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Abstract 
Information of instantaneous bubble structures and spatial velocity distributions is obtained for cavitating flows 
inside a 2-D (2 dimensional) transparent hole nozzle using a specially installed PTV (Particle Tracking 
Velocimetry) system.  The influence of cavitation bubble on breakup of liquid column and the internal cavitating 
flow inside the nozzle hole are examined.  Moreover effects of the turbulent mesh, which is mounted just upstream 
of the hole entrance, are discussed.   Effects of tracer particles, which are suspended in ejecting liquid, on breakup 
length of the liquid jets are examined for PTV measurement.  Thus it is noted that the tracer particles do not affect 
the breakup length.  The liquid flow in the nozzle hole is decelerated where there exists the edge of the bubble at a 
relatively low injection pressure.  The stream-wise velocity remains almost constant if there exists the edge of the 
bubble near the exit of the hole at relatively high injection pressure without mesh condition.  However the spatial 
fluctuation of the velocity increases with stream-wise distance.  In contrast to the non-mesh condition, the nozzle 
with the mesh shows that the stream-wise velocity slightly decreases with stream-wise distance.  The mesh reduces 
average value and fluctuating value of stream-wise velocity while a cavitation bubble is yielded inside the hole, so 
that atomization is restrained.   
  
Introduction 

The performance of direct injection diesel engines is strongly influenced by atomization process of fuel, and 
information of internal flow velocity with cavitation of the hole type nozzle is very important for predict the 
atomization of diesel sprays.  Furthermore experimental data is very significant for computer simulations.  For 
instance,  Ruiz et al. [1] showed the occurrence of cavitation and the effects on discharge coefficient in a diesel 
nozzle over most of its operating range.  Experiments have been performed by using transparent nozzles in order to 
identify the flow pattern in the nozzle hole [2-8].  Soteriou et al. [2] performed studies for cavitating flow in nozzle 
holes, which had various sizes,  geometries and hole number.  Badock et al. [3] showed the growth of cavitation 
bubbles by high-speed photographs.  These studies showed that cavitation could occur at the hole for certain flow 
conditions, and is beneficial in improving of atomization.  However little quantitative information about the 
atomization with cavitation in the nozzle hole has been obtained.   
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          Figure 1. Schematic of the injection system.               Figure 2. Schematic diagram of the 2-D hole nozzle 
                                                                                                                  and the measuring system of a breakup 
                                                                                                                  length of a liquid column. 

  
  



 
The vibration accelerations associated with disturbances in the nozzle hole were measured by a piezoelectric 

type acceleration transducer [4] and a piezoelectric type ultrasonic type transducer [9] which were mounted on the 
nozzle body.  Moreover Tamaki et al. [4] demonstrated that atomization was promoted by a wire mesh installed on 
the entrance of the nozzle hole to disturb the cavitating flow.  Nishida et al. [9] measured the impedance across the 
internal cavitating flow by installing a pair of electric wires onto both sides of the nozzle hole wall. 

Flow velocity with cavitation bubbles, which were yielded in nozzle holes, was measured by He and Ruiz [10] 
and Walther et al [11].  He and Ruiz [10] used a laser Doppler anemometry to obtain a spatial distribution of flow 
velocity around a fixed cavitation inside of 2-dimensional orifice.  Walther et al. [11] measured flow velocity in an 
original scale diesel nozzle by the particle image velocimetry.  However relation between a flow field and 
cavitation bubbles have not been cleared because flow is very complicated by fluctuation of cavitation bubbles.   

 The following work will describe an experimental study of the slot type 2-D (2 dimensional) hole nozzle.  
Specially installed PTV imaging system will be used to investigate the cavitating flow inside of the nozzle hole, so 
that the effects of cavitating flow on atomization may be clarified quantitatively.  Spark photographs of cavitation 
bubble, which will be obtained at the same time as the PTV (Particle Tracking Velocimetry) images, will be 
demonstrated.  Evaluation of the breakup length of the liquid column and the instantaneous shape of liquid jet will 
be demonstrated.  Additionally the effects of tracer particles for PTV measurement will be examined by evaluating 
jet atomization.  Finally the influence of the turbulent mesh, which will be mounted upstream of the hole entrance, 
to disturb a cavitating flow will be discussed. 

