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Abstract 

Systems including flow injection processes that use a variety of injection methods are currently 

in use in many fields. These systems are widespread in internal combustion engines, painting 

and coating processes, cooling processes, and more. The injection methods are based upon 

breaking up the jet stream by creating or increasing the forces that destabilize it and allow it to 

become a spray containing tiny drops. The spray may be characterized by such criteria as angle, 

distance necessary to break up the jet stream of the liquid, average drop size and size distribu-

tion. Different applications require different spray criteria.  

One of the most common current injection methods is breaking up the liquid jet by dissolving 

an additional material into the injected material so that the vapor pressure from the added mate-

rial is higher than that of the liquid. This propellant undergoes an extremely rapid boiling proc-

ess (flash-boiling) during injection, due to a sudden drop in pressure. As a result of the boiling 

process, a large amount vapor nucleons forms and develops into bubbles within the liquid; these 

bubbles destabilize the liquid jet and cause its relatively rapid and even break-up into tiny 

drops. Most of the studies carried out in this field to date have used a system that consists of an 

inlet orifice, an expansion chamber and a discharge orifice. Nucleation occurs on the walls of 

the inlet orifice (heterogeneous nucleation) and the bubbles grow in the expansion chamber. 

The aim of this study is to experimentally examine the characteristics of an emerging jet that 

undergoes homogeneous nucleation when it emerges through a single orifice. In this study, we 

first explored the border between heterogeneous and homogeneous regimes of boiling by con-

ducting a series of experiments using water. The water was heated to nearly critical tempera-

tures, under high enough pressure so that the water remained in a liquid state. The heated water 

was injected through an orifice into the surrounding area.  By observing the different flow re-

gimes resulting from a range of temperatures and injection pressures, the borderline between 

the different boiling regimes was determined. After analyzing the borderline, we conducted an 

additional series of experiments, with the aim of characterizing the break-up of the jet using the 
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homogeneous boiling regime. Here, too, by changing temperatures and injection pressures in 

the range appropriate for homogeneous boiling, we observed the influence of these parameters 

on the angle of the spray and the distance required to break up the jet. Our observations indicate 

significant differences in the characteristics of the emerging jet between the two boiling re-

gimes, and the factors that affect the spray angle and the break-up distance in water jets under-

going homogeneous nucleation have been identified. 

Introduction 

In the binary mixture method, two components with different vapor pressures are mixed such as 

during discharge when the mixture is exposed to sudden pressure drop, the higher vapor pres-

sure component (the propellant) undergoes an extremely rapid boiling process (flash-boiling). 

The intensity of the flash-boiling process strongly depends on the initial mixture composition, 

superheating degree, and atomizer design. The nucleation is a major leading phenomenon that 

dominates the flash-boiling process, thus the spray characteristics. Former studies [1-5] showed 

that the flash-boiling method may easily generate high quality fine sprays.  

During the last century some studies have been devoted to understanding the factors that deter-

mine the nucleation regime [6-10]. It was generally found that depending on the mixture initial 

conditions, two different nucleation regimes may occur; heterogeneous nucleation in which the 

nuclei are generated in the vicinity of the orifice walls, and homogeneous (bulk) nucleation. For 

some reasons, most, if not all of the applications today use the heterogeneous nucleation phe-

nomenon. The typical system consists of an inlet orifice, an expansion chamber and a discharge 

orifice. Nucleation occurs on the walls of the inlet orifice (heterogeneous nucleation) and the 

bubbles grow in the expansion chamber. 

In the present work an attempt was made to make use of homogeneous nucleation, rather than 

heterogeneous, in order to improve the spray characteristics while simplifying the construction 

of the atomization unit. Our observations show significant differences in the characteristics of 

the emerging jet between the heterogeneous and homogeneous regimes. The factors that affect 

these characteristics have been established. 

