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Abstract

An approach to include droplet size effects in a two-fluid model for Diesel sprays when the locally-homogeneous flow
(LHF) assumption is employed is developed. The model is then employed to study the effect of droplet sizes on the
steady liquid penetration in vaporizing Diesel sprays when several injection and chamber parameters are changed.
These parameters include the orifice diameter, injection pressure, ambient temperature and the ambient density. The
computed steady liquid penetration is compared with constant volume measurements made under Diesel conditions at
the Sandia National Laboratories. It appears that under typical Diesel conditions, the steady liquid penetration is
controlled by entrainment and mixing alone. However, at lower ambient densities, droplet sizes may also be im-

portant. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Multidimensional computations of Diesel sprays
have traditionally employed a Lagrangian framework
for the liquid in which droplets are treated as discrete
particles that are tracked in space and time [1-3]. The
gas-phase is treated in an Eulerian manner. Sub-models
for atomization, drop dispersion, drop collisions and
coalescence, secondary drop break-up and vaporization
are employed [1,4-6]. The most important limitation of
this procedure is that it is not possible to go to high
numerical grid resolution that is required for adequate
representation of Diesel sprays [7-10]. This is because
the volume fraction of the computational cell occupied
by the liquid becomes relatively large (typically greater
than 10%) at high resolutions and this leads to numerical
instabilities. In any case, the formulation of the equa-
tions is only valid for dilute sprays. Because of this
limitation, it is difficult to achieve grid-independence
with Lagrangian models. Indeed, it has been shown that
the collisions and coalescence sub-models do not give
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converged results [9]. Furthermore, it has been shown
that the results are unreasonably sensitive to the selected
ambient turbulence parameters at insufficient resolution
[7,8]. The degree of sensitivity would depend on the
details of the atomization model. Comparisons of the
liquid penetration computed with the Lagrangian model
with measurements were recently presented in literature
[10]. However, the coarse resolution makes the evalua-
tion difficult as there is large numerical diffusion that
artificially increases the mixing in the spray. In the
present work, a two-fluid model that solves Eulerian
field equations for both the gas and the liquid phases are
employed to compute liquid-phase penetration. This
approach allows us to utilize adequate grid resolution to
obtain grid-independent results. The computed liquid-
phase penetrations are compared with constant volume
measurements in Diesel sprays [11]. The objective of the
present study is to assess droplet size effects on the
steady liquid penetration in vaporizing Diesel sprays.

2. The contribution of this work
A two-fluid model for Diesel sprays with the locally-

homogeneous flow (LHF) assumption that we have
discussed in a prior work [12] is modified to include the
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Nomenclature

Ca specific heat of ambient at constant volume
(J/kg K)

q specific heat of liquid at constant volume
(J/kg K)

Cp specific heat of mixture at constant pressure
(J/kg K)

Cy specific heat of vapor at constant volume
(J/kg K)

Cpg specific heat of the gas at constant pressure
(J/kg K)

D Sauter mean drop diameter (m)

Dy injected drop diameter (m)

Dichamp chamber-averaged Sauter mean drop diameter
(m)

E total energy per unit mass (J/kg)

K vaporization rate constant (1/s)

L latent heat of vaporization (J/kg)

L surface area concentration per unit mass,
(m*/kg)

M, molecular weight of ambient (kg/kmol)

M, molecular weight of vapor (kg/kmol)

P pressure (N/m?)

Py vapor pressure near the droplet surface
(N/m?)

Ry universal gas constant (J/kmol K)

T mixture temperature (K)

~

time (s)

injected liquid temperature (K)

droplet surface temperature (K)

specific internal energy of ambient (J/kg)
specific internal energy of liquid (J/kg)
specific internal energy of vapor (J/kg)
mixture velocity (m/s)

mass fraction of ambient

mass fraction of liquid

mass fraction of vapor in the two-phase
mixture

mass fraction of the vapor in the gas phase
mass fraction of the vapor in the gas near the
droplet surface

mixture fraction

thermal conductivity of the gas (W/m K)
turbulent diffusivity (m?/s)

liquid density (kg/m?)

mixture density (kg/m?)

turbulent shear stress tensor (N/m?)
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Subscripts
ambient
gas
liquid
mixture
turbulent
vapor
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effect of droplet sizes on liquid vaporization. Transport
equations for the liquid surface area concentration and
the D?-law are employed to include the size effects. The
model is employed to compare computed and measured
steady liquid penetrations in Diesel sprays under a
variety of injection and ambient conditions. This is the
first time that the droplet size effects have been included
in a two-fluid Eulerian-liquid-Eulerian-gas model to
study droplet size effects in Diesel sprays. In Section 3,
the two-fluid model including the equations that repre-
sent the droplet size effects is presented. The numerical
procedure and computational conditions are then de-
scribed in Section 5. In Section 6, discussions and results
are presented to illustrate the behavior in a typical
Diesel spray and then for changes in steady liquid pen-
etration as the orifice diameter, injection pressure, am-
bient temperature and ambient density are varied. The
paper concludes in Section 7.