  
Apparatus 

Figure 1 shows the experimental setup for the present study.  An accumulator containing water, which was 
employed as the test liquid, was pressurized by air.  The air was supplied by a compressor and was controlled by a 
pressure regulator.  The liquid from an accumulator was introduced steadily into our test nozzle as shown in Fig. 2 
through a needle valve and Bourdon-type pressure gauge which were used to control the flow rate of the liquid.  
Finally, the liquid was ejected downward into quiescent air under atmospheric conditions. 

The single side cavitation region in the slot type 2-D hole nozzle is depicted in Fig. 2.  The 2-D nozzle was a 
transparent acrylic resin one.  The nozzle hole had a gap thickness of 0.5 mm, a length of 25 mm and a width of 5 
mm.  Although the pre-nozzle region, which is defined as the upstream region of the nozzle hole, had the same 
width as the hole, thickness of the pre-nozzle region is 36 mm.  The directions are defined as follows:  the direction 
from the hole entrance to exit is stream-wise direction x; across the width direction of the hole is called width-wise 
direction y; across the gap direction of the hole is gap-wise direction z.   

The attachment turbulence mesh could be mounted 1 mm upstream of the whole entrance to discuss the 
influence on cavitation and atomization.  The mesh consisted of 25 stainless wires every inch, which had diameters 
of 0.3 mm.   

For the PTV measurements water was seeded with rhodamine F3B coated polystyrene particles as tracer 
particles, which had diameters of 75-150 µm and specific gravity of 1.01.  The particles were introduced through a 
mixing chamber between the needle valve and the nozzle.  The PTV measurements were carried out at the particles 
concentrations of approximately 6 g/l.  The value of the concentration contains some error.   

The breakup length of the liquid column, which was the continuous part from nozzle exit, was measured by 
the electrical resistance method, which was similar to that used by Shimizu et al. [12], as shown in Fig. 2.  The 
measuring system of the breakup length consisted of a mesh-type (#30mesh, and wire diameter of 0.3mm) 
electrical conductive detector, a resistor and a DC power supply.  The mesh-type conductivity detector was moved 
along a one-dimensional traverse.  Voltage across a resistor was monitored by an oscilloscope, so that a breakup 
point was defined as the position downstream at which the liquid jet was discontinuous 50 % of the time (i.e., a 
current could be passed between the nozzle and this position for 50% of the time).  Thus the breakup length of the 
liquid column was defined as the distance from the nozzle exit to the breakup point. 

Figure 3 demonstrates the schematic diagram of the photographic system for images of PTV tracers and 
cavitation bubbles inside the nozzle hole.  The system was used to separately obtain a scattering image of the 
bubbles and a fluorescent image of tracer particles as follows.  The system consisted of two Xe flashes, a retarder, 
four band pass filters and two steel cameras.  The system used pulsed illumination to record images on 35 mm 
filmes: two Xe flashes 1 and 2 as white-light sources for front-view imaging.  The Xe flashes were used to provide 
a 2 µs flash duration.  The illumination axis of Xe flash 2 lay in the gap-wise direction to obtain a shadow image of 
cavitating bubbles while that of Xe flash 1 lay nearly in the gap-wise direction.  The time delay between the pulses 
of Xe flashes 1 and 2 could be arbitrary varied from 1 µs to 1s by the retarder.   

Light from the Xe flash 1 passed through the band pass filter 1, which had the wavelength range between 
about 380nm and 560nm.  The rhodamine F3B, which was painted on the tracer particles, absorbed light in the 
wavelength region between about 490nm and 550nm, so that the tracer particles emits fluorescence in the 
wavelength region between about 570nm and 670nm.  Another part of light, which passed through the band pass 
filter 1 and had the wavelength range between about 380 nm and 490 nm, was scattered by particles.  The 



fluorescent and scattered light passed through roof purism.  In the passage of fluorescent light, the band pass filter 
3 was located to eliminate any scattered light by the bubbles and the tracer particles.  In the scattered light passage, 
the band pass filter 4, which had the wavelength range between about 320 nm and 420 nm, was put to prevent 
transmission of fluorescent light.  However the intensity of the tracer particles was low compared with that of the 
bubbles.  Thus the image of fluorescence by the tracer particles and that of scattering by the bubbles were captured 
by the camera 1 and 2, respectively.   

