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Abstract: Impingement of multiple diesel sprays under an elevated pressure of 30atm is investigated
numerically and experimentally, with the particular interest in illustrating the importance of taking
into account of the ambient pressure effects in modeling binary droplet collisions. Specifically, a
practical while simplified droplet collision model was proposed by modifying the widely-used
Estrade et al.’s model to account for the previous experimental observation that hydrocarbon droplets
tend to bounce back upon collision at elevated ambient pressures. The KIVA-3V program code
implemented with the model was used to simulate the impinging sprays from the previous and the
present experiments. The results show that the present model can produce qualitatively satisfactory
predictions to the shape, the penetration length, and the Sauter mean diameter (SMD) of the
impinging sprays because it accounts for the increased propensity of droplet bouncing at elevated
pressures, which however was not considered in any previous models. Due to the limited
experimental data on binary droplet collision at elevated pressures, the present model can be treated
as a practical approximation for predicting droplet collision outcomes in sprays under high-pressure

engine conditions.
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1. Introduction

Dispersion of a liquid into a gaseous environment is a basis for numerous industrial processes,
such as various liquid sprays used in metallurgical, chemical, pharmaceutical and food engineering
[1]. The elementary role of droplet collision in influencing the spraying processes has been well
recognized and extensively studied [2]. A prominent example is the binary collision of fuel droplets
under compression-ignition engine conditions. The high number density of fuel droplets and the non-
uniform turbulent flow in the combustion chamber imply frequent droplet collisions. The collision
outcomes, such as bouncing, coalescence and separation, can substantially affect the spray

characteristics and the subsequent vaporization, combustion and emission [3].

As a fundamental phenomenon relevant to many natural and industrial processes, binary droplet
collision has been extensively studied for decades. A large number of experimental studies has been
reported in the literature [4-13] and summarized in a few excellent reviews [14,15]. The majority of
the studies were focused on identifying various collision outcomes and quantifying their dependence
on the non-dimensional controlling parameters, such as the collision Weber number, We, measuring
the relative importance of droplet inertia compared to its surface tension; the impact parameter, B,

characterizing the deviation of droplet trajectory (0< B <1) from that of head-on collision (B=0);

and the size ratio, 4, defined by the ratio of the diameter of the larger droplet to that of the smaller
one. Additional parameters such as the density and viscosity ratios of liquid and gas may be needed
when the effects of the other physical properties of the liquid and the ambient gas are taken into

account [13].

The earlier studies on the equal-sized water droplets under atmospheric pressure [5, 6] show that
the collision results in either coalescence or separation, depending on We and B. The experimental
studies of Jiang et al. [7] and Qian and Law [8] on the equal-sized droplets of n-alkanes identify five
distinct collision regimes, namely (1) coalescence after minor deformation, (Il) bouncing, (Il)

coalescence after substantial deformation, (I\V) coalescence followed by separation for near head-on



collision (a.k.a. reflective separation), and (V) coalescence followed by separation for off-center
collision (a.k.a. stretching separation). The five regimes were subsequently confirmed by Estrade et

al. [9] for ethanol.

As a phenomenon of practical relevance, collision between two unequal-sized droplets has not
been sufficiently studied compared with that between two unequal-size droplets. The size ratio has
been found to have significant influence on the collision outcomes. Ashgriz and Poo [10]
experimentally found that water droplet separation becomes more difficult as the size ratio increases.
This work was subsequently examined for water [11] and extended for ethanol droplets [9]. The
experimental and theoretical study by Tang et al. [12] demonstrates that the suppression of the
increased size difference on droplet separation attributes to the increased viscous dissipation and

exists not only for water but also for hydrocarbon fuels.

The regime nomogram in the We-B parameter plane can be significantly affected by the ambient
gas pressure, as shown in Figure 1, where n-tetradecane is used as an example. The coalescence
regime (1) is observed at atmospheric pressure while it becomes smaller at 2.4 atm and eventually
absent with increasing the pressure to 4.4 atm. Similarly, the bouncing regime (II) is observed at
atmospheric pressure while it is absent for small B and at lower pressures such as 0.7 atm.
Furthermore, the critical Weber number separating the bouncing regime (I1) and the coalescence
regime (111) is substantially increased at elevated pressures. All of these observations indicate that
droplet bouncing is promoted by increasing the ambient pressure because the increased inertia of the
gas film separating the droplet surfaces suppresses the gas drainage and hence promotes bouncing

[13].

