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Abstract 

Title:  Effect of Cavitation Regimes on Stepped Diesel Injectors 

Author: David Michael Sykes 

Advisor: Hamidreza Najafi, Ph. D. 

 

The objective of this work was to determine the effects of different cavitating flow regimes 

on a stepped orifice geometry relevant to diesel injectors.  Conventional diesel orifice 

geometries consist of a single tapered or straight circular passage.  The geometry used in this 

work had two circular passages in series: a first orifice that was similar to conventional 

geometries and a second larger orifice immediately downstream that induced cavitation. The 

large orifice served to stabilize the flow, allowing for different flow regimes to exist at the 

exit plane of the large orifice (single-phase, intermittent bubbly, bubbly, annular, etc.). 

A series of experiments was conducted at room temperature with injection pressures up to 

8.5 megapascal (MPa), ambient pressures of up to 798 kilopascal (kPa), and using both water 

and dodecane as working fluids.  Internal and external visualizations were conducted along 

with measurements of discharge coefficient, spray angle, and representative droplet sizes for 

both conventional and stepped geometries.  It was discovered through experiments that the 

different types of two phase flows at the exit plane gave rise to four distinct spray regimes 

for the stepped geometries and that the operating regime was controlled primarily by the 

cavitation index. 
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Regime 1 (single phase) provided almost no atomization, near zero spray angle.  Regime 2 

(intermittent bubbly) provided spray angles up to 55°, and very large droplet sizes.  Regime 

3 (bubbly flow) provided a decreasing spray angle and droplet size.  Regime 4 (annular flow) 

provided a consistent spray angle of 14° and smaller droplet sizes in the range tested.  Spray 

angles for the conventional geometry were measured consistently at 7°.  Droplet sizes for 

the conventional geometry were also much more consistent over the range of parameters 

tested than for the stepped geometries.  It was shown that the stabilization owed to the large 

orifice effected the spray parameters dramatically depending on regime. 

The experimental measurements were compared to computational calculations using 

established models for two phase flow, phase interaction, and cavitation.  It was calculated 

that the increase in spray angle in Regime 2 and decrease in spray angle in Regime 3  

corresponded to an increase followed by a decrease in turbulence intensity.  Additionally, it 

was calculated that the initial rapid decrease followed by asymptotic decay in droplet size 

corresponded to the initial rapid increase followed by asymptotic increase in turbulent kinetic 

energy at the exit plane.  It was concluded that the changing bubble density and phase 

distribution created by using the stepped geometry led to changing turbulence levels at the 

exit plane and ultimately dictated spray angle and droplet size.  It was acknowledged that 

this turbulence augmentation worked in conjunction with other factors such as aerodynamic, 

surface tension, and velocity profile relaxation effects to ultimately determine spray 

parameters; however, the induced turbulence from the different flow regimes appeared to be 

the most significant driving force. 
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Chapter 1 

Background 

Diesel engines have long used direct injection (DI) to increase fuel efficiency and power 

output because of precise control over the quantity of fuel, injection timings, and fuel 

injection pressure. Manufacturers have made use of increasingly high fuel pressures (up to 

2,000 bar) and small nozzle size (~100 μm) as a method to produce highly atomized sprays 

and quickly deliver fuel to the cylinder.  The injectors themselves have historically been a 

plurality of near plain orifice atomizers with a rounded inlet and usually a taper. The resulting 

high velocities within the injectors from high injection pressures coupled with the tortuous 

path between the fuel supply and the individual atomizers can give rise to the presence of 

cavitation within the injector.  This cavitation influences flow and atomization behavior of 

the injectors significantly. 

Atomization Processes for Diesel Injectors 

At its core, diesel engine injectors operate as plain orifice atomizers (or nozzles).  Lefebvre 

presents the historical development of understanding of the plain orifice nozzle in the 

absence of cavitation [1].  Generally, it is agreed that the destruction of the liquid jet effluent 

from the nozzle into droplets (i.e. primary atomization) is largely controlled by three 

competing forces: 
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 Turbulence Forces.  Internal turbulent forces promote jet breakup.   

