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ABSTRACT 

Ultra-High Speed Visualization of the Flashing Instability in Micron Size 

Nozzles under Vacuum Conditions 

Tariq Ahmed Alghamdi 

 

I visualized the flash-boiling atomization of liquid jets released into a low pressure 

environment at frame rates of up to five million frames per second. Such a high 

temporal resolution allowed us to observe for the first time the bubble expansion 

mechanism that atomizes the jet. To visualize the dynamics in detail, I focused closely to 

the outflow of the nozzle using a long distance microscope objective. I documented an 

abrupt transition from a laminar to a fully external flashing jet by systematically 

reducing the ambient pressure. I performed experiments with different volatile liquids 

and using nozzles with different inner diameters. The inner diameters of the nozzles 

varied from 30 to 480 𝜇𝑚. Perfluorohexane (PFnH) was our main working fluid, but also 

methanol, ethanol and 1-bromopropane were tested. Surprisingly, minimum intensity 

profiles revealed spray angles close to 𝜃𝑠 ~360°, meaning drops are ejected in all 

directions. Also, I measured speeds of bubble expansion up to 140 m/s. That is 45 times 

faster than the upper bound for inertial growth speed in complete vacuum from the 

Rayleigh-Plesset equation. I also calculated the trajectories of the ejected droplets as 

well as the drop speed distribution using particle tracking. I expect that our results bring 

new insight into the flash-boiling atomization mechanism. 
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Chapter 1: Introduction 

Leaks of compressed fuel such as liquefied petroleum gas (LPG) or natural gas (NG) 

involve a great risk of explosion. In 2016 there were 306 incidents with gas pipelines 

according to the Pipeline and Hazardous Materials Safety Administration. These 

incidents resulted in 16 fatalities, 82 injuries and more that 300 million dollars in related 

costs. However, not all the fuel leaks entail a large risk. In fact, small fuel leaks from 

pressurized containers or pipes are fairly common. In most cases the leaks are small and 

the fuel escapes as pure vapor. In this situation, evaporation is fast compared to the 

flow rate of the leak. However, the risk increases disproportionately when the flow rate 

of a leak is high. At a high flow rate the fuel reaches the atmosphere as superheated 

liquid. Then, an explosive phase transition from a liquid jet to droplets and then into 

vapor occurs, usually refereed as flash-boiling. The fine spray of droplets is ejected at a 

very large speed. Fuel ejected in this way can reach very far places in unexpected 

directions, even far from the fuel source. This phenomena could result in the formation 

of large explosive clouds whose location is difficult to predict [1]. Out of control, flash-

boiling could have devastating consequences. On the other hand, the uniform and fine 

sprays produced with flash-boiling could be desirable in a controlled environment. For 

example, flash-boiling can produce a very fine spray of droplets of a uniform size 

distribution that improve the combustion efficiency [2]. This is desirable in some 

applications such as fuel injectors [3, 4, 5], but also necessary when driving pressures 
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cannot exceed certain limit [2, 6]. One of the challenges that comes all together with 

flash boiling atomization is that this phenomena usually coexists simultaneously with 

other mechanisms of spray formation. Some of these mechanisms are a turbulent flow, 

vapor and gas bubbles embedded in the liquid or external or internal gas flows. In the 

following paragraphs I dig deeper into these atomization mechanisms. 

1.1 Mechanical effects on the spray formation 

Liquid  jets  injected  to  the  atmosphere  through  nozzles  of  circular  cross  section  

exhibit  distinctive  drop  sizes that vary with the velocity of the flow.  At very small 

speeds, the drop breakup occurs due to the most unstable mode of the Rayleigh-Plateau 

instability [8]. Drops formed in this way have sizes similar to the inner diameter of the 

nozzle as shown in Figure 1. At higher speeds, the jet breaks into slightly smaller drops 

because short wave length disturbances at the interface are increasingly the most 

unstable [9, 10]. This breakup regime is known in the literature as the First Wind.  At 

very high speeds, the drop diameter becomes much smaller than the nozzle’s size.  Two 

main regimes exhibit small sized droplets, the Second Wind and the atomization regime 

[10]. On nozzles of circular cross sections, these last two regimes are only achieved by 

applying very large driving pressures [1]. Using such large pressures guarantee a large 

flow rate as well as large Reynolds (Re) and Weber (We) numbers.  For different 

applications, these numbers are either calculated with the properties of the liquid or the 

gaseous phase around the jet [11].  Large Reynolds numbers imply that either the liquid 

jet or its surroundings are turbulent. A large Weber number means that the surface of 
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the liquid jet is highly unstable, either due to the interaction of the surface with the 

liquid or with the surrounding gas. The transition between regimes due to the 

interaction of these parameters are further discussed by Lin and Reitz [10] (1998).  On 

applications where such large driving pressures are not an option, specially designed 

nozzles have been developed to atomize the jets. Such nozzles are optimized to achieve 

similar droplet sizes and larger spray angles. For example, nozzles with annular 

geometry have been designed with an inner tube. In some cases, the inner tube is filled 

with liquid while the outer tube carries a gas flow [12, 13, 14, 15, and 16] or vice versa 

[17].  Such geometry promotes the atomization by forming jets of annular cross section 

that are unstable due to capillary effects or promote the break-up through the velocity 

difference between the interfaces.  These spray formation mechanisms depend on 

Figure 1 Raleygh-Plateau breakup 
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mechanical forces acting on the jet.  However, the main driving mechanisms of flash-

boiling are not mechanical, but thermodynamical. I discussed the thermodynamic 

parameters in the following paragraphs. 