Because of its important role in modeling spray characteristics, droplet collision model is an
indispensable component in the Lagrangian simulation of the spray processes in compression-
ignition engines. The challenges of modeling droplet collision originate from the difficulties in

predicting the collision probability [16,17], in parameterizing the complex collision outcomes [18],



and in determining the post-collision characteristics of droplets [19,20]. In spite of the experimental
discoveries and theoretical advances made in the past decades, our understanding of the fundamental

processes of binary droplet collision is far from being complete.

The widely used KIVA-3V computer program for simulating compression-ignition engine
combustion adopts O’Rourke's droplet collision model [21]. Based on Brazier-Smith et al.'s [6]
experimental observations on water droplet collisions, O’Rourke’s model estimates the critical
impact parameter, B,,, as a function of Weand 4, and compares it with a randomly selected B to
determine whether a collision results in separation (B >B,,) or coalescence (B <B,,). Because it is
over-simplified in accounting for collision outcomes, O’Rourke’s model was improved in many
subsequent modeling efforts. For a brief summary, Tennison et al. [22] and Aumann et al. [19]
extended O'Rourke's model by taking into account of the reflexive separation. Estrade et al. [9]
subsequently proposed a We-based model for predicting bouncing. More sophisticated models
accounting for bouncing, coalescence, reflexive separation and stretching separation were developed
by Kollar et al. [23] and Post and Abraham [20]. Because these models do not consider droplet
fragmentation, which often occurs at sufficiently high Weber numbers, predictive models for droplet
fragmentation were proposed by Georjon and Reitz [24] and Brenn et al. [25]. In recent years,
Munnannur and Reitz [26-28] developed a new predictive model for fragmenting and non-
fragmenting binary droplet collisions within engine fuel sprays. More detailed summary can be

found in Munnannur and Reitz [26] and Kim et al. [29].

The present study was motivated by modeling the impinging sprays in the opposed-piston
compression ignition engine (OPCI) [30] for its potential in achieving high indicate thermal
efficiency and good balance performance. Since cylinder head is absent in OPCI, fuel injectors can
only be installed on the cylinder liners and sprays from each injector impinge with each other in the
combustion chamber, as is shown in Figure 2. The increasingly significant role of droplet collision in
OPCI can be understood by recognizing that the collision frequency of droplets is substantially
increased due to the impingement of sprays compared with that in the nearly non-interacting sprays
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used in the four-stroke compression ignition engines. The characteristic of impinging sprays in OPCI
was numerically studied by using Star-CD with O’Rourke’s model [31-34]. Lee et al. [35] proposed
a model to account for the increased collision frequency in OPCI, which was subsequently modified
by Ko and Ryou [36] to include the satellite droplet formation. Kim et al. [29] developed a predictive
model including most of the collision outcomes to simulate the impinging sprays at 10 atm, which

were experimentally studied by Chiba [37] and Maruyama [38].

In spite of these advances in modeling droplet collision in either non-interacting or impinging
sprays, the influence of the ambient pressure on droplet collision outcomes and hence the spray
characteristics in compression-ignition engines have been barely studied. It can be expected that the
propensity of droplet bouncing can be substantially enhanced as the gas pressure in the combustion
chamber increases to 10-30 atm at the end of the compression stroke. In addition, the critical Weber
numbers for droplet coalescence and separation may be so high at elevated pressures that these
collision outcomes are unlikely to occur. However, it is surprising to find that only a very few studies
on binary droplet collision have been carried out under the non-atmospheric pressure conditions,
posing great difficulty on modeling. Willis and Orme [39] experimentally studied the collision of oil
droplets in vacuum to investigate the role of viscosity. Qian and Law's experiments under the
pressures of 0.6-13.6 atm show that increasing pressure promotes bouncing while decreasing
pressure promotes coalescence. Zhang and Law's [13] theoretical analysis demonstrates that, as
increasing the ambient gas pressure, the gas between the two droplets becomes denser and harder to
be drained out. As a result, substantially increased pressure buildup and droplet deformation suppress
the droplet coalescence and therefore promote droplet bouncing. It is noted that Dupuy et al. [40]
applied the Lattice Boltzmann method combined with a free energy approach to simulate the head-on
collision of two-dimensional droplets up to 150 bar. However, their results have not been

substantiated by any experiments.

