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Vaporization of a binary unsteady spray at high 
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Abstract-A numerical model has been formulated for a binary droplet spray evaporating under diesel 
engine conditions. The liquid phase model considers the transport processes of heat conduction and species 
diffusion and includes variable property effects. The gaseous phase is described by the conservation 
equations for momentum, energy and species for unsteady, turbulent flows. The solution procedure is 
based on an Eulerian gas and a Lagrangian drop formulation. It is shown that for spray conditions, 
characterized by droplets with mean sizes of 20 pm and inlet velocities in the range of 200 m s-‘, and by 
a gaseous atmosphere at a temperature of 500°C and a pressure of 45 bar, the influence of the diffusive 
transport processes within the droplet cannot be neglected. The numerical model was used to predict the 

vaporization rate of n-heptanejn-decane sprays. 

1. INTRODUCTION 

MANY THEORETICAL and experimental investigations 

have been carried out in the past years to increase 
the fundamental understanding of vaporization and 

combustion of liquid fuels. Detailed discussions on 
the subject can be found in the review articles by Faeth 
[I], Sirignano [2], and Law [3]. Most of the work was 
either concentrated on single droplets or on droplets 

in steady sprays. 
Numerical simulation procedures for transient 

sprays, such as diesel sprays in rather comprehensive 
codes developed for engine design, are normally based 
on an Eulerian gas and a Lagrangian drop formu- 
lation. Examples of such codes developed for engine 
design can be found in refs. [4] and [5]. Due to the 
limited computer storage and computing time for real 

three-dimensional problems the spray formulation in 
those codes is simplified. Empirical relations are used 
for the atomization of the liquid into droplets near 
the injection nozzle [68]. The momentum, energy, 
and mass transfer between the liquid and the gaseous 
phase is based on well known relations for drag 
coefficients, Nusselt and Sherwood numbers of single 
solid spheres. Although a number of papers have been 
published recently dealing with vaporization of binary 
droplets [9-141 it is assumed that diesel can be 
approximated by a one-component liquid. 

In this work the vaporization of a binary fuel spray 

under diesel like conditions was investigated, taking 
into account the effects of variable properties of the 
liquid, of heat conduction and species diffusion within 
the droplet. 

2. MODEL FORMULATION 

A schematic view of the physical situation of the 
problem is shown in Fig. 1. A given amount of fuel is 

injected through the hole of the injection nozzle to 
the high temperature and high pressure gas in the 

cylinder, during an injection time of typically 2 ms. 
The gas is accelerated and cooled down by the evap- 
orating droplet spray. The transient spray phenomena 
can be divided in the following submodels: nozzle 

flow, atomization, break up (including collision and 
coagulation in the near nozzle region), interphase 

heat, mass, and momentum transfer from the droplets 
to the surrounding gas, ignition and eventually com- 
bustion of the vapour phase. 

The fuel rate history depends on the injection pres- 
sure, needle lift, etc. and can normally be evaluated 
experimentally. The flow inside the nozzle hole and 
the resulting velocity of the exiting two-phase flow is 
influenced by cavitation effects in the nozzle. Complex 

Nozzle flow 

d,,,=20 km 

p,=45bar 

T,=773K 

FIG. 1. A schematic view of the problem. 
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NOMENCLATURE 

B mass transfer number t time [s] 

C,, drag coefficient T temperature [K] 

d 

specific heat [J kgg Km’] 24 velocity [m s ~‘1. 
droplet diameter [m] 

D diffusion coefficient [m’ s ‘1 Greek symbols 

II heat transfer coefficient [W mm * Km ‘1 s( thermal diffusivity, k/pc, 

k thermal conductivity [W m ’ Km ‘1 a, partial vaporization rate, ti,/ti 
K correction for density ratio p dynamic viscosity [kg m ’ s ‘1 

L latent heat of vaporization [J kg- ‘1 r mass fraction 
Hi vaporization rate [kg s ‘1 P density [kg m ‘1. 

