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Droplets Splash Related with a Wall Impingement of Liquid Jet
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1. INTRODUCTION

In recent years, it has been required to
develop a small type diesel engine or spark
ignited direct injection gasoline engine for
fuel economy of an automotive. In a direct
injection engine, fuel was injected directly
into cylinder of the engine. Then, some
amount of injected fuel impinged on a wall
of the combustion chamber. On the order
hand, in a port fuel injection system of SI

Liquid jet, Wall impingement, Break—up lengih,

engine, a fuel injected through an EFI
nozzle was impinged on an inner wall of the
manifold or an upper surface of the intake
valve. Some amount of injected fuel was
scattered from the impmngement point and
formed into a fine droplet spray. Therefore
for both of ID diesel and SI engines, it is
important to understand fuel dispersion and
spray behavior on the wall.

In a port fuel m]ectmn system of SI
Engme fuel behavior both in the intake port
and in the cylinder has significant influence
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enhance the smooth dripping of liquid film

on the transient A/F characteristics and HC into the plate holder, annular slit between
emissions. Then, fuel flow and fuel spray on the plate and the plate holder, and the edge
the wall or in the intake port had been angles were designed according the results
studied' ¥ to develop the effective supplying of preliminary experiment. From photographic
method of fuel. The fundamental approach to observations of the dripping phenomena of
understand the mmpingement phenomena of liquid, 1t was founded that the annular slit
llquid jet had been started from studies of a of 3mm and the edge angles of 30 degrees
single droplet impingement”® and formation were enough for effective capture of film
of liquid filmon a surface”’. As for a single water on the impingement surface. Test nozzle
droplet 1mpingement process, a lot of was produced as becoming Ln/Dn=50. Distance
experimental and theoretical works had from nozzle to target surface of plate was
revealed a deformation process of droplet at Zp.

an instance of impingement. In a mixture

formation process in a DI diesel engine, fuel

spray was also impinged on a cavity wall o

combustion chamber, and heat release during
combustion process was %reatly affected by

this 1mpingement process . Impingement of Pressure
diesel spray on a wall was ex;mrinmnta]lf}r gauge
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stucdied and also numerically analyzed
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However, it needs more detail information to Stroboscope Nozsks
utilize effectively a wall impingement process % X Multi-
for high efficiency engine. Camera o meter
In this study, to find out a relationship @D . B .—lm_—zy
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between liquid jet impingement and reflecting

or scattering behavior of droplets, fundamental :
behavior of liquid jet impingement was ’
experimentally investigated. The splash ratio 7

was defined with a ratio of splashed liquid
to the total injected liquid. It was discussed
with an impingement distance and impingement

velocity of a liquid jet.

2.EXPERIMENTAL SET-UP and
IMPINGEMENT SYSTEM

IExperimental  set-up  to  investigate
impingement behavior of a laminar or
turbulent jet on a smooth surface is shown
in Fig.l. Test liquid was tap water. It was
supplied from a pressurized water tank to a
test nozzle. Test nozzle was made of
straight pipe of stainless steel. A target
wall for impingement was a smooth surface
of aluminum plate. Flow rate was regulated
by a valve and monitored by a flow meter.
Impingement behavior of a liquid jet was
observed by a stroboscope and camera
system. A lLquid film, which was formed
on a plate surface, flowed and dripped
down from the plate as showed in the
figure. To capture the dripping water from
the periphery of plate, a vacuum pump and
balance system was used. An electric
needle probe was used to measure the
thickness of a water film on the plate and
to measure a rachal position of the hydraulic
jump mentioned later.

Figure 2 shows detail construction of the
target plate and the plate holder. To

trap Balance

Fig.l Experimentalset-—up

Fig.2ZNozzleandimpingementsystem

A hquid jet impinging on the plate was
divided into droplets and liquid falling in to
the vessel after forming a liquid film. A
splash ratio of droplets was defined by the
ratio of splashed liquid mass to the total
injected liquid mass. It was obtained from
total of injected liquid and amount of liquid
captured in the vessel by using the following
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formula,

Qrotal ~ Qﬁ!m
Qmm!

Qsp!ush

B = =
meﬂ!

where s 1s splash ratio, Quum 15 the amount
of total injection, Qm 1s the amount of
collected hquid and Qpash is the amount of
splash.

