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Abstract

Gasoline direct injection (GDI) promises better fuel economy and superior performance in internal com-
bustion engines when compared to conventional gasoline port fuel injection. In this presentation, a sharp-
interface method for the multiphase Navier-Stokes equations (the CLSVOF computer code developed by
Prof. M. Sussman), coupled to a new mass- and energy-conserving numerical method for surface evapo-
ration, is applied to calculate vapor concentration close to the injector. The injector geometry of interest
is the eight-hole counterbored GDI injector (spray G in the ECN denomination) both with fully unseated
and partially closed pintle. Experimental data about vapor concentration from the recessed region inside
the counterbores are difficult to obtain due to limited optical access, while conventional computational fluid
dynamics methodologies are unable to accurately account for phase change at the liquid surface. In the
framework of the proposed computational approach, GDI sensitivity to fuel properties is assessed by con-
sidering neat iso-octane and the homogenous mixture of 30% ethanol and 70% iso-octane in volume (E30).
Compared to a previous case study where evaporation was not included, the near-orifice fuel temperature
increase due to heat transfer from the hot gas is reduced by the cooling effect of evaporation, as expected.
We find that during the closing transient, when gas recirculation in the counterbore decreases because of the
diminishing entrainment by the jet, evaporative cooling becomes stronger, but only for E30.
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Introduction

The work is aimed at quantitatively characteriz-
ing the changes in operation of a multi-hole Gasoline
Direct Injection (GDI) atomizer due to differences
in fuel volatility. Blends of biofuel and hydrocarbon
components into gasolines are experiencing renewed
interest because of the potential for higher latent
heat of vaporization to increase fuel knock resistance
in direct-injection (DI) engines. The GDI multi-hole
configuration is relevant because of its ability to di-
rectly target fuel to the spark plug for stratified op-
eration and to different areas around the cylinder for
robust mixture formation. The need to better con-
trol the mixture properties is further emphasized by
the trend towards using sustainable renewable fuels
in increasing proportions with gasoline.

With increasing interest in understanding the ef-
fects on NOx and soot formation by blending gaso-
line with bio-components that alter the fuel spe-
cific thermo-physical and chemical properties, recent
studies have focused on the addition of ethanol. One
of the advantages of ethanol addition is charge cool-
ing, which results in lower charge temperature at the
start of combustion and reduces the rate of autoigni-
tion kinetics [1]. High-speed imaging and droplet
sizing in an optical direct injection spark ignition
engine have shown that spray and combustion char-
acteristics differ for E85 and gasoline [2]. For GDIs
at high ambient temperature conditions (673 K and
1.5 MPa in their experiments), Zigan et al. con-
cluded that droplet size and momentum are mainly
controlled by evaporation [3]. In general, for low
and moderate ambient temperature and pressure,
high-boiling point components show a strong influ-
ence on the spray droplet size distribution, whereas
the evaporation cooling effect dominates at elevated
temperature and pressure; fuel mixtures with larger
heat of vaporization show larger droplet sizes even
if these fuels have a lower boiling point [4]. Dif-
ferences in the atomization process can be substan-
tial. Near-orifice fuel density was measured by tomo-
graphic x-ray radiography for neat iso-octane and a
blend of 80% iso-octane with either 20% butanol or
20% ethanol at elevated injection temperatures into
a sub-atmospheric environment [5]. Combined with
USAXS measurements for the Sauter mean diame-
ter, these techniques indicated a different atomiza-
tion process for E20, possibly caused by flash boiling,
that correlates with the lower boiling temperature of
ethanol.

From a modeling point of view, while experi-
ments that describe single droplet evaporation have
long been incorporated in spray models, phase tran-
sition processes of dense sprays under high pres-

sure and turbulence conditions can be expected to
be more complex. Thus, the approximation limits
concerning the description of a fuel jet as a collec-
tion of isolated droplets (Lagrangian-Eulerian mod-
els [6] [7]) requires further assessment. In this con-
text, it is worth noting that diffuse-interface Eule-
rian methods with volume of fluid (VOF) advection,
but no surface reconstruction, are often used in near-
nozzle injection simulation [8],[9]; while potentially
effective in describing phase change in the liquid bulk
(cavitation and flash boiling), these methods lack
a precisely identifiable liquid surface and therefore
cannot correctly account for evaporation. The effect
of fuel properties was examined by Yue and Som [10]
using VOF piecewise-linear interface reconstruction
without finding noticeable differences between the
injection of iso-octane and of E30. That study, how-
ever, as well as a following eight-holes simulation by
the authors [11], did not include evaporation effects.

