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The phenomena of binary collisions and coalescence of droplets was investigated

from experimental studies but still are missing from real applications such as
from fuel injector. The main purpose of the current study is to investigate the
phenomena of binary collisions and coalescence of droplets from a practical port
fuel injector. To accomplish this, direct microscopic images are taken from high
speed video camera coupled with a long-distance microscope and Barlow lens
using the backlighting method. Experimental optimization of the spatial resolu-
tion and the depth -of -field of the long-distance microscope and Barlow lens are
achieved. Experimental results from the direct microscopic images are compared
with predictions from empirical equations for different collision regimes. Droplet
sizes and velocities of experimental coalescence droplets from collisions are
compared with the values predicted by the equations. The main results of this
study are: The probability of collision and coalescence is very low in a port fuel
injector. The tangential velocity components of small droplets play an essential
role in shape deformation during collisions and coalescence of the droplets. The
previous published empirical equations to calculate dimensionless parameters,
the Weber number, the droplet diameter ratio, and impact parameter are appli-
cable to the coalescence of droplets in a port fuel injector.

Key words: direct microscopic image, collision, coalescence, port fuel injector,
droplet collision regimes, high speed video camera

Introduction

Fluid droplets dynamics are very important in many natural processes and engineer-
ing applications. Rain, various coating processes, spray painting, and the fuel sprays combus-
tion are only some examples. Although the dynamics of a single droplet and its interactions
with the surrounding flow is often taken the attention, in an actual spray many droplets are
present. Sometimes the average distance between droplets is a little lower than droplet diame-
ters, as a result a typical droplet will not behave as a single droplet, and it will be strongly
affected by the neighbouring droplets and to some extent by all droplets in the spray. For a
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large number of droplets per unit volume it is vital to account for the droplets and their collec-
tive effect on the flow [1]. The binary droplet collisions phenomena become more complicat-
ed in real applications, especially those occurring in internal combustion engines of limited
volume. Coalescence, the phenomenon in which two liquid droplets combine into a single
droplet through a collision, is a fundamental feature of many natural processes and is attract-
ing increased attention. Coalescence occurs at low Weber number conditions.

At the port fuel injector (PFI) exit, (where there is large number of droplets per unit
volume and as a sequences high collisions probability), droplet coalescence affects the sizes
and spatial distribution of droplets and can, therefore, affect evaporation, combustion, and
pollutant formation. Therefore, quantitative and qualitative understanding of droplet interac-
tions, including binary droplet collisions, is very important. The researchers of spray combus-
tion have paid great attention to the outcome of binary liquid droplets collisions, e.g., water,
hydrocarbons, etc., to understand collision physics [2-11] or utilize the measured data in the
numerical modelling of fuel sprays [12-15]. Most of the previous experiments on droplet col-
lision have been conducted with fundamental experimental studies of two droplets in collision
configuration, i.e., generated droplets to collision each other and the collision results expected
to be valid for liquid droplets with the same dimensionless parameters [2, 4, 16, 17]. The col-
lision outcome is divided into five main regimes [3, 4]: I — coalescence that come after a little
deformation, II — bouncing, III — coalescence come after a substantial deformation, IV — sepa-
ration that followed temporary coalescence for head-on collisions, and V — separation that
followed coalescence for off-centre collisions

The aforementioned transitions are classified according to collision Weber number,
the ratio of droplet size, and an impact parameter, which are the key parameters for determin-
ing the behaviour in a collision between two liquid droplets [2-4]. A wide variety of scenarios
have been proposed [2, 4, 17, 18], to show the characteristic transitions between these differ-
ent regimes.

Ashgriz and Poo [2] proposed a theoretical model to predict reflexive and stretching
separation. The studies have been extended to hydrocarbon droplets for the spray combustion
application [3]. Jiang et al. [17] performed a systematic and extensive investigation on the
hydrocarbon droplets collision and compared the results with that of the water droplets colli-
sion. They found that hydrocarbon droplets behaviour is extremely different and more com-
plicated than that of water droplets. There were two more outcome regimes (I and II) for hy-
drocarbon droplets in addition to the three outcome regimes (I1I-V) for water droplets. They
then introduced a theoretical model to include the effect of viscosity and energy dissipation.
Qian and Law [4] showed that for different liquids, these five regimes could be unified
through varying the liquid properties and the gas between the droplets. Also, their results
showed that the collision outcome was shifted as a result of the presence of the gaseous hy-
drocarbons. There are numerous numerical and experimental studies concerning the collision
of various hydrocarbons, such as two droplets of propanol [5], two droplets of ethanol [19],
two droplets of diesel [12], a droplet of methanol and droplet of water [20], droplet of diesel
and droplet of water [21], and two droplets of tetradecane [18]. However, the most studies
focus mainly on the collision regimes, the dynamics, and the formation of satellite droplet,
without involving combustion. Recently, more theoretical and modelling studies of collision
dynamics and mixing have been performed [22-29], also on the effect of viscosity on droplets
interaction [13, 15, 30, 31].