1.2 Thermodynamics of flash-boiling 

Flash-boiling  liquid  jets  have  been  used  to increase  the  cone  angles  of  sprays,  

reduce  their  mean  droplet  size  and  driving pressures[4].  A superheated liquid is the 

essence of a flash-boiling jet.  A liquid is superheated when its temperature 𝑇𝑙rises 

above its boiling temperature 𝑇𝑏 [7].  The superheating degree is defined as the 

difference between the temperature of the liquid and its boiling temperature as∆𝑇 =

 𝑇𝑙 − 𝑇𝑏.  However, to superheat a liquid it is not necessary to modify its temperature, 

as the boiling temperature is a function of the pressure.  Instead of the temperature 

difference,  it  has  been  proposed  to  use  the ratio  between  the  vapor  pressure of  

the  liquid  and  the  pressure  of  the environment 𝑃𝑣/𝑃∞ to  characterize  the deviations 

from thermodynamic equilibrium [3,18]. This is a key parameter of flashing as it has 

been assumed that flash-boiling atomization is mainly dominated by bubble nucleation 

mechanisms [3, 19].  The formation of nuclei and its expansion has been shown by 

Vincent Cleary [2] that it depends on Ja number. Vincent Cleary showed experimentally, 

a well-defined critical Ja number that form boundary (see Figure 2) between flashing and 

non-flashing liquid jet. 
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Figure 2 Critical Jakob number for flashing as a function of vapor Weber number, the different shapes denote 
different types of transitions. 

The Jacob number is given by 

𝐽𝑎 =  
𝐶𝑝𝑙 ∆𝑇

ℎ𝑓𝑔
 
𝜌𝑙

𝜌𝑣
 ,   (1) 

Where 𝐶𝑝𝑙 specific heat capacity of the liquid and ℎ𝑓𝑔 is the enthalpy of vaporization.  

The densities of the liquid and the vapor are 𝜌𝑙 and 𝜌𝑣, respectively. The  vapor  density 

𝜌𝑣  is  evaluated  at  the  ambient  pressure  and  the  injection temperature [20].  The 

Jacob number establishes the limits for a phase change to  occur  and  therefore  it  has  

been  used  to  estimate  the  onset  of  flashing [2].  

1.3 Connection between mechanical and thermodynamic effects 

Thermodynamic and mechanical effects are not completely independent. At the same 

superheating degree, a liquid with an agitated interface can flash-boil easier than a 

static liquid. The Weber and the Jacob number have a close correlation that delimits the 

boundary between flashing and non-flashing jets established as 
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𝐽𝑎 ~ 𝑊𝑒𝑣
−1/7 [20].   (2) 

And shown in Figure 2 by [Vincent Cleary, 2]. In Eq. 2, the Weber number is defined as 

𝑊𝑒𝑣 =  𝜌𝑣 𝑣2𝑑/𝜎 and it is calculated with the density of the gaseous phase, where 

𝜌𝑣the density of the surrounding gas, 𝑑 is the diameter of the nozzle, 𝑣 is the discharge 

velocity of the jet and 𝜎 is the surface tension.  The prefactor of Eq. 2 is calculated 

empirically [2, 3]. The small exponent in Eq. 2 signifies that changes in the thermal 

conditions is far more important than mechanical agitation. So, despite the mechanical 

and thermal effects are correlated, the dependence of the Ja with the 𝑊𝑒 is weak. 

1.4 Experiments 

Flash boiling atomization has been characterized experimentally investigating the effect 

of several parameters and conditions. To assess the effect of the ambient pressure, 

experiments have been performed in vacuum [3, 4, 18, 21, 22, 23, 24, 25] and high 

pressure chambers [26]. Also, several working fluids have been tested, such as water 

[19, 24, 27, 28] and common organic solvents like acetone [4], ethanol [3, 4, 22, 25] and 

methanol [25, 26]. Due to its high volatility, refrigerants such as liquid nitrogen [18], 

Freon-11[23], 𝑃𝐹𝑛𝐻 [21], R134a [5, 29] have been investigated as well. Organic 

compounds with high vapor pressures can be included in this category, such as 

Acetaldehyde [22]. Fuels like gasoline are very relevant for the automotive industry [25, 

30] as well as rocket propellants, such as monomethylhydrazine (MMH) [22] and 

nitrogen tetroxide (NTO) [22] for the aeronautical industry. In addition to these studies, 

it has been proposed that the mechanism of phase change of liquids exhibiting 
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retrograde condensation is different [31]. This is why retrograde liquids such as 

isooctane have been investigated [4, 31]. The liquids in these experimental studies have 

been injected using nozzles of different sizes ranging from 900 𝜇𝑚 [27], down to 

150 𝜇𝑚 [3, 4].  

1.5 Physical parameters 

Flashing sprays are characterized through the measurement of properties and physical 

parameters. Some of them are the spray angle𝜃°, the size distribution of the drops, and 

the velocity field. Spray angles have been measured and reported on different liquids. 

For example, a maximum spray angle of 68° was reported by Ju et al. [5] (2015) using 

R134a as a working liquid. Angles larger than 90°were reported with water [24, 19] as 

well as R134a [29]. Luo and Haidn [18] (2016) measured a maximum angle of 120° using 

liquid nitrogen. Performing experiments with different liquids Lamanna et al. [4] (2014) 

found that acetone can reach a spray angle of160°, a value marginally larger than when 

using ethanol and isooctane. Finally, the largest angle reported was 180° [23] with 

Freon-11. Even if the definitions of the spray angle are not the same, there is a 

considerable difference in the reports. These angles have been reported using different 

imaging methods to visualize flash boiling jets. Some of them used high-speed cameras 

[24, 5, 4, 28, 3, 29, 26], while others took photographs with short light pulses [19, 21] as 

well as pulsed lasers with short exposure times [25, 22, 27]. Recordings of the flash-

boiling atomization are usually carried in the dilute region of the spray [4]. In this region 

the spray has achieved thermodynamical equilibrium and the breakup is dominated by 
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mechanical effects [17, 4]. There is a general agreement that in flash-boiling conditions, 

bubbles nucleate and expand within the liquid jet [17, 2]. This hypothesis states that 

these bubbles are liable for disrupting the jet into droplets. However, the temporal 

evolution of the expansion of these bubbles has never been observed [4]. On 

experiments recorded with high-speed cameras, either the field of view is much wider 

than the nozzle or the exposure time is long compared with the speed of the bubbles. 