 Aerodynamic Forces.  These forces partially arise from the discontinuous boundary 

condition at the exit plane of the nozzle. Within the nozzle, the flow is bounded at 

the wall with a near zero velocity (i.e. no slip).  Just leaving the nozzle, the periphery 

of the jet is suddenly exposed to a free shear layer with the ambient gas.  This 

discontinuity can lead to the growth of instabilities.  Additionally, the free shear 

layer interacts with the jet that amplifies these instabilities until rupture. 

 Surface Tension Forces. The different phases just downstream of the nozzle exit 

plane coupled with the small dimensions of the liquid jet give rise to surface tension 

forces. This force acts to resist the jet shape from any deviation from a circular 

profile and thus resisting the atomization process. 

Based on these forces, early work performed sought to reconcile plain orifice atomization 

into regimes.  Beginning in the 1930s, flow maps were generated to describe the different 

regimes based on the combination of Oh and ReD defined by [2] 

 

𝑂ℎ =
𝜇𝑙

√𝜌𝑙𝜎𝐷
         𝑅𝑒𝐷 =

𝜌𝑙𝑈𝐷

𝜇𝑙
   (1), (2) 

 
Oh is the ratio of the viscous forces to surface tension forces, and ReD is the ratio of inertial 

forces to viscous forces.  Occasionally, the Weber number is used in research, which is the 

ratio of inertial forces to the surface tension forces and is related to Oh and ReD by the 

following relation 

𝑊𝑒 = (𝑅𝑒𝐷𝑂ℎ)2    (3) 

 
One of the most common maps cited is that of Reitz, adapted here as Figure 1 [3].  If the 

working fluid and geometry are fixed (Oh remains constant), then the operation of a plain 
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orifice atomizer across a range of injection pressures can be represented in Figure 1 as a 

horizontal line.  The low-Re regime is called “Rayleigh breakup” where the destruction of 

the jet is due to the amplification of surface tension induced oscillations.  Increasing Re 

yields a transition into the “First Wind Induced” regime; the breakup mechanism in the 

Rayleigh breakup regime is augmented by aerodynamic forces.  Further increase in Re yields 

another shift to the “Second Wind Induced” regime; the breakup is caused by unstable 

growth of waves from the relative velocity of the ambient environment and the jet.  Surface 

tension of the liquid resists the growth.  Finally, at very high Re, an “atomization” regime is 

attained; the jet disrupts completely very close to the exit plane of the nozzle (within five 

diameters).  There is some debate as to the precise cause of the disruption; however, most 

believe it to be a combination of effects of cavitation and turbulence [3].  Also Reitz 

disclosed that the boundaries suggested in Figure 1 are dependent on the ratio of ambient 

density to liquid density [3].  At low values of this ratio (i.e. atmospheric testing), the 

boundaries are shifted to the right.  While this map is informative, all modern diesel injectors 

operate in the “atomization” regime and therefore this is the primary focus of the current 

work.   
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Figure 1: Flow map of plain orifice atomizers showing the four different regimes of 

operation[3] 

The boundary between the 2nd wind induced regime and the atomization regime has been 

characterized by many different researchers.  Ranz reasoned that the boundaries for the 

different atomization regimes could be derived from the balance of stresses and established 

that atomization would occur given the following condition [4]  

𝑊𝑒𝑔 =
𝜌𝑔𝑈2𝐷

𝜎
> 13    (4) 

 
Miesse showed experimental data from Littaye that suggested the criterion be modified to 

[5]  

Atomization 

2nd Wind Induced 

1st Wind Induced 

Rayleigh 
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𝑊𝑒𝑔 > 40.3     (5) 

 
Also, Miesse developed an empirical relationship that predicts the onset of atomization into 

ambient air as [5] 

𝑂ℎ > 100𝑅𝑒𝐷
−.92    (6) 

 
or equivalently 

 

𝑊𝑒𝑙 =
𝜌𝑙𝑈2𝐷

𝜎
> √150𝑂ℎ−.087    (7) 

 
The above fundamental work is the basis of much of the current work in diesel injectors.  

