models considered, that the internal circulation is less important for the
multicomponent case as compared to the single component, that the multicomponent results are in complete
contrast to those for the single component, and that an acceptable spray model should realistically consider
the diffusive—convective processes inside and outside the droplet. For most spray situations, the diffusion-
limit model is recommended.

1. INTRODUCTION

ONE ASPECT of spray combustion research which
remains mostly unexplored is the representation of
the multicomponent nature of fuel. Most of the liquid
fuels utilized in practical systems are mixtures of many
compounds with wide variation in properties. The
single-component vaporization models cannot be
used for these fuels since the vaporization/combustion
characteristics of multicomponent fuel sprays are dis-
tinctly different from those of the single-component
sprays due to several reasons. First of all, the behavior
of anisolated droplet changes significantly if the drop-
let contains more than one fuel. The effect of transient
heat transport inside the droplet is probably not
important in predicting the droplet behavior for the
single-component case. For the multicomponent case,
however, the transient thermal and specially the liquid
mass transport may be the rate-controlling process
and must be included in the modeling. Thus, the
single-component droplet models which neglect the
liquid transport effects 1] and still yield reasonable
predictions of droplet vaporization rate, cannot be
employed for the multicomponent case. Another
difference between the two cases is due to the phenom-
enon of microexplosion. For the multicomponent
case, the volatile component is trapped inside the
droplet due to high mass diffusional resistance where
it may be heated beyond its boiling point. This can
start the homogeneous nucleation leading to micro-
explosion. Obviously, this phenomenon, which may
also be used to improve the combustion characteristics
of heavy fuels [2], cannot be explained by the single-
component theory. The spray-combustion charac-
teristics of multicomponent fuels may also be pro-
foundly different from those of the single-component
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fuel due to droplet dynamics. Certain regions of the
combustor may be relatively rich in the volatile fuel
while others may have a high concentration of less
volatile fuel. The non-uniform fuel distributions may
significantly influence not only the phenomena of
ignition, flame stability and pollutant formation, but
also the dominant burning mechanism itself.

The objective of this paper is to study the rep-
resentation of the multicomponent nature of fuel in
spray modeling. The combustion aspects are not stud-
ied in the first analysis. Only the vaporization aspects
are examined. The dynamics and vaporization of the
spray in a laminar, hot gas stream flowing in a tube
are analyzed. In particular, the local as well as global
effects of different liquid- and gas-phase models on
the spray vaporization characteristics are examined.
The liquid-phase models considered are the infinite-
diffusion, the diffusion-limit, and the vortex models.
The gas-phase models which account for the con-
vective motion between droplet and gas, are the Ranz—
Marshall correlation and a model based on the sim-
plified analysis of gas flow over a droplet.

The vaporization/combustion behavior of an iso-
lated single-component fuel droplet is fairly well
understood and comprehensive models for its pre-
diction have been generated [2]. Only the simplest
of these models have been used in spray modeling,
however, due to the many complexities involved.
Recently, more detailed droplet models have been
studied by Aggarwal et al. [3] where the effects of
several liquid- and gas-phase models were investigated
for the single-component fuel sprays. The major con-
clusion was that the transient heat transport in the
liquid may not effect the global behavior of an isolated
droplet much, but can influence the spray vapo-
rization significantly. In the present study, the vapo-
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B,  given in Appendix

Cp drag coeflicient

C, ratio of gas and liquid-thermal
conductivities

D gas diffusivity

D; initial gas diffusivity [cm®s™']

K plDfopk

L, heat of vaporization for fuel i

Le  Lewis number for the liquid fuel

L, ratio of gas-phase length scale and initial
droplet radius, L/ry,

L, gas-phase length scale [cm]

M  non-dimensional vaporization rate given
in equations (25) and (26)

n,  non-dimensional droplet number per unit
area or number of droplets in a group

Re  Reynolds number based on droplet
diameter and interphase velocity

r radial distance inside the droplet [cm]

r,  droplet radius

rwo initial droplet radius [cm]

t time variable

t ratio of convective time scale to diffusive
time scale in the gas phase, (¢/L.)/D;

T  gas temperature

Ty non-dimensional boiling temperature of
volatile fuel

T, liquid temperature inside the droplet

T, normal boiling temperature of volatile
component [K]

To  initial liquid temperature [K]

T, droplet surface temperature

V.  gas velocity

V, droplet velocity

W, molecular weight of species i

NOMENCLATURE

X spatial coordinate for the gas properties

Ax  grid size for the gas-phase calculations

X, position of a droplet group

Xys  liquid mole fraction of fuel species i at the
droplet surface

X;; vapor mole fraction of species / at the
droplet surface

Y; fuel vapor mass fractions for the gas-phase
equations, also the value at infinity for
the liquid-phase equations

Y, fuel vapor mass fractions at the droplet
surface

Y;, total fuel vapor mass fraction at the
droplet surface

Y, liquid mass fraction of fuel i inside the
droplet.

