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Abstract

A laser 2-focus velocimeter (L2F) has been applied for measurements of velocity and size of droplets in diesel sprays. The maximum data
acquisition rate of 15 MHz has been achieved by using FPGA in order to capture every droplet which appears in the micro-scale
measurement volume. A method of evaluating the mass flow rate of droplets was proposed, and the distance between droplets was
adopted as an indicator of the number density of droplets and the heterogeneous structure of sprays. The diesel fuel spray was injected
intermittently into the atmosphere by using a 5-hole injector nozzle. The orifice diameter of the injector nozzle was 0.113 mm, and the
injection pressure was set at 40MPa by using a common rail system. Measurements were conducted in the spray on 10 planes from 5 to 25
mm downstream from the nozzle exit. It was shown that the velocity of droplet was the highest at the spray center and decreased towards
the spray periphery. The size of droplet at the spray center decreased downstream and that at spray periphery increased downstream. The
mass flow rate near the spray center was larger than that in the spray periphery region. It was confirmed that the fuel mass per injection
evaluated by the proposed method based on the L2F measurement was nearly equal to the injected mass in a plane further than 15 mm
from the nozzle exit. The probability density of droplet with a distance shorter than 5 um to the adjacent droplet increased remarkably
near the spray center 5 and 12 mm downstream from the nozzle exit. It is thought that a region of high number density of droplet exists at
the spray center near the spray tip when the spray penetration is shorter than 15 mm.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Banglades Society
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Nomenclature

d Diameter of nozzle orifice (mm)
F Focus diameter (um)

L Focus length (um)

S Distance between two foci (um)
T Time after injection start (ms)

ty Time-of-flight (ms)

t Time-of-scattering on the upstream focus (ms)

t3 Time-of-scattering on the downstream focus (ms)
t Time (ms)

u Velocity (m/s)

dp Diameter of droplet (um)

Ly Distance between droplets (um)

A Area (mm?)

my Mass flow rate
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1. Introduction

Not only the reduction of exhaust emissions but also further improvement of thermal efficiency is required to diesel
engines. As appropriate control of combustion is necessary to meet these requirements, it is important to understand the
influence of fuel spray characteristics upon the diesel combustion. Many researchers have investigated about the relation
between the injection condition and combustion. For example, the effect of injection pressure on soot formation was
reported by Crua, et al. [1]. It has been reported that the high speed fuel spray injected by microscopic hole was effective for
further improvement of combustion [6]. Research work is also needed for basic understanding of the spray characteristics.
Image processing [7], PDPA [8] and ILIDS [2] are effective as measurement methods of velocity and size of spray droplets.
Especially, the information of spray behavior near the nozzle orifice is indispensable for designing the nozzle shape,
modeling droplet disintegration and setting the initial condition of simulating droplet disintegration [9,10]. The spatial
distribution of the mass in the near-nozzle region was measured by the X- ray radiography technique [3]. There are few
studies of the inner structure of the spray where the droplet number density is high.

A laser 2-focus velocimeter (L2F) can measure the time-of-flight when a droplet flies between two foci and gives us the
velocity. L2F has the high optical signal to noise ratio, so the influence of multiple scattering on the spray measurement is
small. Schodl [11] reported about the application of L2F to the internal flow of turbomachinery in 1974. It was reported by
Chaves [12] and Shugger [13] that measurement systems similar to the L2F were successfully applied to measure droplets
which were located inside the breakup length. The authors showed that the simultaneous measurements of the velocity and
size of droplets were possible by adding the measurement of time-of-scattering to L2F [14].

In the present study, a method of evaluating the mass flow rate of droplets was proposed, and the distance between
droplets was adopted as an indicator of the number density of droplets and the heterogeneous structure of sprays. The diesel
fuel spray was injected intermittently into the atmosphere by using a 5-hole injector nozzle. The velocity and size of
droplets in the spray have been measured by the L2F on 10 planes 5 to 25 mm from the nozzle exit. The spatial distributions
of velocity, size, and mass flow rate of droplets have been evaluated, and the region of high number density of droplets has
been investigated.