Much later, it was shown that there are factors in addition to the non-dimensional parameters 

discussed that greatly impact the breakup of the liquid jet from the plain orifice.  Hiroyasu 

showed that the inlet condition to the orifice characterized by the inlet radius, inlet turbulence 

intensity, and inlet turbulence scale makes a significant impact on the breakup mechanism 

[6, 7]. Hiroyasu tested two different nozzles (geometries a and b).  Both nozzles were 

identical (D=0.3 millimeters (mm), L/D=1) with the exception of a screen that was placed at 

the upstream edge of the orifice for geometry (b) [6].  The wire diameter of the screen was 

1/3 of the orifice diameter, and the square opening to the screen was 0.6 times the size of the 

orifice diameter.  A single square opening for the screen was concentric with the orifice hole.   

Even though this change was relatively small, the effect on the spray was pronounced.  The 

geometry without the net (a) showed a “clean” jet with very little disturbance, while the 

geometry with the net showed a highly turbulent spray with a moderately wide spray angle.  

Other experiments were conducted with geometries similar to (b) with greater L/D ratios.  
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Those experiments showed that lower L/D ratios lead to quicker and more complete breakup. 

From these and other experiments, Hiroyasu concluded: 

1. The turbulence intensity and turbulence scale influenced atomization greatly. 

2. Higher L/D ratios damped out inlet turbulence and discouraged spray breakup. 

3. Three-dimensional turbulence was required to promote disturbances and avoid 

what he referred to as “supercavitation” which was cavitation at the leading edge 

of the orifice that does not reattach.  It is important to note that his definition of 

supercavitation differs from that which is discussed herein. 

4. Ambient density had a large effect on spray formation. 

Similar to these findings, Yeh showed that larger L/D ratios tend to suppress the peak 

production of turbulence intensity near the wall [8].  This turbulent kinetic energy 

suppression increased as Re increased [8].  With a lower turbulent kinetic energy, the 

disruption forces on the liquid column leaving the injector is reduced, thus explaining the 

experimental findings from Hiroyasu and Tamaki [6, 7].   

In somewhat contrary arguments, McCarthy and Molloy present the effects of developing 

flow on atomization.  They define a term ε (kinetic energy per unit mass) such that 

𝜀 =
∫ 𝑈3𝑑𝐴

𝐴

0

�̅�3𝐴
     (8) 

where U is the local fluid velocity, �̅� is the average velocity, and A was the cross sectional 

area of the nozzle[9]. For free jet flow ε = 1, while for fully developed turbulent flow ε = 1.1 

- 1.2.  So, when a developing turbulent jet emerged from a nozzle the velocity profile relaxed 
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by means of momentum transfer across transverse boundary layers of the jet.  This 

redistribution of energy across the profile resulted in a disruptive force aiding in atomization 

[9].  Thus, for highly developed flows, this redistribution force was expected to be amplified.  

However, Lefebvre also notes that this effect was smaller than other driving factors such as 

turbulence level and aerodynamic forces [1]. 

Several researchers have also investigated the effect of the inlet radius on the performance 

of the injector [8, 10-13].  Yeh showed that the turbulence intensity profile and magnitude 

was a function of Re and the inlet radius (r/d) [8].  It was shown that larger inlet radii produce 

less turbulence intensity at the exit plane of the injector, and that this reduction in generated 

turbulence intensity led directly to higher discharge coefficients.  He et al. simulated 

cavitating flows using the k-ε model and found that increasing radius increased CD and 

reduced the critical cavitation index below which CD becomes a strong function of cavitation 

index [10]. Cavitation index (K) is defined as 

𝐾 =
𝑃𝑐−𝑃𝑣

1
2⁄ 𝜌𝑙𝑢2

  (9) 

where Pc is the ambient pressure at the exit plane or chamber pressure, Pv is the vapor 

pressure of the fluid, ρl is the liquid phase density, and u is the liquid velocity at the inlet 

restrictor. Recently, cavitation has seen a large preponderance of research activity. 