NU Nusselt number 

Pr Prandtl number, p/kc, Subscripts 

St:; 
convectional heat flow rate [W] d droplet 
latent heat flow rate [W] g gas phase 

R? Reynolds number i component 
Y radial coordinate [m] s surface 

Y<l droplet radius [m] V vapour 

SC Schmidt number, p/pD 0 initial value 

Sh Sherwood number X free-stream condition. 

submodels on cavitating nozzle flows [6] or atomiz- 
ation, collision and coagulation processes [7, 81 are 
known from literature, but they need further vali- 

dation by experiments. They are not considered in the 
present work. An initial droplet size distribution and 
a visually observed spray angle have been used 
instead, as a boundary condition at the nozzle exit. 
Since ignition and combustion are not predominant 
during the first millisecond, these effects can be 
ignored at this stage. The main emphasis of the work 
presented here is on the influence of the variable prop- 
erties and the diffusional processes of heat and mass 

within the droplets on the vaporization rate of a 

binary fuel at high temperature and pressure. 

3. GOVERNING EQUATIONS 

3.1. Liquidphuse 

Neglecting internal convection, interdiffusion and 

radiation and assuming spherical symmetry, the 
energy and species conservation equations for a 

binary droplet with variable properties can be written 
as follows (see Kneer et al. [9]) : 

Energy : 

Species conservation : 

%d 
dt DAH 

a*i’,.d 2 

=[ ( 
.ti7+ ;+1!!3 

pd ar 

Boundary conditions at the centre and at the surface 
are as follows : 

r=O: 
17Td : 
__=o; s-0 
(7r (7r 

(3) 

r = rd(t) : 4zr:k,, :c = &,,,,- i)“._ (4) 

CL,“, represents the convective heat transfer from the 
gas to the surface 

eCOnV = 4rn$(Tg., - T,,,). (6) 

The heat transfer coefficient h is evaluated using an 
empirical Nusselt formula for spheres 

h = .,!?dN~ 
ct,(e’- 1) 

(7) 

with 

Nu = 2+0.6 RL”’ ’ Pr”. (10) 

The vapour mass fractions at the surface are cal- 
culated using Raoults law assuming ideal mixing 
behaviour. ovap is the contribution of the evaporated 

(2) mass to the energy balance and ti the appropriate 
mass transferred 
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(11) 

The total mass flow is 

ti = p,D,nd,Shln(l+B) (12) 

with the Sherwood number 

Sh = 2+0.6Re0~5Sc’~3. (13) 

The actual drop diameter is obtained from the liquid 
phase mass balance 

drd -= 
dt 

-&($+r”gr’dr). (14) 

The momentum transfer from the droplet to the gas is 
described by an empirical drag law valid for spherical 
particles. The velocity decrease of the injected droplets 
is calculated from 

dud 3 /G_ 

dt 4p, 
Re C Iu%--udl 

D K (15) 

with 

and 

c, = $1 +0.15Re0.687) 

K = l-OS% 
Pd 

(17) 

3.2. Gaseous phase 

Two models will be presented for the gaseous phase. 
The first one, which will be used to discuss the effects 

of the extended droplet model, assumes a large hot 
environment at rest. The gaseous phase is not influ- 
enced by the evaporating droplet. In the second model 

a transient fuel spray is injected into a limited gas 
volume of a cylinder. In that case momentum, heat 
and mass is transferred to the gas, changing its 
velocity, temperature and vapour mass fraction fields. 
The unsteady, turbulent conservation equations for 
mass, momentum, energy and species concentration 
have to be solved in addition to the liquid phase con- 
servation equations. The gas phase equations can be 

written in a general form as follows 

where the general variable I$ means velocity com- 
ponent u, u, total enthalpy h,, species 5, and t2 for the 
fuel components and t3 for the ambient gas, and the 
turbulence quantities k and E. The source terms 
include the contributions of momentum, energy and 
mass transferred from the liquid phase. 

Since a single spray in an axisymmetric pressure 
chamber is under investigation a cylindrical coor- 
dinatc system has been chosen. 