2. Experimental Setup
2.1. Advanced Laser 2-Focus Velocimeter; L2F

The light probe of the L2F consists of highly focused two laser beams as shown in Fig.1. The diameter F of the focus is
about 3um, and the distance S between two foci is 17um, and the length L is about 20um in the direction of optical axis. It
can be mentioned that the L2F used in the present study has a micro-scale probe. The measurements of time-of-flight and
time-of-scattering are shown in Fig.2. The upper half of Fig.2 shows the cross-section of the L2F probe. When a droplet
flies through both upstream and downstream foci, time-of-flight t;, time-of-scattering t, on the upstream focus and time-of-
scattering t; on the downstream focus are measured by a digital counter. The velocity of a droplet can be easily calculated
by dividing the distance between two foci S with the measured time-of-flight t;, that is
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The relation used for the estimation of droplet size is that the ratio of the time-of-flight and the time-of-scattering
corresponds to the ratio of the distance between two foci S and the droplet size d, plus the focus size F. The time-of-
scattering can be estimated by averaging two time-of-scattering. The droplet size d, can be estimated by
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The L2F selects a droplet which passes through the upstream focus and downstream focus sequentially. The time-of-fight
is shortest when a single droplet passes through two foci, and the time-of-flight is longer when two different droplets pass
through two foci. So, a velocity given by different droplets is overestimated and can be removed by a statistical analysis.
When the number density of droplet is very high, the local droplet distance is sometimes shorter than the distance between
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two foci. In such a case, the droplet other than the droplet which passed the upstream focus will pass the downstream focus.
Then, the time-of-flight is not measured correctly. When the flight direction of a droplet is fluctuating, the droplet which
passes the upstream focus sometimes differs from the droplet which passes the downstream focus. The velocity obtained by
such a pair of different droplets should not be correct. Figure 3 shows the flowchart of the measurements of the time-of-
flight and time-of-scattering. Counting starts by the detection of an upstream signal and stops by the detection of a
downstream signal, and an up-and-down flag is saved with a counted value. When an upstream signal is detected before
detecting a downstream signal, an up-and-up flag is saved with counted value. Valid data can be selected by checking the
flag. The sampling data number N,, which corresponds to the number of the droplets passing through the upstream focus, is

set before the measurement.

Figure 4 shows the system configuration of the L2F. The light source is a semiconductor laser which has a maximum
power of 100mW and a wave length of 835 nm. A non-spherical lens which has a focal length of 8 mm and a numerical
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Fig. 1. Light probe of L2F.
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aperture of 0.5 is adopted as the condensing lens. By the optical system with a length of 350 mm including the light source,
the backscattering light of a droplet at the focus is guided to a Si- APD (Silicon Avalanche Photo Diode), and it is converted
into an electrical signal. The time-of-flight and time-of-scattering are measured by the digital counter which is mainly
constituted by a FPGA (Field Programmable Gateway Array) with a clock of 160MHz. The maximum data sampling rate of
the L2F system is set at 15MHz.

A preliminary experiment has been conducted to confirm the accuracy of size measurement. Droplets generated by a
humidifier were seeded in the air flow of about 50 m/s in velocity and they were measured by L2F and PDA (PDI-200MD
manufactured by Artium) simultaneously. Figure 5 shows the comparison between probability density distributions of mass-
based droplet size measured by L2F and PDA. It is understood that two probability density distributions are very close to
each other. The mass-based arithmetic mean sizes measured by L2F and PDA are 9.2 and 9.5 um respectively. The error in
size measurement was 3%. It is understood that the error in mass evaluation is small.
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Fig. 4. System diagram of L2F.