Experimental 

In order to examine the border limit between heterogeneous and homogeneous nucleation in an 

atomizer and to characterize the emerging jet shape in this regime, the following system (fig. 1) 



ILASS – Europe 2010, 23rd Annual Conference on Liquid Atomization and Spray Systems, Brno, Czech Republic, September 2010 

 

has been assembled. Purified cold water was stored in a 5lt tank (1). The water was treated a-

priori by an ion exchange system to clean the water from salts and bacteria. The water was 

pumped to the required high pressure (2) (around 10MPa) and delivered to the heater (3). The 

heater in constructed from a coil-shape stainless-steel tube crossing an oven heated atmosphere 

to attain the required temperature (300-4500C). The superheated water passed through a fine 

dense filter (15µm mesh) (4) and injected to the surrounding through a plain orifice (fig. 2) of a 

0.1mm in diameter (7). The water temperature and pressure were measured at the atomizer en-

trance (5, 6). A still camera (8) was used to record the jet shape. 

Compressed water at a pre-specified pressure was heated to an elevated temperature close to its 

critical temperature, and then forced to flow through an orifice into the surrounding area. In a 

successive test the temperature was increased until the flow regime switched to another. The 

temperature in which the regimes switched over clearly designated the borderline between the 

heterogeneous and homogeneous nucleation. In addition, the angle of the spray and the distance 

required to break up the jet were recorded and correlated with the thermodynamic properties of 

the emerging water. 

Results and discussion 

The homogeneous nucleation borderline 

In the following experiments series results the initial temperatures and pressures range was be-

tween 310-3350C and 10-15MPa. During the experiments two flow patterns obtained. For con-

stant pressure, in some temperatures one flow pattern obtained and above a specific temperature 

the second pattern obtained. In the first pattern, fig.(3), the breaking point of the liquid jet ap-

pears right thought the output section of the orifice and the spray angle are quit large. In the 

second pattern, fig.(4), there is a distance between the orifice and the breaking point of the liq-

uid jet and the spray angles are smaller.  

By injecting the water in varies initial pressures and temperatures we were able to find the bor-

der limit between the two flow patterns as shown in fig. (5-9). In order to understand the rea-

sons for the sudden change in the flow pattern in a specific temperature we will examine some 

factors that influence the flow regime.  

According to Lefebvre[11], the breaking length of a liquid jet is influenced by the fluid veloc-

ity. There are several flow regimes and the borders between them are influenced by the velocity 
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or in dimensionless expression the Reynolds number that express the ratio between the inertia 

forces of the fluid to the friction forces between the fluid to the surrounding. The atomization 

regimes depends not only by the Reynolds number[12] but also by the Weber number that ex-

press the ratio between the inertia and surface tension forces and the Ohnesorge number that 

express the ratio between the viscosity and surface tension forces. In our case the speed of the 

water is the sound speed (will be discussed later) so that the Reynolds numbers in all of the 

working points in the experiments are above 510  witch fits the fully developed spray regime. 

According to Park and Lee [2] the shape of the spray in atomization regime depends on the ra-

tio between the length of the orifice to its diameter ( dL / ) and the super heating rate. In our 

case the dL /  ratio is constant and the super heating rate is high and very similar all over the 

experiments. 

Other typical phenomenon for two phase flow in an orifice is the cavitation phenomenon. The 

sudden reduce of the flow section between the tube and the orifice cause a sudden change in the 

velocity direction, the boundary layer moves away from the orifice wall and the "vena con-

tracta" zone is created[13]. As a result, a whirling vapor moves near the orifice wall, in this 

zone there is local pressure drop. If the pressure drops under the vapor pressure the cavitation 

phenomenon appears. In our case, the pressure difference between the input to the output sec-

tions of the orifice is extremely high while the difference between the input section pressure to 

the vapor pressure is relatively low, so we can assume that cavitation takes place. 