For the liquid phase a mixture of n-heptane and 

n-decane was chosen. The ambient gas was air. 

The properties of both phases are tabulated in the 

Appendix. 

4. SOLUTION PROCEDURE 

4.1. Liquid phase 
The temperature and the species concentration 

within the droplet were evaluated by an implicit 
numerical solution of the discretized conservation 

equations. Following Kneer et al. [9] a non-dimen- 
sionalized spatial coordinate with ten evenly dis- 
tributed grid points was used. This grid size is a fair 

compromise between accuracy and computational 
effort for the coupled systems of the conservation 

equations. 

4.2. Gaseous phase 
The gas phase calculations were performed with a 

modified version of the finite volume code FLUENT 

[15], which was extended for the droplet phase to 
take transient sprays of binary liquids with variable 

properties into account. A computational grid of 60 
by 30 lines was chosen. The time increment was 
0.01 ms. 

4.3. Initial and boundary conditions 
The transient injection rate was taken from 

measurements. The total injected fuel mass is rep- 
resented by 50 droplet classes with ten different diam- 

eters and five different injection angles. A droplet size 
distribution measured by Dibelius and Funcke [16] 

for an identical injection nozzle was used, although 

this experiment was performed 15 mm downstream 
of the nozzle. It is assumed that this distribution 
can be taken as nozzle outlet conditions because 
no atomization and no break up models were 
considered. 

Further information is summarized in Table 1. 

5. RESULTS AND DISCUSSION 

5.1. Penetration length 
An important result of transient spray calculations 

is the time-dependent axial penetration of a spray 
within a cylinder. Numerical results are shown in Fig. 
2 for the injection of pure n-heptane. The boundary 
conditions are those of Table 1. The agreement with 
experimental results from spray photographs [17] is 

acceptable keeping in mind that the spray length 
strongly depends on the definition of the spray tip 
position in the numerics as well as in the experiments. 
The figure indicates that the measured droplet size 
distribution at 15 mm distance from the nozzle can 
readily be used as initial conditions and additional 
atomization, break up, collision and coagulation 
models can be avoided. Numerical simulations based 
on break-up models [7,8] resulted in a too short pen- 
etration length. 

For a detailed discussion of the transport phenom- 
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Gas pressure 
Initial gas temperature 
Gas density 
Injection volume 
Injection time 
Nozzle diameter 
Spray angle 
Initial droplet velocity 
Initial droplet diameters 
Initial droplet temperature 

45 bar 
500°C 
19.6 kgm ’ 
I mm’ 
1.5 ms 
0.2 mm 
12.5 
122 205ms 
2 40pm 
40’ c 

Table I. Initial and boundary conditions 

function of supply pressure history 
experimental data from ref. [16] 

0 0.2 0.4 0.6 0.8 1 ma 1.2 

time 

FIG. 2. Axial spray penetration of a single component 
(n-heptane) spray. 

ena occuring in sprays with binary liquid fuels the 
droplet history will first be analysed for single droplets 

in a large, gaseous atmosphere. In the second part of 
the presentation sprays will be simulated. 

5.2. Single binary droplets 
Initially, the vaporization of a binary mixture of 

n-heptane and n-decane in a stagnant surrounding is 

investigated. In Fig. 3 the square of the relative droplet 
diameter is plotted as a function of time. The initial 

values of temperature, pressure and diameter are 
27”C, 1 bar and 1 mm, respectively. These conditions 
have been chosen because measured data were avail- 
able by Giikalp [18]. As can been seen the highly 
volatile n-heptane is dominant at the beginning of the 
vaporization process. After an initial phase the slope 
of the curve decreases and follows finally the slope of 

1.4 _...I,IIII,.~,,,,,,,,,~,~/~,~~_ 
: experiment Gtikalp: 80% n-heptane I 

100% ndecane 

0 t”““-; ” ” ” “I “I”‘,” 
0 50 100 150 200 250 a 300 

time 

FIG. 3. Vaporization curve for an n-heptaneln-decane mix- 
ture in stagnant surroundings (initial diameter I mm, initial 

temperature 27°C. pressure 1 bar). 

the n-decane curve. The agreement with the ex- 

periments by Giikalp for an 80%/20%-mixture is 
satisfactory. 