Greek symbols

o  liquid thermal diffusivity [cm?s ']

& fractional mass vaporization rate of fuel i

U gas viscosity

P gas density

pr  liquid density [gem )

p.  ratio of initial gas density to liquid density
p.  initial gas density [gem 3],

Subscripts
1 volatile fuel
2 non-volatile fuel
k droplet group ; one group enters the tube
after every predetermined time interval
o0  gas-phase property for the liquid-phase
equations.

rization characteristics of the multicomponent fuel
sprays are studied. By considering several liquid- and
gas-phase models, it is shown that the transient pro-
cesses of thermal and mass transport in the liquid not
only have a strong influence on the droplet behavior
but a much stronger influence on the spray behavior.
This paper may be considered an extension of an
carlier paper [3] where the different models have been
examined for the single-component fuel sprays.

The present study is important because none of the
works reported so far have considered the multi-
component nature of the fuel in the spray modeling,
though the isolated droplet containing a multi-
component fuel has been investigated [4-12]. This
study is different from these investigations in that we
are considering a spray situation here whereas the
referred works considered an isolated droplet. The
results, presented later, indicate that the spray charac-
teristics are much more sensitive to the various liquid-

and gas-phase models than a single droplet study
would indicate.

The physical situation considered, the equations
governing the variation of gas- and liquid-phase prop-
erties, and the various models are described in the next
section. Then, the results are discussed and, finally, the
conclusions are presented.

2. THE PHYSICAL MODEL

The physical situation considered is that of a bicom-
ponent fuel spray flowing in a one-dimensional tube.
The spray consists of a continuous laminar flow of
hot air and an intermittent injection of droplets. A
simplified spray statistics is considered in the sense
that a deterministic model is employed, and that a
monodisperse spray is assumed. Further, the con-
tinuous liquid injection is simulated by an intermittent
one where one group of droplets is injected in each
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time interval. The effect of relaxing these assumptions
will be examined in a subsequent study. The injection
time interval or the frequency depends upon the over-
all fuel-air ratio, the mass flow rate of air, the droplet
spacing, the droplet velocity at the injection point,
and the droplet size. The droplet size and the slip
velocity are adjusted to provide a Reynolds number,
based on these parameters, of about 100 initially.
After injection, as a droplet group moves in the hot gas
stream, it accelerates. At the same time, the droplets in
this group are heated and the vaporization is initiated.
These processes influence the state of the gas, i.e.
the gas stream is retarded, cooled and enriched with
vapors of component fuels. The changes in the gas-
phase properties in turn influence the dynamics and
vaporization of droplets which are subsequently
injected. All these gas-phase and liquid-phase pro-
cesses are modeled by a system of unsteady, one-
dimensional equations. The subsystem of the gas-
phase equation is written in Eulerian coordinates
whereas the liquid phase is represented in Lagrangian
coordinates. The two subsystems are coupled through
the exchange rate terms which represent the rates of
mass, momentum and energy transfer between the
phases. The two subsystems of equations are given
below.

2.1. Gas phase equations

dp 0

E+a(PV)=Sp 1)
oY, 8y, _ &Y
o Vo Pz =S &)

The equations are in non-dimensional form. The
terms on the right-hand side are the source/sink terms
and provide the coupling between the gas and liquid
phases. These are given in the Appendix. Equation (1) is
the standard continuity equation in one-dimensional
unsteady form with the source term representing the
rate of production of fuel vapors. Equation (2)
governs the variations of species concentrations and
temperature in the gas phase. Thus Y; can be rep-
resented by a row matrix given by

Y= Yfl, YfZa YO’ T' (3)

The equation for the oxygen mass fraction (Y,) is not
required for the present case but will be relevant when
spray combustion is considered. The values at the
tube entrance are used for non-dimensionalizing the
respective variables. In addition, the tube length and
gas velocity at the entrance are used as the length and
velocity scales, respectively. The assumptions used in
writing these equations are quite standard and are
discussed in an earlier work [3]. The set of equations
for the gas phase is completed by the equation of state
and the relation for the dependence of gas diffusivity
on temperature. These relations in non-dimensional
form are

1951
p=T 4
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Equation (4) is based on the constant pressure
assumption and equation (5) assumes that the product
pD is constant. It is noteworthy, however, that pD is
considered to be temperature dependent in the gas
film surrounding individual droplets and is evaluated
by using the one-third rule [13].

