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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 an isolated 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 [l] 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 

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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NOMENCLATURE 

& given in Appendix X spatial coordinate for the gas properties 

CD drag coefficient Ax grid size for the gas-phase calculations 

C, ratio of gas and liquid-thermal x/C position of a droplet group 
conductivities XI,, liquid mole fraction of fuel species i at the 

D gas diffusivity droplet surface 
0: initial gas diffusivity [cm’s’] xi, vapor mole fraction of species i at the 
K PPWP; droplet surface 

L, heat of vaporization for fuel i Y, fuel vapor mass fractions for the gas-phase 
Le Lewis number for the liquid fuel equations, also the value at infinity for 

L, ratio of gas-phase length scale and initial the liquid-phase equations 
droplet radius, L6/r;, YM fuel vapor mass fractions at the droplet 

LL gas-phase length scale [cm] surface 
M non-dimensional vaporization rate given Y, total fuel vapor mass fraction at the 

in equations (25) and (26) droplet surface 

nh non-dimensional droplet number per unit Yl, liquid mass fraction of fuel i inside the 
area or number of droplets in a group droplet. 

Re Reynolds number based on droplet 
diameter and interphase velocity 

r’ radial distance inside the droplet [cm] Greek symbols 

rk droplet radius I 
El liquid thermal diffusivity [cm’s ‘1 

rko initial droplet radius [cm] si fractional mass vaporization rate of fuel i 
t time variable P gas viscosity 

4 ratio of convective time scale to diffusive P gas density 
time scale in the gas phase, (t:L:)/DL Pi liquid density [gcmm3] 

T gas temperature Pr ratio of initial gas density to liquid density 

Tt3 non-dimensional boiling temperature of I 
PC initial gas density [gcrn’]. 

volatile fuel 

T, liquid temperature inside the droplet 

Tb” normal boiling temperature of volatile Subscripts 
component [K] 1 volatile fuel 

T;, initial liquid temperature [K] 2 non-volatile fuel 

i-k droplet surface temperature k droplet group ; one group enters the tube 
V gas velocity after every predetermined time interval 

Vk droplet velocity cc gas-phase property for the liquid-phase 
W, molecular weight of species i 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 
earlier 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 [4-121. 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 

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 Yi can be rep- 
resented by a row matrix given by 

Y= Yn, Y,, 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 

p = l/T (4) 

D = T. (9 

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& 
dt ” 

dV!x 
__ = PA-Q, 

3 Gored’- vk) 

dt 16 
rk2 

(7) 

where 

(10) 

Equations (6)-(8) govern the variation of position, 
velocity, and size, respectively, for the droplet group 
represented by subscript k. Mk 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,, ~5 and ,G 
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 (EJ, 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 pr 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 E, 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- andgas-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-g 10, 111. 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 : 

(11) 

a y,, p= 
at, 

‘!%+???(;f-?MK) (12) 
Le ar= 

with the initial and boundary conditions as 

T,(F, 0) = 0 

aT, C,M(H- L) 
p= 
ar TB-To 

5 Y,, 
~ = Le MK( Yli, --E,). 
ar 

(13) 

(14) 

The non-dimensional radial distance, time, and liquid 

temperature are defined, respectively, as 

r = f/r; 

s ” dt' 
tb = a; 12 

0 rk 
(15) 

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. 

2.3.2. The infinite-dijiision model. This model, 
which has also been referred to as the batch-dis- 
tillation or the complete-mixing model [6, 81, 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 
2 = 3&,MKr; 
dt, 

dTk 
~ = 3C,M(H- L). 
dt, 

(17) 

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 [S, 91, 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, 161 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, 111. Then the equations are 

where 

and 

(20) 

= -A,MK (21) 

and 4 is the dimensionless stream function [l 11. The 
initial conditions are 

T,(&O) = 0 
(22) 

Y,,($J, 0) = y,,o 
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and the boundary conditions are 

at4=0 

and 

atqb=l 

aT, 1 ar, -=-_ 
W bl at 

ar,, Le au,, -_=-_ 
a# b, at 

(23) 

aT, A,C,M(H- L) 

q= T,--To 

a YIi 
ab, = LeA,CkM(Y,i,-Ei). 

(24) 

Here, A ,, A2 are constants with their values being 3/17 
and 3116, respectively [l 11. The value of 6, is 17. 