Delayed light from the Xe flash 2 passed through the band pass filter 2, which had the wavelength range 
between about 500nm and 560nm.  The light through the band pass filter 2 was absorbed by the particles while the 
light could not be scattered.  The tracer particles emitted fluorescence, so that the fluorescent light was captured by 
the camera 1.  Therefore a double pulsed PTV image of the fluorescent particles and a instantaneous image of 
cavitation bubbles were obtained by the system.   

  

∆t

Bubbles

2-D Acrylic
Nozzle

Retarder

∆t

Roof Prism

Camera 2

Camera 1

Bubbles

Band Pass Filter 3
Band Pass
Filter 1Tracer Particles

(PTV Image)

Band Pass
Filter 4 Cavitation

Bubbles

Xe Flash 1

 Water ++++

Xe Flash 2

Band Pass
Filter 2

Fluorescence

Transmitted Light

Fluorescent
Tracer  Particles

 
  

Figure 3. Schematic diagram of the photographic system for images of PTV tracers and cavitation bubbles. 
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     Figure 4. Photographic system of liquid jets.                            Figure 5. Photographs of liquid jets.          
  
  



  

 

10

100

1000

0.01 0.1 1
Injection Pressure ∆∆∆∆ P inj    MPa

B
re

ak
up

 L
en

gt
h

m
m

without Tracer Particles

with Tracer Particles

without Tracer Particles

with Tracer Particles

Lb

2-D Nozzle
with Mesh

2-D Nozzle
without Mesh

    
with
Mesh

without
Mesh

0.8  0.8=0.4MPa

0

10

5

15

20

25

0

10

5

15

20

25

0

10

5

15

20

25

-2.5  0  2.5

m
m

x

mmy

∆∆∆∆Pinj

 
  

      Figure 6. Effects of tracer particles on breakup length.    Figure 7. Spark photographs of cavitation bubbles. 
  
To obtain an instantaneous shape of liquid jet, front-lit spark photographs were taken by a steel camera, which 

lay in the gap-wise direction, as shown in Fig. 4.  A Xe flash, which existed nearby the camera, was used to provide 
a 2 µs flash duration.   

 
Results and Discussion 

Figure 5 presents the photographs of liquid jets.  There is the 2-D nozzle above each photograph, and the step 
side of the nozzles is left of each photograph.  The turbulent liquid jets have ruffling surface at an injection 
pressure of 0.2MPa without the mesh condition.  When the injection pressure is increased, distortions develop on 
the surface of the liquid column.  At an injection pressure of 0.8MPa without the mesh condition, surface 
disturbance becomes more pronounced.  Furthermore many ligaments are yielded, and there exist many drops 
around the liquid column.  Thus the liquid jet becomes a spray.  Appearances of liquid columns obtained by many 
photographs similar to Fig. 5 suggest two breakup regimes in our investigation: one is called “the turbulent 
regime” and another is called “the spray regime”.  At the injection pressure of 0.8MPa, the liquid jet with the mesh 
condition has similar appearance to that without the mesh condition.  However surface disturbances seems to 
diminish by the mesh.   

Figure 6 illustrates the effects of tracer particles on the breakup length of liquid column.  The 2-D nozzle 
without mesh condition exhibits a conventional stability curve as explained follows.  The breakup length increases 
with injection pressure up to 0.02MPa, as the transitions of the liquid jet from the turbulent to the spray regime.  
Thereafter, the breakup length decreases.   

 Although the breakup length of the liquid column shows similar trends with and without mesh condition, the 
value of the breakup length markedly increases by mounting the mesh.  It is noted that tracer particles hardly 
influence the values of the breakup length both with and without mesh condition; i.e., breakup of liquid column is 
not affected by tracer particles.  Therefore the tracer particles may not influence cavitation in our investigation.   

Figure 7 shows photographs of cavitation bubbles.  All cavitation regions begin at the entrance corner.  
Darkness of each surface is similar near the entrance of the hole because the liquid-vapor interfaces have smooth 
surfaces.  However disturbances are visible on the surfaces except for regions near the entrance.   A finger-like 
segmented structure is apparent at the injection pressure of 0.4 MPa.  An edge of the bubble is located at a 
stream-wise distance of about x=13 mm from the entrance.  At the injection pressure of 0.8 MPa, cavitation 
bubbles extend near the hole exit both with and without mesh condition.   