2.2. Liquid-phase equations

d—d}% =V, (6)
% oL, { 13? CDuRe:z(V— Vk)} o
dd—rf = ~2p, L7t M, ®
where
Cp = % <1 + Re6km> )
Re, = t,2L, %IV— Vil. (10)

Equations (6)—(8) govern the variation of position,
velocity, and size, respectively, for the droplet group
represented by subscript k. M, represents the non-
dimensional vaporization rate and is described in the
next subsection. Note that the non-dimen-
sionalization gives rise to three dimensionless groups
t, L, and p,.

The basic premise of this paper is the following.
The accurate prediction of the spray vaporization as
well as combustion behavior may critically depend
on the realistic representation of the coupling terms
between the phases. These terms would depend on:

(a) how accurately the transient processes in the
droplet are represented ;

(b) how accurately the phenomena in the gas-film
surrounding a droplet or a group of droplets are
accounted for;

(c) and how accurately the spray statistics is
modeled.

The present study focuses on the first two aspects
in the sense that various liquid- and gas-phase models
for the processes inside and outside the droplets are
examined for the multicomponent-fuel sprays. A
dilute spray is considered. Thus, there is no direct
effect of the droplet interaction on the spray cal-
culations. The effect of non-diluteness will be con-
sidered in a subsequent study. Of course, there is still
indirect droplet interaction since the droplets influ-
ence the gas phase which in turn effects the droplets.

The coupling terms, as given in the Appendix, con-
tain basically three unknowns, namely the fractional
vaporization of each component fuel (¢;), the vapor
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mass fraction of each fuel species at the surface, and
the droplet surface temperature. A relationship
between the last two is obtained by using the assump-
tions of ideal liquid mixture and phase equilibrium.
In addition, the gas-phase process in the film sur-
rounding the droplets is considered quasi-steady,
which is valid for p, much smaller than unity and the
pressures much lower than the critical values. Raoult’s
law for ideal mixtures and the Clasius—Clapeyron
relation for phase equilibrium [5] are then used. This
leaves ¢; and T, as the two unknowns. The various
models, which differ in the determination of these two,
are discussed next.

2.3. The description of the liquid- and gas-phase models

The liquid-phase models are the diffusion-limit, the
infinite-diffusion, and the vortex models. To account
for the convective motion between droplet and gas,
the Ranz—Marshall correlation and an axisymmetric
model, based on the simplified analysis of gas flow
over a droplet are considered. The details of these
models can be found in refs. [4-8, 10, 11]. Only the
essential features are given here.

2.3.1. The diffusion-limit model. This model is most
relevant when the Reynolds number (Re) is relatively
small, say, of the order of unity. The transient heat
and mass transport in the liquid are assumed to be
governed by the unsteady heat and mass diffusion
equations. A transformation is used to cast the mov-
ing boundary problem into a fixed one. The final form
of the equations to be solved are:

oT, o°'T, 0T, (2
== i F 11
Gy~ o e \f T MK (1)
oY, 107 Y, oY, (12
= K 12
ot, Le i +0r‘ Le7 ™ (12)
with the initial and boundary conditions as
T\(7,0)=0 (13)
T,  CM(H-L)
0F ~ Ta—T,
(14)
Yy,

o7 = Le MK(Y—¢;).

The non-dimensional radial distance, time, and liquid
temperature are defined, respectively, as

F=rir,
T dt/
I, = 1'|J -3 (15)
o Tk
7= =To
Thn_T(l

The governing equations are stiff due to the large
Lewis number. A Crank-Nicolson implicit scheme
[14] with a variable size grid is employed to solve
them.
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2.3.2. The infinite-diffusion model. This model,
which has also been referred to as the batch-dis-
tillation or the complete-mixing model [6, 8], assumes
that the liquid temperature and composition remain
uniform as the droplet vaporizes. The model may be
relevant when the droplet lifetime is small as com-
pared to the liquid-mass-diffusion time. The temporal
variations of droplet composition and temperature
are determined from the overall mass and energy con-
servation

dm, R

@ = 36, MKr} (16)
dT,
—*t=3C,M(H-L). (17
ds,

The equations are similar to the other liquid-phase
equations and are solved by a second-order Runge—
Kutta procedure.