3. The two-fluid model

The two-fluid field equations are obtained by suitable
averaging of the instantaneous equations of continuity,
momentum and energy for each phase [13,14]. The field

equations contain source terms accounting for the mass,
momentum and energy interactions between the phases
[15,16]. The development of the constitutive relations for
the two-fluid interactions is a topic of active research
and modeling of complex phenomenon such as droplet
collisions and coalescence within the context of two-fluid
modeling is still in its infancy. The present work employs
an LHF assumption [17] in which the gas and the liquid
velocities are assumed to be the same and the turbulence
in the liquid phase is assumed to follow the gas-phase
turbulence. The LHF assumption may be reasonable for
Diesel sprays as the large injection velocities atomize the
spray into very small droplets whose Stokes numbers are
very small. Therefore, the transfer of momentum be-
tween the phases is very rapid and the velocities of the
two-phases are expected to be identical within a few
diameters downstream of the orifice. Separated flow ef-
fects may be important near the nozzle exit because of
the presence of larger drops. But such large drops may
break up into smaller drops within a few effective di-
ameters from the orifice. The LHF assumption reduces
the complexity of the problem as only one momentum
equation needs to be solved as in a single-phase gas jet
computation. The momentum interaction terms vanish.
The k—e model [18] has been employed to represent
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turbulence. The governing equations of the LHF model
are summarized below.

The equation for the overall conservation of mass in
the two-fluid mixture is obtained by summing the con-
tinuity equations for the two phases [13].

where p,, is the mixture density and ¥ is the ensemble-
averaged velocity that is assumed same for the two
phases. Assuming incompressible liquid and ideal gas
equation of state for the fuel vapor and the ambient air,
the mixture density is expressed as

1/py = %/p + (TR/P) (Y. /M, + Y,/ M,), (2)

where 1}, ¥, and ¥, are the mass fractions of the liquid,
vapor and ambient air, respectively, 7" is the mixture
temperature and P is the pressure. R,, M, and M, are the
universal gas constant and the molecular weights of the
vapor and the air, respectively.

The transport equation for the ensemble-averaged
mixture momentum equation is obtained by summing
the momentum equations for each phase that leads to
the cancellation of the interaction terms [13].

OpV /Ot +V - (p,VV)=—-VP+V -7, (3)

where 7, is the turbulent shear stress tensor that is ob-
tained by solving the standard k—e transport equations
[18].

The transport equation for the ensemble-averaged
total energy is given by

OpmE/Ot+V - (puVE) =V - (PV) + V - prcyn VT,
)

where E is the total energy per unit mass and v, is the
turbulent diffusivity. E is the sum of the kinetic and the
internal energies of the different species. It is defined as

E=V V)24 Yu + Yyu, + You,, ()

where uy, uy,, u, are the specific internal energies of the
liquid, vapor and the ambient air, respectively. The
reference temperature for the specific internal energies is
taken to be equal to the temperature at which the liquid
fuel is injected. The specific internal energy of the vapor
should include the latent heat of vaporization that is
absorbed by the vapor when it is formed from the liquid.
We can express the specific internal energies in terms of
the latent heat and the specific heat capacities of the
species at constant volume.

w=ca(T - 1), (6)
uy=c(ls—T) +L+c(T—T), (7
Uy = Ca(T - Tl) (8)

The specific heat capacities, ¢, ¢y, ¢,, are in general
functions of temperature. The latent heat of vaporiza-

tion, L, is evaluated at the surface temperature of the
droplet, 7,. The surface is assumed to be at the
thermodynamic wet-bulb temperature as discussed in
Section 4. The mixture temperature, 7, is calculated
from the total energy by solving Eq. (5), which is non-
linear.

4. The vaporization model

The vaporization model is used to predict the mass
fractions of the liquid and the vapor fuel. This is done as
follows. An equation for the mixture fraction is formu-
lated to describe the transport of the fuel species. The
mixture fraction, Z, is the fraction of the mass of species
originating from the injected fuel. In the case of non-
combusting vaporizing sprays the mixture fraction is
defined as

Z=Y+7%,. 9)

The transport equation for Z is obtained from the
conserved scalar formulation [17,19], Z being the con-
served scalar, to be

PpuZ/t+V - (pnVZ) =V - (pVZ), (10)

where v, is the turbulent diffusivity obtained from the
k—e model assuming that the turbulent Schmidt number
is unity. The mixture fraction approach was used in an
earlier work where vaporization was modeled using a
state relationship [12]. The state relationship was ob-
tained assuming local thermodynamic equilibrium be-
tween the two-phases at all points in the flow. In this
work, however, we do not assume thermodynamic
equilibrium between the liquid and the vapor fuel.
Instead, the rate of vaporization is obtained from the
D?-law for single droplet vaporization. According to the
D?-law [19]

dD/dt = —K /2D, (11)

where D is the droplet diameter and

K =8, In(Br + 1)/ pcpe, (12)

where Bt is the thermal transfer number defined as
Br = cp(T - T5)/L (13)

and 4, and c¢,, are the thermal conductivity and the
specific heat of the gas phase near the surface of the
droplet, respectively, and they are functions of
the temperature and are evaluated at the mean of the
surface and the mixture temperature. The surface tem-
perature, T;, is assumed to be equal to the thermody-
namic wet bulb temperature at the local mixture
temperature, 7, and local vapor mass fraction in the gas,
Y, .. The vapor mass fraction in the gas is related to the
vapor mass fraction in the two-phase mixture by
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Yog=X/(1 =) (14)