As we have seen so far, the most important parameters that affect the flow pattern in atomiza-

tion regime case are the orifice geometry, the superheating rate and the pressure differences. In 

the experiments that shown in fig.(5-9), the orifice geometry is fixed, the superheating rate is 

high and reasonably same between the different measuring points and the pressure difference is 

not changed near to the borderline as observed. Therefore, it seems that the reason for the 

change in the flow pattern is the change in the nucleation regime (from heterogeneous to homo-

geneous nucleation). In that case we can assume that the borderline between the flow patterns is 

in practice the borderline between the nucleation regimes. In fig.(10) we can see the comparison 

between the nucleation border that was defined by the experiments to that of some theoretical 

correlations. The Lienhard[8] correlation to determine the superheating temperature: 
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It is possible to see that the nucleation border that occurs from the experiments is quite near to 

the theory correlations (digression of about 5% at the absolute temperature [K]). This fact em-

boldened the assumption that the borderline between the flow patterns is actually the borderline 

between heterogeneous to homogeneous nucleation. 

The breaking length of the liquid jet 

Previously we saw that for homogeneous nucleation the breaking point of the jet occurs away 

from the orifice output section where for heterogeneous nucleation the breaking point occur 

near it. The breaking length L  was defined as the maximal length that performs the condition 

that the jet outlines are parallel as shown in fig.(11). Table (1) contains the different breaking 

lengths as measured by the same way for a few cases of homogeneous nucleation. We can see 

that increasing the temperature and the pressure results an increasing of the breaking length. 

The extreme pressure drop results a high speed water jet, for the typical pressures that measured 

in our experiments it is possible to assume that the water velocity in the output section is pretty 

close to the sound velocity of a saturated liquid at the matching temperature. In order to esti-

mate the speed of sound of water in the appropriate temperatures we used the common data 

base of water properties and the numerical solution of the following equation: 
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Fig.(12) illustrates the water speed of sound as a function of the pressure and the temperature, 

we can see that in the liquid zone the speed of sound is decreasing with the increasing of the 

temperature. In fig.(13) it is possible to see the dependence of the breaking length on the liquid 

velocity,  the breaking length decreased as the liquid velocity is increased. Those results fit the 

Lefebvre[11] theory, according to Lefebvre in the fully developed spray region (that fits to our 

experiments) the breaking length decreased exponentially with the velocity increasing. We can 

associate this fact to the cavitation phenomenon, the enhancement of the liquid velocity results 
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larger whirling vapor zones near the orifice walls that produce larger interruptions for the jet 

stability so the breaking length is decreased. 

The spray angle 

One more element that has been examined is the spray angle ϕ . In additional experiments se-

ries a few spray angles was measured, all of them in the case of homogeneous nucleation re-

gime. The spray angle is defined by the two obstructing outlines that include the whole spray 

between them. Fig.(14) reveals the different spray angles and obstructing outlines, as taken 

from the experiments results for deferent initial condition of the superheated water.  In fig.(15) 

and (16) we can see the spray angle change as a function of the initial temperature and pressure 

of the superheated liquid. The spray angle is increased with the enhancement of the liquid pres-

sure and temperature. We can associate this fact with the nucleation rate. According to 

Carey[10], the nucleation rate is extremely depend on the superheated liquid temperature so that 

a little change in the liquid temperature cause an extremely high change in the nucleation rate. 

Therefore, increasing the temperature results higher nucleation rate that produce larger spray 

angle. Additionally, the velocity reduce due to the temperature rising cause larger spray angles 

(reduce of the inertia forces).  

Conclusions 

The borderline between the nucleation regimes is mostly infected by the superheated liquid 

temperature and pressure. 

The minimal homogeneous nucleation temperature is about 90% of the critical temperature for 

a theoretical system where the pressure drop rate is infinite and the pressure is extremely low. 

Pressure increase causes increasing in the homogeneous nucleation temperature (the minimum 

point over an isotherm in a P-v diagram is higher). 

For a practical system where the pressure drop rate is finite the homogeneous nucleation tem-

perature is lower. For that kind of system, the slope over an isotherm in a P-v diagram is rela-

tively moderate so for given temperature the minimum point is higher (for a given pressure the 

homogeneous nucleation temperature is lower). The temperature in that case is lower, however 

not in a significant way. As we have seen from the experiments results, for a relatively high rate 

between the orifice length to its diameter ( 5~/ dL relatively moderated pressure drop rate) the 

change in the homogeneous nucleation temperature is about 5%.  
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The breaking length of the jet is mostly infected by the inertia forces of the liquid witch in-

fected by the liquid temperature.   