Survey in previous research revealed that direct experiments on droplet collisions in
the region near the nozzle exit of practical PFI (i.e., detecting collisions from the breakup of a
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liquid fuel column) have never been attempted due to the very small region in which the phe-
nomena occur. The probability that two droplets will collide depends on their velocities and
directions of motion, as well as on the local void fraction within the spray. Thus, the frequen-
cy of droplet collisions is greatest in the dense spray regions close to the nozzle.

The purpose of the present experimental study is to utilize the high spatial and tem-
poral resolution of an ultra-high-speed video camera coupled with a long-distance microscope
and Barlow lens to elucidate the binary collision and coalescence mechanisms of droplets
during the breakup of a liquid column in a PFIL. To accomplish this, two main problems must
be solved. The first is to determine the resolution and depth of the field of the optical system.
The second is to validate the experimental droplet coalescence results with theoretical transi-
tion curves based on experimentally determined relative velocities and droplet sizes.

Materials and methods

Port fuel injector

The PFI used in this study was a prototype that was fabricated specifically for re-
search use and not for commercial use. This injector made by Mitsubishi Electric Corporation
as well as the multi-hole injector. The PFI schematic diagram used in this study is shown in
fig. 1. The injector cavity type is tapered with a nozzle angle of 21°. The injector nozzle hole
diameter, d, is 0.2 mm, the nozzle pitch diameter, D, is 2.13 mm, and the nozzle plate thick-
ness is 0.12 mm. This injector has 10 nozzles, so that the spray is very dense just under the
nozzle. It is very difficult to analyse the spray from just one nozzle because the shadows of
the 10 nozzle sprays overlap with each other. Therefore, an attaching separation plate was
used to isolate the spray from one nozzle (as shown in fig. 1) so that a spray of the single
nozzle can come over the field of view, and the others run out of the visible field. The separa-
tion plate is very thin to observe the nozzle just from 0.5 mm below.

Needle valve

30° i
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Figure 1. Schematic diagram of PFI

Experimental set-up

A schematic for the experimental set-up of the direct microscopic image is shown in
fig. 2. The system includes a PFI, a constant-volume chamber, an electronic control circuit, a
fuel supply system, and a high speed video camera system. The constant-volume chamber
interior diameter is 180 mm and the height is 350 mm. The chamber has a transparent window
at each side for optical observation. The PFI was mounted at the constant-volume chamber
upper plate. A system of fuel supply with a pressure controller was used, in which a fuel was
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contained in an accumulator

Barlow lens
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Figure 2. Schematic diagram of the experimental set-up

Fuel accumulator

Long-distance microscope

Pulse generator

pressurized by nitrogen. A
pulse generator was used to
control the injection signal and
the signal was transmitted
simultaneously to the injector
and high speed video camera.
The dry solvent was used as a
fuel in this study. The physical
properties of dry solvent are
similar to those of gasoline:
surface tension, o= 25 mN/m,
density, p = 765 kg/m’, and
kinematic viscosity, v = 1.032

Injection control unit

mm®/s. However, the dry sol-
vent volatility is lower than
that of gasoline, the dry sol-
vent was often used in experi-

mental investigations in which evaporation must be limited. The injection duration was fixed
at 3.5 ms. The injection pressure was 0.3 MPa, with stagnant conditions of the surroundings

and ambient atmospheric pressure.

The direct microscopic imaging systerm

The imaging apparatus is illustrated in fig. 2. This system is consisted of a high
speed video camera (Shimadzu Hyper Vision HPV-1), a Barlow lens, and a long-distance
microscope, with continuous light provided by a strong metal halide lamp. The high speed