2.3.3. The vortex model. The conditions of com-
plete mixing, as assumed in the infinite-diffusion
model, is never realized in most combustor situations
[8]. As discussed by Sirignano [8, 9], even with large
internal circulation, the liquid temperature and com-
position become uniform along the liquid streamlines,
but not across them. Sirignano and co-workers [8, 9,
15, 16] have conducted a detailed study of a multi-
component vaporizing droplet in a highly convective
environment. Their model, referred to as the vortex
model, considers a steady-state gas-phase consisting
of inviscid and boundary-layer regions. Inside the
droplet, a liquid-phase boundary layer surrounding
an inviscid liquid-flow region is considered. The invis-
cid liquid motion is assumed to be given by Hill’s
vortex. It is further agreed that the liquid motion
may be assumed quasi-steady although heat and mass
transport are unsteady. This model, still too com-
plicated for a comprehensive spray analysis, has been
further simplified by neglecting the liquid-phase
boundary layer [10, 11]. Then the equations are

1 6T]
;,737‘¢a¢2+“+c(‘)¢]6¢ (13)
1 a8y, aty, [1 oYy
- _z’e a¢21+[ +C(t)¢] 5 09
where
- b1 “l ,
di= - (20
and
- 2({1y?a4 .,
C(t)=2)—l<a> G =-4MK 2D

and ¢ is the dimensionless stream function [11]. The
initial conditions are

Ti(¢.0)=0
Yli(¢’ 0) = Yuo

(22)
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and the boundary conditions are

at ¢ =0
aT, _ 1 3T,
o b, 01
and (23)
5Yi,-_gayli
ap b, ot
atg =1
0T, _ A:GM(H-1I)
o Ta—T
a ¢ s lo 4)
Yy
Fj:LeAzckM(Y]is“ai)'

Here, 4,, A, are constants with their values being 3/17
and 3/16, respectively [11]. The value of b, 15 17.
2.3.4. Gas-phase models. To account for the gas-
phase convection, the traditional approach has been
to modify the spherically-symmetric results by an
empirical correction
M, = (14+0.3Re}>)In (1+ 8B,) (25)
where the term multiplying the logarithmic term rep-
resents the correction. Sirignano [8] has analyzed the
quasi-steady axisymmetric gas-phase boundary layer
outside the droplet. By assuming further that the sol-
ution can be represented by a weighted average of the
stagnation point region and the shoulder (flat plate)
region [11], the following expression has been obtain-
ed:
M, = 4, Re;”” f(By) (26)
where the constant 4, is evaluated by comparison

with the more exact analyses. The constant was found
to be 4//n. f is the Blassius function [8].

2.4. The numerical procedure

There are three subsets of equations to be solved,
namely, the gas-phase equations (1)~(5), the liquid-
phase equations (6)—(8), and the droplet equations
(11)~(26). A hybrid numerical scheme is employed to
solve them. The gas-phase equations are solved by
an explicit finite-difference scheme. The liquid-phase
equations for the position, velocity, and size of each
droplet group are integrated by a second-order
Runge-Kutta procedure. The details of the hybrid
scheme are discussed in refs. [3, 14, 17]. The droplet
equations, which govern the variations of temperature
and composition in each droplet or group of droplets,
are solved by the Crank-Nicolson scheme for the
diffusion-limit and vortex models, and by the Runge~
Kutta method for the infinite-diffusion model. The
results are presented in the next section.
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FiG. 1. Profiles of hexane (volatile) and decane (non-volatile)
vapor mass fractions in the tube as predicted by the three
liquid-phase models: (1) diffusion limit; (2) infinite
diffusion ; (3) vortex.

3. THE DISCUSSION OF RESULTS

The results are now presented for a spray consisting
of hot air and bicomponent fuel droplets flowing in
an open tube. The tube length is 10 cm. The fuels are
n-hexane and n-decane. Their boiling temperatures
differ by about 100 K. The initial air temperature is
1000 K, the velocity is 10 m s~', and the pressure is
10 atm. The overall fuel-air ratio is stoichiometric.
The initial droplet diameter is 100 ym. The initial
Reynolds number based on this size and slip velocity
is 114. The liquid Lewis number is assumed to be 10.
The effects of different liquid- and gas-phase models
on the spray vaporization behavior are discussed in
the following subsections.

3.1. The effects of liquid-phase models

Three liquid-phase models and their influence on
the spray behavior are investigated by comparing the
gas- and liquid-phase properties as predicted by the
models. It is appropriate to present the comparison
in terms of the fuel vapor distributions, owing to their
high sensitivity to the models. The first set of results
is given in Figs. 1-5. Initial liquid mass fractions of
hexane and decane are uniform with each equal to
0.5. The injection interval is 0.49 ms, i.e. one group of
dropletsis injected every 0.49 ms. Each group contains
400 droplets and the initial spacing between two suc-
cessive groups is 0.5 mm. The effect of varying these
parameters is discussed later. The tube length is 10
cm. About 80% of the mass is vaporized by the time
the droplets reach the tube exit. Figure 1 gives the
distribution of vapor mass fraction of hexane and
decane in the tube at ¢ = 15 ms. By this time, the first
group of droplets reaches the tube exit. The important
observations are given below.

