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1. INTRODUCTION 

It is important to obtain excellent spray characteristics and 
combustion characteristics in order to reduce fuel consumption 
ratio and carbon dioxide for control of global warming.  In the 
previous studies, it was clarified that disturbance of the liquid 
flow in the nozzle hole due to occurrence of cavitation has a 
dominant effect on atomization of the liquid jet [1]-[13].   

It has developed the atomization enhancement nozzle, 

which excellent spray characteristics correspond to super-high 

injection pressure of 200 MPa are obtained at relatively low 

injection pressure of 10 MPa [14].  Cavitation has a dominant 

effect on atomization of the liquid jet.  The purpose of this 

study is to develop the atomization enhancement nozzle which 

is obtained the spray with high-dispersion and 

high-penetration, and it is to improve the spray characteristics 

of a D. I. Diesel nozzle.  At previous results, it has been 

developed that although the spray tip penetration of the 

atomization enhancement nozzle [14] invented in this study is 

short, spread of the spray becomes large considerably 

compared with a previous single hole nozzle for a D. I. Diesel 

injector at the intermittent spray [15].   

In this paper, the effect of the atomization enhancement 

nozzle [14], which was invented in the previous study on 

atomization of the intermittent spray at high-ambient pressure 

condition and application to the actual Diesel injector, were 

investigated.  The test nozzles were used a single hole nozzle 

and the atomization enhancement nozzle [14].  The effects of 

geometric shape and dimensions of the atomization 

enhancement nozzle such as the hole diameter, the hole length, 

the gap diameter made at the nozzle hole, the bypass number 

which was connected between the upstream chamber and the 

gap on atomization of the intermittent spray and atomization 

characteristics were investigated.

As a result, it was cleared that although the spray tip 

penetration of the atomization enhancement nozzle is short, 

spread of the spray becomes large considerably compared with 

the previous single hole nozzle at high-ambient pressure of 1.6 

MPa at ambient temperature of 300 K.   

2. EXPERIMENTAL APPARATUS AND METHORD 

Schematic of the experimental apparatus is shown in 

Fig.1.  It is consisted of high-pressure pump, microcomputer 

for control of injection time, injection duration and irradiation 

time of stroboscope, digital camera, stroboscope and pressure 

vessel.  Light oil for fuel was intermittently injected under 

high-ambient pressure conditions at the differential pressure of 

injection of Pi=100 MPa, the spray was photographed at the 

arbitrary time after start of injection.  The injection duration of 

fuel was Tinj.=0.9 ms for the hole diameter of D1=0.15 mm, 

Tinj.=0.7 ms for D1=0.3 mm, and fuel injection quantity are  
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from about 4 mg to 7 mg independent of the hole diameters D1,

D2 except of the bypass number of n=4.  The ambient pressures 

were varied from Pa=0.1 MPa to 1.6 MPa at the room 

temperature of Ta=300 K.  The spray tip penetration was 

measured by images of the spray, which was photographed by 

back illumination light method using a stroboscope, until the 

maximum time after start of injection of 1.05 ms at intervals of 

0.05 ms and 0.10 ms.   

Schematics of the test nozzles are shown in Fig.2, and

specification of the test nozzles is shown in Table 1.  The test 

nozzles were used a single hole nozzle and the atomization 

enhancement nozzle [14] which was invented in the previous 

study.  Fuel injection quantity of test nozzles is shown in Table 

2.

3. EXPERIMENTAL RESULTS AND DISCUSION

3.1 Effect of hole diameter upstream from gap on 

atomization of intermittent spray and spray tip 

penetration
The effect of hole diameter upstream from the gap D1 on 

atomization of the intermittent spray is shown in Fig.3.  The 
hole diameter downstream from the gap D2 is constant of 0.3 
mm.  The differential pressure of injection is Pi=100 MPa, and 
the ambient pressure is Pa=1.6 MPa at the room temperature of 
Ta=300 K.  In case of the same fuel injection period, it is 
guessed that fuel injection quantity is different by the hole 
diameter upstream from the gap D1.  Therefore, the injection 
periods were changed Tinj.=0.70 ms and 0.90 ms.  The injection 
period of D1=0.15 mm is Tinj.=0.90 ms and one of D1=0.3 mm 
is Tinj.=0.70 ms.  Fuel injection quantity of the nozzle with 
D1=0.15 mm and the bypass number of n=4 becomes large 
about 10 mg due to increase of fuel flow rate incoming from  

Table 1 Specification of test nozzles  (mm) 

Nozzle Types Dimensions 

Du L D Single Hole  
Nozzle 3.0 0.3 0.15 

n Du L1 D1

0, 1, 4 3.0 0.3 0.15, 
0.3

Lg Dg L2 D2

Atomization  
Enhancement  
Nozzle

0.3
0.6,
0.8,
1.0

0.3,
0.9

0.15,
0.3

Table 2 Fuel injection quantity 

Test nozzles Fuel injection 
quantity (mg) 