The vaporization curves will be totally different 

under engine conditions. In Fig. 4 the results for pure 
n-heptane, pure n-decane and a 50% n-heptane/50% 
n-decane mixture are represented for a droplet of 20 
pm initial diameter and an initial temperature of 40 C 
in stagnant surrounding gas with a temperature of 
500‘C and a pressure of 45 bar. These values are 

typically found in engines and will be called standard 
conditions for the following test cases, In this case a 
zero velocity of the droplet is assumed. The results of 
the diffusion limit model (DL) are compared to those 
of the simple well mixed model (WM) assuming con- 
stant temperature and mass fraction along the droplet 

radius. 
As can been seen the droplet diameter increases 

initially due to thermal expansion. After this heating 
up phase, which depends on the boiling temperature, 

the vaporization process dominates and reduces the 
droplet diameter. The well known linear vaporization 
curve no longer exists. The vaporization curves for 
the well mixed model and the diffusion controlled 
model are very similar, that means that the transport 
processes within the droplet on the vaporization rate 
are not very pronounced. 

The situation is completely different for high rela- 

tive velocities between the gas and the droplet result- 
ing in lower heat and mass transfer resistances at 

the gas side of the droplet surface. The limited heat 

1.2 

0.8 

0.6 

0.4 

0.2 

0 
0.5 1 1.5 2 ma 2.5 

time 

FIG. 4. Vaporization curve for n-heptanc, n-decane and an 
n-heptaneln-decane mixture (50X/50%) in a stagnant atmo- 
sphere (SOOT and 4.5 bar), initial diameter 20 llrn, initial 

temperature 40 C. 
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0 0.2 0.4 0.6 0.8 ms 1 

time 

FIG. 5. Vaporization curve for a n-heptaneln-decane mixture 
(50%/50%) in a hot atmosphere (SOOC and 45 bar); initial 
diameter 20 pm, initial temperature 40°C relative initial 

velocity 100 m SK’. 

conduction and the mass diffusion inside the droplet 

become more important. This case is demonstrated in 

Fig. 5, where an initial velocity of 100 m SC’ is chosen. 
This value can typically be found near the injection 
nozzle. The decreasing transient velocity during vapo- 
rization is calculated according to the momentum 

equation (15). 
It is interesting to see, that due to the higher initial 

velocity, the time for complete evaporation is reduced 
by a factor of three. For pure liquids and for the 
binary mixture the transport resistances within the 

droplet increases the vaporization time by 20%. The 
initial increase of the droplet diameter completely dis- 
appears if the transport processes are taken into 

account. 
The effects of the transport limitation can be dem- 

onstrated in the following figures. In Fig. 6 the droplet 
mean temperature for the well mixed model (WM) 

and the centre, surface and averaged temperatures for 
the diffusive transport model (DL) are plotted as a 
function of time for the pure liquids and the binary 
mixture. 

Due to the heat transport resistance the tem- 
perature of the outer layer of the droplet increases 
immediately, whereas the centre of the droplet is still 
at its initial value. The rapid increase of the surface 
temperature and the related intensive evaporation at 
the initial stage explains why the improved droplet 
model predicts a sharper decrease of the droplet diam- 
eter at that stage, see Fig. 5. After a time period of 
only 0.1 ms the temperature increase in the core of the 
droplet is higher compared to that of the outer layers. 
The temperatures never reach their so-called adiabatic 
values. 

In Fig. 7 the corresponding transient values of the 

n-heptane mass fractions are shown for both models. 
Analogous to Fig. 6(c) the surface values change 

rapidly. The n-heptane vaporization is very intensive 
at the beginning. The initial mass fraction of 50% 
decreases to 20% within 0.2 ms. The core region is 
still at its initial value at this stage due to the limited 
mass diffusivity. 