1 mm from nozzle

24
mm from nozzle
—=

‘o | |,
Whole image

Magnified image

Figure 3. Whole and magnified
image

video camera is the most effective device to visualize and
record high speed phenomena. The high speed video cam-
era enables high resolution (312 % 260) and high speed
imaging (maximum recording rate of 1 Mfps). The camera
has a minimum exposure time of 0.125 ps and a gain fac-
tor between 1 and 50. The maximum number of frames
that can be captured is 102. The long-distance microscope
is a Maksutov-Cassegrain catadioptric microscope utiliza-
ble at working distances ranging from 196 to 306 mm.
The main components of this microscope are convex front
lens, rear concave mirror, and another mirror. The micro-
scope was specially designed and manufactured for high
speed microscopic visualization of atomization processes.
A Barlow lens adjusts the effective focal ratio for the
optical systems, and hence magnifying images. A strong
metal halide lamp is used as a uniform backlight source.
The photographic images are 10 bit black and white im-
ages. To obtain an accurate quantification detailed of the

spray characteristics from the images, it is very important to distinguish the spray image from
the background and define the boundary of spray. A threshold is used to identify the atomiza-
tion process outline in the images. Figure 3 shows a typical unprocessed example of a macro-
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scopic whole image of spray and a magnified image using the Barlow lens. Some qualitative
observations can be made from this image.

Spatial resolution and depth of field

To optimize the spatial resolution and depth of field, a test target with equally
spaced (1 mm) dark vertical and horizontal lines is used. The depth of field is defined as the
range of motion of an object or specimen along the optical axis (focal plane) without impact-
ing the clarity of viewing. In other words, the depth of field specifies how much an object or
specimen can move and remain clear. The depth of field is quantified by imaging the test
target at different distances from the focal plane of a long-distance microscope. The focal
plane of the test target is adjusted, and images are recorded at different positions from the
focal plane. At each position, the densities (pixel numbers) of dark lines are evaluated by
image processing. Figure 4 shows the depth of field at a focal plane 225 mm from the long-
distance microscope, and this point is considered to be the zero point. As the figure indicates,
images at positions varying from —200 pum to +100 pm (negative values denoting the direction
toward the microscope and positive values denoting the direction away from the microscope)
retain an acceptable focus and the same density. Hence, at that position (225 mm), the depth
of the field is close to 300 um. The spatial resolution of the imaging is determined from an
image positioned in the focal plane (~depth of field) in which the number of pixels between
the centre lines of any two parallel dark lines is equivalent to one millimetre. The correspond-
ing resolution is calculated from this, and the image resolution at that position (225 mm) is
found to be 6.8 um.

~750 um —200 pum 0 um +100 um +500 pum

Pixel numbers/width
w
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(
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-1000 -750 -500 -250 0 250 500 750 1000
Target motion from focal point [um]

Figure 4. Determination depth of field, 225 mm from long-distance microscope, high speed
video camera recording rate and the exposure time were 250 kfps and 2 , respectively
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Droplet collision theories and theoretical transition curves

Important parameters determination

The collision phenomena is characterized by three important dimensionless parame-
ters, the Weber number, the droplet diameter ratio, A, and impact parameter, B, which are
defined by [2]:

prdyury A= 2 p_ X

O; I h+n

We = (1
where the subscripts 1 and 2 indicate the larger and smaller droplets, respectively, p; — the
liquid droplet density, or — the surface tension, and d and u are the droplet diameter and veloc-
ity, respectively. The impact parameter X is defined as the distance between the droplet cen-
tres in the normal direction to the relative velocity u;,, as shown in fig. 5. The quantity B is
the dimensional impact parameter, which varies from 1 to 0.

- 1.0
( P2 B Bouncing
7" ) 0.8f
u. ¥
Y 7 —— 5
3 St
£ / 0.6+ Seretchllng
— 2 paration
b
0.4f
AT Coalescence
“ u, (SRR 0.2} .
‘—*—’ : Reflexive
Gy 00 - ) separation
— 0 25 50 75 e 100
Figure 5. Geometric parameters of Figure 6. Schematic of droplet collision
droplets collision regimes [4]

Theoretical transition curves

A schematic diagram of the droplet collision regimes as a function of the collision
Weber number and impact parameters is shown in fig. 6.