Cavitation Within High Pressure Diesel Injectors 

Cavitation has been studied in diesel injectors extensively because of its perceived 

improvement to atomization and combustion processes in diesel engines [14-20].  The vast 
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majority of these studies were conducted on a conventional geometry [17-19, 21].  Figure 2 

shows a cross section of a conventional geometry usually used in injector cavitation studies.  

A central needle was seated against the injector tip that creates a seal.  Immediately below 

the needle was a fluid volume that is called the “sac” volume.  Surrounding the sac volume 

was a plurality of nozzles (between 4 and 8) usually arranged in a cone with an included 

angle between 105° and 135°.  Each nozzle was typically tapered, which was quantified by 

a k-factor defined as 

𝑘 − 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑑𝑖−𝑑𝑜

10
     (10) 

where di is the inlet diameter of the nozzle and do is the outlet diameter of the nozzle [16].  

Having a positive k-factor (i.e. conical) nozzle geometry has been shown to increase flow 

coefficient, and therefore mass flow [15, 19].  Also at the inlet diameter, introducing an inlet 

radius (r) was typically done to improve flow coefficient and suppress cavitation [8, 12, 19]. 

Cavitation suppression was employed because even though it provided atomization 

improvement, cavitation was also susceptible to unwanted cycle-to-cycle and nozzle-to-

nozzle fluctuations.  Typical ratio for r/di were 0-0.3[15]. 

If the needle seat was substantially above the nozzles and the sac volume was comparable to 

the nozzle volume, it was considered a “mini sac” injector.  Alternatively, if the needle seat 

was collocated with the nozzles, then the injector was considered a valve covering orifice 

(VCO).  The sac volume for VCO injectors is significantly smaller than in “mini-sac” 

injectors. 
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Figure 2: Cross section of typical “mini sac” geometry used in injector cavitation studies 

To initiate flow in operation the needle was lifted from the seat, creating a flow crevice.  

Flow was then directed along the needle surface and abruptly turns into the nozzle.  The 

abrupt turn caused a flow separation and recirculation region near the leading edge of the 

nozzle.  Recent studies have been focused on cavitation originating either in this recirculation 

region, in the vortex immediately downstream of the needle seat as it lifted, or as a 

consequence of dynamics within the injector [17].  Mitroglou has shown that the needle 

position and cavitation index control the cavitating behavior, and that ReD had little impact 

on cavitation performance[17]. 

The classical criterion for cavitation is when the local pressure falls below the vapor pressure 

of the fluid (i.e. P < Pv) if the dissolved gas partial pressure and surface tension effects are 

needle 

di 

do 

needle seat 

r 
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negligible.  However, some recent researchers have shown that the inclusion of a strain rate 

term can improve the predictive accuracy of the criterion [22, 23].  The process of cavitation 

begins at nucleation sites.  The nucleation takes two different forms; homogeneous 

nucleation and heterogeneous nucleation.  Homogeneous nucleation occurs when thermal 

motions cause temporary microscopic voids within the liquid, constituting a necessary site 

for the liquid rupture [21].  Homogeneous nucleation intensity is difficult to predict because 

of strong dependences on fluid composition, dissolved gas content, and flow condition [21].  

Heterogeneous nucleation occurs near the walls and is dependent on surface roughness and 

flow geometry [21].  It is important to note that in superscale experiments homogeneous 

nucleation dominates, while in real-scale experiments heterogeneous nucleation tends to 

dominate. 