Prior work has demonstrated the framework of
Jemison et al. [12] to accurately model compressible,
weakly cavitating sprays in realistic injector geome-
tries [11]. A new numerical method has since been
developed to incorporate evaporation and boiling as
described in [13] and in an upcoming paper [14]; this
capability allows for variable density in the liquid
and gas phases, enforces numerical consistency in
the rates of mass and energy transport, and con-
serves mass, momentum, and energy.

In the following, the sensitivity of direct fuel in-
jection to the addition of ethanol is examined in a 30-
70 mixture by volume with iso-octane used as gaso-
line surrogate. First, the thermo-physical proper-
ties of E30 that are most relevant to evaporation are
summarized and compared to those of iso-octane and
ethanol, showing that they cannot be obtained by
linear combination of the components. The Peclet
number of the mixture is also introduced, as an index
of the tendency of the mixture toward de-mixing of
the light and heavy component that is specific to the
injection conditions. The description of the numer-
ical method is briefly summarized, given its com-
plexity and the availability of sufficient references;
similarly, the reduction of the x-radiography scan-
ning data of the injector’s surfaces to computational
boundaries is not discussed in depth. The focus of
this study is the simulation of the two situations of
fully open and partially closed injector in the pres-
ence of evaporation; the main result is the tempera-
ture of the fuel jets as they pass through the coun-
terbores into the near-field volume of gas. Integral
values of mass rate of evaporation and exposed lig-
uid surface are then used to estimate the regression
rate of the surface and the average Peclet number



that is found at the high pressure and temperature
conditions of the injection.
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Figure 1. Saturation liquid and vapor densities
from REFPROP [15] compared to experimental data
for the neat components [16] [17].
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Figure 2. Saturation pressure from REFPROP [15]
compared to experimental data for the neat compo-
nents [18] [19].

Thermo-physical properties of E30

Because alcohol is a polar substance and iso-
octane is non-polar, gasoline/ethanol blends do not
behave like an ideal mixture [23] [24]. In a mod-
eling approach that aims to detect the dependence
of direct fuel injection on the fuel mixture proper-
ties, it is therefore necessary to establish whether the
concentration of the most volatile species [3] needs
to be tracked as in a distillation process, or if the
the process can be considered one of co-evaporation.
This assessment depends on the experimental con-
ditions as well as on the fuel mixture, and it is typ-
ically carried out assuming a spherical evaporating
droplet [25]. These considerations can be extended
to include the complex morphology of an atomizing
spray and its surrounding gas flow as follows.
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Figure 3. Enthalpy of vapor formation from REF-
PROP [15] compared to experimental data for the
neat components [17] [20] [21].
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Figure 4. Dynamic viscosity at 1 and 200 bar
(dashed and continuous lines, respectively.) The
curves for ethanol and iso-octane are calculated
from REFPROP [15], whereas the E30 curves
are obtained using the simplified Grunberg—Nissan
model [22].

The Peclet number for mass diffusion is
K,
Pe; = — 1
4=, (1)

where K is the liquid surface regression rate and D;
the liquid mass diffusion, in our case of ethanol into
iso-octane. For a spherical droplet of radius 7y, the
instantaneous regression rate is [25]

Ky=———r%. (2)
This expression can be generalized in the form
K = hsvs, (3)

taking v, to be the instantaneous regression rate and
hs a characteristic depth of the liquid in the evap-
oration interval; for a spherical droplet, hy = r;.



The evaporation process is dominated by distilla-
tion if Pe; < 1, whereas it is liquid diffusion-limited
if Pe; > 1. In the latter case, co-evaporation of the
components of the fuel mixture is assumed. This will
also be our hypothesis for E30, as it is often done for
fuel mixtures under high pressure and high tempera-
ture conditions [25]; we will check if this assumption
is correct in the analysis of the results.

In this work, the properties of E30 (as well as
of iso-octane) are calculated by the REFPROP li-
brary [15], either by directly using the subroutines
accompanying the NIST program, or by custom
correlations derived from REFPROP-generated di-
agrams. The results concerning phase change are
shown for the liquid/vapor saturation densities in
Figure 1, for the saturation pressure in Figure 2,
and for the enthalpy of vaporization in Figure 3.
For the dynamic viscosity of the binary mixture
E30, the simplified Grunberg-Nissan model Inpy =
21 Ilnpy + 2o lnpe [22] is used, where x is the mole
fraction and subscripts 1 and 2 denote the mixture
components. The plot in Figure 4 shows that, in
the fixed composition of interest here, ugs3 is closer
to piso at lower temperatures and closer to pgi09
at higher temperatures. Finally, surface tension is
fixed at 20 mN/m for iso-octane and at 22 mN/m
for E30.