3. IMPINGEMENT BEHAVIOR and
BREAK-UP LENGTH

3.1 Impingement behavior

The flow patterns on the plate and
splashment of droplets could be classified
into five regions by the impingement behavior
of the jets. The classifications indicated by
Regions [ -V were corresponding to the
flow patterns shown in Fig. 3. When the
liquid velocity was low and the jet was
laminar, a smooth liquid surface indicated by
Region 1 was observed on the plate. The
flow pattern on the plate was not affected
by the position of the plate. Even if the
plate was far away from the nozzle and
droplets array was 1mpinged, the flow
pattern was not changed. Impimmgement of
the hiquid jet of transient jet between
l[aminar and wavy jets, formed the liquid
flow indicated by Regions I and [I. Flow
pattern of Region [I was characterized by a
smooth surface with bubble containing flow.
A hydraulic jump and a little amount of
splashed droplets were the special feature of
the state of Region III.

Impingement pattern of the wavy jet was
characterized by the thin film and splashed
droplets. The flows 1n Region IV was
modeled by a film flow with liquid rim and
splash of droplets. When the velocity of the
jet was too high to make the rim on the
periphery of the plate, flow pattern was
changed to Region V which was simply
characterized by a thin film with the
splashment of droplets. The thickness of
this water film on the plate was less than
lmm and 1t was not effected by the
impingement velocities of the jets in regions

I, IV and V.

3.2 Break up length and flow mode on a
plate

The flow state in a nozzle characterized a
lquid jJet njected from the nozzle. The
laminar flow usually made a smooth jet and
the turbulent flow resulted iIn a wavy jet.
These states of a jet and a distance from
nozzle characterized the hquid jet at an
impingement point. A liquid jet that was

D,=1.19mm L/D,=50 D,=40mm z,=30mm

Region | Smooth

V=1.5m/s
Ly= 180 mm

L F F A EFFEFFFESFFFSF

Region I Bubble
V=25m/s

L,= 50 mm

Region I1I Hydraulic

V=4.0m/s
L,= 68 mm

Region [V
V'=28.0 m/s
L,= 120 mm

Region V
V=120 m/s
Ly= 165 mm

-Eﬁmm 0 20mm

]"iﬂ.leuinﬂementbﬂhﬂviurpfa liquidjet
observed near the nozzle exit was

continuous liquid jet. However, the liquid
jet, which was observed far down stream of
its break-up length, was droplets array or
spray. Then the mmpingement phenomena of
a jJet had to be discussed with the
charactenistics of jet and with the distance
from a nozzle to a target plate. To discuss
them, the break-up length and impingement
behavior of a hquid jet in Dn=0.49mm were
summarized and shown in Fig. 4. The
volumetric average velocity in the nozzle
was adapted and Reynolds number of the
jet was based on this average velocity,
nozzle diameter and kinetic viscosity of the
water. The classifications indicated by
Region I -IV in the figure were corresponding
to the flow patterns shown in Fig. 3.
Impingement phenomena of a smooth jet
was corresponding to the Region 1. And
before and after break-up of a smooth jet
gave no Influence on the flow pattern on
the plate. However, when the jet was in the
transient state, the break-up behavior gave
a change of flow pattern on the plate. The
impingement flow pattern indicated by
Region Il appeared in the wavy jet region.
At higher mjection velocity, mpingement
flow pattern changed from Region to
Region IV and this change was also affected
by the distance from the nozzle to the
target plate.

Figure 5 shows the break-up length and
impingement behavior of a liquid jet in
Dn=1.19mm. In this case, Region V
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appeared on a wavy jet of high velocity. In
Figs. 4 and 5, the border between Regions
M and IV had same tendency. All the
borders of the flow patterns were sited on
the almost same flow domains when the
flow domains were summarized by the
Reynolds number. It meant that the
turbulence level of the jet was one of the
main factors of the impingement behavior.
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3.3 Hydraulic jump
Figure 6 shows the relation between
nozzle diameter and velocity at which the

hydraulic jump phenomenon took place on
the impingement plate. In this relationship,
the onset of the hydraulic jump was checked
on the plate which was positioned at
Zp=70mm. Further, the onset velocity of the
wavy flow is also shown in this figure.
When the jet diameter became larger, the
kinetic energy of the jet also became larger,
and the hydraulic jump phenomenon could
be observed at lower velocity. In addition,
comparing with onset of wavy flow, the
onset of the hydraulic jump was observed
at a httle slow but almost same velocity.
In other word, the hydraulic jump could not
be observed on the impingement of a
l[aminar jet.
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Fig.6Effectolnozzlediameteronavelocity of
hydraulicjump
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4. SPLASH RATIO of DROPLETS

4.1 Break—up length and splash ratio
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Liquid jets of before and after break—up
were different in 1mpingement behavior.
Then, the relation between splash ratio of
droplets and break-up length of the liquid
jet could be discussed using the results
shown in Figs. 7 and 8. The splash ratios
in Fig. 7 were measured at Zp=0.5Lb,
Zp=Lb(break-up position), Zp=1.5Lb for every
impinging liquid jet. The splash ratio
increased smoothly with an increase of
injection velocity and with an increase of
impingement distance of the hqud jet. In
spite of flow transition from smooth jet to
wavy jet, there was no particular change of
splash ratio.