It has been noted that cavitation can be caused by dynamic and geometric factors.  Dynamic 

factors included needle lift motion (both lift and wobble), needle eccentricity, and applied 

pressure gradient fluctuations [24, 25].  Geometric factors included taper angle, length of 

nozzle, inlet radius, nozzle diameter, and surface roughness [10, 24]. These geometric factors 

were lumped into two groups; in-nozzle and in the sac volume.  In-nozzle cavitation occurred 

as the flow entered the nozzle from the sac volume near the needle.  The abrupt turn causes 

a low pressure recirculation region at either the top edge or the bottom edge of the nozzle 

hole[16].  The location of cavitation has been noted to be a strong function of the needle 

position [22, 26].   

There is some disagreement as to the direct cause of cavitation within the sac volume.  Some 

argued that the mean flow field past the needle causes a vortex strong enough to create 
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cavitation [17, 18, 27].  Roth et al. performed visualization and Laser Doppler Velocimetry 

(LDV) experiments on an enlarged clear nozzle with an index of refraction-matching fluid.  

Through their visualizations it was determined that a vortex established immediately 

downstream of the needle seat as the needle is lifted.  This vortex core interacted with the 

already cavitating flow in each nozzle to create string cavitation [27].  The elongated bubbles 

in string cavitation interacted between nozzles [17].  Mitroglou et al. also noted that prior to 

injector needle lift, bubbles existed in each nozzle and the sac volume resultant from 

cavitation during the final stages of the previous injection event.  They surmised that string 

cavitation was triggered by the growth of some of these small bubbles that are trapped in the 

low pressure recirculation region [17, 18].  Others argued that the transient flowfield 

resultant from transient discharge coefficient changes of individual orifices was the root 

cause of string cavitation [10].  For example, He noted that the eccentricity of the needle 

affected the relative cavitation strength of each nozzle within the injector, the flow structure, 

and the turbulent kinetic energy at the nozzle exit.  Nozzles that were furthest from the needle 

experienced the highest degree of cavitation [10].  

Effects of Cavitation in Diesel Injectors 

As stated above, the atomization process from plain orifice atomizers arises from the balance 

of aerodynamic, turbulent, and surface tension forces.  Cavitation affects aerodynamic and 

surface tension forces to an extent; however, cavitation most strongly affects the turbulence 

level within the orifice.  Bubble generation and growth creates a local outward velocity 

disturbance owed to the substantially lower density of the vapor.  Likewise, collapse of vapor 

bubbles creates a local inward velocity disturbance owed to the high density of liquid.  The 
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high number density of nucleation bubbles, varying rates of growth and decay, and stochastic 

nature of velocity distributions gives rise to a high degree of unsteady pressure and velocity 

fluctuations (i.e. turbulence) within the nozzle. 

Many studies have been done linking the turbulence production of cavitation to the injector 

atomization performance [14, 15, 22, 27-30].  Roth et al. measured that the normalized 

turbulent kinetic energy increased dramatically as cavitation index reduced (i.e. cavitation 

intensity increases).  However, in their experiments they measured that the turbulent kinetic 

energy dissipated prior to the liquid exiting the injector. Based on other findings, it is not 

clear whether the dissipation would exist at real scale geometries.  [27].  Som calculated that 

the vapor fraction and turbulence levels were lower when using n-dodecane as a surrogate 

for multicomponent instead of diesel fuel [22].   Jahangirian et al. computationally showed 

that the turbulent kinetic energy increased dramatically (~10 times) in the presence of 

cavitation resultant from small changes in injector geometry [28].  Im et al. showed that an 

increase in spanwise turbulence that normally enhanced atomization coincided with the rise 

in bubbly cavitation inside of nozzles[29]. Sun et al. computationally simulated cavitation 

through a representative injector geometry and actually noted a decrease in area-averaged 

turbulent kinetic energy at the exit plane by approximately 50% over the non-cavitating case 