Numerical method

The multi-phase compressible Navier-Stokes
equations are solved with the directionally-split,
Cell-Integrated Semi-Lagrangian advection algo-
rithm of Jemison et al. [12]. The solution is ad-
vanced in time by a semi-implicit pressure update
scheme that asymptotically preserves the standard
incompressible pressure projection in the limit of in-
finite sound speed. Following the Moment of Fluid
Method [26], the piecewise-linear reconstruction of
the gas-liquid interface is obtained from the location
of the phase centroid of the material in the computa-
tional cell and from the local values of level set (LS)
and volume of fluid (VOF). The interface is recon-
structed at every iteration with at least first-order
accuracy with respect to slope reconstruction [12].

As in [27], the walls of the injector are repre-
sented by an embedded boundary where the magni-
tude of the signed distance function is the distance
from the cell center to the solid and the sign is nega-
tive inside the solid. The evaluation of the boundary
normal from this level set function avoids staircase-
like artifacts in the solution. The procedures for
populating center and face values in the solid ghost
region are described in [28]. When applied to mov-
ing solid surfaces, such as during the unseating of

the injector’s pintle, the embedded boundary can
cross the computational Cartesian cells; contact and
separation of wall surfaces are handled as logical op-
erations on the level set function. The pintle lift
trajectory is reported in [5].

Computational setup

The experimental conditions set for Spray G by
the ECN (G1 conditions [29]) consist of a vessel filled
with nitrogen gas at temperature 573 K and density
3.5 kg/m? (corresponding to 6 x 10°> Pa). In the
baseline setting for iso-octane, the fuel is injected
at 2 x 107 Pa and 363 K; the same conditions are
used for E30. The injector is assumed to maintain
a constant temperature of 343 K. Pressure and tem-
perature at the inlet and outlet are kept constant
during the simulation; the instantaneous flow rate is
therefore the result of resistance to the passage of
the liquid through the injector’s geometry.

Nominally, the eight-hole Bosch injector spray
G has identical inner orifice diameter of 0.165 mm,
inner counterbore diameter of 0.388 mm and drill an-
gle of 37°. The actual spray G nozzle geometry, mea-
sured by x-ray computed tomography (CT) imaging
to a resolution as small as 1.17 pm [30], shows devi-
ations with respect to the nominal geometry, such as
hole-to-hole variations in orifice diameters and inlet
radii of curvature. For use in the simulations, the
scanned geometry surfaces of spray G #28 are rep-
resented by two distinct triangular tessellations, one
for the outer injector and one for the pintle. At start
time, the surfaces are reconstructed in CLSVOF as
separate level set functions; during the simulation
the pintle is moved according to the prescribed tra-
jectory to realize the opening and closing of the fuel
passages. The injection command duration is 0.680
ms; the maximum pintle displacement at 51 um is
achieved between 0.1 and 0.6 ms after start of injec-
tion.

The computational domain is a 6 X 6 X 6 mm
cube centered at the injector’s tip; Figure 5 displays
a cross-section of the injector from the reconstructed
tomographic images where the dashed lines indicate
the boundaries of the computational domain. Ac-
cording to the orientation convention established by
the ECN and shown in Figure 6(a), the positive Z-
axis corresponds to the injector axis and the origin of
the coordinate system is at the nozzle tip. The base
block is a 2563 cell Cartesian box, which is further
subdivided in 162 blocks. Two levels of refinement
are added in the simulation to reach the grid reso-
lution Axpi, = 5.86 pm at the liquid interface. As
noted in [11] for these same injection conditions,
this grid density is not sufficient to capture the for-



mation of very small droplets, but it is deemed suf-
ficient to capture the main features of the jets and
vapor plumes for the duration of the injection in-
terval. While varying because of the application of
adaptive mesh refinement, a reference cell count is of
approximately of 450 million. Calculations were car-
ried out at Sandia National Laboratories on the HPC
Production Linux Clusters: Sky Bridge and Chama
(Cray 2.6 GHz Intel Sandy Bridge 16 cores/node,
InfiniBand interconnect), and Ghost (2.1 GHz Intel
Broadwell 36 cores/node, Omni-Path interconnect).
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Figure 5. Cross-section of the injector from recon-
structed tomography with domain boundary condi-
tions.