On experiments recorded with light short pulses, the evolution is lost between frames. 

Then, in most experimental measurements the thermodynamic effects remain 

unaccounted. The main reason for this gap is that closing up to this region is difficult 

since it is very narrow and it is also where the fastest phenomena occurs. However, as 

these effects are mainly responsible for the atomization, this region is of great interest. 

Acquiring information where thermodynamic changes occur might help developing a 

general criteria to predict the behavior of flash-boiling jets, now missing [17]. In this 

work, I engaged into some of these unsolved questions. I visualized the flash-boiling 

atomization of different liquids very close to the nozzle using a long distance microscope 

objective. To capture the temporal evolution of bubble expansion, I recorded using a 

ultra-high speed camera. With this technique I could visualize up to 5 million frames per 

second (fps). The details of our experimental setup are described in the following 

section.   
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Chapter 2: Experimental setup and methods 

2.1 Vacuum system  

To create stable vacuum a custom vacuum chamber was designed and built. The 

chamber has four acrylic windows, one in front of the nozzle and one in the back of the 

chamber.  The other two windows were placed at the sides of the nozzle. The 

microscope lens was placed in front of the frontal window with the illumination system 

placed in the back, as shown in Figure 3.The back illumination resulted in the 

visualization of the shadows, providing a great contrast.  A vacuum pump Adixen Pascal 

2021SD was used to create the vacuum within the chamber. The pressure within the 

chamber was measured with a recently calibrated digital pressure gauge Wika CPG1000.  

2.2 Liquid injection system 

Different liquids were injected using a pressurized system. The driving pressure was 

provided by a nitrogen line available in the laboratory, which could reach up to 8 bar. 

Higher pressures than this were achieved by connecting the feedline to a nitrogen tank. 

The tank was connected to a pressure regulator Iwashita Instruments AD3000C the 

pressure regulator was connected to a long pipe. The pipe ascended from the pressure 

regulator up to one meter above the vacuum chamber.    
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Figure 3 (a) Sketch of the experimental setup. It consists of a vacuum chamber with a micro-nozzle. An ultra-high speed camera records 
the flash-boiling illuminated from the back. A vacuum gauge measure the chamber pressure. The liquid's temperature is measured 
with a thermocouple just before the discharge. The driving pressure is regulated with a valve connected to a nitrogen tank. The liquid 
is kept at constant temperature. The level of the liquid is kept constant with a long tubing that remains elevated around one meter 
above the nozzle. 

The  highest  part  of  the  pipe  was  connected  to  a  valve  where  the liquid was filled 

in.  At the same height of the nozzle the pipe had a transparent section that allowed to 

check the amount of liquid.  Keeping the line filled with liquid guaranteed a stable liquid 

reservoir and also avoided gas bubbles in the experiments.  The pipe filled with liquid 

was connected to a stopcock valve.  A custom fit was manufactured to connect the 

nozzle with the stopcock valve.  The custom fit had a thread that was tightly screwed up 

to the bottom of the vacuum chamber.  

2.3 Temperature control system 

The laboratory has a controlled temperature of 22℃. To raise the temperature of the 

liquids I used a thermocirculator system, capable of rising the temperature up to  
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Figure 4: Jets of PFnH are discharged through nozzles of glass (b-e) and metal (f-g). The I.D. of the nozzles increases 

from left to right, being 30 (b), 45 (c), 83 (d), 98 (e), 100 (f) and 150 μm (g). In (b) and (c) I observe that far from the 

nozzle the jet breaks into droplets due to the Rayleigh-Plateau instability. 

300◦C. The thermal circulator is a Phoenix II from Fischer Scientific. The thermal 

circulator, circulates the heating liquid in controlled-temperature loop, the working 

liquid tube passes through the heating loop for 1m length, the working liquid flows in 

opposite direction to the heating liquid which forms a counter-flow heat exchanger. Due 

to the possible heat loses in the pipe, the temperature was measured immediately 

before entering the vacuum chamber. This measurement was performed using a 

thermocouple Omega HH806AU and depicted in the experimental sketch of Figure 3.  
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Figure 5: Nozzles fabrication. 

2.4 Nozzles fabrication 

Two types of nozzles were tightly attached to the custom fit within the vacuum 

chamber. The metal nozzles were Precision Tips from Nordson of 100 and 150 𝜇m of 

inner diameter. These nozzles had a circular cross section that resulted in perfectly 

cylindrical jets at low Reynolds number and normal atmospheric pressure, as seen in 

Figure 4 (b-g). The glass nozzles were fabricated in the laboratory, using borosilicate 

glass tubes of 1 mm of outer diameter and 10 cm of length. The inner diameters varied 

from 30𝜇𝑚 up to 480 𝜇𝑚, as seen in Figure 4. The glass nozzles were fabricated by 

pulling the capillary tubes with a Micro-puller Model P-1000 from Sutter Instruments. In 

Figure 5 (a, c, e) are nozzles fabricated in situ with a micropuller. These are observed 

using a Zeiss microscope with an objective of 20x. In the images (b), (d) and (f) a jet of 
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PFnH is produced at normal conditions of temperature and pressure. Under these 

conditions the jets produced remain stable as no deformation is observed in their 

surface. 

2.5 Ultra-high-speed imaging system  

The visualization of the flash-boiling atomization was performed with an ultra-high 

speed camera, Kirana from Specialized Imaging. The camera could record a maximum of  

180 frames, up to 5 million frames per second and has a resolution of 1 M pix. This 

extreme high speed was necessary in some of our experiments. The lens of the camera 

was a microscope objective, Leica Z16 APO. I could visualize very close to the nozzles 

with the microscope objective, as seen in Figure 4 (b-f). The nozzle was illuminated with 

a laser illumination system, SI-LUX 640 from Specialized Imaging. The output of the laser 

was controlled using laser safety feature unit from Specialized Imaging, as this is a laser 

class 4 equipment. 