[15].  However, in these simulations the liquid flow was clearly separated from the wall 

throughout the injector [15].  By contrast, other researchers measured that when cavitation 

bubbles existed near the end of the nozzle, the spanwise turbulence intensity increased by 

300%, and a mean outward velocity was measured [14].  This increase in turbulence intensity 

was measured in collapsing bubbly flow conditions.  In a “supercavitation” condition (i.e. 
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large elongated bubble extending beyond the nozzle exit similar to conditions in [15]), 

spanwise turbulence decreased dramatically.  Thus, if bubbly flow exists at the exit plane of 

the injector, the spanwise turbulence was increased, and the lateral velocity field became 

outward; both conditions dramatically improved primary atomization and increased spray 

angle. 

Several authors have been successful in modeling the turbulence induced by individual 

bubbles [31-33]; however, these studies were typically focused on monodispersed, constant-

diameter bubbles (i.e. ignoring fluid effects of bubble growth or collapse).  Rzehak favorably 

compared his two-phase model against available data and earlier computational efforts and 

accurately predicted phase distribution, turbulence intensities and velocity profiles of bubbly 

flows.  Like previous models [34-36], Rzehak used a two-fluid Eulerian approach with a k-

ε turbulence model.  The source term for the liquid phase turbulent kinetic energy was equal 

to the drag of the bubble within the liquid.  Drag coefficients were manipulated to account 

for deforming bubbles.  In addition to this source term, literature-based two-phase 

interactions for lift, turbulent dispersion, and wall functions were employed.  While this was 

successful in predicting turbulence in bubbly flows, it had several shortcomings [31].  

Primarily, the mathematical description did not account for the creation or destruction of 

bubbles, which is well known to induce extreme pressure and velocity fluctuations [37]. 

Feng calculated bubble-induced turbulence (BIT) for spherical and deformable bubbles in 

cross flow [32].  When turbulent liquid encounters a bubble some of the turbulent energy is 

transmitted inside of the gas bubble, which acts as a damper.  However, at the trailing edge 

of the bubble, the liquid separates from the bubble creating eddies trailing the bubble.  The 
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difference between the turbulent kinetic energy creation in the eddies and the absorption in 

the bubble results in a net increase in turbulent kinetic energy of the liquid; so-called bubble-

induced turbulence (i.e. BIT).  Feng used a volume of fluid two-phase approach coupled with 

a level set method to capture the two-phase physics to calculate BIT in several flow 

conditions.  Feng calculated that BIT increased with the bubble Weber number, defined as 

𝑊𝑒𝐵 =
𝜌𝑣𝑟

2𝑑𝐵

𝜎
     (11) 

where vr is the relative velocity between the bubble and liquid, and dB is the diameter of the 

bubble. The root cause of this increase was that at higher WeB, the bubble was more 

deformable, causing an increase in cross-sectional area and trailing-edge vorticity.  Also, the 

deformable bubbles can be coupled with the incoming liquid turbulence to vibrate, causing 

additional BIT.  Feng calculated that at WeB = 2.71, the increase in turbulent kinetic energy 

over the background turbulence intensity was 10% [32].  BIT persists longer than typical 

exponential decay of isotropic turbulence; however, the region of increased turbulence is 

between 5 and 10 bubble diameters [32].  Given the scale of photographed bubbles in the 

injector described herein (~10 μm), the area of influence for BIT was small (~50-100 μm 

axial length).  This agrees with the experimental findings of Roth and Sou [14, 27], further 

supporting the assertion that the two-phase state at the exit plane of the injector is the primary 

driver for the two-phase enhancement of turbulence, which dramatically affects the spray 

formation process.  It is also important to note that both the singular-bubble and dispersed 

computational approaches primarily derive the liquid-phase turbulent kinetic energy source 

term from the drag associated from a bubble with constant mass.  Thus, the turbulence 
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induced by fluctuations in bubble displacement associated with bubble growth and decay are 

not accounted for, which are significant in diesel injectors were high rates of evaporation 

and condensation occur.  