The braking length is decreasing with the liquid velocity increase, this fact is associated with 

the cavitation phenomenon. Due to sudden change in the velocity direction a local pressure 

drop occurs and the vapor is whirling near the orifice entrance section. Increasing the liquid ve-

locity causes larger vapor zones and stronger interruptions to the jet stability. 

The water speed of sound is significantly affected by the superheated liquid temperature 

(fig.12), so actually the temperature is the dominant factor that influences the breaking length. 

The breaking length is significantly growing when passing the borderline between heterogene-

ous to homogeneous nucleation. According to Plesset-Zwick equation, on of the most important 

mechanism that infects the bubble growth is the heat transfer rate into the bubble. The heat 

transfer rate depends linearly in the Jacob number witch defined as followed: 
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Where ∞T  is the medium temperature witch the bubble absorbs heat from it. Since the hetero-

geneous nucleation appears on the orifice wall, some of the heat is absorbed out of the jet, while 

in homogeneous nucleation the bubbles appear all over the medium so most of the heat is ab-

sorbed from the jet. As a result, the liquid temperature in a homogeneous nucleation regime is 

lower, the bubble takes more time to develop and the breaking length is higher.  

The spray angle is mostly infected by the liquid temperature an inertia forces. 

The spray angle is growing with the temperature increasing. This fact is associated with the nu-

cleation rate that significantly increases with temperature increasing. As the nucleation rate is 

higher the vapor embryo number is higher so that the vapor phase expansion is more aggressive 

and the jet separation is more effective.  

The spray angle decrease with the velocity increasing because with the velocity increase the 

inertia forces are overcoming the friction forces between the jet to the surrounding air and the 

flow interruption is smaller. 
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As mentioned earliest the liquid velocity is infected by the temperature, so in this case too the 

most dominant factor that infects the spray angle is the liquid temperature. 

The spray angle is significantly shrinking when passing the borderline between heterogeneous 

to homogeneous nucleation. This fact is associated with the bubble growth rate as explained 

earliest.   

The homogeneous nucleation is characterized by smaller spray angles and larger breaking 

lengths then the heterogeneous nucleation. That means that in the application that requires large 

spray angles and small breaking length, as internal combustion engines, there is priority to het-

erogeneous nucleation.  
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Nomenclature 

c  Speed of sound ]/[ sm  Subscripts  

pc  Heat constant 
]/[ KkgkJ ⋅  

cr  Critical 

d  Diameter ][m  l  Liquid 

Ja  Jacob number ][−  S  Constant entropy 

L  Length ][m  sat Saturated 

P  Pressure ][MPa  SL  Superheated limit 

T  Temperature ][K  v  Vapor 

Greek  ∞  Medium Character  
ϕ     
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Figure 1: Experimental system 

 

 

 

 

 

Figure 2: Orifice dimensions  
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Borderline at 10.24MPa 

 

 

Borderline at 11.25MPa 
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Borderline at 12.77MPa 

 

 

Borderline at 13.28MPa 
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Borderline at 311MPa 

 

Figure 3: Temperature borderlines at different pressures  
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Figure 4: Comparison between observed nucleation borderline and theory  
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Figure 5: Breaking length  
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Figure 6: Water speed of sound at different pressures and temperatures  
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Figure 7: Breaking length vs. liquid velocity 

  

  

Figure 8: Spray angle at different pressures and temperatures.  
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Figure 9: Spray angle vs. temperature  
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Figure 10: Spray angle vs. pressure  
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Table 1: Breaking length at different pressures and temperatures  
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][ CT o
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8.21 302 0.62 
9.22 307 0.54 

10.24 315 1.01 
11.25 320 2.02 
12.77 329 2.54 
13.28 330 2.72 
13.78 333 2.5 

 

 

 