The wet-bulb temperature is obtained by equating the
thermal and the mass transfer numbers [20].

epe(T = T5) /L = (Yos — Yog) /(1 = Vo). (15)

The surface temperature, 75, and the surface vapor mass
fraction, Y., are related by the Antoine equation [1].
The Antoine equation expresses the dependence of the
surface vapor pressure on the surface temperature and is
given by

log,o(Pys) =4 —B/(Ts + C), (16)

where the constants 4, B and C are empirical constants
that depend on the fuel. The surface vapor pressure, P, s,
is the product of the local pressure, P and the surface
vapor mole fraction in the gas, X.

P, = PX,,. (17)

The surface mole fraction, X, 5, can be expressed in terms
of the surface mass fraction, %, as

Xv,s = V.S/Mv/{sz/Mv + (1 - Yv,s)/Ma}~ (18)

The surface temperature and the surface vapor mass
fractions are obtained by the simultaneous solution of
Egs. (15) and (16) using the relations given by Egs. (14),
(17) and (18). The D*-law as stated by Eq. (11) is as-
sumed to hold locally in the flow. The mass rate of va-
porization is obtained from the D*-law by expressing the
liquid mass fraction in terms of the droplet diameter
as

Y= (xD*/6)(p1/ pw) N/ V), (19)

where N/V is the local number density of the droplets.
Differentiating the above equation with respect to time,
the number density being constant during the process of
vaporization, the mass rate of vaporization is given as

d(pu¥)/dt = — 15K (p, 1)/ D" (20)

The above expression is used as a source term in the
transport equation for the liquid mass fraction as shown
below

=V (p V) — 15K (py 1)/ D, (1)

The vapor mass fraction, Y,, is obtained from Egs. (9)
and (10). The mean diameter, D, is not a constant in the
flow-field. This is determined as follows. A transport
equation for the surface area concentration per unit
mass of the mixture, L, is written [13] with the vapor-
ization source term obtained in a manner similar to that
for the liquid mass fraction.

O(pmLs) /0t + V - (pLsV)
=V (pu" VL) = K(pyLs) /D*. (22)

Egs. (21) and (22) are solved simultaneously to compute
the liquid mass fraction and the surface area concen-
tration. The surface area concentration can be expressed
in terms of the local mean diameter, D, of the droplets as

Ly = (nD*/py)(N/V). (23)

The local mean diameter, D, of droplets is then obtained
by dividing Eq. (19) by Eq. (23), which gives

D = (6Y1)/(piLs)- (24)

We need to specify the size of the droplets at the injector
in the model. In the literature, expressions have been
proposed for predicting the Sauter mean diameter of
droplets that result from atomization [5]. One such
model based on the Taylor instability theory that we
have employed extensively [9] relates the droplet diam-
eter to the injection velocity and the ambient density by
the following expression:

Dy = C/(ani%\j)v (29)

where p, and Ui, are the ambient density and the in-
jection velocity, respectively. The constant C depends
on the Taylor number and the nozzle geometry. In our
work, we will employ the values of Dy obtained from
the expression above when we use the constant, C,
proposed in reference [5,9] as well as modified values
obtained by changing C. In general, we will use the
symbol d; to identify the injected Sauter mean drop
diameter.

5. The numerical procedure and the computational con-
ditions

The computational domain is shown in Fig. 1. The
domain is an axisymmetric chamber with dimensions
chosen such that there is minimal interaction of the
spray with the walls of the chamber and corresponds
approximately to the size of the experimental chamber
described below. Notice that very fine grid resolution is
used near the jet centerline. There are 10 cells inside the
orifice diameter that was found adequate to obtain
grid-independent results for the liquid penetration. In
typical Lagrangian calculations, the minimum grid size
possible is about twice the orifice diameter [7]. The
computations are performed for a range of injection
pressures, ambient temperatures and ambient densities.
Injection velocities are obtained from the injection
pressures using a discharge coefficient of 0.78, the value
reported for the injector in the measurements [11]. A
top-hat exit velocity profile is assumed. The injection
and ambient conditions are stated in Table 1. The fuel
properties are those for tetradecane and nitrogen is
used as the ambient gas. The injected drop sizes as
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Fig. 1. Computational grid.

