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ABSTRACT

A new technique which combines the forward and
backward light scattering method and an image pro-
cessing method has been developed by one of the
authors to measure high-concentration jet sprays.
The distributions of droplet size and volume densi-
ty in jet sprays are obtained by this technique
from two photographs of forward and backward scat-
tering intensities of spray injected in the colli-~
mated pulsed laser light.The method is demonstrated
for measurement of Diesel fuel sprays under various
injecting conditions. The distributions of the in-
jected fuel volume obtained by this technique are
compared with those calculated simply from injec-
tion rate and injecting velocity. It is recognized
that this technique is very effective to measure
distributions of droplet size, volume density and
behavior of high-concentration spray under various
operating conditions.

1. INTRODUCTION

The measurement of the time history of both
the droplet size and number density in jet sprays
is important to accurately assess the rate of evap-
oration or condensation and to diagnose the combus-
tion in engine. Numerous methods have been employed
for such purposes. The holographic technique or
light scattering counter method or Fraunhofer dif-
fraction method has been used to measure low-con-
centration sprays. In reality, the fuel is sprayed
into a combustion chamber with the length less
than 100mm. In such cases the spray is not much
diffused, and its density becomes thicker. There-
fore the techniques are not suitable for accurate
measurements of the spatial distribution and time-
wise variation of the droplet size and number dens-
ity in dense sprays.

A new technique using Bi-directional light
scattering image processing has been developed by
one of the authors to measure high-concentration
jet sprays{’ The principle of the optical method
and the means of calibration of droplet size and
volume density of spray have been described? The
present work applies to determine and to analize
the time history of the spatial distributions of
the droplet size and volume density along the en-
tire passage of jet sprays. The comparison of the
measured results for the distributions of droplet
size and volume density in Diesel sprays by this
method and by injection rate method is presented.
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2. Experimental Apparatus and Procedure

Fig.l shows a schematic diagram of an optical
recording system and an image processing system.
A Diesel fuel (No.2 Kerosine ) was injected into the
open atmosphere through an injector which was oper-
ated by Bosch P-type injection pump with 12mm-diam-
eter plunger. The injector had four 0.39mm diameter
nozzles with an opening pressure of 21.6 Mpa. Tests

were conducted at two pump speeds: 500 and 1200rpm.

The fuel injection rates were 120.0 mm3®/ stroke at
500 rpm and 135.0 mm?®/ stroke at 1200rpm. Figure 2
depicts the timewise variations of the injection
rate and pressure. Photographs of each jet spray

were taken at every 100 us after the fuel injection
was initiated.

A 2J-output and 20n second flash time pulsed
Tuby laser was used as a light source. After passing
through the jet spray, the forward beam propagated
Straight into film A as a forward light scattering
photograph. The other beam was backscattered in the

jet spray and propagated into film B as a backward
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light scattering photograph. A Kodak photographic
step tablet(or gray scale) was placed in the light
path over the jet spray in order to include a cal-
ibrated gray scale on both film A and B for compar-
ing the standard of diffuse intensity. The photo-
graphic images whose photographic density was cali-
brated by the gray scale were then read by a micro-
computer controlled CCD camera and stored in a com-
puter disk or memory as 256x256 image frames at 8-
bit density grade.
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Fig.2 Time history of the injected rate
and pressure

Particle size parameter a is defined as 2my/A
where y is the particle radius and A is the wave-
length of the incident light. Kg(a) is the Mie total
scattering coefficient. Let I.denoté the incident
light intensity;n(a), number density;l, spray thick-
ness;dx, differential length of the light passage;
and Rtand Rp, collecting powers of optical system
for forward and backward scattering respectively.
The intensities of the forward and backward scatter-
ing can be expressed as‘3%®
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respectively.
Here,S(a,m) represents the backward scattering func-
tion and has the following relation. (4%
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equations (1), (2) and(3) are combined to yield the
average droplet radius and volume density of jet
spray as,
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A, and Aa are proportional constant.

1¢/ 1, , I,/ 1, , and fare determined through
the image processing both the forward and backward
scattering photographs with Rt and Rp evaluated by
comparing the photo intensity with gray scale.