(1} As compared to the diffusion-limit and vortex
models, the infinite-diffusion model grossly over-
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LIQUID MASS FRACTION AT DROPLET SURFACE

0
TIME. MS
Fi16. 2. Liquid mass fraction of hexane at the droplet surface
vs time for the first droplet group: (1) diffusion limit; (2)
infinite diffusion; (3) vortex.

LIQUID SURFACE TEMPERATURE. K

TIME, NS

F1G. 3. Droplet surface temperature vs time for the first
droplet group: (1) diffusion limit; (2) infinite diffusion ; (3)
vortex.

predicts and underpredicts the vapor mass fraction of
the volatile and non-volatile components, respect-
ively. The differences which are as much as 50% for
hexane and 100% for decane, are directly attributable
to the interphase processes. As indicated in Fig. 2, the
infinite-diffusion model overpredicts the liquid mass
fraction of hexane during the first half of droplet
lifetime. The liquid hexane which is depleted at the
surface due to vaporization is instantaneously replen-
ished because of the infinite-diffusion assumption. For
the other two models, the rate of supply of liquid
hexane is slow due to the high liquid-phase Lewis
number.

(2) The above result is in contrast to that for the
single-component fuel spray [3]. For the latter, the
infinite-diffusion model underpredicts the fuel vapor
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(a)

(™

(b)

FiG. 4. Lines of constant liquid temperature and of constant
hexane mass fraction: (a) vortex model; (b) diffusion-limit
model.
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Fi1G. 5. Comparison of internal liquid-temperature and hex-

ane-mass-fraction profiles at two different times for the two

models: , diffusion-limit model; ———-—— , vortex
model.

distribution (in the first half of the tube) as compared
to the other two models. This is due to the fact that the
infinite-diffusion model predicts a lower surface tem-
perature which amounts to a lower vapor mass frac-
tion at the droplet surface and thus lower vaporization
rate. The surface temperature effect is also present in
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the multicomponent case, as seen in Fig. 3 and also
in Fig. 1 near the tube entrance, but is overshadowed
by the large liquid-hexane concentration at the droplet
surface, as seen in Fig. 2.

(3) The predictions of diffusion-limit and vortex
models are remarkably similar, both in terms of the
gas-phase and the liquid-phase properties. The result
is not all that surprising. What it means is that the
internal circulation, which is accounted for in the vor-
tex model, does not effect the transport rates inside
the droplet in any significant way. The presence of
internal circulation causes uniformity of temperature
and composition only along the streamlines. Across
the streamlines, which are indicated in Fig. 4 (the lines
of constant liquid temperature and composition for
the diffusion-limit case are also shown), the mass
diffusion process is still slow and rate limiting.
Another evidence of the similarity between these to
models is provided in Fig. 5. The distribution of liquid
temperature and hexane mass fraction inside a droplet
are shown in the early and later part of its lifetime.
Note that, for comparison purposes, the two-dimen-
sional axisymmetric distribution {being a function of
radius and azimuthal angle) of the vortex model has
been transformed inte the one-dimensional dis-
tribution by averaging over spherical surfaces. The
internal circulation is quite efficient for making the
liquid temperature uniform but not the composition,
owing to the large Lewis number, That explains why
the predictions of the vortex and diffusion-limit
models are so similar for the multicomponent case.
Another interesting consequence of the above result is
that the internal circulation is less effective for the
multicomponent case as compared to the single-com-
ponent case. This is further illusirated in later results.
The remarkable similarity also gives credence to the
concept that the effect of liquid motion can be incor-
porated in the diffusion-limit model by using an effec-
tive diffusivity, which may be a function of the Reyn-
olds number and the initial composition.

(4) Undulations in the gas-phase properties (Fig.
1) are due to the well-defined period of injection for
the droplets. For example, the peaks in the mass frac-
tion profiles represent the instantaneous locations of
droplet groups, and the distance between successive
peaks corresponds to the droplet spacing. These undu-
lations are expected to be present even when the injec-
tion is more random; only that they will not be so
well defined. It is further noteworthy that the undu-
lations are also related to the fact that a hybrid Eul-
erian—Lagrangian approach has been used and that
the gas-phase properties have been resolved over a
scale of droplet spacing, The Eulerian—Eulerian
approach will effectively average the liquid-phase
effects and thus not reveal the undulations. The effect
is further examined by changing the droplet spacing
at the same overall equivalence ratio and droplet size.
The results are shown in Fig. 6, where the droplet
spacing is one-half of that in Fig. 1. The magnitude of
undulations is smaller because the number of droplets
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Fi1G. 6. Profiles of hexane- and decane-vapor mass fractions
in the tube as predicted by the three liquid-phase models:
(1) diffusion limit ; (2) infinite diffusion ; (3) vortex.

with each droplet group is now reduced by a factor of
two.