Results

We first examine the spray features in the pres-
ence of evaporation at fully open conditions. Spray
G simulation results at the same conditions and for
the same computational setup have been already ex-
amined by the authors [11], but in the artificial situ-
ation of no evaporation. Instantaneous snapshots of
the eight jets from spray G are shown for iso-octane
and E30 in Figure 9 and 10. The liquid surface is
rendered as the zero-value level set function and col-
ored by temperature; vapor concentration is repre-
sented by the superposition of iso-surfaces at values
0.1, 0.25 and 0.50 of mass fraction. For ease of visu-
alization, the injector’s surface is not plotted; note
that the extent of the internal flow can be tracked
by the lower temperature values of the liquid surface
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Figure 6. (a) Spray G drawing with ECN orien-
tation. (b) Intersection of the slicing conical sur-
face (dashed line) — used for visualization purposes
in Figures 11 and 12 — with the side cross-section
of the injector’s tomographic reconstruction (cour-
tesy of ANL). (c¢) Closeup of the counterbore inte-
rior showing the separation of liquid from gas. (d)
Same closeup showing the instantaneous distribu-
tion of vapor mass fraction.

there. The spray angle appears larger for E30 than
for iso-octane — a result consistent with the spray
angle measurements for E85 and iso-octane for 1.0
bar gas pressure that are reported in [2]. In compar-
ing the two snapshots, one can also see that the sur-
face temperature of liquid iso-octane is a few degrees
higher than the temperature of E30, reaching or sur-
passing 400 K at certain locations. Consistently, the
vapor concentration of E30 is larger and vapor com-
pletely envelops the liquid jets in Figure 10. We
conclude that evaporation cooling keeps the surface
temperature of liquid E30 closer to the value at in-
jection.

A closer look at the liquid jets reveals that out-
side of the injector they tend to develop in nar-
row sheets rather than maintain a circular shape.
Figure 7 shows their superposition in time on the
Z = 1 mm plane for iso-octane; most of the con-
tour shapes appear elongated and curly (these cross-
sections bear some similarity with the ones reported
by [10]), but, due to the unsteadiness of the flow,
their superposition aggregates in a roughly circular
form. This picture can be compared with the top-left
insert of Figure 7, displaying the time-averaged den-
sity scan from x-radiography at similar conditions
and at the same distance from the injector’s tip (see
also [5], [11]). It is noted that the x-radiography scan
was averaged for 200 us, whereas the simulation was
averaged with 20 snapshots on a much smaller inter-
val of 25 us.
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Figure 7. Fully open injector, iso-octane: superpo-
sition of liquid jet cross-sections on the Z = 1 mm
plane. The top-left insert displays the time-averaged
cross-sectional density scan from x-radiography by
ANL [5].

A more direct comparison with the radiography
data is shown in Figure 8, where density profiles as
function of radial distance are obtained as the av-
erage of the plume densities along four planes cut
through the geometrical axis of the injector and ro-
tated by increments of 45° (the traces of these planes
are shown as dashed lines in the top left insert of Fig-
ure 7). The same procedure is applied to the simula-
tion results for iso-octane, showing that the average
jet direction is well captured. The larger peak value
of the simulation in Figure 8 can be explained in
terms of the jets being more closely aligned with the
sampling planes and less disperse than in the experi-
ment; given the small sampling interval, there is also
a large variability from snapshot to snapshot that re-
sults in a strong dependence on the alignment of the
sampling planes with the center of the jets.

Considering now the evaluation of the Peclet
number for the liquid jets, a reference velocity re-
gression can be established from the values of ex-
posed liquid surface and of evaporating mass ex-
tracted from the simulation: for iso-octane v, =
0.6cm/s, and for E30 v, =~ 0.7cm/s. These are
only integral values, whereas variations in surface
temperature, flow field, and vapor concentration in
the gas phase can make the local v, much smaller
or much larger. Since the peak in distribution
of the Sauter Mean Diameter measured for iso-
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Figure 8. Fully open injector, iso-octane: compar-
ison of the averaged density across the eight jets.

octane at the current injection conditions is approx-
imatively 10 um ([31] [5]), it is convenient to take
hs = 5um as reference length; this value is also
close to the product of the injection interval times
vr. The corresponding regression rate is therefore
K, = 3.5 x 10~ %cm?/s.

The value of diffusion coefficient for E30 into
iso-octane is not directly available from published
measurements, but the following estimate is ob-
tained using the Wilke-Chang equation described
by Reid [32]: D; = 10* ¢cm?/s. For comparison,
the measured diffusion coefficient of benzene into
ethanol is D; = 5.5 x 107> c¢m?/s at 373 K [33].
With estimates of K and Dy it is possible to calcu-
late Pe = 3.5 from Eqn. 1; we therefore find that,
at G1 conditions, evaporation is sufficiently fast, on
average, to avoid considering the change in compo-
sition of the liquid phase, at least in very first ap-
proximation.