Based on the above considerations, we conducted a numerical and experimental investigation of
impinging sprays at elevated pressures up to 30 atm, with emphasis on illustrating the necessity of
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considering the gas pressure effects in modeling droplet collision, particularly droplet bouncing. We
shall describe the adopted numerical methodology based on the KIVA-3V program and develop a
practical albeit simplified model for droplet collision at elevated pressures based on the experimental
results of Qian and Law [8], in Section 2. The experimental specifications shall be presented in
Section 3, followed by the validation of the simulation against the available experimental data in the
literature, in Section 4. We shall then present, in Section 5, the experimental results and numerical

simulation of impinging sprays at a pressure of 30 atm.

2. Modeling Droplet Collision at Elevated Pressures in KIVA-3V

The widely used KIVA-3V computer program was adopted in the present study for the
Reynolds Average Navier-Stokes (RANS) calculation of non-reacting turbulent flows with sprays. In
the spraying process, liquid fuel is injected into the chamber in the form of liquid droplets of the
nozzle size. The TAB model [41] and Spalding model [42] were used to account for the subsequent
droplet breakup and evaporation, respectively. The standard £-¢ model [21] was used for modeling
turbulence. It is noted that the present study does not aim to employ and compare the more
sophisticated models for droplet breakup and evaporation and for turbulent flows, which have been
extensively studied in the literature [2]. Consequently, the standard numerical schemes and models
implemented in KIVA-3V were used to facilitate the comparison of droplet collision models with

and without considering the ambient pressure effects, to be elucidated in the following text.

The collision Weber number, the impact parameter and the droplet size ratio are usually used
for parameterizing the droplet collision outcomes. The Weber number is defined as We=pUr,/o,
where p is the droplet density, U the relative velocity, », the radius of the smaller droplet and o the
surface tension coefficient. The size ratio is defined as 4=r, / r, where r, is the radius of the larger
droplet. The impact parameter is defined as B=X/(r,+r,), where X is the projection of the distance

between the droplet centers in the direction normal to that of the relative velocity. To account for the



experimental observation of Qian and Law [8], namely, increasing the ambient pressure promotes

droplet bouncing, the widely used bouncing criterion of Estrade et al. [9]

A(1+4%)(40'-12)
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1)
the RHS of which is equal to 2.8 for 4=1 and B=0, is modified by adding a pressure-dependent
multiplication factor g(p) as
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In the equation, We.(1,1,0) is the bouncing-coalescence transition Weber number for head-on
collision at p=1 (in atm), 4=1 and B=0; a normalization factor of 2.8 is therefore needed in the
denominator of the Estrade et al.’s formula; the shape factor ©=3.351 and y, is determined by
X1=l-0.25(1+r)(2-r)2 if (r;+r,)(1-B)>r;, otherwise, ;{1:0.25(3-1)12, where 7=(1-B)(1+4). The
pressure-dependent factor g(p), defined so that g(1)=1, is assumed to be “liquid-independent”
because the liquid-specific collision outcomes have been reflected in We.(1,1,0) and the Estrade et
al.’s formula. Consequently, the pressure factor can be obtained by fitting the experimental data of
Qian and Law’s [8] for the bouncing-coalescence transition Weber numbers for n-tetradecane and

water, at various pressures, and with fixed 4=1 and B=0.

In order to minimize the uncertainty of the pressure factor, g(p) was fitted in three power-law
formula such as g(p)=ap’+b with £=0.5, 1.0 (linear) and 2.0. As shown in Figure 3, the fitting
formula obtained are g(p)=1.03p°°-0.03 with the coefficient of determination R?=0.584,
g(p)=0.25p+0.75 with R?=0.529, and g(p)=0.02p>+0.98 with R?>=0.342. Because of the paucity of the
available data and the limited range of pressures from 1.0 atm to 13.6 atm, the factors can be
considered as practical, nevertheless, physically justifiable approximations for accounting for the

pressure-dependence.



In the present study, we extrapolated the factor up to 30 atm, at which additional experimental
validation is needed while not available up to now. Two shadow regions are indicated in Figure 3,
representing the “experimentally unavailable” one on the right, in which no experimental data are
available in the literature, and the “theoretically inaccessible” one on the bottom, in which additional
physics is needed to explain the experimental data with g(p)<1. Qian and Law [8] observed the
suppression of droplet bouncing (i.e. g(p)<1) in the presence of fuel vapor or similar fuel gases, and
attributed it to the modified surface tension of droplets. Since the present study considers the
impinging sprays in unheated environments, droplet vaporization is assumed to be negligible during
the impingement process. Consequently, the present model does not consider the effects of fuel
vapor on the collision outcomes, which nevertheless merit future studies. Thus, the experimental data

in the “theoretically inaccessible” area were not included in the present fittings.