The results presented so far demonstrated an 

300 -:‘, 4 ’ 0 j I ’ 3 3 ’ ’ ’ 3 j ’ 3 a ’ 

0 0.2 0.4 0.6 0.8 ms 1 

time 
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0.2 0.4 0.6 0.8 ms 1 
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0 0.2 0.4 0.6 0.8 ms 1 
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FIG. 6. Transient droplet temperature in a hot atmosphere 
(500°C and 45 bar), initial diameter 20 pm, initial tem- 
perature 40°C initial relative velocity 100 m s-l. 
(a) n-heptane, (b) n-decane, (c) n-heptaneln-decane mixture 

(50%/50%). 

1 

0.8 

0.6 

0 0.2 0.4 0.6 0.8 ms 1 

time 

FIG. 7. Transient n-heptane mass fraction of an n-heptane/ 
n-decane (50X/50%) droplet in a hot atmosphere (SOOC 
and 45 bar), initial diameter 20 pm, initial temperature 40°C 

initial relative velocity 100 m SK’. 
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\ 1 \ KDL \ \I \ 
ot,“““‘.“““‘,‘.i 

0 0.2 0.4 0.6 0.8 ms 1 
time 

FIG. 8. Vaporization time for a selected droplet with an initial 
diameter of 23 pm and an injection velocity of 190 m SC’. 

important influence of the inner diffusive transport 
processes for single binary droplets under diesel 

engine conditions. In the following subsection the 
numerical simulations will be extended to droplet 

sprays. 

5.3. Binary droplet sprays 
An important difference between the evaporation 

of a single droplet and the evaporation of droplet 
sprays is the interdependence between the transient 

droplet and the gaseous surrounding. In the case of a 

transient spray the penetrating droplets will slow 
down, accelerating the gaseous phase and indirectly 
the slower smaller droplets. Droplets entering the 
domain at a later time of injection will meet completely 
different surroundings, characterized by a higher 
velocity, lower temperature and increased vapour 
mass fractions. All these effects are described by the 
conservation equations (I 8). The contribution of the 
present work is to demonstrate the influence of the 
transport phenomena within the droplets on the spray 
development and the vaporization rates. Roughly five 
thousand droplet parcels of the transient spray were 
tracked within the gas field during an injection time 
of 1 ms. So it is very difficult to display the numerical 
results in diagrams for a proper discussion. To allow a 
comparison with the single droplet calculations shown 
above droplets with nearly similar diameters were 
selected from the spray data set and presented in an 
analogous form. 

In Fig. 8 the vaporization rate of a droplet is shown, 
which leaves the nozzle 0.09 ms after the beginning 
of the injection. The selected droplet has an initial 

diameter of 23 pm and an injection velocity of 190 
m ss’. The temperature and the pressure of the sur- 
rounding gas and the initial liquid temperature are 
the same as for the single droplet calculations, see 
Table I. 

The spray predictions should be compared with 
Fig. 5. It turns out that the vaporization times within 
the spray are very nearly the same compared to the 
single droplet calculation although the initial velocity 
is doubled. As in the case of the single droplet the 
vaporization time increases by roughly 10% if the 
internal diffusion processes are considered. 
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0 0.2 0.4 0.6 0.8 ms 1 

time 

FIG. 9. Transient temperature of a selected droplet with 
an initial diameter of 23 pm and an injection velocity of 

190 m se ‘. 

The transient temperature of the selected droplet is 
presented in Fig. 9. Compared to Fig. 6(c) the final 
temperatures are lower by 20 K because the sur- 
rounding gas is already cooled down by the droplets 
at the spray tip. 