{5) Itis also relevant to examine the effect of spray
statistics on the spray vaporization behavior. The
comparison of Figs. 1 and 6 indicates that the effect
is insignificant, except for the undulations as discussed
above.

The major observation so far is that the liquid-
phase models strongly influence the vaporization
behavior of multicomponent fuel sprays, especially
the local values of the fuel vapor concentrations. Thig
is a significant result since such large differences in the
fuel vapor distribution would have a strong effect on
the subsequent spray combustion behavior. Let us
also examine the effects of liquid-phase models on a
more global basis. For this purpose, we compare the
total vapor mass in the tube for the different models.
Figure 7 gives the total mass of hexane vapor as a
function of time for the multicomponent as well as
the single-component fuel sprays. The vapor mass
increases with time as more droplet groups enter the
tube and vaporize. A steady state is eventually reached
{at about 13 ms), where the rate of fuel vapor prod-
uced equals the rate of fuel vapor leaving the tube.
The most important observation here is that the global
vaporization characteristics are also quite sensitive to
the liquid-phase models for the multicomponent case.
For the single-component case, however, the liquid
models do not have much effect on the total fuel vapor
mass. This is another indication of the fact that the
isolated droplet behavior is not very sensitive to the
liquid models for the single-component case, but is
quite sensitive for the multicomponent case.

3.2. Effect of initial liguid compesition on spray vapo-
rization

Resulis are now presented to examine the influence
of initial liquid composition on the local as well as
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TOTAL VOLATILE FUEL MASS

F1G. 7. Variation of total hexane vapor mass in the tube

with time for (1) diffusion-limit, (2) infinite-diffusion and

(3) vortex models: (a) single-component case; (b) multi-
component case.

global spray characteristics. This study is important
for two reasons. One is that we want to assess the
sensitivity of the spray vaporization process to the
liquid-phase models for different initial compositions
in the droplet. Secondly, it is relevant to examine the
effect of fuel impurities on the spray vaporization
behavior. Results are shown in Figs. 8-10. The major
observations are given below.

(1) Fuel vapor mass fractions are quite sensitive to
the liquid-phase models (see Fig. 8). The sensitivity is
specially strong when the initial liquid mass fraction
of either fuel constituent is more than 0.1. When this
mass fraction is less than 0.1, the multicomponent
spray behaves more like a single-component spray.

(2) The differences between the diffusion-limit
model and the vortex model are much smaller than
those between the infinite-diffusion model and these
two. As a matter of fact, the differences between these
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two models are relatively large for the single-com-
ponent case as compared to the multicomponent case.
This again confirms the earlier observation that the
internal circulation has a relatively weak effect, owing
to the large Lewis number, for the multicomponent
case.

(3) The total fuel-vapor mass of volatile compo-
nent, given in Fig. 9, indicates that the effect of liquid-
phase models is more significant when the initial liquid
mass fraction of either fuel constituent is 0.1 or
greater. The plots for the non-volatile component (not
shown) indicate a similar behavior,

(4) The surface temperature vs time plots for the
first group of droplets are shown in Fig. 10. The first
and last graphs represent the typical single-com-
ponent behavior (see ref. [3]). An interesting result is
seen in Figs. 10(b) and 3. The droplet vaporization
process as predicted by the infinite-diffusion model is
more like batch distillation when the initial con-
centrations of the volatile components are relatively
large. This result is not significant, however, for the
spray vaporization behavior.

The major conclusion from Figs. 8-10 is that the
multicomponent nature of fuel spray is significant
when the initial liquid concentration of either con-
stituent fuel is more than 10%. Then an accurate
representation of the heat and mass transport inside
the droplet is extremely important.

3.3. Comparison of gas-phase models

The comparison of two gas-phase models, which
account for the effect of slip on the interphase heat
and mass transfer, is illustrated in Fig. 11. The vortex
model is used for the liquid phase in both the cases.
Thus, the differences are entirely due to the gas-phase
models. It is seen that the Ranz-Marshall correlation
overpredicts the vapor mass fractions of both hexane
and decane. That means the correlation predicts a
relatively larger influence of gas-phase convection.
This is also manifested in a larger value of the droplet
surface temperature due to a higher rate of heat trans-
fer for the Ranz-Marshall correlation. As a conse-
quence, the mass fraction of liquid hexane at the sur-
face is lower for this model, as illustrated in Fig. 12.
The results, shown in Fig. 11, are consistent with those
for an isolated droplet as well as for single-component
spray as discussed in ref. [3]. Since the axisymmetric
model is valid only when the Reynolds number (Re)
is significant (see equation (9)), it has been suggested
that we should switch from this model to the Ranz-
Marshall correlation when Re drops below a certain
value. This is investigated by using the axisymmetric
model for Re greater than 10 and the Ranz-Marshall
model for smaller Re. The results are almost the same
as those for the axisymmetric model, given in Figs.
11 and 12. This suggests that the Reynolds number
remains significant, at least greater than 10, during
most of the droplet lifetime and notable differences
exist between the predictions of the two gas-phase
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models. Obviously, more work is needed, by way of
experimental results and more sophisticated models,
before drawing any definite conclusions regarding the
gas-phase models.