0.2

—e—L2F
o PDA

o

-

[&)]
T

Probability density
o
=

o
o
a

Size[um]

Fig. 5. Probability density distributions of mass-based droplet size measured by L2F and PDA.
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2.2. Fuel Spray Measurement System

A common rail injector was used to control injection conditions, such as the injection timing, injection duration and
injection pressure. Figure 6 is the measurement system of fuel sprays using the L2F. Diesel fuel pressurized by the high
pressure pump was stored in the rail. The rail pressure was set at 40MPa. The fuel was injected intermittently into the
atmosphere at a temperature of 298+6K and a pressure of 0.1MPa. The test nozzle was a 5-hole injector with a hole
diameter d of 0.113 mm. The measurement of the spray was conducted within one of 5 spray plumes while the remaining 4
plumes were shielded and sucked out through small pipes. The injection interval was 330 ms. The period of energizing the
solenoid was 1.0 ms, and the injection period was 0.79 ms. The fuel of 1.34 mg was injected per cycle from one hole. A
clock signal with a frequency of 6MHz was used for recording the time when the L2F data was acquired. The number of
data N, was 10,000 at each measurement position. The coordinate z is the distance along the spray axis from the nozzle tip,
the coordinate y is the distance along the laser axis, and the coordinate x is perpendicular to y z-axis. The x-axis indicates the
radius from the spray center on the plane y = 0. Figure 7 shows a spray photograph and measurement positions. There is a
dark domain near the position of z =5 mm. This is the shadow of the plug to shield 4 plumes. Simultaneous measurements
of velocity and size of spray droplets were conducted on planes perpendicular to z-axis; z = 5, 9, 10, 11, 12, 13, 14, 15, 20
and 25 mm. The table 1 shows the x-coordinates of measurement positions in each z plane. The y-coordinates of the
measurement positions were fixed to zero. The measurement data were accumulated during 100-1200 injections. In each z
plane, x = 0 mm corresponds to the spray center, and the most outside measurement position is called the spray periphery.
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Fig. 6. Fuel spray measurement system.
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Fig. 7. Spray image and measurement positions (z =5, 9, 10, 11, 12, 13, 14, 15, 20, 25 mm).
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Table 1. Measurement positions.

z(mm) X(mm)
5 0, 0.1, £0.2, £0.3, £0.4, 0.5, £0.6, +0.7, +0.8
9 0, 0.2, 0.4, £0.6, £0.8, £1.0

10 0,+0.2, +0.4, £0.6, +0.8, 1.0

11 0, £0.2, +0.4, £0.6, +0.8, 1.0

12 0,+0.2,+0.4, +0.6, +0.8, +1.0

13 0,+0.2, 0.4, 0.6, +0.8, +1.0, +1.2
14 0,+0.2, +0.4, £0.6, +0.8, £1.0, +1.2
15 0, +0.3, 0.6, +0.9, +1.2

20 0,+0.4, 0.8, 1.2, +1.6

25 0,+0.5,+1.0, +1.5, +2.0

2.3. Evaluation of Number Density and Mass Flow Rate

Spatial distribution of droplets is very important for understanding the spray characteristics in a region of high number
density droplets and for understanding the processes of evaporation and combustion. A distance Ly between droplets along
the direction from upstream focus to downstream focus can be estimated by,

L, =u-AT 3)
where AT is a time interval between droplet observations and u is an instantaneous velocity.