Table 1
Injection and ambient conditions

100, 246, 350, 500 pm

65, 90, 120, 136, 170 MPa
334, 393, 454, 483, 540 m/s
Ambient densities 3.6,7.3,14.8,30.2, 60 kg/m?
Ambient temperatures 850, 1000 K

Fuel temperature 438 K

Orifice diameter
Injection pressures
Injection velocities

predicted by Eq. (25) depend on the injection velocity
and the ambient density.

A finite volume numerical method [1] is employed to
solve the equations. The computations are transient and
each numerical time-level involves solving a pressure
equation simultaneously with the momentum equation
in an iterative manner similar to the SIMPLE procedure
[21]. The iterative procedure at every time level starts by
setting up the momentum-pressure dependence. This
essentially involves solving the momentum equations in
the radial and the axial directions excluding the pressure
gradient terms. The pressure equation is then set up by
combining the discretized equation for the conservation
of mass with the discretized equation for momentum.
The pressure equation is an axisymmetric Poisson-type
equation that is solved by an Alternate-Direction-Im-
plicit (ADI) scheme. The momentum is then corrected
for the pressure gradients. The solution of the pressure
and the momentum equations are followed by the
solution of the transport equations for mixture fraction,
liquid mass fraction, surface area concentration and the
energy equations. A first-order upwind scheme is used to
approximate the convective fluxes in these transport
equations. The mixture and the surface temperatures
require solutions of non-linear algebraic equations as
discussed in Section 4. A Newton-type iterative scheme

is used with the values of the temperatures from the
prior iteration taken as the initial guess. The iterations
are repeated starting from the momentum equations
until convergence of the pressure field is obtained.
Typically, convergence is obtained in 3-4 iterations. The
turbulence transport equations are solved with the
converged flow-field and a new turbulent diffusivity, v,
is obtained for the next time level.

The computations are compared with laser diagnostic
measurements of non-combusting sprays under Diesel
conditions performed by Siebers at Sandia National
Laboratories [11]. The measurements were made in a
constant volume chamber and the liquid phase pen-
etrations were obtained from Mie-scattered images. The
fuel injector was a prototype, electronically controlled
common-rail injector designed by Detroit Diesel Cor-
poration. The conditions used in the present work are
comparable to the ones employed in the measurements.
We have presented prior comparisons of computed re-
sults with these measurements by employing the La-
grangian model [10] and the two-fluid model with
equilibrium assumptions [12].

6. Results and discussions

Computed results are first shown for a case in which
the ambient temperature, T,, is 1000 K, ambient density,
Pa» 18 30.2 kg/m?, injection pressure, Py, is 136 MPa and
the orifice diameter, d,, is 246 pm. These conditions are
referred to as the baseline case in subsequent discussions
in this section. Fig. 2(a) shows the contour plot of liquid
mass fractions in the computational domain for the
baseline case at 0.3 and 0.7 ms after the start of injection
(ASI). It should be noted that the liquid mass fraction
contours in Fig. 2(a) are shown in a small fraction
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Fig. 2. Liquid and vapor mass fraction contours. p, = 30.2 kg/m3, T, = 1000 K, Py = 136 MPa, d,ir = 246 um. Notice that radial

and axial scales are different (see text).

(3 mm diameter x3 cm axial length) of the entire com-
putational domain within which the liquid is contained.
The scale in the radial direction is enlarged with respect
to the scale in the axial direction so that the radial
spread of the mass fraction contours is clearly visible.
The figure shows that the liquid mass fraction distribu-
tion is identical at 0.3 and 0.7 ms ASI. This implies that
the liquid mass fraction distribution reaches a steady
state before 0.3 ms for this set of conditions. It is clear
from Fig. 2(a) that the radial spread of the liquid is less
than 1.5 mm and the axial penetration is less than 2 cm.
Fig. 2(b) shows the contour plot of the vapor mass
fractions in the computational domain for the baseline
case at 0.3 and 0.7 ms ASI. The figure shows that the
radial spread of the vapor is about an order of magni-
tude greater than that of the liquid. The figure also
shows that the vapor continues to penetrate axially and
spread radially with time as opposed to the liquid that
reaches a steady distribution. However there is a steady
region even in the vapor distribution upstream of the tip
of the jet as seen in Fig. 2(b). This is typical of axi-
symmetric turbulent jets [22]. We now look at the vari-
ation of the mass fractions along the centerline of the jet
to get a quantitative description.

Fig. 3 shows the computed liquid and vapor mass
fractions along the centerline of the spray at 0.25, 0.5
and 1 ms after the start of injection for the baseline case.
The liquid mass fraction curves remain unchanged as a
function of time once steady state is achieved, which is in
agreement with the observation of Siebers [11]. For this

-
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Fig. 3. Liquid and vapor mass fractions along centerline of
spray. p, = 30.2 kg/m?, T, = 1000 K, Ppj =136 MPa, dyir =
246 pm.

condition, steady state is achieved in about 0.25 ms after
the start of injection. Fig. 3 may be used to illustrate
how the liquid penetration is defined in the vaporizing
sprays. The penetration is defined as the axial location
along the centerline where the liquid mass fraction
reaches 1%. This definition is used to compute the steady
liquid penetration for all the cases presented in the rest
of the paper. Fig. 3 also shows the computed vapor mass
fractions along the centerline of the spray at 0.25, 0.5
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and 1 ms after the start of injection. The vapor mass
fractions increase from zero at the orifice to a peak value
of about 0.32 for this case. The peak value occurs ap-
proximately at the axial location where the liquid com-
pletely vaporizes. The vapor keeps penetrating further
with time as opposed to the liquid that reaches a steady
penetration.