2.6 Working liquids 

Most of our experiments were performed using PFnH, PP1 for its commercial name. At 

22°C, this liquid has density of 1700 kg/m3, a viscosity of 0.7 m Pa.s, a surface tension of 

11.5 mN/m and a vapor pressure of 25 kPa. Due to its high vapor pressure and low 

surface tension, PFnH evaporates at room temperature. For the high-temperature 

experiments, the vapor pressure of PP1 is extracted from Figure 6, surface tension and 

viscosity were extrapolated using a curve fitting of reported measurements from the 

literature as shown in Figure 7, and the extrapolation region is highlighted in red. 
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Figure 6: Vapor pressure as a function of temperature according to different authors and other commercial 

brands of PFnH. 
 

Moreover, other volatile liquids capable of flash-boiling were used such as methanol, 

ethanol and 1-bromopropane. The physical properties of these liquids at 22 ℃ are 

shown in table 1. 

Table 1: Physical properties of the working fluids at 20℃. PFnH. MeOH, EtOH, 1-PB. 

Liquid 𝜌 [𝑘𝑔/𝑚3] 𝜇 [𝑚𝑃𝑎. 𝑠] 𝜎 = [𝑚𝑁/𝑚] 𝑃𝑣 

PFnH 1700 0.7 12 25 

MeOH 792 0.57 23 13 

EtOH 789 1.15 22 5.95 

1-PB 1350 5.24 26 19.5 

 

 
 



27 
 

 

Figure 7: Surface tension and viscosity extrapolation of PFnH. 
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Chapter 3: Results and discussion 

3.1 Results 

When the ambient pressure is reduced below the vapor pressure, initially there is no 

observable change in the jets. However, there is a critical value of the ratio 𝑃∞/𝑃𝑣for 

which some morphological changes appear. First, the jets shown in Figure 4 (b-g) lose 

their axisymmetry due to an increase in the evaporation rate. This can sometimes be 

accompanied with a change in the refractive index of the liquid, as seen in Figure 8.This 

occurs very close to the nozzle and does not immediately result in flash boiling. The 

temporal evolution of Figure 8 clearly exhibits this change in both the axisymmetry of 

the jet as well as the refractive index. In Figure 8 the liquid is 𝑃𝐹𝑛𝐻and the metal nozzle 

has an inner diameter of150 𝜇𝑚. In the next subsections, I will be showing the bubble 

morphology, spray angle calculations, and the calculations of the bubble growth rates. 

3.1.1 Bubble morphology 

Observed from farther away, the morphology displays oscillations that resemble 

meandering. This oscillations can be observed in Figure 9 (a). Since I calibrated the 

velocity of the jet as a function of the driving pressure, the meandering is independent 

of turbulence at the interphase. In Figure 9 (a-f) I captured the onset of the flashing 

instability at one million frames per second (1 M fps). In here, 𝑃𝐹𝑛𝐻 is discharged from  
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Figure 8: Temporal evolution of a jet of PFnH whose cross section changed due to the decrease in the 
ambient pressure. The cross section is modified by the increase in the evaporation rate. This can be 
observed as a change in the refractive index. In this experiment the inner diameter is 150 𝜇𝑚 and the 
liquid ejected is 𝑃𝐹𝑛𝐻. The pressure ratio 𝑃∞/𝑃𝑣 = 93×  10−3 

a metal nozzle with inner diameter of 100μm. The pressure ratio is 
P∞

Pv
= 0.18, almost 

one order of magnitude smaller than the vapor pressure ofPFnH.  

While some sections break due to the nucleation of large bubbles, the rest of the jet 

continues moving upwards at the same speed it was initially discharged. At this 

moderate vacuum, I only observed the nucleation of large bubbles that usually break 

the jet. Smaller nuclei probably do not have enough energy to expand at this point, 

taking longer to achieve a critical size. In Figure 9 (g) I calculated the minimum intensity 

projection, which reveals the trajectories of the drops produced after the bubble bursts. 

After the expansion achieves a limit, the bubble bursts into droplets that  
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Figure 9: Single bubble explosion. (a-f) The temporal evolution of a single bubble expansion at 𝑃∞/𝑃𝑣 = 0.18. 
The inner diameter of the nozzle is 100 𝜇𝑚 , the liquid is 𝑃𝐹𝑛𝐻 and the total driving pressure is 𝑃𝑑= 153 
kPa. The images were recorded at 1 Mfps. (g) The trajectories of the droplets ejected after the expansion. 
This image was obtained with a minimum intensity projection. 
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get ejected in all directions. Similar and subsequent bubble expansions appear when the 

flash-boiling instability starts and it is responsible of the overall spray angle. Figure 9 (g) 

reveals that drops being atomized in angles wider than in previous reports. In Figure 10, 

this change in the refractive index results from a change of density during boiling. Once 

that a jet has been broken, the increased area enhances the heat transfer. As a result, 

the broken area becomes more susceptible to the nucleation of bubbles. Figure 10 

shows the temporal evolution of a broken jet of 𝑃𝐹𝑛𝐻. In Figure 10 (a) a bubble starts 

forming on the lower part of a broken jet. Due to the large area exposed, the bubble 

grows very rapidly to a size many times larger than the diameter of the jet. Such 

expansion occurs at a very large evaporation rate, resulting in a bubble whose refractive 

index is changing as it grows. The experiment of Figure 10 was recorded at 2M fps and a 

pressure ratio of 
𝑃∞

𝑃𝑣
= 89 × 10−3. The total driving pressure was 130.1 kPa and the 

inner diameter of the metal nozzle was 150 𝜇𝑚. These conditions ensured the interface 

of the jet would remain unperturbed at normal ambient pressure. As ambient pressure 

is reduced even lower, the number of bubbles nucleating at the interphase increases 

drastically. The time evolution of a methanol jet with a large number of daughter 

bubbles is shown in Figure 11.The images of Figure 11 were recorded at 2 M fps. To 

discharge the liquid a metal nozzle with an inner diameter of 200 𝜇𝑚 was used. The 

pressure ratio was reduced to 
𝑃∞

𝑃𝑣
= 2 × 10−3. 
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Figure 10: (a-f) Temporal evolution of a jet previously broken. The broken jet exposed a large area where a 
large bubble forms. This bubble grows larger than the diameter of the nozzle and exhibits a clear change in 
its refractive index. 𝑃∞/𝑃𝑣 = 89 × 10−3and the total driving pressure was 130.1 kPa. The frame rate was 2 
M fps. 