Evaporation accounts for a loss of liquid fuel
mass between 0.4 to 0.7 g/s within the computa-
tional domain; this is a rather small percentage of
the total injected mass flow (for iso-octane, th =
14 g/s), but its effects at the injector become more
evident toward the end of injection. To examine
the flow inside the counterbores, it is convenient to
cut the computational domain with a surface that is
perpendicular to their axes. This surface is a cone,
aligned with the nominal axis of symmetry of the in-
jector, whose half angle is equal to the nominal angle
of the orifices; its trace is shown in Figure 6(b) as
a dashed line. Figures 11 and 12 are then a repre-
sentation of the flow crossing the eight counterbores



holes on the surface of the cutting cone: the liquid
surface is marked with a continuous white line, and
temperature (top row) and mass fraction of vapor in
the Ny-vapor mixture (bottom row) are plotted in
the space between the liquid and the injector’s wall.
In Figure 11 snapshots for iso-octane and E30 are
taken at fully open injector conditions, whereas in
Figure 12 the two snapshots are taken as the injec-
tor’s gap is at 20 pym.

The most remarkable difference in the two plots
is the gas temperature distribution. As long as in-
jector remains open, the entrainment of the high-
velocity liquid jets is sufficient to create enough gas
recirculation in the counterbores for the tempera-
ture there to be as high as the gas temperature out-
side of the injector. When the fuel passages become
narrower and the jets begin to slow down, the gas
remains in the counterbores longer and its tempera-
ture decreases because of evaporative cooling. This
effect is much more pronounced in the case of E30.

Conclusions

In this study, we have highlighted a few aspects
linked to evaporation in GDI of E30 compared to
neat iso-octane. Thanks to a recently developed
model for surface evaporation at a sharp interface,
it is now possible to visualize and quantify the fuel
mass evaporated in the dense spray region that forms
near the injector. While the available grid resolu-
tion is not sufficient to capture the smallest droplets
formed by primary atomization, the simulation re-
sults point to differences in exit fuel temperatures
that should inform future GDI engineering simula-
tions. Immediately after injection, the jets tend to
flatten in narrow sheets that increase the fuel surface
exposed to the hot gas; only with the superposition
of several instantaneous snapshots of density distri-
bution it is possible to visualize the more circular
cross-sections observed in time-averaged images of
the jets.

At the elevated chamber temperature and pres-
sure of the G1 conditions, differences in viscosity
between the two fuels cause a larger spray angle in
E30 than in iso-octane, consistent with observations
for fuel with higher ethanol content. Evaporation
cooling emerges as a dominant effect that differen-
tiates the two fuels during injection closing, when
recirculation in the counterbores decreases because
of the diminished gas entrainment by the jets; gas
cooling is much more pronounced for E30.

On average, we also found that the evaporation
rate of E30 is sufficiently faster than diffusion in the
liquid phase to justify the use of a homogenous mix-
ture model in the numerical approach, i.e., the Peclet

liquid number is greater than one. This observation
does not exclude areas on the liquid surface where
the co-evaporation assumption might be more ques-
tionable. Work is in progress to statistically ana-
lyze the simulation results and provide further in-
sight into the sensitivity of direct fuel injection to
the thermo-physical properties of the fuel.
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Figure 9. Fully open sprayG. Instantaneous snapshots of iso-octane spray jets and vapor concentration.

406402 —5.0e-01
395 —045
390 04
o
~385 5 0.35
B 5
~30 g 03 £
o
—375 E 025 &
—s0 8 02 §
>
356 5 015
360 o1
355 005
3.50+02

Figure 10. Fully open sprayG. Instantaneous snapshots of E30 spray jets and vapor concentration.
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Figure 11. Flow passing through the counterbores at fully open conditions.

10



Iso-octane E30

X s p
e
() 540 @ 540
— 520 520
-] 500 500
4‘_—‘0 480 N 480
460 \ 460
CIL) % 440 [ 440
420 4 420
o 400 400
E 380 P N 380
o 0o A, 360
l_ / @ ) @
(e
o
) 4
(@)
o 0.9 0.9
- 08 08
Y 07 0.7 _
wn 0.6 ) 06 P
7)) 05 [ 05 X
o 0.4 \ 0.4 \ %
E 03 03 -
0.2 02
0.1 . 0.1
-
o :
2

Figure 12. Flow passing through the counterbores when the injector is partially closed.
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