An important step towards understanding the spray behavior is to estimate the mass flow rate during injection. The mass
flow rate is the total mass of droplets passing the measurement probe in a certain time. The mass flow rate m; estimated as

p 2V, (xT) @
2 (atleT)-(L+d, (xT))-(F +d, (x.T))

where d, is the size of droplet, and V, is the volume of droplet. The total mass M of a single injection can be estimated by
the integral of mass flow rate with time and space. When an axisymmetric spray is assumed,

M(x,T)=>" > m,(x,T)AA(X)AT ©)

where AA is the cross section of a ring of width Ax which is the distance between the x-coordinate of the measurement
positions. The cross section is calculated by

AA(X) = 27xAX (6)

As shown in Table 1, Ax depends on z. For example, Ax = 0.1 mm in the plane of z=5 mm. The spray edge was decided
on x = 0.8 mm based on spray images. This was confirmed by the fact that a droplet was not detected at x = £0.9 mm.

m, (x,T)=

3. Results and Discussion
3.1. Temporal and Spatial Changes in Velocity and Size of Droplets

Figure 8(a) shows the time variation of the mean droplet velocity at 5 positions on the plane z = 5 mm. The mean
velocity at the spray center was about 100 m/s at the time T = 0.8 ms, and this is on the same order of magnitude as
measured from the spray image. At the points x = 0 mm and x = £0.4 mm, the mean velocity increased in a period between
0.8 ms and 1.2 ms, and the change in velocity was relatively small in a period between 1.2 and 1.5 ms. The mean velocity
decreased rapidly after 1.5 ms and the period after the start of velocity decrease is called period Il in this paper. The period
before period Il is called period I. The period | and period Il correspond to so called spray head and spray tail respectively.
At the points x = £0.8 mm, the velocity decreased gradually in a period between 1.0 ms and 1.5 ms. The mean velocities at
two measurement positions with the same distance from the spray center, for example x = -1.5 mm and x = 1.5 mm, were
nearly the same. Figure 8(b) shows the time variation of the mean droplet velocity at 5 positions on the plane z = 25 mm.
The mean velocity at the spray center was about 140 m/s at 1.0 ms. This velocity agreed well with the one which was
estimated from the spray images. Droplets appeared at 1.0 ms at the points x = 0, and +0.5 mm. And they appeared at 1.1 ms
at the point x = £1.5 mm. It is understood that droplets near the spray center reached the measurement position earlier than
the droplets in the periphery region. At the positions x = 0 mm and x = £0.5 mm, the mean velocity increased in a period
between 1.0 and 1.2 ms, and the change in velocity was relatively small in a period between 1.2 and 1.5 ms.
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Fig. 9. Time change in Arithmetic mean size for (a) z=5 mm and (b) z = 25 mm.

Figure 9(a) shows the time variation of the arithmetic mean droplet size on the plane z=5 mm. The mean droplet size
when the spray tip reached the measurement position was the largest in the period between 1.0 and 1.5 ms, and the droplet
size gradually decreased at every measurement position. Figure 9(b) shows the time variation of the mean droplet size on
the plane z=25 mm. The mean droplet size gradually decreased at every measurement position in the first half of the
injection duration. The size fluctuated in the latter half of the injection duration.

The time interval between droplets was estimated from the time of droplet observation. Figure 10(a) shows the time
variation of the mean time interval within each time window of 0.1 ms on the plane z=5 mm. The time interval at the
position x = 0 mm increased in the first half of the injection duration and decreased after that. At positions x = +0.4 mm, the
time interval was shorter than 50 ps during the injection period. At positions x = £0.8 mm, the time interval decreased in the
first half of the injection duration and increased after that. Figure 10(b) shows the time variation of the mean time interval
on the plane z=25 mm. At positions x =0 mm and x = £0.5 mm, the time interval was between 15 and 50us in the first half
of the injection duration and increased after 1.6 ms. At positions x = £1.5 mm, the mean time interval decreased in the
period between 1.1 ms and 1.3 ms, and increased after 1.3 ms. The time interval between droplets in the spray periphery
region was longer than the one at the spray center during the injection period.