 
Figure 11: Temporal evolution of a flashing jet of methanol. (a-i) Show an increasing amount of bubbles 
nucleating on the surface of the jet. (g-i) The bubbles burst, breaking into droplets. The jet is ejected from 
a metal nozzle with an inner diameter of 200 𝜇𝑚. 𝑃∞/𝑃𝑣  = 2×  10−3. The total driving pressure is 401 kPa. 
The images were recorded at 2 M fps. 
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Figure 12: Lateral bubble expansion. (a-m) Temporal evolution of a single bubble expanding on the surface 
of a methanol jet. (a-h) A bubble forms and expands until reaching a maximum size. Then the surface of the 
bubble pinches o_ and breaks, ejecting several drops. The jet is ejected from a metal nozzle with an inner 
diameter of 200 𝜇𝑚. 𝑃∞/𝑃𝑣  = 2 ×  10−3. The total driving pressure is 401 kPa. The images were recorded at 
2 M fps. 

In Figure 11 large bubbles are observed nucleating at the interface. This bubbles are 

larger than the bubble shown in Figure 11. In Figure 11 (c) there are regions where 

bubbles seem to nucleate more. Any expansion rate measured due to the expansion of 

multiple bubbles results in larger expansion velocities than for single events. A possible 

explanation of the multiple nucleation is as follows. Once a bubble has nucleated, the 

area exposed to the ambient conditions is increased. Then the heat transfer is locally 

enhanced, making the region more prone to bubble nucleation. In addition, a large 

number of small bubbles are seen nucleating upstream. In this experiment bubbles of 

small size leave the jet almost unperturbed. The observation in methanol contrasts with 

what I observed in 𝑃𝐹𝑛𝐻, where the bubble expansions break the jet. The higher 

surface tension of methanol makes the jet more resilient to violent expansions occurring 

on its surface. Bubbles in methanol seem to burst different from the bubble shown in 

Figure 9. As seen in Figure 11(f-i), bubbles bursting in methanol seem to deflate, while 
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bubbles in 𝑃𝐹𝑛𝐻 burst violently. A close up to a small bubble expanding and bursting is 

shown in Figure 12. In this experiment, a small bubble nucleates on the side of a 

methanol jet. The video was recorded at 2 M fps and a pressure ratio of 
𝑃∞

𝑃𝑣
= 2 × 10−3. 

The metal nozzle has an inner diameter of 200 𝜇𝑚, as well as in Figure 11. I observe that 

large bubbles burst in a different way than small bubbles. Small bubbles keep a more 

rounded shape during the expansion. After they burst the breakup is seen as violent as 

the large bubble of Figure 9. In Figure 9, Figure 10, and Figure 11, the Reynolds number 

has been continuously increased.  

3.1.2 Spray angle calculations 

Despite the increase in the Reynolds number, the spray angle is just moderately 

increased. This is illustrated in Figure 13(a). In Figure 13 (a) I calculated the spray angle 

as a function of the Reynolds number for different liquids and nozzles. The spray angle 

was measured taking the projection of the minimum intensity on each experiment. An 

example of the resulting images is presented in Figure 13 (b). This experiment was 

recorded using a metal nozzle with inner diameter of 100 μm and PFnH. The Reynold 

number is approximately 2000. In Figure 13 (a) I also measured the angles of methanol, 

and ethanol. All the experiments in Figure 13 (a) were performed on metal nozzles with 

inner diameters of 100, 150 and 200 μm. Some of the measurements were performed 2 

cm downstream the nozzle outlet.  
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Figure 13: (a) Spray angle as a function of the Reynolds number. With the vacuum chamber at ambient 

pressure (𝑃∞ ≈101.325 kPa) I increased the driving pressure and recorded the result. (b) The spray angles 

increased from 0 to less than 35° with variation in the Reynolds number from 0 to 7000. I performed 

experiments with PFnH, methanol and ethanol discharged through metal nozzles with I.D. from 100 to 200 
𝜇𝑚. (The inset) The spray angle was computed using the minimum intensity projection. 

The Reynolds number was varied from 0 up to 7000. With such an increase in the 

Reynolds number, the spray angle reached a maximum value of 32 degrees. Around Re 

= 3500 there is a transition from angles smaller than θs < 5°to values larger than 20°. 

This transition is clearly marked as a function of the Reynolds number, contrary to the 

most obvious Weber number. After characterizing the influence of the Re on the spray 

angle at ambient pressure, I explored the influence of decreasing the ambient pressure. 
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I decreased the ambient pressure while keeping the Re small. This allowed to investigate 

the transition from a cylindrical and a laminar jet to a fully flashing jet. Figure 14 (a) 

shows the minimum intensity profile of a PFnH jet that is discharged through a metal 

nozzle of 100 μm of I.D. This pattern trajectory was observed at a pressure ratio 

P∞

Pv
= 10−3. The spray angle was measured with the minimum and the maximum angle 

of the trajectories in Figure 14 (a). The spray angle calculated in this way is much wider 

than in previous reports. This is a direct result of acquiring images at 200 k fps in the 

lowest vacuum condition achievable with our system.  

Some interesting information can be measured from the minimum intensity profiles. 