2.3.4. ~a~-~ha~e rn~de~~. To account for the gas- 
phase convection, the traditional approach has been 
to modify the sphe~cally-symmetric results by an 
empirical correction 

Mk = (1+0.3Re~~*)In(l+B,) (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 [l 11, the folIowi~g expression has been obtain- 
ed : 

Mk = A I Rqfi2 f (Bk) (26) 

where the constant A, is evaluated by comparison 
with the more exact analyses. The constant was found 
to be 4/,/rc. 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 (l)-(S), the liquid- 
phase equations {6t(8), and the droplet equations 
(I l)-(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, 171. 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. 

- HEXfiNE 

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 DISCUSSIOM 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 IS. 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 pm. 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 oj-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 
droplets is 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 t = 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 in~nite-diffusion model grossly over- 
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TIME. MS 

FIG. 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. 

0 3 6 9 12 15 
TIME. MS 

FIG. 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 mode1 underpredicts the fuel vapor 

(b) 
FIG. 4. Lines of constant liquid temperature and of constant 
hexane mass fraction : (a) vortex model ; (b) diffusion-limit 

model. 

400 

F ------____ 
-7-_ ______ ---- 

_- 

0 .2 .4 .6 .7 .a 1.0 

IIbDIAL LlK*TIoN 

FIG. 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 ~uiti~o~p~~~n~ 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 wor- 
tex model, does not effect the transport rates inside 
the dropfet in any significant way. The presence of 
internal circulation causes unifo~it.y of t~rn~~rature 
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 into 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. 
An&her interesting consequence of the above result is 
that the internal circulation is less effective for the 
n~~lticompo~ent case as compared to the single-com- 
ponent case. This is further illustrated in later results, 
The remarkable similarity afso 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- 
iations 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 arc 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 
~lnd~ll~ltions is smaller because the number of droplets 

RG. 6. Profiles of hexane- and decane-vapor mass fractions 
in the tube as predicted by the three liquid-phase models: 

(1) diffusion limit ; (2) in&r&e diffusion ; (3) vortex. 

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

(5) It is 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 con~ntrations. This 
is a significant result since such large differences in the 
fue1 vapor distribution would have a strong e%ct on 
the subsequent spray combustion behavior. Let us 
also examine the effects of liquid-phase models on a 
more giobal 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 
fat 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 
validation characteristics are also quite sensitive to 
the liquid-phase models for the mu~ticomponent 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. 

Results are now presented to examine the influence 
of initial Iiquid camposition on the local as welt as 
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0- 3 6 9 12 15 

TIE. lls 

FIG. 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. 

(8, - HEXANE 
------ DECANE 

(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 

FIG. 8. Comparison of the hexane- and decane-vapor mass 

those between the infinite-diffusion model and these 
fractions in the tube for the three liquid-phase models: (a) 

two. As a matter of fact, the differences between these 
initial mass fraction of liquid hexane, Y, = 1.0; (b) 

YL = 0.75; (c) Y, = 0.25; (d) Y, = 0.1. 
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FIG. 9. Comparison of the total hexane-vapor mass vs time FIG. 10. Comparison of the droplet surface temperature for 
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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 

- HEXANE 

0- 2 4 6 8 10 

x. CN 

FIG. 11. Profiles of hexane (volatile) and decane (non-vol- 
atile) vapor mass fractions in the tube as predicted by the 
two gas-phase models : (1) Ram-Marshall correlation ; (2) 

simplified axisymmetric model. 

(A) 

300 I I I 

FIG. 12. Comparison of surface temperature and hexane- 
vapor mass fraction vs time for the two gas-phase models : 
(1) Ranz-Marshall correlation ; (2) simplified axisymmetric 

model. 

models. Obviously, more work is needed, by way of 
experimental results and more sophisticated models, 
before drawing any definite conclusions regarding the 
gas-phase mod&. 
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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 

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 komparison 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. 

Acknowledgment-The study was initiated under a Summer 
Faculty Fellowship from the NASA Lewis Research Center. 
The diligent typing of this manuscript by Miss Denise Burt 
is appreciated. 

REFERENCES 

1. G. A. E. Godsave, Studies of the combustion of drops 
in a fuel spray--the burning of single drops of fuel. In 
Fourth International Symposium on Combustion, p, 818. 
Williams and Wilkins, Baltimore (1953). 