The results of Dn=1.19mm are shown in
Fig. 8 Splash ratio became higher than the
case of Dn=0.49mm. The increment of the
splash ratio was obvious in the wavy jet
region. Further, the splash ratio of after
break—up jet (Zp=15Lb) was larger than the
splash ratio measured at Zp=0.5Lb. It was
considered that the disintegrated lLquid jet
or droplets array formed from a turbulent
jet gave stronger impact to the impingement
point than the other conditions and its
impact force promoted the splashing.
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The splash ratios of transition jets injected
from various nozzles are shown in Fig. 9.
Even in the distance from the nozzle to the
impingement plate becomes longer, no
particular increase in the splash ratio
resulted in. From the results shown in Figs.
4 and 5, impingement pattern was changed
from Region [to Region [ with an
increase of the injection velocity i1n the
transition jet. And also the impingement
distance changed the impingement flow
pattern. However these changes had no
influence on the splash ratio and the splash
ratio was remained in low. It was

considered that the thick radial flow with
smooth surface was not basically splashing
the liquid.
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Fig.9Splashratiosoftransitionjetsinjectedfrom
variousnozzle

4.2 Jet Weber number and splash ratio

When the impingement plate position
becomes more distant from the nozzle, the
fluctuation of the surface of the lquid jet
at  the impingement position becomes
stronger and its makes the disintegration of
the jet if the distance is larger than the
break-up length. The Weber number having
the jet diameter as representation length was
generally used to express the instability of
liquid jet. However, for this splash phenomena,
the Jet Weber number Wej having the
impingement distance Zp for the representation
length was used as a dimensionless number
showing instability of the liquid jet at
impingement point. In this study, Jet Weber
number was defined as fellow

where is the surface tension of liquid and
is the density.

The relation between the Jet Weber
number and the splash ratio was obtained
at several distance of Zp. The results
obtained for the nozzle of 0.49mm diameter
is shown in Fig. 10. The splash ratio was
well correlated with the Jet Weber number
and it increased with the Jet Weber
number. The results concerning the nozzle
of Dn=1.19mm 1is shown in Fig. 11. The
splash ratio of various impingement positions
increased with an increase of the Jet
Weber number. And also it seems that the
Jet Weber number uniquely expressed the
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splash ratios of different impingement positions.
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Based on the results so far, we could see
that the splash ratio increased when the
impingement length of the liquid jet became
longer than the break-up length of the
liquid jet. At the break up point of the jet,
it seems that kinetic energy of the
disturbance was enough to disintegrate the
jet and 1t caused the splashment if it was
impinged on a plate. Therefore, the Jet
Weber number Wej(Zp=Lb) and the splash
ratio  €s(Zp=Lb) obtained at break-up
position become the standard levels to
normalize the results of wvarious velocity
jets injected by various nozzles of different
diameters. Figure 12 shows the summarized
results of non-dimensional splash ratio. If
the 1mpingement is set at a shorter distance

than the break-up length, the splash ratio
does not so much increase. However, the
obtained result reveals that the splash ratio
rapidly increases when the impingement is
set at a longer distance than the break-up
length.
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9. CONCLUSIONS

The fundamental study on wall impingement
phenomena of a liquid jet was performed.
The splash ratio and reflecting or scattering
behavior of droplets were introduced as the
impingement characteristics of jet. Then,
the results were summarized as follows:

I. Impingement phenomena were classified
into  following five regions. (a) smooth
surface flow, (b) bubble containing flow, (¢)
flow with hydraulic jump, (d) film flow
with rim and droplet splash, and (e) thin
film flow with droplets splash.

2. The splash ratio of the wavy jet is
larger than that of laminar flow jet.

3. In case of the wavy jet, the splash ratio
of after break up impingement was larger
than that of before break-up impingement.
4. As a result from application of the Jet
Weber number, the effect of fractionation
which affects to the splash ratio could be
clarified.
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