One of the possible calculations is the distribution of the path lines in an angular 

direction, shown in Figure 14 (b). Figure 14 (b) presents the distribution of the path lines 

by measuring the pixel intensity for three different pressures. Figure 14 (b) I show 

experiments realized with metal nozzles of 100 μm discharging PFnH. The highest 

pressure ratio in Figure 14 (b) is 
P∞

Pv
= 4 and it occurs when a jet is at normal ambient 

pressure. The pixel intensity shown as the red triangles of Figure 14 (b) is calculated 

from the jet in Figure 4 (f). A normal distribution with a very narrow standard deviation 

was fitted to describe the jet. This is shown as the finely broken line of Figure 14 (b). In 

this situation the surface of the jet remains unperturbed. Therefore, the jet is localized 

at the center, showing a peak in the distribution of Figure 14 (b) of the red triangles. 
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Figure 14(a): Minimum intensity projection of a flashing jet of PFnH. 𝑃∞/𝑃𝑣 = 10−3and the total driving 
pressure is 151.3 kPa. The frame rate was 200 k fps. The inner diameter of the metal nozzle is 100 𝜇𝑚. It is 
clear that drops are ejected in all directions. (a) Evolution of the distribution of a jet of PFnH as a function 
of the angle for different pressure ratios 𝑃∞/ 𝑃𝑣. 

I defined the axial line of the jet as the zero. When the pressure ratio is reduced down to 

𝑃∞

𝑃𝑣
= 9.2 × 10−2 the single bubble explosions reshape the distribution to an asymmetric 

gamma function. The pixel intensity shown in the yellow diamonds of Figure 14 (b) was 

calculated from the minimum intensity profile of Figure 9 (g).  
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Such distribution results from a single expansion occurring on the left side of the jet. 

Therefore the path distribution is wider on one of the sides of the jet. Despite the 

violent expansion broke the jet on Figure 9 (g) there is more liquid moving on the side 

where the bubble nucleated. Finally, when complete flashing has developed at 

P∞

Pv
= 10−3, the distribution of the trajectories can be closely described by the normal 

function. In Figure 14 (b) the blue circles are the intensity calculated from the minimum 

intensity profile of Figure 14 (a). The continuous line is the normal distribution fit of the 

path lines of Figure 14 (a). When a completely flashing jet develops, the individual 

contribution of each bubbles is averaged. Then, the angular distribution becomes 

 Figure 14(b): Distribution of PFnH jets vs θ for different 𝑃∞/𝑃𝑣. 
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axisymmetric and the liquid disperses in all directions. This entails that the phenomena 

at lowest vacuum occurs in a much smaller time and length scale than when single  

bubbles nucleate. The size and the velocity of droplets ejected by the flashing jet 

provides also relevant information. I used particle tracking to measure the individual  

velocities of the ejected drops of experiment shown in Figure 14 (a). The distribution of 

the velocities of 1045 drops is shown in Figure 15 (a). The jet velocity was calibrated as a  

function of the total driving pressure beforehand. The total driving pressure on the 

experiment of Figure 14 (a) led to a jet velocity of 5.6 m/s, the solid green line of 

Figure 15 (a). This velocity is close to the mode of the distribution, 5.5 m/s. Thus, there 

is a large number of drops moving at the velocity of the jet. However, the average of the  

velocity is 6.56 m/s. So, in general the velocity of the ejected drops is more than 17% 

larger than the velocity of the jet. Therefore, the atomization mechanism adds  

additional momentum to the liquid. The spray angle measured in Figure 14 (a) was not 

unique. In fact, similar angles with different nozzles discharging PFnH are shown in  

Figure 16. In Figure 16 metal and glass nozzles with inner diameters from 30 up to 150 

μm are tested. The spray angle of the two smallest nozzles (I.D. of 30 and 45 μm) does   

not rise above100°, even for the lowest vacuum pressures. This is a natural 

consequence of a very slow flow, resulting in a very smallWev. 
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Figure 15(a): Probability distribution of the velocity of the ejected drops. 

I did not observe bubble expansion after the discharge of these nozzles. The glass nozzle 

with the smallest inner diameter did not show expansion angles larger than30°. In this 

case the Wev number was small enough that evaporation time scale is much larger than 

the dynamic evolution of the jet. Therefore the jet did not have enough energy to boil or 

even display angles larger than in Figure 13 (a). Despite the lack of bubble expansions in 

these two nozzles, spray angles close to 100°were observed in the nozzle with I.D. = 45 

μm. In this case, the boiling conditions rarely resulted in violent bubble nucleation. 

Instead, flash-boiling jet broke immediately into drops. This resulted in sprays with 

wider angles than unstable jets, but much smaller than flash boiling jets. For nozzles 
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larger than 45 μm, the spay angles showed a clear trend. On all these experiments I 

used driving pressures below the threshold for an agitated interphase. As a result, for 

pressures above the vapor pressure, the spray angle was close to 0°. However when the 

pressure was decreased below the vapor pressure of PFnH, the spray angle 

continuously increased. The angle reached a maximum of θs~ 360°one order of 

magnitude below the vapor pressure, 
P∞

Pv
= 0.1. These results were very similar for 

metal and glass nozzles with an I.D. above 45 μm. The large amount of experiments 

performed unraveled the trend of the angle to be increased. I also measured the spray 

angles of three other different liquids, methanol, ethanol and 1-bromopropane.  