The following empirical equation is used to calculate the critical impact parameter
[32], which divides coalescence from stretching separation:

11/6
24 V2 (1+A3) 2372
B= 1+A° —(1+A° J 2

[5We] (1+A)A5/2[ (1) @

Another empirical equation is used to calculate the critical Weber number impact
plot that defines the region between coalescence and reflexive separation [2]:

3[7(1+A3)2/3 —4(1+A2)}A(1+A3)2
(A%, +1,)

where 11 =2(1 = £)(1 - £)"7 = 1, 1, =2(A - §*(A” — #)"* = A’, and £ = B(1 + A),
To determine the boundary for bouncing, an empirical equation is used to predict the
occurrence of coalescence [19]:

We >
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N A(1+4%)(44' -12)

2 ; (4)
X, {cos [sin’1 (B)]}
where ¢ is a shape factor with a value 3.351, and X; is defined by:
_[1-0252 -7 (1 +7)....for 0> 7, )
L0250 (B =), for o <r,

witht=(1-B)(1 +A)and w = (r; + r)(1 - B)

In the statistical approach to predicting a coalescence collision event, if two droplets
permanently coalescence [33], the velocity and diameter of the combined droplet are calculat-
ed from:

Upew = WAty () ©

new
i’)’ll + m2
Results and discussion

Experiments were performed at different positions close to the nozzle exit to study
the dynamics of collisions and coalescence of droplets from the atomization process of the
PFI. The probability of capturing an image containing a collision phenomenon from the set of
images taken during the experiment is low at each position from the nozzle exit due to the low
exit flow velocity of this type of injector. The probabilities are roughly 0.06, 0.06, 0.15, 0.03,
0.02, and 0.02% at the respective distances of 3.5, 4.5, 5, 6, 8, and 10 mm from the nozzle
exit. The droplet diameter, the droplet velocity, and impact parameter are required to calculate
the Weber number and the droplet diameter ratio for collision or coalescence. To obtain these
values, it is crucial to visualize the droplets clearly at an appropriate magnification. The expo-
sure time and frame rate were adjusted to get the best results. The exposure time was held
constant at 200 us during this experiment. The frame rate should be adjusted to enable us to
track particular droplets in successive images. When the frame rate is slow compared to the
droplet velocity, the droplet may be lost in the next image and the velocity cannot be calcu-
lated. In this experiments the frame rate was 250 kfps. Figure 7 presents examples of the
time evolution mechanism of the coalescence process from the collision of the droplets,
including images with different diameter ratios (a) A = 0.875, (b) A= 0.500, (c) A = 0.556,
and (d) A= 0.583, and at different positions from the nozzle exit, 3.5 mm in figs. 7(a) and
7(b), and 4.5 mm in figs. 7(c) and 7(d). As can be seen, different collision responses were
observed in our experiments. Droplets approaching each other collided, start deforming, and
coalesced to form a single larger droplet, which oscillated, figs. 7(b) and 7(d), or rotated (figs.
7(a) and 7(c), to dissipate the collision induced energy via viscous damping and restoring
surface tension forces which cause a pressure difference between its inner and outer regions.
The experiments showed that coalescence is often highly unstable during the early stages.
After a characteristic time interval, the amplitude of these oscillations and rotations decay,
and the droplet displays a steady-state shape.

When Weber number is of small value, after two droplets contact, the merged drop-
let deforms slightly and finally returns to an ellipsoidal shape, as is shown in figs. 7(b) and
7(d). If the time after collision is long enough, the ellipsoidal shape would finally oscillate
into a spherical shape. Surface tension is dominated to prevent the collision complex from
breaking up, and the kinetic energy of two droplets is too small to split them apart, this type of
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collision is called coalescence collision. As shown in fig. 7 the increased impact parameter
induces the rotation of collision complex, but the surface tension effects prevents it from
breaking up after oscillating. The free-flight distance of the droplets before the collision is
sufficiently short so that the droplet velocity and trajectory and do not show significant
change. The trajectory angle variation alters the collision energy through the change of rela-
tive velocity between the droplets, and this affects the shape of the coalescence deformation,
which may be either an oscillation or a rotation. For non-rotational shapes, it was found that
the smaller droplets have a larger tangential velocity than do the larger droplets. It can thus be
concluded that the tangential velocity components of smaller droplets play a vital role in colli-
sions and coalescence.

3340ps 3368ps

(a) 3.5 mm from nozzle exit, rotation A = 0.875 Speed =250 kfps, exposure = 2 ps

3276 ps 3300ps 3312ps 3328us 3356ps

(b) 3.5 mm from nozzle exit, rotation A = 0.500 Speed =250 kfps, exposure = 2ps
3060ps 3084ps 3124ps 3136ps 3160ps

e ;- /
(c) 4.5 mm from nozzle exit, rotation A = 0.556 Speed =250 kfps, exposure = 2us

3028pus 3072ps 3092us

(a) 4.5 mm from nozzle exit, rotation A = 0.583 Speed = 250 kfps, exposure = 2us

Figure 7. Visualization of collision and coalescence droplet at different
position from nozzle exit and varies droplets diameter ratio
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Figure 8. Droplet collision and coalescence outcome for the various droplet and position from
nozzle exit: (a) A=0.9 ~ 1, M rotation at 8 mm, e at 5 mm, 4 rotation at 4.5 mm,