We now compare the variation of the mass fractions
when the ambient density and the ambient temperatures
are changed relative to the baseline case. Fig. 4 shows
the variation of the liquid and the vapor mass fraction
along the centerline of the spray at 0.5 ms after the start
of injection for the baseline case, a case where the am-
bient temperature is changed to 850 K and a case where
the ambient density is changed to 14.8 kg/m?. The liquid
mass fractions increase at all axial locations when the
ambient temperature is reduced. Overall, the liquid
penetration increases by about 25% when the tem-
perature is reduced to 850 K. The decrease in ambient
temperature decreases the energy content of the en-
trained ambient gas and so vaporization rate is reduced.
Similar trends are predicted when the ambient density is
decreased to 14.8 kg/m>. The decrease in the ambient
density decreases the mass of the ambient gas entrained
and so vaporization rate is reduced. The figure shows
that the steady liquid penetration increases by about
25% when the density is reduced to 14.8 kg/m?. A de-
tailed discussion on the variation of liquid penetration
with different ambient and injection conditions follows
in later sections. The decrease in ambient temperature
decreases the peak value of the vapor mass fraction by
about 20-25%, but the overall penetration of the vapor
fuel remains the same at the same time. This shows that
the change in temperature changes the energy content of
the ambient but does not affect the mixing character-
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Fig. 4. Liquid and vapor mass fractions along centerline of
spray. Effect of decrease in ambient temperature and density.
Pinj =136 MPB., dorif =246 pm.

istics of the jet due to the relatively incompressible
nature of the flow-field. However when the ambient
density is reduced to 14.8 kg/m?, both the peak value of
the vapor mass fraction and the vapor fuel penetration
increases. Thus, decrease in ambient density increases
both the liquid and the vapor fuel mass fractions along
the centerline. The decrease in ambient density decreases
the amount of mixing and entrainment of ambient air
and dispersion of the spray so more fuel remains at the
centerline and thus both the liquid and the vapor frac-
tions increase proportionately.

6.1. Variation of liquid penetration with injected drop size

In the computations discussed above, the injected
drop size is determined from Eq. (25). What would be
the effect of changing this drop size? Fig. 5 shows the
computed liquid penetration, as defined earlier, as a
function of time when the injected drop diameter is
changed as indicated on the figure. Here, Dy refers to the
injected drop diameter as predicted by the atomization
model, Eq. (25), and d, to the actual injected drop di-
ameter. The orifice diameter, injection pressure, ambient
temperature and the ambient density are 246 pm, 136
MPa, 1000 K and 30.2 kg/m?, respectively. The figure
shows that the liquid penetration reaches a steady state
for the cases with dy = Dy, dy = 10D, and d, = 50D,
within the duration of the computations. Both the
steady penetration value and the time required to reach
steady state increases with increase in the injected drop
size. This is because the larger drops take more time to
vaporize according to the D?>-law. For the case where the
injected drop diameter is equal to 100D,, a steady pen-
etration is not reached within 1.6 ms. The steady pen-
etration increases by only 10% when the injected drop

Penetration (mm)

t (ms)

Fig. 5. Liquid penetration versus time for different injected
SMD. p, =302 kg/m?, T7,=1000 K, P, =136 MPa,
dorif =246 pm.
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diameter is increased to 10D,. However, according to the
D?-law, the droplet vaporization rate decreases by a
factor of 100 when the drop size increases by a factor of
10. Therefore, if vaporization were controlled by the
drop size alone, then the liquid penetration should have
increased by two orders of magnitude. However, the
predicted increase is only about 10%. This implies that
drop size is not the important controlling factor, but the
liquid penetration is controlled largely by the amount of
air entrained into the spray. However, when the injected
drop diameter is increased by a factor of 50, the increase
in penetration is about 150% and when the injected drop
diameter is 100Dy, a steady penetration is not reached in
1.6 ms. The results imply that for small injected drop
sizes, vaporization is controlled by the mass of air en-
trained by the spray and the process of vaporization
reaches an equilibrium state that is independent of the
drop size [12]. For larger injected drop sizes, the drop
size becomes an important factor in determining the
liquid penetration. The findings of Siebers [11] indicate
that the liquid penetration is mixing controlled which, in
turn, implies that the drop sizes are relatively small.