Other liquids displayed a similar trend on the spray angle as PFnH in Figure 16. In Figure 

17, the spray angle is close to zero for pressures above the vapor pressure. In this series 

of experiments I used metal and glass nozzles as well. The open symbols in Figure 17 are 

glass, while the filled symbols are metal nozzles. Below the vapor pressure the spray 

angle rapidly increased taking values close to 360°. The increase in the spray angle is 

steep in Figure 17 when compared with the trend of Figure 16 . However the dispersion 

is considerably larger when testing different liquids. Ethanol is the liquid with the lowest 

vapor pressure, being the most difficult to evaporate. In combination with its high 

viscosity results in very stable jets with a very low level of agitation that are very difficult 

to flash boil. This is consistent with the spray angles shown in Figure 13 (a), where 

ethanol cannot reach Reynolds numbers above a 1000. 
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Figure 16: Spray angle as a function of the pressure ratio 𝑃∞/ 𝑃𝑣. Glass and metal nozzles with 
inner diameters from 30 to 150 𝜇𝑚 were used to discharge PFnH. 

 
Figure 17: Spray angle as a function of the pressure ratio 𝑃∞/𝑃𝑣 for methanol, ethanol and 1-
bromopropane. The open and filled symbols refer to glass and metal nozzles, respectively. 
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The combination of a low agitation and low heat transfer becomes evident on the spray 

angle of the two smallest nozzles (I.D.= 66 and 100 𝜇𝑚). For pressures below the vapor 

pressure, ethanol does not flash boil. In all the other cases, methanol, ethanol and 1-

bromopropane achieve large spray angles after their pressure ratio is beyond the vapor 

pressure. Besides measuring the spray angles, the ultra-high speed camera allowed to 

measure the individual rate of expansion of bubbles nucleating on the surface of the jet, 

as in Figure 12 .  

3.1.3 Bubble-Growth rate calculations 

Focusing on bubbles expanding laterally, I measured their expansion speed. In Figure 18, 

Figure 19, Figure 20, and Figure 21 I present typical growth rates and velocities of these 

bubbles. The most common type of expansion is presented in Figure 18 . At the 

beginning the bubble grows slightly in size. However, its growth rate diverges as the 

bubble approaches to burst. Then, its velocity increases dramatically as I quantified in 

the broken line of Figure 18. The initial velocity in this example is close to zero and it 

increases to 60 m/s in less than 25 μs. Such a dramatic change in the velocity requires an 

exceptional acceleration. 

Another typical bubble expansion is shown in Figure 19. At the beginning the bubble 

seems to expand at a constant rate. Then the driving forces stop and the growing 

bubble decelerates, ultimately reaching a steady size. As we see in the broken line of 

Figure 19, the velocity decreases continuously since the beginning of the expansion.  
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Figure 18: Typical bubble expansion in a jet under flashing conditions. ° were measured as a horizontal position of the 
bubble's boundary. The solid line represents a polynomial fitting of degree 4 crossing through the circles. The broken 
line represents the velocity calculated with the derivative of the polynomial fit. This is the most common case of 
bubble expansion, where the value of the velocity diverges as it approaches the burst. 

 
Figure 19: Typical bubble expansion in a jet under flashing conditions. ° Were measured as a horizontal position of 

the bubble's boundary. The solid line represents a polynomial fitting of degree 4 crossing through the circles. The 

broken line represents the velocity calculated with the derivative of the polynomial fit. Another typical scenario is a 

bubble whose initial expansion is fast and slows down as times progresses 
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Figure 20: Typical bubble expansion in a jet under flashing conditions. ° Were measured as a horizontal position of the 
bubble's boundary. The solid line represents a polynomial fitting of degree 4 crossing through the circles. The broken 
line represents the velocity calculated with the derivative of the polynomial fit. A third scenario occurs when the speed 
of a bubble initially expands but reaches a maximum velocity and then slows down. 

 
Figure 21: Typical bubble expansion in a jet under flashing conditions. ° Were measured as a horizontal position of the 
bubble's boundary. The solid line represents a polynomial fitting of degree 4 crossing through the circles. The broken 
line represents the velocity calculated with the derivative of the polynomial fit. There are complex scenarios of bubble 
expansion. These usually appear when more than one bubble is initially expanding. These bubbles can either grow 
while its neighbor stops growing or even shrinks.  
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More complex scenarios of bubble expansion occur in Figure 20 and Figure 21. The 

bubble expands slowly at the beginning of Figure 20. Then the velocity increases 

exponentially, similar to the scenario of Figure 18. However, the velocity decreased 

again and the velocity plateau. Besides these, some complex scenarios arise from the 

nucleation of many bubbles on the same region. In these cases, the expansion velocity is 

the result of many other expansions that might start one after the other. This very 

complex scenarios result in bubble expansions with their own character that cannot be 

understood as a single event but more an addition of events. Such in the case of Figure 

21, where the expansion displays cycles of acceleration and deceleration.  

I measured the maximum velocity of expansion as a function of the pressure ratio P∞/Pv 

for PFnH in Figure 22 and in Figure 23 for other liquids. For pressures lower than the 

vapor pressure the maximum velocity of expansions vestarts to increase continuously. 

The increase in the velocity follows a trend similar to the one observed for the spray 

angle of Figure 16. At the lowest pressure ratio in Figure 22 the maximum expansion 

velocities reach close to 140 m/s. These experiments were performed with metal and 

glass nozzles ranging from 68 up to 150 μm. In Figure 23 I show the expansion velocities 

for ethanol, methanol and 1-bromopropane. The inner diameters of the nozzles varied 

from 140 until 480 μm. When the pressure is reduced below the vapor pressure velocity 

of the expanding bubbles increases, following a similar trend as in [16]. 
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Figure 22: Maximum expansion velocities of bubbles on jets of PFnH as a function of the pressure ratio𝑃∞/𝑃𝑣. 
Two glass nozzles as well as two metal nozzles of different diameters were used to discharge the liquid. 

 

 
Figure 23: Maximum expansion velocities of bubbles on jets of different liquids as a function of the pressure 
ratio𝑃∞/𝑃𝑣. Two glass nozzles as well as two metal nozzles of different diameters were used to discharge the liquid. 
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Figure 24: Schematic of a bubble growth  

3.2 Analytical models of bubble growth 

In my visualizations of flash-boiling jets I observed bubbles expanding at very high 

speeds. After the bubble bursts, the jet expels drops in all directions of the jet. These 

drops have the smallest diameters produced by the flash-boiling atomization process. 