Figure 10 has to be compared with Fig. 7. The 
transient mass fraction of n-heptane is again very simi- 

lar to the single droplet data. The calculated mean 
n-heptane mass fractions are quite different for both 
models. Towards the end of the vaporization the mean 
value of n-heptane mass fraction is decreased to 5% 
for the well mixed model, whereas a value of 30% is 

predicted for the transport model. 
In Figs. I l-1 3 the influences of the droplet models 

on the surrounding gas are demonstrated. In Figs. 11 
and 12 the profiles of temperature and vapour mass 

fractions along the spray axis are shown. 
After a rapid decrease of the gas temperature within 

the first 10 mm from the nozzle exit the temperatures 
increase again due to the mixing with the hot sur- 
rounding gas. The gas temperatures predicted by the 
improved model are roughly 30 K higher, see Fig. 
I I. As a result of the increased temperature higher 

vapour mass fractions will be predicted, see Fig. 12. 
The highly volatile n-heptane appears first in the vap- 
our phase of the spray and reaches a maxima1 value 
of 6% at a distance of 10 mm. whereas the mass 

3 
5 0.8 - 

P DL-mean 

z 

WM 

0.6 - 

s 
'E 0.4 - 

E 
w 0.2 - 
2 _ DLsurface 

0 0.2 0.4 0.6 0.8 ms 1 

time 

FIG. 10. Transient n-heptane mass fraction of a selected 
droplet with an initial diameter of 23 pm and an injection 

velocity of 190 m s-‘. 
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500 - 
0 10 20 30 40 50nm 60 

length 

FIG. Il. Axial temperature profile of the gas at the spray 
axis. 

fraction of the low volatile n-decane reaches only 4% 

at a distance of 25 mm. 
Typical results of the present spray calculations are 

summarized in Fig. 13, where the fields of velocity, 
temperature, and mass fractions of n-heptane and 
n-decane are shown for a situation 1 ms after injection. 

The upper half of the graphs is calculated with the 
assumption of a well mixed droplet, for the lower half 
the internal diffusion processes are accounted for. The 

differences are neglegible for the spray penetration 
and the velocity field, because the momentum trans- 
port is not affected by the improved droplet model. 

The development of the temperature and mass frac- 
tion fields is delayed by the diffusion processes within 

the droplet. 

6. CONCLUSION 

The present study is concerned with the effect of the 
internal heat conduction and diffusive mass transport 
during the vaporization of a binary droplet spray, 
under conditions which are typical for fuel injection 
in a diesel engine. The droplet model is an integral part 
of a general three-dimensional numerical procedure to 
predict the velocity, temperature and mass fraction 
fields of the gaseous phase during the transient spray 
vaporization. 

The comparison between computed results using a 
conventional well mixed droplet model with those 

I ” ” I ” ” I “‘I I ” ” I “I 7 

n-heptane 

0 10 20 30 40 50nm60 
length 

FIG. 12. Axial mass fraction profiles of n-heptane and 
n-decane vapour at the spray axis. 

temperature 

AT=ZOK 

vapour mass fraction n-heptane 

vapour mace fraction n - decane 

A<=l% 

0 10 20 30 40 mm 50 
axial spray penetration 

FIG. 13. Velocity, temperature, and species mass fractions of 
the gas and a spray photograph 1 ms after injection starts 
(upper part : well mixed model, lower part : diffusion limited 

model). 

from the extended model shows that the influence on 
the vaporization time is not very pronounced. An 
increase by only l&20% of the total vaporization 
time is predicted if the extended model is used. The 
predicted penetration of the spray is very similar in 
both cases and is in agreement with measured data. 
But important temperature and mass fraction differ- 

ences within the droplet have been found. There are 
large differences between the mean values of the drop- 
let temperatures and droplet mass fractions predicted 

by the conventional model and the averaged values of 
the extended model during the vaporization process. 
This is important information for experimentalists 
using Phase-Doppler-Anemometry to measure drop- 
let size and droplet velocities. Important differences 
were found in the local mass fraction of the vapour 
phase too. Because these values are determining the 
ignition and combustion processes the extended 

model should be included in general CFD-codes for 
engine designers. The extra computing time for the 
extended model within a transient spray calculation 
as described in the present paper is in the order of 
30%. 
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