6.2. Variation of steady liquid penetration with orifice
diameter

We now present comparisons of the computed steady
liquid penetration with the measurements made at
Sandia National Laboratories [11]. Fig. 6 shows the
computed and measured liquid penetrations as a func-
tion of the orifice diameter for two cases with ambient
densities of 30.2 and 7.2 kg/m3. The ambient tempera-
ture and the injection pressure for both the cases are
1000 K and 136 MPa, respectively. Both the computa-
tions and the measurements show that the steady liquid
penetration increases almost linearly with increase in
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Fig. 6. Steady liquid penetration versus orifice diameter.
T, = 1000 K, Py = 136 MPa.

orifice diameter. This linear increase in the steady liquid
penetration can be explained as follows. The mass of
fuel injected in a certain amount of time increases as the
square of the orifice diameter. However, according to
the theory of entrainment in turbulent jets [11,22], the
mass of air entrained in a certain duration of time in-
creases linearly with the orifice diameter. The mass of
fuel vaporized is proportional to the mass of air en-
trained when other factors such as temperature and
droplet size are kept constant. Therefore, a balance of
the injected and the vaporized mass shows that the mass
of fuel vaporized per unit mass of fuel injected should
decrease inversely with the orifice diameter. As a result,
the liquid penetration increases linearly with orifice di-
ameter. The computations are able to predict this ex-
pected trend. The figure also shows that the quantitative
agreement is within 5% at the ambient density of
30.2 kg/m?, but the computations under-predict the
measured values by about 30% at the higher ambient
density of 7.2 kg/m?. The explanation of the quantita-
tive disagreement at lower densities will be discussed in a
later section when we discuss the trend with ambient
density.

6.3. Variation of steady liquid penetration with injection
pressure

Fig. 7 shows the computed and measured steady
liquid penetrations as a function of the injection pressure
for two different ambient densities of 30.2 and 7.2
kg/m3. The ambient temperature and orifice diameter
are 1000 K and 246 pm, respectively. The computations
for the ambient density of 30.2 kg/m? predict that the
steady liquid penetration is approximately independent
of the injection pressure. This is consistent with the
measured trend. Increasing the injection pressure in-
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creases the injection velocity, so more mass of fuel is
injected in a given time. However, there is a proportional
increase in the mass of air entrained into the jet [22].
Therefore, a balance of the injected mass of fuel and the
entrained mass of air predicts the liquid penetration to
be independent of the injection pressure. This is based
on the assumption that the mass of fuel vaporized is
proportional to the mass of air entrained. However, as
we increase the injection pressure, the injected drop size
decreases according to the atomization model, Eq. (25).
We have seen earlier in Fig. 6 that smaller drops tend to
vaporize faster and penetrate less. However, for the
ambient density of 30.2 kg/m?, the injected drop sizes
are small enough that vaporization appears to be con-
trolled primarily by entrainment of the ambient air.
Therefore, the mass of fuel vaporized is indeed pro-
portional to the mass of air entrained and the liquid
penetration is insensitive to the injection pressure.

At the lower ambient density of 7.2 kg/m3, the
measurements again show that the liquid penetration is
approximately independent of the injection pressure.
There is a small decrease of about 5-10% in the liquid
penetration in both measurements and computations
when the injection pressure is increased from 65 to 170
MPa. This decrease may be due to the decrease in drop
sizes. To assess this we performed computations where
the injected drop size is kept constant as we vary the
injection pressure. Fig. 8 shows the computed steady
liquid penetration as a function of the injection pressure
for the ambient density of 7.2 kg/m?® when the injected
drop size is fixed for all the cases to that corresponding
to the injection pressure of 65 MPa. The figure shows
that the steady liquid penetration remains almost con-
stant when the injected drop size is fixed as compared to
the earlier case when the injected drop size is varied with
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Effect of injected drop size variation. p, = 7.2 kg/m?, T, =
1000 K, dorir = 246 pm.

injection pressure according to Eq. (25). This implies
that the decrease in the steady liquid penetration with
increase in the injection pressure as shown in Fig. 7 is
due to the decrease in injected drop sizes when the in-
jection pressure is increased. Thus, the computations
predict the measured trends with reasonable accuracy.
The quantitative agreement between the measurements
and the computations is better at the higher ambient
density. At the lower ambient density, the computations
under-predict the liquid penetration by about 35%.
Overall, both the computed and the measured trends
show that the liquid penetration is controlled by en-
trainment of the ambient air and that drop size effects
are secondary for the relatively large injection pressures
typical of Diesel injectors.