It has been recognized that droplet collisions are inelastic and the viscous dissipation in the
deformed droplets upon collision can be as large as 50% of the initial kinetic energy of droplets for
sufficiently large Weber numbers [8]. Tang et al.'s [12] experimental study on unequal-size droplet
collision also confirmed that the viscous dissipation during the initial collision stage slightly varies
with the size ratio [12]. Consequently, we accounted for the influence of viscous dissipation on the
bouncing droplets by expressing the post-collision velocities by

i Fuyr; 413 () [T

3 3
7 +rj

(ij=1,2) (3)
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where u is the droplet velocity, the subscript n denotes the droplets after coalescence. The derivation
of the equation has been described in detail by O’Rourke [43] by accounting for the conservation of
both momentum and energy during the droplet collision. A fraction of energy dissipation, which is
denoted by fe in O’Rourke’s notation, is taken into account in the energy conservation. In lieu of
O’Rourke’s assumption on correlating fe with other collision parameters, we used fg=0.5 as a

maximum value observed in the previous experiments [7].



As discussed in the Introduction, droplet separation can be substantially suppressed with
increasing the ambient pressure. Consequently, we consider only coalescence and bouncing in the
present model by assuming the probability of droplet separation is negligibly small as the pressure
increases to 10-30 atm. The present study does not intent to establish a comprehensive and predictive
model accounting for all the possible collision outcomes under wide ranges of conditions. Instead, its
primary purpose is to illustrate the necessity of modifying the exiting droplet collision models to take
into account the effects of ambient pressure and therefore advocate future experimental studies on

binary droplet collision at elevated pressures.

3 Experimental Specifications

In the following section, the present droplet collision model shall be validated against
Maruyama’s [38] experiments on impinging sprays of light oil at 10atm. In order to extend the
validation to a higher ambient pressure and under a more practical situation, we designed and
conducted an experiment for multiple impinging sprays of diesel, as shown in Figure 4. Two opposed
10mm>10mm windows (1) of optical glass JGS-1 are placed on the chamber (2). A Bosch CP1H3
common rail system (3) of about 160.0 MPa is employed as the fuel supply system. The oil pump (5)
is driven by an EBS677 electrical motor (6) with the maximum theoretical power of 30kW and an
actual operating power of about 8kW was employed to pump diesel from the oil tank (7) to the
common rail through filters (8). Two three-nozzles (0.2mm in diameter), Bosch CRI12.2 injectors (4)
are controlled by the control system (16) and the injection period is1.5ms. In order to stabilize the
chamber pressure at 30 atm, the high-pressure nitrogen stored in a cylinder (9) enters into a regulator
tank (11) through a Gentec U53SL reducing valve (10), and then goes through the valve (12) to enter
into the chamber (2), which is monitored by a pressure meter (15). A stroboscope (13) is used as the
light source for the shadowgraph images taken by a Fastcam SA4 camera (14) with 10000 fps. The

injection and visualization systems are synchronized and controlled by the control system (16). In



Figure 4, the red, green and blue lines represent the oil pipes, the signal transmission lines and the

gas pipes, respectively.

4. Experimental Validation of Numerical Simulation

To validate the present KIVA-3V simulation and the proposed droplet collision model at
elevated pressures, we simulated Maruyama et al.’s experiments on the free and impinging sprays in
a constant-volume chamber filled with nitrogen of 10 atm. In the impinging spray experiments, two
spray cones are injected from two nozzles of 0.25 mm in diameter for 2.0 ms. The axes of the spray
cones are perpendicular to each other to form an impingement point, as shown in Figure 5.
Maruyama et al. [38] defined the spray penetration length as S, + S, where S is the distance from
each nozzle to the impingement point and S, the distance from the impingement point to the spray tip.
The present simulation employs a cubic computational domain of 120mm in each dimension and a
uniform Cartesian mesh with 216,000 grid cells of 2mm in size. The evolution of the sprays, each of
which initially consist of 5000 droplet parcels, were simulated for totally 5 ms with the
computational time step being 2x10°3 ms. Boundary effects can be neglected in the present problem
because the domain size is much larger than the size of the sprays and the penetration length.
Consequently, the domain boundaries can be simply set as isothermal walls of 298 K and with the

nonslip conditions for velocity.