The velocity and size in the Period | were used for calculating the mean values at each measurement position, because
the temporal change was relatively small. Figure 11(a) shows spatial distributions of the mean velocity on planes z = 5, 10,
15, 20 and 25 mm. The mean velocity showed the highest near the spray center and decreased towards the periphery region.
It is understood that the spatial distribution of the mean velocity of droplet is nearly axisymmetry. Figure 11(b) shows the
spatial distributions of the arithmetic mean size. On every plane z = constant, it can be seen that the spatial distribution of
mean size was nearly axisymmetric as for the one of mean velocity. The mean size showed the largest near the spray center
and decreased gradually with the distance from the spray axis towards the periphery region on the plane z = 5 mm. An
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increase in size was observed near the spray periphery on planes further than 5 mm from the nozzle exit. Yeh et. al. [4]
reported a similar droplet size distribution. It is also understood that the mean size decreased along the spray axis from z =5
toz=15mm.
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Fig. 10. Time change in Arithmetic mean time interval for (a) z=5 mmand (b) z = 25 mm.
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Fig. 11. Spatial distribution in the period | for (a) velocity and (b) size.

3.2. Estimation of Mass Flow Rate

Values of V, d, and AT in the Eqn. (4) for estimating the mass flow rate are given by droplets which passed both
upstream and downstream foci. In order to evaluate the mass flow rate of all droplets which passes the measurement volume,
it is needed to additionally evaluate the mass of droplets which passed only the upstream focus. Figure 2 shows the ratio of
N, and N, at each measurement positions on planes z = 5 to 25 mm. The ratio of N, / N, was higher than 0.5 near the spray
center, although, it decreased to about 0.1 in the spray periphery region. The decrease in the valid data ratio comes mainly
from different droplets passing through two foci due to the fluctuation in the direction of droplet flight. The relation between
the valid data ratio and the fluctuation of flight direction has been investigated theoretically by Hayami [5]. It was shown
that the valid data rate could be estimated to be about 50% when the fluctuation of flight direction was 10 degrees.
Therefore, the value of N, / N, was thought to be appropriate.

The total mass of droplets passing through the measurement volume is the summation of the mass of droplets passing
through both upstream and downstream foci and the mass of droplets passing through only upstream focus. As droplets
randomly pass through the measurement volume, it is expected that the mass of droplets is proportional to the number of
observed droplets. Accordingly, the mass flow rate of droplets was estimated from the one evaluated by the Eqgn. (4)
multiplied by N, / N,. Figure 13 shows the spatial distribution of the mass flow rate on the plane z = 25 mm within each time
window of 0.2 ms. The mass flow rate near the spray center was higher than the one of the spray periphery at each time. The
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distribution of mass flow rate can be calculated by integrating time dependent distributions shown in Fig. 13. Figure 14
shows the spatial distribution of mass flow rate on planes z = 5, 10, 15, 20 and 25 mm. It can be seen that the spatial
distribution of mass flow rate was nearly axisymmetric. The mass flow rate at the center was the highest at the plane z =5
mm, and decreased toward the downstream. A peak was not seen on the planes z = 15 - 25 mm, and higher mass flow rates
were distributed between positions x = £0.5 mm.

The fuel mass injected within a single injection can be evaluated by the Eqn. (5). The mass evaluated by the L2F was
1.47mg/injection. As the weighed mass was 1.34mg/injection, the ratio of the evaluated mass and the weighed mass was
about 1.1. The error in the evaluation would come from the assumption that the spray is axisymmetric and that the droplet is
a sphere. Figure 15 shows the ratio of the evaluated mass and the weighed mass at each measurement position. On
measurement planes downstream from the plane z = 15 mm, the ratio of the evaluated mass and the weighed mass was about
1.0. It is understood that almost all droplets were identified by the L2F properly. However, the evaluated mass decreased to
less than 1.0 on the planes nearer to the nozzle exit than z = 15 mm. It is understood that unidentified mass increases near
the nozzle.