Single hole nozzle 
L=0.3 mm, D=0.15 mm 

4.14

n=1, L1=Lg=L2=0.3 mm, D1=0.15 mm, 
D2=0.15 mm, Dg=0.6 mm 

4.94

n=1, L1=Lg=L2=0.3 mm, D1=0.15 mm, 
D2=0.3 mm, Dg=0.6 mm 

6.74

n=1, L1=Lg=L2=0.3 mm, D1=0.15 mm, 
D2=0.3 mm, Dg=0.8 mm 

6.56

n=1, L1=Lg=L2=0.3 mm, D1=0.15 mm, 
D2=0.3 mm, Dg=1.0 mm 

6.86

n=1, L1=Lg=L2=0.3 mm, D1=0.3 mm, 
D2=0.3 mm, Dg=1.0 mm 

6.06

n=0, L1=Lg=L2=0.3 mm, D1=0.15 mm, 
D2=0.3 mm, Dg=1.0 mm 

4.44

n=4, L1=Lg=L2=0.3 mm, D1=0.15 mm, 
D2=0.3 mm, Dg=1.0 mm 

9.86

(a) Single hole nozzle for 
D. I. Diesel injector 

(b) Atomization enhancement 
nozzle [14] 

(c) D. I. Diesel injector with atomization enhancement nozzle

Fig.2 Test nozzles 

Fig.3 Effect of hole diameter upstream from gap 
on atomization of intermittent spray 
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the bypass.  Spread of the spray of D1=0.15 mm becomes large, 
atomization of the spray is enhanced and high-dispersion spray 
is obtained compared with the nozzle of D1=0.3 mm.  It is 
considered that when the hole diameter upstream from the gap 
D1 is small, since the flow velocity becomes large, cavitation 
occurs easily compared with the nozzle with the large hole 
diameter D1.  As a result, spread of the spray becomes large and 
the spray atomizes considerably by using the nozzle with the 
small hole diameter upstream from the gap.  Moreover, the 
spray length, which is indicated as a distance from outlet of the 
nozzle to the spray tip, is almost same independent of D1.

It can be seen that although the hole diameter upstream 
from the gap D1 little affects penetration of the spray, it affects 
dispersion of the spray, that is, spread of the spray, and 
high-dispersion spray is obtained by using the nozzle with the 
smaller hole diameter of D1=0.15 mm for the hole diameter of 
D2=0.3 mm.   

3.2 Effect of hole diameter downstream from gap on 

atomization of intermittent spray and spray tip 

penetration
The effect of the hole diameter downstream from the gap 

D2 on atomization of the intermittent spray is shown in Fig.4.  
The hole diameter upstream from the gap D1 is constant of 0.15 
mm, and the hole diameters downstream from the gap are 
changed as 0.15 mm and 0.3 mm.  The injection period is 0.9 
ms independent of D2.  Since the nozzle hole upstream from the 
gap, that is, the location where the fuel flows into the nozzle 
hole from the sac chamber of the injector is same diameter, it is 
guessed that fuel amount flowing into the nozzle hole is almost 
same values independent of D2.  However, as shown in Table 1, 
fuel injection quantity of D2=0.15 mm is  

small compared with D2=0.3 mm.  Although fuel injection 
quantity is different by the hole diameter D2, spread of the 
sprays and the spray lengths are almost same and the sprays 
atomize independent of D2.

From these results, it can be seen that the spray, which 
spread of the spray is wide, is obtained by using the nozzle 
with the smaller hole diameter of D1=0.15 mm for the large 
hole diameter of D2=0.3 mm.  Moreover, when the hole 
diameter D1 is 0.15 mm, the spray lengths are almost same, and 
excellent spray, which spread of the spray is wide, is obtained 
independent of the hole diameter downstream from the gap D2.

3.3 Effect of bypass number on atomization of intermittent 

spray and spray tip penetration 
The effect of the bypass number on atomization of the 

intermittent spray is shown in Fig.5.  The differential pressure 
of injection is Pi=100 MPa and the time after start of injection 
is t=0.95 ms.  Spread of the sprays are large independent of the 
bypass numbers and especially one of the bypass number of 
n=1 is the largest.  In the previous study, it was clarified that 
spread of the spray of the nozzle without the bypass was the 
smallest at atmospheric pressure condition [15].  However, 
spread of the spray becomes large at high-ambient pressure 
condition.  It is considered as follows; it is well known that in 
case of the nozzle without the bypass, cavitation does not occur 
in the nozzle hole at atmospheric pressure condition due to 
occurrence of hydraulic flip [4].  However, it is guessed that 
hydraulic flip does not occur in the nozzle hole at high-ambient 
pressure conditions due to increase of ambient density, and the 
spray of the nozzle without the bypass also atomizes.  
Moreover, although cavitation occurs independent of existence 
of the bypass and the bypass number, it is considered that 
magnitude of disturbance of the liquid flow 