It has been recognized that the collision probability estimated in KIVA-3V is sensitive to the
grid size as such a larger cell size often results in a smaller probability. Kim et al. [29] studied the
effect of the grid size in predicting the droplet collision outcomes and suggested a suitable grid size
of 2x2x2 mm? for simulating Chiba’s [37] and Maruyama et al.’s [38] experiments on impinging
sprays. Considering that the spray penetration length is one of the key parameters to be used shortly
to compare the present simulation with the previous experiments, we simulated the free spray in

Maruyama’s experiment and examined the grid-dependence of its penetration length on the mesh
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resolution. Figure 6 shows the evolution of the spray penetration length with time for six different
meshes from the coarsest 5x5x5 mm? to the finest 1x1x1 mm?. It is seen that the calculated results
shows a significant dependence on the cell sizes coarser than 2x2x2 mm?, beyond which the results
seem to “converge” to certain limits and the grid-dependence is substantially reduced. This result
confirms the previous observation of Kim et al. [29] and hence the cell size of 2x2x2 mm? was used
in all the simulations to be discussed shortly, as a compromised choice of accuracy and computation

efficiency.

Because of the slight difference of three different power-law fittings at 10atm, we shall use the
linear fitting as a representative one in the following discussion. We considered the free spray and
the impinging sprays with S,=14 mm, 33 mm and 50 mm in Maruyama et al.’s experiment. AsS an
illustration of the validation, Figure 7 shows the calculated shadowgraph images and droplet
trajectories at three different times for the case of S.=50 mm, which was also simulated by Kim et al.
[29] using KIVA-3V with their droplet collision model. Specifically, the experimental shadowgraphs
at t=0.92 ms, 1.92 ms and 2.92 ms are shown in Figure 7(a) and Kim et al.’s results in Figure 7 (b).
The present results with different models are shown in Figure 7(c)-(f), where the original O’Rourke’s
model in Figure 7(c); Estrade et al.’s model in Figure 7(d); the present model with fz=1 (elastic
collision, g =1.0) in Figure 7(e); and the present model with f.=0.5 (inelastic collision, £ =1.0) in

Figure 7(f).

It is seen that there is no significant difference among the experiment and simulations at 0.92ms
when the spray impingement just occurs. The slightly asymmetric experimental images, which may
be due to the possibly imprecise timing control of spray injection in Maruyama et al.’s experiment,
should not affect the present comparison. After the spray impingement, O’Rourke’s model predicts a
greater extent of spray spreading and larger droplet sizes than the other models, as show in Figure 7
(c) at 1.92 ms, and subsequently the impingement of the sprays on the bottom wall at 2.92 ms. This is
because the droplets in O’Rourke’s model tend to coalesce to form bigger ones, which possess larger

inertia and hence enhance the spray penetration. It is also seen that O’Rourke’s and Kim et al.’s
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models not only overestimate the spray spreading but also generate secondary spray tips at 2.92 ms
that are not observed in the experiment. The predictions based on the bouncing-coalescence criteria,
adopted by Estrade et al.’s and the present models, are in a good agreement with the experiment in
terms of the spray spreading and penetration. This implies that droplet bouncing may account for a
large number of collision outcomes at elevated pressures. It is also noted that Kim et al.’s simulation
shows a significant discrepancy with the experiment and the other model results. Because all the
possible collision outcomes including bouncing, coalescence, separation and fragmentation are
considered in Kim et al.’s model, it is difficult to determine the specific roles of these outcomes in
resulting in such a large discrepancy. A possible reason may be due to their model for predicting the

droplet velocities and directions after collision.

It is recognized that the spray impingement with S,=50 mm is the only case, for what the
experimental and numerical images are available in the literature. To further quantify the comparison
between the models considered in the study, Figure 8 shows the time-evolving spray penetration
lengths of the free spray and the three impinging sprays. Being consistent with the experimental
measurement, the calculated penetration lengths were determined from the numerical shadowgraphs.
For the free spray shown in Figure 8(a), it is seen that the calculated penetration lengths based on the
four models agree well with the experimental data in the early spraying stage (t=0-0.5 ms), during
which the spray is mainly affected by the deceleration and breakup of droplets. After t=0.5 ms, the
predictions of O’Rourke’s model slightly deviate not only from those of the other models but also
from the experimental data. However, Estrade et al.’s and the present models produce similar
predictions agreeing with the experimental data in the late spraying stage. These observations can be
understood by recognizing that the free spray is injected to an initially quiescent environment, in
which the turbulent flow induced by the spray-gas interaction in the pressure chamber is not
sufficiently strong. Therefore, the droplet collisions with large impact Weber numbers are unlikely to
occur in the free spray. As the result, O’Rourke’s model results in an overestimated spray penetration

length because droplet collisions are predicted to coalesce to form bigger droplets, which have larger
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inertia and hence facilitate the spray penetration. Estrade et al. and the present models produce
improved predictions by capturing the tendency of droplet bouncing at elevated pressures. It is also
noted that, due to the relatively small Weber numbers of the collisions prevalent in the free spray,
neither the pressure-corrected transition Weber numbers nor the corrected post-collision velocities

used in the present model make significant difference compared with Estrade et al.’s model.