(b) A=0.8~0.9, M at 3.5 mm, ¢ rotation at 3.5 mm, e rotation at 5 mm, A at 5 mm, M at 3.5 mm,
(c) A=0.7~0.8, M at 6 mm, e rotation at 5 mm, ¢ at 3.5 mm, (d) A =0.5~0.6, M rotation at 5 mm,
e at 4.5 mm, ¢ rotation at 4.5 mm, (e) A = 0.4~0.5, W at 3.5 mm, ¢ at 5 mm, e rotation at 10 mm,
A rotation at 4.5 mm, and (f) A =0.2~0.3, l at 4.5mm

Figure 8 compares the qualitative experimental regime results map with predictions
obtained from the equations as a function of Weber number and impact parameters for differ-
ent diameter ratios and positions and various coalescence deformation shapes. Figure 8 shows
the regions of different collision regimes in terms of the impact parameter X and Weber num-
ber for the range of 0 < B <1 and 0 < We <100. Generally speaking, there is good agreement
between the experimental results and the predictions from the equations over the range of
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positions, diameter ratios, and coalescence deformation shapes considered here. It is therefore
concluded that these equations will apply to a PFI under the present circumstances.

Table 1 lists the diameters and velocities of coalescence droplets obtained from the
experimental observations and the equations. It can be seen that there is good agreement be-
tween the experimental and predicted results for droplet diameter and velocity in different
positions.

Table 1. Comparison between resulting size and velocity of coalescence droplets from
experimental and predicated equations

d [um] V [ms™']
A We B
Experimental | Predicated | Experimental | Predicated
1.000 11.6 0.253 86 84 13.02 13.36
0.875 8.9 0.236 69 65 13.05 12.87
0.833 0.6 0.798 48 48 12.74 11.91
0.778 2.6 0.222 82 84 12.68 13.72
0.714 8.4 0.940 65 63 11.46 11.60
0.600 23.3 0.656 41 44 10.87 11.96
0.583 26.4 0.209 103 101 14.09 13.24
0.556 8 0.869 79 75 12.19 13.35
0.500 0.6 0.747 41 43 10.72 10.61
0.429 1.1 0.125 55 57 13.31 13.29
0.273 4.5 0.537 87 87 11.06 11.08
Conclusions

An ultra-high-speed video camera coupled with a long-distance microscope and a

Barlow lens was used to obtain direct microscopic images to investigate collisions and coa-

lescence during the atomization process close to the nozzle of practical PFI injector. Experi-

mental optimization of the spatial resolution and depth of field of the long-distance micro-

scope and Barlow lens was carried out. Experimental results from the direct microscopic im-

ages were compared with predictions obtained from the empirical equations for different col-

lision regimes. The sizes and velocities of experimental coalescence droplets from collisions
were compared with those predicted by the equations. The following conclusions were ob-
tained:

e The spatial resolution of the imaging can be determined and optimized from an image
positioned in the focal plane. The probability of collision and coalescence during the atom-
ization process of a PFI is low.

e The experimental results indicated that the tangential velocity components of the smaller
droplets play a vital role in the shape deformation of the collision and the coalescence of
the droplets.

e When the empirical equations were used to predict the collision regimes of a PFI with low
injection pressure, the experimental results for the collision and coalescence regimes indi-
cated that these equations are applicable to describe droplet coalescence in a PFI of this
type.

e The predicted results for droplet diameter and velocity are on the same order of magnitude
as the experimental data.

e The present study provides useful insight into low pressure fuel injector of droplets under-
going collision and their associated non-linear unit processes. More investigation along
these lines is needed for better understanding and modelling of droplet array.
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Nomenclature
B — impact parameter We  — Weber number
D —nozzle diameter [mm]
Dy, — diameter of the combined droplet [m] Greek symbols
d — droplet diameter [mn] o — surface tension [Nm ]
m —mass [kg] P — density [Kgm™]
r — droplet radius [m] A — droplet diameter ratio
u — droplet velocity [ms™] v — kinematic viscosity [m’s™']
Uy — relative velocity [ms '] 4 — shape factor
Vv — velocity [ms™] )
Uew — velocity of the combined droplet [ms™'] Subscripts
X — distance between the droplet centres in 1 — larger droplet
the direction normal to 2 — ssmaller droplet
the relative velocity [m] f — liguid
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