Fig.4 Effect of hole diameter downstream from
gap on atomization of intermittent spray 

Fig.5 Effects of bypass number on atomization of
intermittent spray 
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caused by occurrence of cavitation is different by existence of 
the bypass and the bypass number.  Furthermore, in case of the 
bypass number of n=4, atomization of the spray is controlled 
due to increase the liquid flow from the bypass.  Therefore, it is 
guessed that atomization of the sprays and spread of the sprays 
are different by existence of the bypass and the bypass number.   

The effect of the bypass number on the spray tip 

penetration is shown in Fig. 6.  The spray tip penetration 

becomes long with a passage in the time after start of injection.  

Although the spray tip penetration becomes long straightly 

until the time after start of injection of about t=0.3 ms, when 

the time after start of injection excesses about t=0.3 ms, 

increasing rate of the spray tip penetration becomes small 

independent of existence of the bypass and the bypass number.  

The spray tip penetrations of the nozzles without the bypass of 

n=0 and the bypass number of n=4 are long compared with one 

of n=1.  The spray tip penetration of n=1 is the shortest and one 

of n=4 is the longest compared with arbitrary time after start of 

injection.   

It can be seen that spread of the sprays are almost same 

independent of existence of the bypass and the bypass number, 

dispersion of the spray is a little affected by the bypass number.  

Although the nozzle with the bypass number of n=1 is obtained 

the spray with large spread angle, that is, high-dispersion spray, 

the spray tip penetration becomes short and high-penetration 

spray is not obtained.   

From these results, it can be seen that in case of the nozzle 

with the bypass number of n=1, although the penetration of the 

spray is weak, high-dispersion spray is obtained like that 

atmospheric pressure condition [15].   

3.4 Effect of the hole length downstream from the gap on 

atomization of intermittent spray and spray tip 

penetration

The effect of the hole length downstream from the gap L2;

simply called the hole length on atomization of the intermittent 

spray is shown in Fig.7.  As shown in Fig.7 (a), in case of the 

bypass number of n=1, spread of the spray of the shorter hole 

length of L2=0.3 mm is large compared with one of the longer  

hole length of L2=0.9 mm, the spray atomizes and 

high-dispersion spray is obtained.  As shown in Fig.7 (b), in 

case of the bypass number of n=4, spread of the spray of  

L2=0.3 mm is slightly large compared with one of L2=0.9 mm, 

the hole length is little affected to atomization of the spray.   

The effect of the hole length on the spray angle is shown 

in Fig.8.  In case of the bypass number of n=1, the spray angle 

of the nozzle of L2=0.3 mm is larger than one of the nozzle of 

L2=0.9 mm.  On the other hand, in cases of without the bypass 

of n=0 and the bypass number of n=4, the spray angles are 

almost same values and the spray angle is little affected to the 

hole length downstream from the gap.   

It can be seen that in case of the nozzle with the bypass 

number of n=1 and the shorter hole length of L2=0.3 mm, the 

spray angle becomes considerably large and high-dispersion 

spray is obtained.  

The effect of the hole length on the spray tip penetration is 

shown in Fig.9.  As shown in Fig.9 (a), in case of the bypass 

number of n=1, the spray tip penetrations become long  

Fig.6 Effects of bypass number on spray tip penetration

Fig.7 Effect of hole length downstream from gap 
on atomization of intermittent spray 

Atomization Enhancement Nozzle, L1=0.3 mm, D1=0.15 mm, 
Lg=0.3 mm, Dg=1.0 mm, D2=0.3 mm, Pi=100 MPa,  
Pa=1.6 MPa, Ta=300 K, Tinj.=0.9 ms, t=0.95 ms 

(a) Bypass number n=1           (b) Bypass number n=4

Fig.8 Effect of hole length downstream from gap 
on spray angle 
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straightly with an passage in the time after start of injection 

until the time after start of injection of about t=0.3 ms.  When 

the time after start of injection excesses about t=0.3 ms, 

increasing rate of the spray tip penetrations becomes small.  

Moreover, the spray tip penetration of L2=0.9 mm is slightly 

longer than one of L2=0.3 mm.  As shown in Fig.9 (b), in case 

of n=4, the spray tip penetrations are almost same length and 

are long independent of the hole length L2, high-penetration 

sprays are obtained.   

