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ABSTRACT

The spray dynamics and vaporization characteristics
in high-pressure and high-temperature environment are
pumerically  investigated. In order to evaluate the
predictive  capability of the high-pressure vaporization
model developed in this study, computations are carried
out for two diesel-like test conditions. Numerical results
indicate that the high-pressure model reasonably well
features of the

predicts  the  basic high-pressure

evaporating spray dynamics.
INTRODUCTION

The state of compressed air in the diesel engines
is usually beyond the critical point of the injected liquid
fuel. The evaporation and combustion characteristics at
near/supercritical state are quite different from those at
the subcritical pressures of the liquid fuel. As the droplet
surface condition reaches its thermodynamic critical state,
the atomized liquid fuel loses its distinct liquid-gas
interface and change into a puff of fuel wherein the
phase change is spatially continuous. At high-pressure
environment, the droplet heat-up period may occupy a
considerable portion of the entire droplet lifetime. In
addition, the latent heat of vaporization decreases to zero
at the critical point and the subcritical vaporization
models based on the quasi-steady assumption may
erroneously predict a vaporization rate which rises to
Another effects at

effects and the

infinity. important high-pressure

vaporization include the real gas

solubility of the ambient gas in liquid phase. Since the
rate of evaporation and the spatial distribution of the
fuel  vapor  considerably affect the combustion
characteristics and the pollutant formation in the diesel
engine, the correct prediction of droplet vaporization is
crucial for simulating the spray combustion processes.
The present study is mainly motivated to
investigate the vaporization process in the high-pressure
engine conditions. The present high-pressure vaporization
mode!l can account for transient liquid heating, circulation
effect inside the droplet, forced convection, Stefan flow
effect, real gas effect, and ambient gas solubility in the
liquid droplets in high-pressure conditions. Other physical
submodels include the wave instability breakup model[8],
model[10], and the

involve the

collision droplet
model[9].

solid-cone spray evaporation process in the high-pressure

the droplet
dispersion Validation cases
engine conditions.

PHYSICAL AND NUMERIC MODELS

All the gas-phase and liquid-phase processes are
modeled by a system of unsteady, multi- dimensional
equations. The gas-phase equation is written in an
Eulerian coordinate whereas the liquid-phase is presented
in Lagrangian coordinates. The two-way coupling
between the two phases is described by the interaction
source terms which represent the rates of momentum.
mass and heat transfer. The physical submodels used in
the present study includes the wave instability model[§]

for liquid jet and droplet breakup, the stochastic droplet
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model[9] for the
turbulence, the collision model[10] for droplet collision

tracking droplet dispersion by

and coalescence, and the high-pressure vaporization
model developed in this study for transient droplet

heating.

Droplet Breakup Model

In Reitz's wave instability model{8] used in the

present study, the primary and secondary breakup is
modeled using a linear stability analysis for liquid jets.
This method is capable of predicting the intact core
length as well as various regimes of breakup due to the
action of different combinations of liquid inertia, surface
tension, and aerodynamic forces on the jet. In this

model, the mean drop size and drop breakup rate are

given by
B.A ifBA<La |
T min 82242%2&0'% it B.A>a W
da __ (a—7) )
dt s
where 7,=3.726B,a/ A2 3)

Here, B, is 0.61 and B, is the breakup time constant.

a is the radius of the liquid jet or the blob. The

wavelength of fastest growing wave, /1 and the
maximum wave growth rate,  can be determined by
the curve-fitted formulas which are obtained from the
numerical solutions of the surface wave dispersion
equation of a round jet. The secondary breakup Iis
assumed to be governed by the same equations for the
primary jet breakup. The finer drop parcel is generated
when its mass reaches 20% of the parent drop mass.

The breakup constant B, =10 suggested by Reitz[8] is
used for atomization process and B, =1.73 suggested by

O'Rourke and Amsden[l4] is employed for droplet

secondary breakup.