This is why the dynamics of bubble expansion are very relevant. But, a model that 

combines the physical characteristics of this phenomena should be very complex. 

However, there are a few models that one of them is briefly discussed. In the following 

paragraphs I describe Plesset and Prosperetti models which is a special solution of the 

general model (Rayleigh-Plesset).  
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3.2.1 General bubble growth 

To make a model that includes all these effects it might be necessary to start from the 

momentum equation coupled with the heat and mass transport. The momentum 

equation takes the form of the Rayleigh-Plesset equation 

𝑅�̈� +  
3

2
 (�̇�)

2
=  

1

𝜌𝑙
 (𝑃𝑖 −  𝑃∞ −

2𝜎

𝑅
− 

4𝜇

𝑅
 �̇�),   (5) 

Where 𝑃𝑖  is the pressure in the gas at the bubble wall [34]. 

Prosperetti solved this equation by balancing the expansion forces by evaporation heat 

transfer, and he ignored the viscos and surface tension foes. The solution is briefly 

described in the following subsection. 

3.2.2 Bubble growth in superheated liquids  

The expansion velocity of a vapor bubble growing within a superheated liquid shown in 

Figure 24 due to vaporization is given by 

𝑅�̇� ~ 
𝑘

 ℎ𝑓𝑔 𝜌𝑣 (𝑇𝑏)
 
𝑇∞ −  𝑇𝑏  

√𝐷𝑇𝑡 
 ,   (3) 

In Eq. 3, k is the liquid thermal conductivity, ρv (Tb ) is the equilibrium vapor density, Tb  

the boiling temperature, DT is the thermal diffusivity of the liquid and t is the time.  This 

equation is derived by Plesset and Prosperetti [34] (1977). Eq. 3 assumes that a bubble 

nuclei is already formed and that the growth is driven by purely thermal effects.  Eq. 3  
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Figure 25: Bubble growth in liquid-jet 

balances the heat flow rate from the liquid to the wall of the bubble with the latent heat 

that supplies the vapor in the bubble at the boiling temperature Tb  [35]. 

3.3 Discussion  

Despite the correlation between thermodynamic and mechanical effects has been 

established, neither Plesset-Prosperetti nor Rayleigh-Plesset models can estimate the 

bubble growth dynamics in flash-boiling liquid jet, and that because those models have 

been derived for existed bubble that grows against infinite pool of liquid, where in 

liquid-jet, the bubble grow against thin layer of liquid that get thinner and thinner along 

with growth as shown in Figure 25. Moreover, there are other physical parameters that 

influence the flash-boiling atomization, such as the effects of the dissolved gases. 
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Mechanical and Thermodynamics effects as well as dissolved gases play in important 

role in the bubble growth dynamics. To fully understand the dynamics of such complex 

systems, the equations of momentum, heat diffusion and the mass transfer equations 

should be solved [2]. These equations are coupled and highly nonlinear and must be 

solved in the surroundings of each bubble. This presents a great challenge in 

determining a model that fully encompasses these characteristics as well as its boundary 

conditions. 

3.3.1 Gas dissolution effects 

A gas in contact with a liquid diffuses in different amounts according its mass diffusivity. 

Dissolved gases modify the dynamics of bubble formation and therefore the behavior of 

flash-boiling liquids. For example, even a small amount of dissolved gas can reduce 

greatly the temperature where a super-heated liquid starts nucleating bubbles [2, 37]. 

Furthermore, cavitation bubbles expand much more in liquids with a large amount of 

dissolved gases than in degassed liquids [38].  

However, I have observed that strong evaporation is responsible for stress on the 

surface of the jet that squeezes its cross section and ultimately forms branches. This is 

more important with liquids with low surface tension, as this acts as a physical barrier. 

Meaning, liquids with high surface tension represent a larger barrier for evaporation as 

well as a dissolved gases. While the bubble nucleation is inhibited at short nozzle sizes, 

the branching remains as a flashing mechanism. 
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Chapter 4: Conclusions 

I visualized flash-boiling of jets of different liquids using an ultra-high speed camera. By 

systematically reducing the ambient pressure within the vacuum chamber, I observe the 

different stages that lead to a fully flashing jet. On initially cylindrical jets, I noticed the 

onset on boiling by observing at the change of the refraction index of the liquid as well 

as the development of meandering. For lower pressures I observe single bubbles 

expansions that broke the jet, atomizing into droplets. Remarkably, the large temporal 

resolution revealed that droplets are ejected in all directions around the jet. With larger 

areas exposed to an increased heat transfer, more bubbles nucleated. This bubbles 

could be larger and faster, as observed in Figure 10. At very low pressures bubbles of 

many sizes nucleated, forming droplets of several sizes as well. Using the minimum 

intensity profile I measured the spray angle as a function of the Reynolds number and 

the pressure ratio. This image analysis technique allowed me to quantify the distribution 

of the path lines in the angular direction. Using particle tracking I measured the 

distribution of the drop velocities. The spray angles were measured based on the 

trajectories of the droplets, illustrating that spray angles are much larger than what was 

estimated in the literature. I show that there are typical expansion rates that result in 

high velocities and accelerations. In particular, the velocity of the most common type of 

bubble expansion strongly diverges as it approaches to bursting. However, multiple 

events of bubble expansions might occur simultaneously, giving a unique character to 
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each expansion. The expansion velocity of the bubbles achieved an unprecedented 

velocity up to 140 m/s, a value 47 times larger than was is expected from models of 

Prosperetti. All the measurements were performed on different liquids, nozzles made of 

different materials and with inner diameters. 

My results were adapted to the context of LPG leaks, estimating that the higher vapor 

pressure, driving pressure would lead to a more turbulent flow that might expand more 

uniformly in the angular direction. I briefly discussed that very well-known models fail to 

predict the large velocities of expansion.  
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