In case of the longer hole length, it is guessed that 

behaviors of the liquid flow at the nozzle hole upstream from 

the gap little affects the liquid flow at the outlet of the nozzle 

hole.  Moreover, it is considered that the disturbance of the 

liquid flow caused by occurrence of cavitation at the inlet of 

the nozzle hole is reduced at the outlet of the nozzle hole.  

Therefore, the nozzle with the longer hole length little affects 

geometric shapes and dimensions of the nozzle hole.   
From these results, it can be seen that the hole length 

downstream from the gap little affects atomization of the spray 
and the spray tip penetration.   

3.5 Effect of ambient pressures on dispersion of 

intermittent spray
The effect of the ambient pressures on dispersion of the 

spray is shown in Fig.10.  Although the spray length at 
high-ambient pressure of Pa=1.6 MPa is short compared with 
low-ambient pressures, spread of the spray becomes large 
independent of the ambient pressures and high-dispersion 
spray is obtained.  Moreover, the sprays, which spread of the 
sprays are almost same, are obtained at relatively high-ambient 
pressure conditions of Pa=1.1 MPa and 1.6 MPa.   

From this result, it can be seen that the spray atomizes at 
relatively low-ambient pressure and spread of the spray are 
almost same, it is possible to inject at early time after start of 
injection at actual Diesel engine.

3.6 Comparisons of dispersion and penetration of spray of 

single hole nozzle for D. I. Diesel injector and atomization 

enhancement nozzle invented in this study 
The disintegration behaviors of the intermittent sprays at 

the arbitrary time after start of injection are shown in Fig.11.  
The comparisons of atomization of the sprays of the single hole 
nozzle for a D. I. Diesel injector and the atomization 
enhancement nozzle invented in this study are shown in Fig.11.  
Figure 11 (a) is the single hole nozzle and Fig.11 (b) is the 
atomization enhancement nozzle.  As shown in Fig.11, spread 
of the sprays of the atomization enhancement nozzle is large 
considerably at all the time after start of injection, compared 
with the single hole nozzle.  Moreover, although the spray tip 
of the single hole nozzle are not photographed within the 
observation sight at the time regions of which the time after 
start of injection excesses t=0.75 ms, it seems that the spray 
length of the single hole nozzle become long compared with 
one of the atomization enhancement nozzle.   

The spray tip penetrations of the single hole nozzle and 
the atomization enhancement nozzle is shown in Fig.12.  As 
shown in Fig.12, the spray tip penetrations of the single hole 
nozzle are longer than one of the atomization enhancement 
nozzle compared with the same time after start of injection.

From these results, it can be seen that although the spray 
tip penetration of the atomization enhancement nozzle is short, 
spread of the spray becomes large considerably compared with 
the single hole nozzle and high-dispersion spray was obtained 
at the intermittent injection of the actual Diesel injector under 
high-ambient pressure.   

(a) Bypass number n=1 

(b) Bypass number n=4 

Fig.9 Effect of hole length downstream from gap
on spray tip penetration Fig.10 Effect of ambient pressures on dispersion of spray
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4. CONCLUISIONS 

(1) In case the hole diameter upstream from the gap is smaller 
than the hole diameter downstream from the gap, spread of the 
spray is wide and high-dispersion spray is obtained.   
(2) Spread of the sprays are large independent of the bypass 
numbers and especially one of the bypass number of n=1 is the 
largest.  In case of the bypass number of n=1, although the 
penetration of the spray is weak, high-dispersion spray is 
obtained.   
(3) In case of the nozzle with the bypass number of n=1 and the 
shorter hole length of L2=0.3 mm, the spray angle becomes 
considerably large and high-dispersion spray is obtained.  The 
spray tip penetrations are almost same length and are long 
independent of the hole length, high-penetration sprays are 
obtained.   
(4) Spread of the spray becomes wide at relatively low-ambient 
pressure of Pa=0.6 MPa, and the spray, which corresponds to 
high-ambient pressure of Pa=1.6 MPa was obtained.   
(5) Although the spray tip penetration of the atomization 
enhancement nozzle invented in this study is short, spread of 
the spray becomes large considerably compared with the single 
hole nozzle and high-dispersion spray was obtained at the 
intermittent injection of the actual Diesel injector under 
high-ambient pressure.   

NOMENCLATURE

Symbol Quantity SI Unit
D Hole diameter mm 
Dg Gap diameter mm 
Du Upstream chamber diameter mm 
D1 Hole diameter upstream from gap mm 
D2 Hole diameter downstream from gap mm 
L Hole length mm 
Lg Gap length mm 
L1 Hole length upstream from gap mm 
L2 Hole length downstream from gap mm 
n Bypass number number 
Pa Ambient pressure MPa 
Pi Differential pressure of injection MPa 
t Time after start of injection ms 
Ta Ambient temperature K 
Tinj. Injection duration ms 
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