3. Measurements of spatial distributions of droplet
size and Volume density

The spatial distributions of mean droplet diam-
eter and volume density of Diesel sprays are measur-
ed as shown in Fig.3 and Fig.4 depicting the results
at 0.5ms and 1.8ms after the initiation of fuel in-
jection using a fuel pump at a speed of 500rpm.
Average diameter of droplet size distribution at a
distance of 5mm along the spray path from nozzle
tip is about 180um in early injecting time such as
at 0.5ms after initiation of injection for the pump
speed of 500rpm. The average diameter of droplet
size distribution is 85um at 25mm distance from the
nozzle tip. On the top of the spray at 30mm distance,
the average diameter becomes as small as the diame-

—
|

o

—

ter of 100 um. The average value of droplet size
distribution in latter injecting spray such as at
1.8ms after initiation of injection for 500rpm at
Smm distance from the nozzle tip agrees with the
value obtained at 0.5ms. At the measuring point 10mm
to 25mm along the spray path from the nozzle tip,the
average droplet sizes become as small as about 110
um~~160um diameter. At over 45mm distance from the
nozzle tip,the average sizes become much smaller,
about 75um diameter. The measured results for drop-
let size distributions for pump speed of 1200rpm
have the same inclination as for 500rpm. For the
measured results of the spatial distributions of the
droplet sizes in Diesel sprays at both early and
latter injecting time, it characterizes that the
average droplet sizes show almost the same value at
Smm distance from the nozzle tip,although the volume
density distributions in sprays are different from
each other.As the sprays grow, experimental results
Show the tendency for the droplet sizes along the
spray path to become smaller.
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Fig. 4 Distributions of mean droplet diameter and

volume density of Diesel sprays at 1.8 ms for 500

rpm



The experimental results show that the volume
density in early spray at 0.5ms after initiation of
injection has much higher concentration compared
with that in latter spray at 1.8ms as shown in Fig.3
and 4, and that the volume densities have good cor-
relations to injecting conditions in both sprays.

4, Spatial distribution of fuel amount of spray

4.1 The comparison with the whole amount of inject-
ed fuel obtained from the two methods

The whole amount of the injected fuel are meas-
ured by this optical method and are calculated by
the injection rates under various operating condi-
tions.Those two values obtained under the same op-
erating condition are compared with each other. The
entire sprays which are used for comparison are in
the field of measuring vision,and the sprays which
protrude from measuring field are not used for
comparison. These experimental results are shown in
Table 1.

A constant Ay is used to calibrate the volume
density in spray. The values of Ay are compared to
examine the accuracy of this optical measuring meth-
od under various operating conditions in Table 1.
The constant (A2)es is a value for pump speed of
500rpm at O.6ms. These A, coincide well and have
less than 20% deviations under various operating
conditions. The small deviation indicates that this
optical method meets the requirement for precise
measurements of high-concentration sprays.

E:gre;(rjiir{i\ggtat Measured value Comparison
Pump [Lapse [FuelVolume|lnjected Az (Az)as
Speed |of Time by Picture |Fuel Volume|A? Value | =7
rpm ms | ~Azmrdfuel | mm’ | % m%ei_ °lo
500 0.5 231 | 224 r248| 097 -3
0.6 298|298} 0 1.00 0
0.7 36.5 | 37.5 +258{ 103 +3
0.8 426 | 452 pSL7| 106 +6
1200 04 309 | 282 |-54] 09 -9
0.5 478 | 422 }416| 088 -12

Table 1 The constant A,evaluated by equating the
total volume of injected liquid obtained from the
measured injection rates and from this method

4.2 Spatial distribution of fuel amount of spray
The spatial distribution of fuel amount of
spray measured by this optical method and that as-
sumed with injection rate and average spray velocity
are compared at 5mm increment along the spray path
as shown in Figures5-10. Assuming from the injection
rate and spray velocity,the fuel amounts of spray
are devided with the injection rate along the spray
path by the average spray velocity. Figures5-8 show
the comparisons with the distributions of fuel
amount calculated by both methods in early injecting
sprays.Fig.9 and 10 show the comparisons with that
in latter injecting sprays. By using this optical
method for the measurements of spray progressing,

it clearly and quantitatively comes out that at the
tip of the spray,the following group of droplets in
spray overtake the head group of droplets by resist-

ance of atmosphere and they accumulate at that point.