Figure 8(b)-(d) show the spray penetration lengths for the cases of S.=14 mm, S.,=33 mm and
S.=50 mm, respectively. Several observations can be made from the comparison among the
simulations and experiment as follows. First, all the model predictions agree well with the
experimental data in the early stage, during which the sprays behave like free ones and are mainly
affected by the deceleration and breakup of droplets. Second, regardless of some discrepancies to be
discussed, Estrade et al.’s and the present model predictions agree well with the experimental data
over the entire impingement process in all the cases. This again can be attributed to that droplet
bouncing dominates the collision outcomes at elevated pressures. Third, moderate discrepancies can
be found between Estrade et al.’s and the present models in short periods of time after the spray
impingement. Specifically, during t=0.2-0.7 ms in the case of S;=14 mm shown in Figure 8(b),
Estrade et al.’s model predicts a larger penetration length than does the present model (elastic
collision, g =1.0), which in turns results in a higher prediction than the present model (inelastic
collision,  =1.0). This can be understood by that the impingement of sprays result in an increased
number of colliding droplets, which tend to coalesce in Estrade et al’s model while to bounce back in
the present model, because the latter model has a larger transition Weber number separating the
bouncing and coalescence regimes due to the increased ambient pressure. Fourth, the smaller
prediction of the present model (inelastic collision, £ =1.0), which can be found in all the cases,
attributes to the reduced kinetic energies of droplets for spray penetration due to the viscous loss
upon collision. Finally, the discrepancies between the prediction of the Estrade et al.’s and the
present models decrease with increasing S, , as seen in Figure 8(c), and become negligible in the case

of §,=50 mm shown in Figure 8(d). This is because the sprays travel a longer distance (i.e. S.) before
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the impingement so that droplets will collide with reduced Weber numbers as the result of their
deceleration and breakup. Similar to the case of free spray, the difference between these model

predictions are minimized at small Weber numbers.

To supplement the above comparison, Figure 9 compares the predicted Sauter mean diameters
(SMD) with the experimental data measured at 2.0 mm above the spray tip at t = 2.0 ms. The
experimental data show a trend that SMD moderately decreases with increasing S,, which is well
predicted by Estrade et al.” and the present models. In addition, the present model predictions are
within the experimental uncertainties while Estrade et al.’s model slightly overestimates SMD and
O’Rourke’s model predicts an opposed trend. These results are consistent with the above discussion
that both Estrade et al.’s and the present models take into account of the significant role of droplet
bouncing while the present models may be quantitatively more accurate by considering the influence
of the ambient gas pressure on the transition Weber numbers and that of inelastic collision on the

post-collision velocity.

It is recognized that all the validation cases from Maruyama et al.’s experiments were conducted
at 10atm, which may be not sufficiently high to manifest the influence of droplet bouncing on the
characteristics of impinging sprays under actual engine conditions. This consideration motivated us
to extend the above simulations to higher ambient pressures. Figure 10 shows the influences of three
different power-law fittings on the time-evolving spray penetration lengths of the free spray and the
three impinging sprays at both 20 atm and 30 atm. Besides the characteristics similar to the case at
10atm, all the cases considered here are not sensitive to the particular functional form of the fitting
formulas, specifically to the value of p. For free spray shown in Figure 10(a), the spray
characteristics is mainly influenced by droplet deceleration and breakup, and slightly by droplet
collision. For the impinging sprays shown in Figure 10(b)-(d), the sprays behave like free sprays
before the spray impingement occurs. Upon the spray impingement, the significantly decelerated

droplets collide with each other at the Weber numbers that are too small compared with We_.(p) at
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the elevate pressures to result in droplet coalescence. As a result, the different extrapolation values

by the fitting formulas at the elevated pressures make insignificant difference in the simulations.