Figure 8 demonstrates results of PTV measurement at the same time as each photograph depicted in Fig. 7.  
The tendency of stream-wise liquid velocity at each width-wise location can not appeared.   The stream-wise 
velocity of about 30 m/s are archived until a stream-wise distance of x=13 mm as illustrated in Fig. 8a.  The flow is 
decelerated from about 30 m/s to 20 m/s at the distance of 13 mm where there exists the edge of the bubble as 



shown in the left fhotograph of Fig. 7, and then after the stream-wise velocity approaches constant until the exit of 
the nozzle hole.   

As illustrated in Figure 8b, the stream-wise velocity remains almost constant because there exists the edge of 
the bubble near the exit at injection pressure of 0.8 MPa without mesh condition (Middle photograph of Figure 7).  
Moreover the thickness of the bubble may be kept constant independently on the stream-wise location.   However 
the spatial fluctuation of the velocity increases with the stream-wise distance.  

In contrast to the non-mesh condition, the nozzle with the mesh shows that the stream-wise velocity slightly 
decreases with increasing stream-wise distance as depicted in Fig. 8c.  Average value and fluctuating value of 
stream-wise velocity are reduced by the mesh while a cavitation bubble is yielded inside the hole, so that 
atomization is restrained by the mounted mesh, in contrary to the results of Tamaki et al [4].   
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       (a)  ∆Pinj=0.4 MPa,  without mesh condition.                    (b)  ∆Pinj=0.8 MPa,  without mesh condition.       
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       (c)  ∆Pinj=0.8 MPa,  with mesh condition.       

  
Figure 8. Spatial distributions of stream-wise velocity in cavitating flows inside of the nozzle hole. 
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                      Figure 9. Effect of the mesh, which was mounted 1 mm upstream of the hole entrance,  
                                       on stream-wise velocity near the hole exit. 

  
 Figure 9 shows the effect of the mesh, which was mounted upstream of the hole entrance, on the flow velocity 

near the hole exit (x=20-25 mm).  The stream-wise velocity obtained by PTV measurement agrees with average 



velocity estimated from the flow rate and the cross section of the hole.  It seems that the mesh diminishes the 
velocity fluctuation similar to the average value of the flow velocity.   

  
Conclusions 

Information of bubble structures and spatial velocity distributions have been obtained for cavitating flows 
inside a slot type 2-D nozzle, which has a cross section of 5 mm x 0.5 mm, using a specially installed PTV (Particle 
Tracer Velocimetry) system, so that the influence of cavitation bubble on breakup of liquid column and the internal 
cavitating flow inside the nozzle hole have been discussed.  Moreover effect of the turbulent mesh, which was 
mounted 1 mm upstream of the hole entrance, has been demonstrated experimentally.  The effect of tracer particles, 
which were suspended in ejecting liquid, on breakup length of the liquid jets has been examined.  

1. Tracer particles hardly influence the values of the breakup length both with and without mesh condition; 
i.e., the tracer particles do not affect the breakup of liquid column in our investigation.   

2. The liquid flow in the nozzle hole is decelerated where there exists an edge of a cavitation bubble at a 
relatively low injection pressure without mesh condition.   

3. The stream-wise velocity remains almost constant if there exists an edge of a bubble near the hole exit at 
relatively high injection pressure without mesh condition.  However spatial fluctuation of the stream-wise velocity 
increases with a stream-wise distance.   

4. In contrast to the non-mesh condition, the nozzle with the mesh shows that the stream-wise velocity 
slightly decreases with the stream-wise distance.  Average value and fluctuating value of flow velocity are reduced 
by the mounted mesh while a cavitation bubble is yielded inside the hole, so that atomization is restrained.   

 
Nomenclature 
Lb Breakup length 
Lh Thickness of the heater plate 
V Liquid velocity 
x Stream-wise distance from the entrance of the nozzle hole 
y Width-wise distance from the centreline of the nozzle hole 
z Gap-wise distance from the centreline of the nozzle hole 
∆Pinj Injection pressure 
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