Although the whole amounts of spray obtained by the

two methods agree well as shown in Table 1, the spa-
tial distributions of spray amount in early spray
measured by this optical method do not agree with
those empirically determined from spray velocity and
injection rates. On the other hand,the fuel amount
of distributions in latter sprays obtained by both
methods coincides well as shown in Fig. 9 and 10.
In the latter injected spray, the tip of spray comes
away from the view field covering 60mm distance from
the nozzle tip, and the portion of spray in the view
field moves in the air flow accelerated by the pre-
ceding spray droplets,and the resistance of atmos-
phere decreases,and it is assumed that the following
droplets in spray will move with near average veloc-
ity of preceding droplets. Therefore,the fuel amount
distributions in the latter spray coincide with
those disposed from injection rates in the view
field near the nozzle tip. Under the operating con-
dition as shown in Fig.9.and 10,the entire value of
fuel amount obtained by both methods differs less
than about £15%.
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5. Spatial distributions of volume density

5.1 Average volume density distributions in the
early spray

The average values of the volume densities in
the early spray at 0.4 ms — 0.8 ms after initiation
of injection for pump speed of 500 rpm are obtained

Average fuel densily (mm’fuel/mm’)

N
(=}
T

along the spray path from the nozzle tip as shown in
Fig. 11. The measured results indicate that the head
of the spray has higher density at every injecting
time, that the volume density is given quantitative-
ly and that the influence of the air resistance at
the head of spray cleary comes out. In the case that
the volume density in spray at a distance of 5 mm
from the nozzle tip is compared with each of the

volume densities at 0.4 ms — 0.8 ms after initia-

tion of injection for 500 rpm pump speed, the com-
parison indicates that the changes of the volume
densities correspond to the changes of injection

rate and injection pressure as shown in Fig.2. The
measured results of volume density indicate that the
volume density near the nozzle tip becomes higher in
propotion to increase of injection rate and decrease
of injection pressere.
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Fig. 11 Volume density distributions in the
early spray

5.2 Change of the volume densities in sprays all

through the elapsed time

The distribution of volume densities measured

for the tipical spray,that is, the early, the middle
and the latter sprays in the view field near the

nozzle tip, is compared with each other as shown in

Fig. 12.
of spray measured simultaneously are presented. The
experimental results show that the volume densities

In that Figure, the widths and densities
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of each spray at a distance of 5mm from the tip of
nozzle are arranged in order of magnitude at 1.2ms,
0.6ms, and 1.8ms after initiation of injection. The
magnitude of the average values of the volume densi~
ties 1s approximately proportional to the magnitude
of the injected fuel amount during 0.lms calculated
from injectior rate curve as shown in Fig.2.

6. Conclusions

The spatial distributions of the mean droplet
diameter and volume density in high concentration
jet sprays are determined by the Bi- Directional
Light-Scattering Image Processing Method. It is
concluded that

1. The instantaneous and spatial distributions
of droplet size and volume density of spray are
quantitatively determined in Diesel sprays.

2. The mean droplet diameters of spray in the
region close to the nozzle tip are large,but,the
mean diameters in the same region become smaller
as the spray progresses.

3. Mean droplet diameters in the spray which
has low density at the latter injecting time are
small and these show nearly constant values at each
increment apart from the nozzle tip along the spray
path.

4, In the case that the whole sprays are in the
field of vision, the whole amounts of spray measured
by this image processing method agree well with
those calculated from injection rate under various
operating conditions of sprays.

5. The distribution of fuel amount of spray
along the spray path measured by this image process-
ing method does not agree with those calculated
from injection rate and velocity in the early spray,
but agree well in the latter spray.

6. It is quantitatively detected from the
measured results of spatial distributions of spray
density that the density in the tip of spray becomes
large by air resistance.

7. Density of spray close to the tip of nozzle
has a good correlation to the change of injection
rate and pressure.

8. The characteristics of spatial distributions
of volume density in the spray of the early, the
middle and the latter injection are clearly detected
by this image processing method. The value of the
volume density close to the nozzle tip in these
injecting time has good correlation to injection
rate.
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