6.4. Variation of steady liquid penetration with ambient
temperature

Fig. 9 shows the computed and the measured steady
liquid penetrations as a function of the ambient tem-
perature for two different ambient densities of 30.2 and
14.8 kg/m?. The injection pressure and the orifice di-
ameter are 136 MPa and 246 um, respectively. Based on
the atomization model, the size of the droplets does not
change with ambient temperature. The computed trend
shows reasonable agreement with the measured trend in
that the penetration decreases with increase in ambient
temperature. Increase in temperature increase the energy
content of the entrained air and so the mass of the in-
jected fuel vaporized increases proportional to the am-
bient temperature. Thus, the steady liquid penetration
shows an inverse dependence on the ambient tempera-
ture. As for the earlier cases, the quantitative agreement
is within 5% for the ambient density of 30.2 kg/m?,

50 T T T T T

- Measured
45r O -G Computed
g 40 @ \\\ 1

£ N
5 351 . S\ CE. p,=148kgm® ]
S 30t R s 1
[) N ~ 3 ~3

N ~ ~<
S o5l N ~o R ]
Q /4 =N "6 TE-L
kel S~ ~-- T~
5 20f ~ e o
g p, =30.2 kg/m® el DT -
%, 15+ = B=- ~~
o (5]
2 10r 1
w

700 800 900 1000 1100 1200 1300
Ambient temperature (K)

Fig. 9. Steady liquid penetration versus ambient temperature.
pa = 30.2 kg/m?, Py = 136 MPa, dosr = 246 pm.



528 V.A. Iyer et al. | International Journal of Heat and Mass Transfer 45 (2002) 519-531

whereas for the lower ambient density, the computed
penetration under-predicts the measurements by
about 25-30%. This discrepancy will be discussed in
Section 6.5.

6.5. Variation of steady liquid penetration with ambient
density

Fig. 10 shows the computed and measured liquid
penetrations as a function of the ambient density. The
injection pressure, the ambient temperature and the
orifice diameter are 136 MPa, 1000 K and 246 um,
respectively. Based on the atomization model, the size of
the injected droplets would decrease proportional to
the increase in density. The computed penetrations are
shown for the current model that is referred to as the
non-equilibrium model, as drop size effects are included,
as well as for the equilibrium model [12] where the liquid
and the vapor mass fractions were obtained from
thermodynamic state relationships. The computed and
the measured steady liquid penetrations decrease with
increase in the ambient density. Increasing the ambient
density increases the mass of the ambient air entrained
for the same mass of fuel injected. Therefore, more liquid
is vaporized and the liquid penetration decreases. The
equilibrium model predicts a smaller rate of decrease
in the penetration compared to the measurements.
Increasing the density increases the pressure, which
increases the saturation temperature and so relatively
more mass of liquid is present in the equilibrium mixture
[12]. This effect opposes the decrease in the liquid mass
due to greater entrainment and vaporization. The fact
that the measurements show greater sensitivity of the
steady liquid penetration to the ambient density than the
equilibrium model suggests that non-equilibrium effects
such as the drop size may be important.
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Fig. 10. Steady liquid penetration versus ambient density.
T, = 1000 K, Py = 136 MPa, dysr = 246 pm.

Fig. 10 shows that the current non-equilibrium model
predicts a greater sensitivity of the liquid penetration to
the ambient density relative to the equilibrium model,
but still the trends are closer to the equilibrium model
than the measurements when the injected drop sizes
predicted by the atomization model, Eq. (25), are em-
ployed. This implies that for the drop sizes predicted by
the atomization model under these conditions (0.1-2
um), vaporization is controlled primarily by entrain-
ment. Therefore, the effect of drop size is not sufficient to
predict the measured trends with respect to ambient
density. This was the reason for the quantitative dis-
crepancies at lower ambient densities seen in earlier
cases. Fig. 10 also shows the computed penetration
when the injected drop diameter is increased by a factor
of 10 compared to the predicted size, Dy, from the
atomization model, Eq. (25). The functional dependence
of the injected drop diameter on the ambient density is
still preserved, only the constant in Eq. (25) is multiplied
by 10. In this case, the computed and the measured
variation of the liquid penetrations are almost parallel to
each other. The liquid penetrations at the lower densities
are greater than what is predicted by the model when
smaller drop sizes are injected and the increase in the
liquid penetration due to the non-equilibrium drop size
effect is greater.

We can also make an observation about the possible
injected drop sizes under Diesel conditions. When the
injected drop sizes were increased by a factor of 10, the
drop sizes ranged from about 1 pm at the highest
ambient density of 60 kg/m?® to about 20 um at the
lowest ambient density of 3.3 kg/m?. Fig. 10 shows
that the drop size range from 1 to 20 um gives rea-
sonable agreement of trends with the measurements.
This is an indirect evidence that the drop sizes after
atomization for the range of ambient densities consid-
ered here are of the order of 1-20 pm in Sauter mean
diameter for the range of conditions considered. Typ-
ical Diesel engine conditions are 15-30 kg/m? of am-
bient density and under these conditions the drop sizes
would be at most 2-4 pum in Sauter mean diameter .
The quantitative values from the measurements and the
computations differ by about 40%, with the injected
drop diameters of 10D,. The current model does not
consider the effects of slip velocity between the droplets
and the ambient gas. In addition, effects of collisions
and coalescence are neglected. These phenomena may
increase the liquid penetration further at lower ambient
densities with a reduced drop size. So the actual in-
jected drop size range for agreement with the mea-
surements may be even lower than 1-20 pum for
ambient densities ranging from 3.3 to 60 kg/m® and in
that case better quantitative agreement could be ex-
pected. The difference in the quantitative values may
also be attributed to the uncertainties in the fuel
properties and this requires further investigation. We
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have repeated the computations at a lower ambient
temperature of 850 K, keeping the injection pressure
and the orifice diameter at 136 MPa and 246 pm, re-
spectively. Fig. 11 shows the computed and measured
liquid penetration as a function of the ambient density
at an ambient temperature of 850 K. The computed
results are presented for the equilibrium model and the
non-equilibrium model with injected drop sizes of D,
and 10Dy. The trends are similar to the previous case
with the higher ambient temperature. The injected drop
size range of 1-20 um shows better agreement of trends
with the measurements. In Section 6.6, we discuss the
distribution of the mean drop sizes in the chamber for
the different ambient densities.