High-Pressure Vaporization Model

To calculate the heat and mass flux between
droplet and gas field a film correction presented by

Abramzon and Sirignano[12] is chosen. Using film

theory, the mass and heat transfer rates are calculated

from:
me=27r,0,D, Sh™In(1+ By) (4)
mp= gm_c/?;_ Nu'ln(l+ By) (5)
rg
Q, =277k (Tu—TJ) Nu (6)

Sh" and Nu' are the Spalding mass and heat transfer
number accounting for the effect of Stefan flow. Q,
represents convective heat transfer from the gas to the
liquid surface. Qp which is heat transfer to the liquid

is calculated from:

Q= Q= 1 3¢k (7)
Here hyap,; is enthalpy of phase change of species / and
&; in the above equation is given by:

o, (Y, (1+By)) = Y1)

= 8

&=

To account for the effects of non-ideal gas
solubility at the droplet surface, the Peng-Robinson
equation of state is used for the calculation of mole
fractions and enthalpy of vaporization at vapour liquid
equilibrium.

Thermodynamic  equilibrium at the droplet
interface requires that the fugacities of each species in
the gaseous phase is equal to its fugacity in the liquid
phase. Thermodynamic equlibrium conditions at the
droplet interface are given by:

T'=T'; P'=P; fi=1f (9)
The fugacities of each species in the gaseous phase and
liquid phase are calculated from:

Ruﬂ“( fﬁp) :L”{(gf.) (10)

/I T.V.on,
- R{,T}dv — R.TInZ

RESULTS AND DISCUSSIONS

The spray dynamics and vaporization processes In
and high
numerically investigated for systematically evaluating the
capability  of  the  low-pressure  and
model. The

high-pressure temperature environment are

predictive

high-pressure vaporization present



Table 1 The test conditions for evaporating sprays

case 1 2
Gas pressure (bar) 30 50
[nitial gas 900 800
emperature (K)

Fuel tridecane heptane
Injected mass 33.26 (g/s) 6 (mg)
Injection time (ms) - 1.3
Nozzle diameter 0.16 0.2
(mm)

[nitial droplet 185 225
velocity (m/s)

[nitial droplet 300 313
remperature (K)

Atmosphere N,

high-pressure vaporization model is capable of analyzing
the high-pressure and supercritical situations encountered
in the operating condition of high-performance diesel
existing vaporization

engines while the low-pressure

model is only applicable to the subcritical and
low-pressure situations.

The evaporating solid-cone spray measurement of
Yokoda et al[17] and Kof et al[lI8] are chosen to
validate the present spray model with implementation of
the high-pressure vaporization model. The test conditions
are given in Table 1. In measurement of Yokoda et
al.[17],

single nozzle of 0.16mm diameter into the high-pressure

the liquid tridecane fuel is injected through a

and high-temperature nitrogen chamber. A computational
domain of 30mm in radius and 120mm in length is
descritized by a 30-radial and 60-axial grid. The mesh
spacing is nonuniform with refinement on the centerline
and close to the injector.

Fig.l shows the comparison of predicted and

measured spray tip penetration versus time. Two
vaporization models predict the quite different trend for
spray tip penetration. The spray tip penetration predicted
by the high-pressure vaporization model reasonably well
agrees with experimental data. However, the low-pressure

vaporization model significantly overpredicts the spray tip
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Fig. 1 Spray penetration length for case (900K,
30bar), compared to experiment by Yokoda et
al[17].

penetration. This overprediction in spray tip penetration
vaporization model mainly results from the neglect of
pressure effects on vaporization process at high-pressure
state. Because of these deficiencies of the low-pressure
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Fig.2 Axial fuel mass fraction profiles for case |
; —high-pressure model, :--low-pressure model, =
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Fig. 3 Axial temperature profiles for case 1 ; —
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vaporization ~model, the previous procedures  for
calculating the evaporating spray dynamics often modify
the breakup constant associated with the droplet breakup
model or neglect the droplet collision process. However
these ad hoc modifications in the dense spray model are
not necessary for the present high-pressure vaporization
model.

Fig.2 shows the predicted profiles of fuel vapor
high-pressure

mass fraction along centerline. The

vaporization — model  predicts the abruptly  high
concentration of fuel vapor at the upstream region(10mm
<x<30mm) due to the higher evaporating rate and the
resulting fuel vapor penetration' length is relatively short.
Compared to the high-pressure vaporization model, the
low-pressure model predicts the gradual increase of fuel
vapor concentration in the upstream region and the peak
level of fuel mass fraction at further downstream
location. The relative slow evaporation rate predicted by
the low-pressure vaporization model is mainly caused by
the neglect of pressure effects such as variable property
effects for liquid density, surface tension, and latent heat
of vaporization as well as the deficiency of the ideal-gas
equation of state.