Modeling of a dilute vaporizing multicomponent fuel spray

4. GENERAL CONCLUSIONS

A simplified spray environment has been used to
represent the multicomponent nature of liquid fuels
and to examine the sensitivity of their vaporization
behavior to the various liquid- and gas-phase models.
The liquid-phase models studied are the diffusion
limit, the infinite diffusion, and the vortex, with the
last two accounting for the effect of internal circu-
lation. The effect of slip between the phases is con-
sidered by comparing the Ranz—Marshall correlation
and a simplified axisymmetric model. In addition, the
effect of initial spray statistics and of initial liquid
composition are examined. The conclusions are given
below.

(1) The predictions of the infinite-diffusion model,
in terms of the fuel vapor distributions, are markedly
different from those of the other two models. The
vapor mass fractions of the volatile and non-volatile
components are grossly overpredicted and under-
predicted, respectively, by the infinite-diffusion
model. The differences are attributable to the large
concentration gradients inside the droplet which are
ignored by this model.

(2) The results are in complete contrast to those for
the single-component fuel spray. First, the fuel vapor
distribution of the volatile component is grossly over-
predicted by the infinite-diffusion model for the multi-
component case, whereas it is generally under-
predicted for the single-component case. Second, the
differences between the infinite-diffusion and the other
two models are much more severe for the multi-
component case. The comparison of the models at
different initial liquid compositions reveal that the
differences are maximum when the constituent fuels
are present in equal proportions.

(3) The predictions of the diffusion-limit and vor-
tex models are remarkably similar. In fact, the differ-
ences between these models are smaller for the
multicomponent case as compared to the single-
component case. This behavior can be explained by
the temperature and concentration profiles inside the
droplet. This also suggests that the internal circulation
is less important for the multicomponent case.

(4) The differences between the predictions of
the two gas-phase models are quite significant. The
Ranz-Marshall correlation overpredicts the fuel
vapor mass fractions of both volatile and non-volatile
components, as compared to the axisymmetric model.
The behavior is similar for the single-component fuel
sprays.

(5) The effect of the presence of other fuels on
the vaporization behavior of pure fuel sprays is also
examined. The results indicate that the effect is
important when the initial concentration of the less
volatile fuel is more than 10%.

5. CONCLUDING REMARKS

The numerical results for simplified multi-
component fuel sprays clearly demonstrate that the
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spray vaporization behavior is extremely sensitive to
the liquid- and gas-phase models. Since the fuel vapor
distributions are remarkably different, the expectation
is that the ignition and combustion characteristics of
the multicomponent fuel sprays will also be sensitive
to the liquid- and gas-phase models. This is presently
under investigation.

The physical situation considered here is that of a
dilute spray in a convective hot environment, typical
of the gas-turbine combustors. For this situation,
where the vaporization rate is much faster than the
liquid mass diffusion rate, the infinite-diffusion model
should be avoided in spray combustion calculations,
especially for the multicomponent fuels. The diffu-
sion-limit model is recommended for these cal-
culations because it is easier to use than the vortex
model and also because the internal circulation does
not seem to have any significant effect for the multi-
component case. It should be added, however, that
the infinite-diffusion model cannot be ruled out for
other situations, where the vaporization is rate-con-
trolling ; for example low temperature environments
and dense sprays. Further validation of the gas- and
liquid-phase models is, of course, needed. This
includes the comparison of the models in more
realistic spray situations, for example recirculating
flows, as well as the comparison with experimental
data. The author is pursuing efforts in these areas.
Regarding the comparison with experimental data, it
would be most useful to construct a simple experiment
which can create the physical situation considered
here. Measurements of fuel vapor profiles and of
droplet size distributions in a vaporizing spray would
then greatly facilitate the suggested comparison.
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MODELISATION D’UN COMBUSTIBLE DILUE, PULVERISE QUI SE VAPORISE