2. C. K. Law, Recent advances in droplet vaporization and 
combustion, Prog. Energy Cornbust. Sci. 8(3), 169-199 
(1982). 

3. S. K. Aggarwal, A. Y. Tong and W. A. Sirignano, A 
comparison of vaporization models in spray calcu- 
lations, AZAA J. 22(10), 1448-1457 (1984). 

4. R. B. Landis and A. F. Mills, Effects of internal diffu- 
sional resistance on the vaporization of binary droplets, 
Paper 7.9,5th International Heat Transfer Conf., Tokyo, 
Japan (1974). 

5. C. K. Law, Internal boiling and superheating in vapo- 
rizing multicomponent droplets, A.f.Ch.E. JI24(4), 626- 
632 (1978). 

6. C. K. Law, Multicomponent droplet combustion with 
rapid internal mixing, Combust. Flame 26, 219-233 
(1976). 

7. F. R. Newbold and N. R. Amundson, A model for 



1960 S. K. AGGAR~AL 

8. 

9. 

IO. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

evaporation of a multicomponent droplet, A.1.Ck.E. JI 
19,22-30 (1973). 
W. A. Sirignano, Theory of multicomponent fuel droplet 
vaporization, Archs Thermadyn. Cornbust. 9(2), 231-247 
(1978). 
P. Lara-Urbanejo and W. A. Sirignano, Theory of tran- 
sient multicomponent droplet vaporization in a con- 
vective held, Eighteenth International Symposium in 
Combustion, The Combustion Institute, Pittsburgh, 
Pennsylvania, pp. 1365-1374 (1981). 
A. Y. Tong and W. A. Sirignano, Multicomponent drop- 
let vaporization in a high temperature gas, ASME Win- 
ter Annual Meeting paper 84-WAIST-17 (1984). 
A. Y. Tong, Advan~ments in the theory of transient 
vapo~zation of fuel droplet with slip and internal cir- 
culation, Ph.D. Thesis, Came~e-Mellon University, 
Pittsburgh, Pennsylvania (1983). 
J. C. Lasheras, A. C. Ferenedez-Pello and F. L. Dryer, 
On the disruptive burning of free droplets of alcohol/n- 
paraffin solutions and emulsions, Eighteenth Inter- 
national Symposium on Combustion, The Combustion 
Institute, Pittsburgh, Pennsylvania, pp. 293-305 (1981). 
E. M. Sparrow and .I. L. Gregg, The variable fluid- 
property problem in free convection, Trans. Am. Sot. 
Mech. Engrs 80,879-886 (1958). 
S. K. Aggarwal, G. 3. Fix and W. A. Sirignano, Two- 
phase axisymmetric jet flow ; explicit, implicit, and split- 
operator approximations, N~~e$. Metk. Partial 01% 
Eqns 1,279-294 (1985). 
S. Prakash and W. A. Sirignano, Liquid fuel droplet 
heating with internal circulation, Int. J. Heat iwhss 
Transfer Z&885-895 (1978). 
S. Prakash and W. A. Sirignano, Theory of convective 
droplet vaporization with unsteady heat transfer in the 
circulating liquid phase, Int. J. Heat Mass Transfer 23, 
253-268 (1980). 
S. K. Aggarwal, G. J. Fix, D. N. Lee and W. A. Sirig- 
nano, Numerical optimization studies of axisymmetric 
unsteady sprays, J. Comput. Phys. 50, 101-l 15 (1983). 

APPENDIX A 

The source/sink terms for the gas-phase equations 

(Al) 

MODELISATION DUN COMBUSTIBLE DILUE, PULVERISE QUI SE VAPORISE 

R&m&-On utilise un environnement simple d’aerosol pour rep&enter la nature des combustibles 
multicomposants liquides et pour examiner la sensibiliti de la vaporisation a differents modeles de phases 
liquides et gaz. Les modeles a phase liquide sont la limite de diffusion, la diffusion infinie et le vortex. Les 
modeles a phase gazeuse sont la formule de Ranz-Marshall et le mod& axisymetrique. Trois sous-systemes 
d’kquations sont resolus par un schema expliciteimplicite, hybride Eulerien-Lagrangien. Les risultats 
demontrent que les distributions de combustible vaporist sont ext&mement sensibles aux modtles con- 
sider&s, que la circulation inteme est moms importante pour ie cas multicompo~nt en comparaison du 
cas a un seul composant, que les resultats pour m~ticom~~nts sent en complete op~sition aver crux 
relatifs au mon~m~sant et qu’un modele acceptable d’aerosol peut considerer les m~nismes diffusifs- 
convectifs a l’interieur. et H I’exterieur de la gouttefette. Pour la plupart des situations &aerosol, on 

recommande le modele de limite de diffusion. 
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MODELLHAFTE BESCHREIBUNG EINER VERDUNNTEN VERDAMPFENDEN 
WOLKE AUS ZERSTAUBTEM VIEL-KOMPONENTEN-BRENNSTOFF 