Fig.3 shows the predicted profiles of temperature

along centerline. The numerical result predicted by the
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Fig. 4 Spray and vapor penetration length for case
2, compared to experiment by Kof et al.(800K,
50bar)[18] ; —vapor, ---spray, ®m (vapor), C (spray)
model,

high-pressure ® (vapor), o (spray)

low-pressure model.

high-pressure vaporization mode! indicate that the lowest

temperature  zone is created at the  upstream
location(x=20mm) due to the cooling effects of droplet
vaporization and the low temperature zone is expanded
by evaporating the remaining and by transporting the
cold mixture in the downstream direction. Compared to
the predicted fuel vapor distribution, the temperature
profiles corresponding to two vaporization models are
relatively similar. This implies that the vaporization
characteristics predicted by two vaporization models is
quiet different and pressure effects on vaporization
process become progressively important.

Next the measurement of Kof et al.[18] is selected
as a validation case. The test condition is given in Table
1. The diameter of nozzle is 0.2mm and the injected
liquid fuel is a heptane.

Fig.4 shows the comparison of predicted and
measured fuel vapor and spray tip penetration versus
time. Here the fuel penetration length corresponds to the
axial location having the one percentage of the
maximum fuel mass fraction in the nitrogen/heptane

mixture. In terms of the fuel vapor penetration, the
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Fig. 5 Axial fuel fraction for case 2 case, 1 ms
after the start if injection, compared to experiment
by Kof et al. ;
model, ---low-pressure model

e measurement,  —high-pressure

slight differences exist for two vaporization model and
the high-pressure vaporization model yield the slight
underprediction at the late stage. However, the
low-pressure vaporization model considerably overpredicts
the spray tip penetration. This is almost the same trend
shown in the first example problem. In high
pressure-vaporization model, numerical results reasonably
well agree with experimental data up to t<0.4ms. At t
>0.4ms, experimental data have an unusual tendency
which the measured spray tip penetration continuously
decreases. The present numerical model could not capture
this trend.

Fig.5 shows the comparison of the predicted and
measured fuel vapor mass fraction distribution along
centerline at t=1ms. The high-pressure model predicts the
high fuel vapor concentration at the upstream location
(18mm<x<28mm) due to the enhanced evaporation rate
in the high-pressure spray field. As would be expected,
the low-pressure vaporization model predicts the much
leaner mixture distribution at the upstream region and
the peak fuel vapor concentration at the downstream
location(x=40mm) far distancing from the injector. At an

axial location(x=40mm), the fuel vapor mass fraction
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predicted by the high-pressure vaporization model well
agrees with experimental data and the lower pressure
model yields the qualitatively and quantitatively incorrect
trend. However the present high-pressure model slightly
underpredicts the fuel vapor penetration and the fuel
mass fraction at x=>40mm. Numerical results obtained in
this study indicate that the present dense spray modeling
together with the high-pressure vaporization model is
capable of predicting the evaporating spray dynamics in
the high-pressure environment.

CONCLUSIONS

Based on numerical results for the high-pressure
evaporating spray dynamics, the following conclusions

can be drawn.

(1) The calculated spray tip penetration predicted by the
high-pressure vaporization model reasonably well agrees
with the while the
vaporization model significantly overpredicts the spray tip

experimental data low-pressure
penetration.

(2) Since the present spray model together with the
high-pressure vaporization model can properly account
for the pressure effects on the high-pressure evaporating
ad hoc
modifications used in the low-pressure spray model

(3) The fuel predicted by the

high-pressure

spray dynamics, it does not require an
pray dy q Y

vapor distribution
model has the overall

data while the

vaporization

agreement with experimental lower
pressure model yields the qualitatively and quantitatively
incorrect trend. However, the present high-pressure model
slightly underpredicts the fuel vapor penetration.

(4) Numerical results o. k that the present dense spray
modeling together with the high-pressure vaporization
model is capable of predicting the evaporating spray

dynamics in the high-pressure environment.
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