6.6. Comments on the drop size distribution in the
chamber under Diesel conditions

In Section 6.5, we drew conclusions regarding the
expected injected drop sizes under Diesel conditions.
But since the droplets are vaporizing, the mean drop
sizes inside the chamber are expected to be lower than
the injected drop sizes and may be more characteristic
of the behavior of the droplets. We define the Sauter
mean diameter, Depamp Of the droplets in the chamber
as a ratio of the total volume of drops in the chamber
to the total surface area of drops in the
chamber. More precisely, for spherical droplets, it may
be shown that

6 )y pu¥idV
P fV meSdV
We now look at the variation of Depamp, With time for the

different ambient density cases. We choose the compu-
tations performed with injected drop diameters of 10D,

(26)

Dehamb =

since these gave better agreement in trends of steady
liquid penetration with the measurements.

Fig. 12 shows the ratio of Depamper to the injected
mean drop diameter, dp, as a function of time for dif-
ferent ambient densities ranging from 7.2 to 60 kg/m?>.
Depamp decreases with time due to vaporization and
reaches a steady value that is a fraction of d; for all the
cases. The steady value is reached in approximately the
same time in which the liquid penetration reaches a
steady value. The steady value of D.yamp depends on the
ambient density. The steady value is about 88% of the
injected drop diameter for p, = 60 kg/m?* and the frac-
tion decreases with decrease in ambient density. For
pa = 7.2 kg/m?, the steady value of Depamp is about 83%
of the injected drop diameter. The steady fraction of
Depamp to dp is a measure of the variance in the drop size
distribution in the chamber. At any instant, the largest
drop sizes in the chamber are near the injector. So the
fraction of Dgpamp to dy 1s also a measure of the ratio of
the mean drop size to the largest drop size in the
chamber. This implies that the variance in the drop size
distribution is about 12% at the highest ambient density
and about 17% at the lowest ambient density considered.
Thus, based on these computations, under Diesel con-
ditions, the variance in the chamber drop size distribu-
tion is not more than 20% and so most of the drop sizes
in the chamber are of the order of the injected drop sizes.
This results from rapid vaporization under Diesel con-
ditions because of small drop sizes and high ambient
temperatures. Therefore, the only droplets that are
present in the chamber are those near the injector that
could not vaporize as they could not mix with sufficient
hot ambient gases. The variance increases with de-
creasing ambient density because of the increase in the
injected drop sizes. So, the vaporization rates become
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progressively slower with decrease in ambient density
that leads to a wider distribution of drop sizes in the
chamber.

7. Summary and conclusions

The liquid-phase penetration in non-combusting
vaporizing Diesel sprays is computed using a LHF
model. We have evaluated the effects of a non-equilib-
rium droplet vaporization model on liquid penetration
and compared the computed results with laser diagnos-
tics measurements in a constant volume chamber under
Diesel conditions. The effects of orifice diameter, injec-
tion pressure, ambient temperature and ambient density
on the steady liquid penetration are studied and com-
pared with the measurements. The computations show
that the steady liquid penetration increases linearly with
the orifice diameter, does not vary significantly with
injection pressure and decreases with decrease in the
ambient temperature. All the above mentioned trends
are in agreement with the measured trends. These trends
can be explained on the basis of the entrainment char-
acteristics of turbulent jets. The results imply that these
LHF computations are able to predict the entrainment
characteristics with reasonable accuracy. The effect of
drop sizes does not appear to be important in deter-
mining the variation of the liquid penetration with ori-
fice diameter, injection pressure and ambient
temperature.

The computed liquid penetrations show a lesser
sensitivity to ambient density than the measurements
when the injected drop sizes originally predicted by the
Diesel atomization model are employed but show better
agreement when the injected drop sizes are increased by
a factor of 10 for all the ambient densities. The change in
trend is caused by the fact that the effect of injected drop
sizes on the liquid penetration appears to be more im-
portant as ambient density is decreased. The study also
suggests that the possible range of injected drop sizes in
Diesel engines may be between 1 and 4 pm since this
range gives reasonable agreement of liquid penetration
trends with measurements. An analysis of drop size
variation in the chamber shows that the mean drop sizes
in the chamber are within 20% of the injected drop sizes
for all the ambient density cases considered in this work.
Decrease in the ambient density appears to predict a
wider distributions of drop sizes.
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