Zuaammenfasaung-Mit einer vereinfachten Spriihstriimung wird die Viel-Komponenten-Natur fliissiger 
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 
Ran-Marshall-Korrelation und das achsensymmetrische Modell. Drei Gleichungsuntersysteme werden 
mit einer hybriden Euler/Lagrange-Explizit/Implizit-Methode geliist. Ergebnisse zeigen, da13 die Verteilung 
der Brennstoffdampfe besonders empfindlich beziiglich der verwendeten Modelle sind, da13 die innere 
Zirkulation fiir Viel-Komponenten-Systeme weniger bedeutend ist als fiir Einzelstoffe, dal3 sich die Ergeb- 
nisse fur Viel-Komponenten-Systeme vollkommen von denen fur Einzelstoffe unterscheiden, und dag ein 
akzeptables Zerstlubungsmodell die diffusions-konvektionsgesteuerten Vorglnge innerhalb und auBerhalb 
eines Tropfchens beriicksichtigen mul3. Fur die meisten Zersmubungsvorglnge wird das Model1 mit 

begrenzter Diffusion empfohlen. 

MO~EJIHPOBAHRE HCl-IAPEHMII MHOl-OKOMI-IOHEHTHOF0 XKMAKO-TOI-IJIHBHOFO 
@AKEJIA 

Amroraum-VnpomenHar MOAeJlb +aKena ucnonb30aaua ann uJtJnocTpauuu MHOrOKOMnOHeHTHOii 
npnponbt mnnroix TO~~BB ri riccnenoaamia xapaxrepa wx ucnaperiur ua ocnoaamni pa3nmmbtx 
xoin~o-w ra30aa3iibrx Monenefi. Mcnonbsoeansicb xornxo@a3nbre k4onenu apex TWIIOB: xourponupyeMar 
~m#ysnn, An++ysnn c 6ecKoHerHofi cKopocrbm n BHxpeBble Monenn. Ana 0nncaHnK rasoaol +asbI 

ACnOnb30BanaCb Koppennwin PsHua-Mapmama n OcecnMMeTpnYHan M0AeJIb.C nOMOuIbH3rEi6pUAHOii 

RBHO-HellBHOfiCXeMbI%JIepa-nal-paHmape"IaJIHCbTpn nOACnCTeMbIypaBHeHnii.Pe3yAbTaTbI HCCJIeAO- 

BaHnll IIOKa3bIBaH)T,YTO llpO$HJIH IIapOB TOlUIHBa qpe3BbIYaiiHO YyBCTBnTenbHbI K PaCCMaTpHBaeMbIM 

MOAeAKM; BH~T~~HHW unpnynnunn MeHee BalKHa AJIUIR cnygan MHOrOKOMIIOHeHTHbIX Xu~Knx TOlTnHB, 

SCM AJI,I OAHOKOMIlOHeHTHbIX;nAaHHbIe,llOAy'ieHHbIe AA,, MHO~OKOMIIOHeHTHOi-iCBCTeMbI HaXOAKTCIl B 

IIOJIHOM IIpOTnBOpe'IHH C pe3yJIbTaTaMn AAK OAHOKOMIIOHCHTHOt-0 CJIy’iaK. KpoMe TOTO, IIOKa3aH0, ST0 

IlpEiCMJICMaR MOAeAb +aKeAa AOJIxHa y'InTbIBaTb peaAbHbIe An@$y3IiOHH+KOHBeKTnBHbIe IIpOIJeCCbI 

myTpn Karma n 38 ee npenenahla. Ann 6OJIbUInHCTBa cnyvaee peKoMeHAyeTcn npHMeHnTb MoAenb 

KOHTpOJInpyeMOiiAn+$y3Ein. 