5. Multiple Impinging Sprays

Multiple impinging sprays were studied by using the present experimental apparatus to further
validate the present droplet collision model up to 30 atm. Figure 11 (a) and (b) show the front and
top views of the schematic of the multiple impinging sprays, respectively. Each injector consists of
three independent nozzles, which are indicated as Nos. 1-3 for the left injector and Nos. 4-6 for the
right one. From the front view (i.e. on the X-Z plane), the three nozzles of the left injector are
installed asymmetrically so that the angle between No.1 and No. 2 nozzles is 40°, that between No. 2
and No. 3 nozzles is 35°, and No. 2 nozzle deviates from the X-axis by 5°. No.4—6 nozzles and the
No. 1-3 nozzles are antisymmetric with respective to the X=0 plane (i.e. the Y-Z plane). From the
top view (i.e. on the X-Y plane), the three nozzles of the left injector are installed symmetrically so
that No. 2 nozzle aligns with the X-axis and has an angle of 3° with No. 1 and No. 3, respectively.
No0.4—-6 nozzles and the No. 1-3 nozzles are symmetric with respective to the X=0 plane (i.e. the Y-Z
plane). It is believed that the multiple, asymmetric impinging sprays can enhance the turbulent flow
in the pressure chamber. Figure 11(c) shows the three-dimensional view of the spray shapes depicted

by the Lagrangian droplets.

In the experiment, the spray injection begins at t=0.0 ms and ends at t=1.5 ms while the
subsequent spray evolution was still recorded by the high-speed camera of 10,000 fps. Figure 12
shows the experimental front-view shadowgraphs at the selected time instants with the time interval
of 0.3 ms. The corresponding numerical shadowgraphs overlapped by droplet parcels are shown for
the comparison between O’Rourke’s model and the present model (inelastic collision, £ =1.0). To
evaluate the possible influence of the initial SMR on the subsequent spray characteristics, we used

0.1 mm (the nozzle radius), 0.18 mm and 0.35 mm in the simulations. The results after t=3.0 ms are
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not shown in the figure because the boundary effect on the simulation results may become significant
as the droplets are close to the wall. A complete set of experimental and simulation results during the

entire process of 3.0 ms can be found in Figure S 1-6 in the Supporting Material.

It is seen that there is no significant difference between the experimental and simulation results
for the spray shapes and penetration lengths, from the injection time to t=1.1 ms, at which the spray
impingement is about to occur. Both O’Rourke’s and the present models predict satisfactorily the
time instant of the spray impingement, indicating that droplets in the early stage are dominated by
their deceleration and aerodynamic breakup so that different droplet collision models do not make
significant difference, as discussed in the preceding section. However, larger droplets can be
observed at t=1.1 ms in the prediction of O’Rourke’s model compared with that of the preset model.
This is because droplet collisions become frequent upon the impingement so that the O’Rourke’s

model predicts more droplet coalescence and hence droplets with larger sizes.

The distinct difference in the size and number of droplets between these two model predictions
can be clearly seen in the numerical shadowgraphs after the spray impingement starts. At t=2.0 ms,
O’Rourke’s model predicts a wider spatial distribution of droplets than does the present model while
the latter can reproduce the spray shape shown in the experimental image. The subsequent
experimental images show that the shadow region is concentrated around the center of the images,
implying that fuel droplets tend to gather around the center of the chamber. The present model
captures this spray characteristic because it predicts more events of droplet bouncing at the high-
pressure environment. As discussed in the preceding section, the bouncing droplets lose a substantial
amount of their kinetic energies due to the viscous dissipation upon collision and therefore cannot
move further with reduced post-collision velocities. As a result, they tend to stay around the camber
center where most droplet collisions occur in the present setup of spray impingement. Furthermore,
O’Rouke’s model predicts more events of droplet coalescence and the coalesced, larger droplets have

larger inertia to move in the chamber and consequently produce a longer penetration length. Such an
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over-predicted penetration length by O’Rouke’s model results in the wall impingement of droplets,

which is however not observed either in the present model prediction or in the experimental image.

It is recognized that the quantitative comparison between the present prediction and the
experimental observation is difficult due to the following reasons. First, the Nos. 1 and 4 sprays in
the experimental images, such as those at t=0.5 ms, 0.8 ms and 1.1 ms, show slightly larger
penetration lengths than those in the simulation. This may be due to the slightly larger nozzle
diameters of Nos. 1 and 4 and hence more liquid injection compared with the other nozzles. Second,
the long-time behavior of the sprays in the present simulation can be strongly affected by the other
factors, such as turbulent flow and droplet vaporization. Third, the penetration length after the spray
impingement cannot be precisely defined in either experimental measurement or numerical
calculation, rendering a comparison similar to that in Figure 8 is impossible. Finally, the
impingement of multiple sprays around the center of the chamber results in a region with high
number density of droplets. Measuring the droplet size distribution in the dense spray region poses
an immense challenge for the existing optical diagnostics, which will not considered in the present

study but certainly merits future investigation.