Résumé—On utilise un environnement simple d’aérosol pour représenter la nature des combustibles
multicomposants liquides et pour examiner la sensibilité de la vaporisation a différents modéles de phases
liquides et gaz. Les modéles & phase liquide sont la limite de diffusion, la diffusion infinie et le vortex. Les
modéles & phase gazeuse sont la formule de Ranz—Marshall et le modéle axisymétrique. Trois sous-systémes
d’équations sont résolus par un schéma explicite-implicite, hybride Eulerien-Lagrangien. Les résultats
démontrent que les distributions de combustible vaporisé sont extrémement sensibles aux modéles con-
sidérés, que la circulation interne est moins importante pour le cas multicomposant en comparaison du
cas & un seul composant, que les résultats pour multicomposants sont en compléte opposition avec ceux
relatifs au monocomposant et qu”un modéle acceptable d’aérosol peut considérer les mécanismes diffusifs—
convectifs 4 Uintérieur. et a Pextérieur de la gouttelette. Pour la plupart des situations d’aérosol, on
recommande le modéle de limite de diffusion.
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MODELLHAFTE BESCHREIBUNG EINER VERDUNNTEN VERDAMPFENDEN
WOLKE AUS ZERSTAUBTEM VIEL-KOMPONENTEN-BRENNSTOFF

Zusammenfassung—Mit einer vereinfachten Sprithstrémung wird die Viel-K omponenten-Natur fltissiger
Brennstoffe dargestellt und die Empfindlichkeit ihres Verdampfungsverhaltens im Hinblick auf die ver-
schiedenen Fliissig- und Gasphasen-Modelle untersucht. Als Fliissigphasen-Modelle werden solche mit
begrenzter Diffusion, mit unbegrenzter Diffusion und mit Wirbel verwendet. Gas-Phasen-Modelle sind die
Ranz-Marshall-Korrelation und das achsensymmetrische Modell. Drei Gleichungsuntersysteme werden
mit einer hybriden Euler/Lagrange-Explizit/Implizit-Methode gelost. Ergebnisse zeigen, daB die Verteilung
der Brennstoffdimpfe besonders empfindlich beziiglich der verwendeten Modelle sind, daB die innere
Zirkulation fiir Viel-Komponenten-Systeme weniger bedeutend ist als fiir Einzelstoffe, daB sich die Ergeb-
nisse fiir Viel-Komponenten-Systeme vollkommen von denen fiir Einzelstoffe unterscheiden, und daB ein
akzeptables Zerstdubungsmodell die diffusions-konvektionsgesteuerten Vorgénge innerhalb und auBerhalb
eines Tropfchens berticksichtigen muB. Fiir die meisten Zerstiubungsvorginge wird das Modell mit
begrenzter Diffusion empfohlen.

MOAETHUPOBAHUE UCNTAPEHUA MHOI'OKOMIIOHEHTHOI'O XHJAKO-TOITJIMBHOI'O
OAKEJIA

AHHoTaums— YrpolueHHas Monaeab ¢akesa HCNONB30BaHA VIS HUIIOCTPALMH MHOTOKOMIOHEHTHOMH
OPHPOAbI XHMIAKHX TOIUIMB M HCCICNOBAaHHA XapaKTepa HX HCNAPEHHA HA OCHOBAHHH Pa3JIMYHBIX
XuAKo-H rasodasusix Moaenei. Mcnons3oBamuch xkuakodasHbie MOREIH TPEX THNOB: KOHTPOIMPYyeMas
mndoysns, nuddysns ¢ GeckoHewHOH CKOPOCTbLIO H BHXpeBble MoAeiu. [lns onncaHus ra3oBoit ¢assl
HCNIOJIB30BaJIach kKoppensuus Panua-Mapiiania # ocecHMMeTpuyHas Mozeb. C noMouibio rubpnaHoi
SIBHO-HEABHOM cxeMbl Jilnepa—Jlarpanxa pemaiuchk TPH NOJCHCTEMBI ypaBHeHUH. Pe3ynibTaThl Heciieno-
BAHHA [0KA3bIBAIOT, YTO NPOGHIIM NAPOB TOIJIMBA YPE3BbIYANHO YYBCTBUTEJbHBI K PACCMAaTPHBAEMBIM
MOAENSAM; BHYTDEHHNAA LHPKYISLUHA MeHee BaXKHa JUIA CJy4ass MHOTOKOMIIOHEHTHBIX XHIOKHX TOILIUB,
4eM 11 OAHOKOMIIOHEHTHBIX ; U JaHHBIC, NOJIy4YeHHBIE NI MHOTOKOMIIOHEHTHOH CHCTEMBbI HAXOAATCS B
IIOJTHOM MPOTHBOPEYHH C Pe3ybTaTaMH A OJHOKOMIIOHEHTHoro cirydas. Kpome Toro, nokasaso, 4to
npuemiieMas Molenb ¢akesa JOMKHA YYHTLIBATH peajibHble AN(EY3MOHHO—KOHBEKTHBHELIE MPOLECCHI
BHYTPH KAl M 3a ee npedenaMu. JIns GONbIIMHCTBA ClyyaeB PEKOMEHAYETCS MPHMEHATL MOOEIb
KOHTpoNMpyemoit auddysnu.
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