In order to identify the region of high number density of droplets, the distance between surfaces of droplets was
estimated by subtracting the droplet size from the distance Ly. Figure 16 shows probability density distribution of the
distance between surfaces of droplets at the spray center on planes of z =5, 12, 15, 20 and 25 mm. The probability density of
the distance shorter than 20um on planes z = 5 and 12 mm was higher than that on planes z = 15, 20 and 25 mm. Short
distance between droplets means that the number density of droplets is high. It is thought that the laser beam might be
scattered by high number density droplets and could not penetrate into the spray center on planes z = 5 and 12 mm.
Underestimation of the fuel mass near the nozzle exit should be due to high number density droplets.
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Figure 17(a) shows the probability density distribution of the distance between surfaces of droplets at 5 positions x =
0.0,0.1, 0.2, 0.3 and 0.4 mm on the plane z =5 mm. It is clearly seen that the probability density of the distance shorter than
20um at the position x = 0.0 mm was higher than that at positions x = 0.1, 0.2, and 0.4 mm. It is thought that a region of
high number density of droplets exists inside of the position x = 0.1 mm. That is, the diameter of the high number density
region can be thought as an order of 0.1 mm on z = 5 mm. Figure 17(b) shows the probability density distribution of the
distance between surfaces of droplets at 4 positions x = 0.0, 0.2, 0.4 and 0.6 mm on the plane z = 12 mm. The probability
densities of the distance shorter than 10um at positions x = 0.0 and 0.2 mm were relatively higher than that at positions x =
0.4 and 0.6 mm. Figure 18 shows the time variation of the probability density of droplets with a distance between their
surfaces shorter than 5um at the spray center on planes z = 5 and 12 mm. It is understood that the region of high number
density of droplet appeared at the time when the spray tip reached the measurement position. In other words, a region of
high number density of droplets is thought to exist at the spray center near the spray tip when the spray penetration is shorter

than 15 mm.
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—&— z=5mm(x=0mm) —&— z=5mm(x=0.1mm)
=—0=—z=5mm(x=0.2mm)  —&— z=5mm(x=0.3mm)
--0-- z=5mm(x=0.4mm)

Distance between droplets surface[um]

(b)

0.02

0.015

0.01

Probability density

0.005

—a—7z=12mm(x=0mm) —a—z=12mm(x=0.2mm)
=0=z=12mm(x=0.4mm)  ——z=12mm(x=0.6mm)
0 10 20 30 40

Distance between droplets surface[um]

Fig. 17. Probability density of distance between surfaces of adjacent droplets for (a) z=5 mm and (b) z =25 mm.

50



Author name / Procedia Engineering 00 (2012) 000-000

0.05

2 004 |
"
C
S 003 |
2
2 002
g ——z=5mm
a 001 | |-o-z=12mm

O 1 1

0 0.5 1 15 2
T[ms]

Fig. 18. Probability density of droplets with a distance between their surfaces shorter than 5um at the spray center.

4, Conclusions

A L2F has been utilized for measurements of velocity and size of droplets in diesel fuel sprays injected under a common
rail pressure of 40MPa. A method of evaluating the mass flow rate of droplets was proposed, and the distance between
droplets was adopted as an indicator of the number density of droplets and the heterogeneous structure of sprays.
Measurements were conducted inside sprays on 10 planes from 5 to 25mm downstream from the nozzle exit. Based on the
measurement of temporal changes in velocity and size of droplets, mean values of velocity and size at each measurement
position were evaluated. The results showed that the velocity of droplet was the highest at the spray center and decreased
towards the spray periphery. The size of droplet at the spray center decreased downstream and that at spray periphery
increased downstream. The mass flow rate near the spray center was larger than that in the spray periphery region. The fuel
mass per injection evaluated by the proposed method based on the L2F measurement was nearly equal to the weighed mass
on planes further than 15 mm from the nozzle exit. It is thought that a region of high number density of droplet exists at the
spray center near the spray tip when the spray penetration is shorter than 15 mm. The effect of injection conditions such as
the injection pressure, ambient pressure, and nozzle hole diameter on the heterogeneous structure of sprays will be
investigated in a future work.
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