To facilitate the quantitative comparison between the experiment and numerical simulation
results, we developed a grayscale level analysis of shadowgraph images. We converted the
experimental shadowgraph images into gray-scale ones as shown in the second row of Figures 12(a)-
(b), where the dark areas representing either the droplets or the opagque gaseous species have the
grayscale levels below a threshold value such as G,,,=100. Consequently, we defined a time-
dependent ratio rq=Nd(t|G<Giow)/N, where N is the total number of pixels in the image, and
Nd(t|G<Giow) the total numbers of the pixels that have the grayscale levels G lower, Giow. By
definition, rq can be considered as an indicator of the degree of spray spreading. Figure 13 shows rd
of experimental and numerical shadowgraph images at 30 atm with different initial (Sauter mean
radius) SMR and for various Giow. It is seen that, although the values of rq slightly vary with initial
SMR and Giow, the good agreement between the experiment and simulations during 0.0ms-1.5 ms
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substantiates the proposed gray level analysis as an effective tool to quantify the spray spreading
characteristics. The moderately varying discrepancies between the experiment and simulations after
1.5 ms may be due to the increasing sensitivity of the analysis to Giow When the droplets are so

dispersed in the chamber that the contrast ratios of the gray level images become smaller.

By using the gray level analysis, we numerically investigated the multiple impinging sprays at
10 atm and 20 atm, as shown in Figure 14. Different fittings formula are compared again because
their influence on the simulation may emerge at smaller pressures as the result of reduced droplet
deceleration and thereby augmented collision Weber numbers. It is noted that rq after t=1.8 ms is not
shown in Figure 14 because the droplets are so close to the chamber wall that the boundary effects
cannot be neglected, as shown in Figure S7 in the Supporting Material. It is seen that ra is not
sensitive to the particular functional form of the fitting formulas, specifically to the values of 5. This
observation can be explained again by that the substantial deceleration of drops, which move about

1.0ms before collisions, have too small Weber numbers to differentiate fitting formula.

6. Concluding Remarks

A numerical and experimental investigation of the impingement of multiple sprays at 30 atm
was conducted in the present study. The primary motivation of the study is to illustrate the necessity
of considering the ambient gas pressure effects in modelling the binary droplet collision at elevated
pressures, which in turn substantially influences the Lagrangian approach of spray simulation, such
as that adopted by KIVA-3V. In the present study, a practical droplet collision model was established
by multiplying a pressure-dependent correction factor to the widely-used Estrade et al.’s model,
which employs a critical Weber number criterion to predict the droplet collision outcomes in terms of
bouncing and coalescence. By recognizing the important experimental observations of Qian and Law
[8] that increasing the ambient pressure significantly promotes droplet bouncing and accordingly

increases the critical Weber numbers separating the bouncing and coalescence regimes in the We-B
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parameter space, we proposed the approximate correction factor by fitting the available experimental
data as three power-law functions of pressures in the range of 1.0-13.6 atm. The present simulations
based on the KIVA-3V program with the modified droplet collision model show good agreement
with the previous and the present experimental results on various characteristics of free and
impinging sprays at elevated pressures, such as the shape, the penetration length and Sauter mean
diameter (SMD). The qualitatively satisfactory predictions of the present model signify the physical
phenomenon that colliding droplets at high gas pressures tend to bounce back and however is not
accounted for in previous models. It is recognized that the present pressure-dependent model is
merely a practical approximation based on a paucity of experimental data in the literature.
Furthermore, the particular functional forms of the fitting formulas are found to slightly affects the
prediction in the present study. Future experimental and theoretical studies on modeling binary
droplet collision at elevated pressures are advocated for its applications in simulating sprays under

compression-ignition engine conditions.
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Figure 1. Regime nomograms of n-tetradecane droplet collision at various pressures, adapted from Ref. [8]: (I)

coalescence after minor deformation, (II) bouncing, (Ill) coalescence after substantial deformation, (IV)

coalescence followed by separation for near head-on collision (a.k.a. reflective separation), and (V) coalescence

followed by separation for off-center collision (a.k.a. stretching separation).
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Figure 2. Schematic of fuel injection and multiple impinging sprays in OPCI.
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Figure 12. Experimental and numerical shadowgraphs of the multiple impinging sprays at 30 atm during (a) 0.2-
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