Intermittency also typically accompanies turbulence enhancement from cavitation. Payri et 

al. produced a combined experimental and computational exploration of cavitation in diesel 

injectors.  They found that the cavitation bubble that was generated at the nozzle inlet 

recirculation region periodically went through growth, collapse, and detachment phases that 

significantly affected the velocity profile at the exit of the nozzle, which in turn heavily 

influenced the spray breakup and fuel air mixing of the spray [16].  Sou et al. performed an 

experimental cavitating spray study on a 2-D nozzle withe cavitation and spray visualizations 

and LDV measurements of velocity [14].  Sou noted that the bubble clouds that were formed 

in a cavitating condition also went through periodic times of growth, collapse and 

detachment.  The measured frequency for this cycle was measured to be 1-4 kilohertz (kHz) 

[14].  Mitroglou also noted a periodic nature of string cavitation in real-sized orifices.  His 

visualizations show that 20% of the recorded cavitation strings exist for a single frame 

recorded at 30 kHz.  When the recording frequency was increased to 50 kHz, the proportion 

of string bubbles existing in only a single frame dropped to 8% [17, 18].  Interestingly, the 

total duration of an injection event in a typical diesel engine is approximately 1 (millisecond) 

ms.  Thus, one could expect less than 30 total oscillations in a single injection event. 

Finally, Som notes that primary breakup was enhanced by turbulence and instability caused 

by cavitating flow patterns within the nozzles [22].  In conventional tapered injector 

geometries, cavitation also led to increased liquid velocities because of the area reduction 
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resultant from the vapor generation.  Som calculated that the needle position influenced the 

region size and strength of the cavitation significantly.  Also, it was calculated that when 

using n-dodecane as a surrogate for multicomponent diesel fuel, the vapor fraction and 

turbulence levels were low [22].  Thus, using n-dodecane for experimental investigations is 

a conservative choice.  In summary, cavitation has been shown to increase turbulence levels 

dramatically in close proximity to cavitation bubbles; however, uncertainty in cavitation 

inception location and intermittency also has persisted. 

Practical Impacts of Cavitation on Diesel Injectors 

From the engine designer’s perspective, the important characteristics of a diesel injector are 

the discharge coefficient (CD), spray angle (θ), and representative droplet size (D32).  

Intuitively, one would expect that the discharge coefficients would be heavily affected by 

cavitation because of the induced turbulence and acceleration from phase change.  He et al. 

performed a computational/experimental study in which water was injected through a clear 

nozzle set.  The calculated discharge coefficients were nearly constant in non-cavitating 

conditions, but decreased proportionally with the square root of K when the nozzles were 

cavitating.  The critical K (between 0.8-1) that was the boundary between these two regions 

decreases with increasing inlet radii and decreased injection pressure[10].  Sun 

computationally demonstrated in a representative injector geometry that the presence of 

cavitation decreased the discharge coefficient by 14-17% depending on condition, and noted 

that decrease in discharge coefficient coincides with an increase in cavitation intensity [15]. 
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The increased turbulence in cavitating flows also translates to increased spray angles.  Spray 

angles have also experimentally been measured higher in cavitating flows.  Payri conducted 

experiments with both cylindrical and tapered geometries in both cavitating and non-

cavitating flows and measured the spray angle as a function of time. They measured that 

cavitating flows produced a much larger initial spray angle (44° at 800 μs) than non-

cavitating flows (23° at 800 μs) [19].  However, it was also measured that the steady state 

increase in spray angle was much less (approximately 5° at steady state) [19].  Payri noted 

in a later study that cavitating flows in conventional geometries produced an increased spray 

angle, but cautioned that the high velocities incurred due to the decreased area would cause 

an increase in penetration length and thus undesirable wall wetting [16].  However, Siebers 

has shown that penetration length in vaporizing environments was relatively unaffected by 

the velocity [38].  In the geometry studied herein the large orifice would decelerate the 

otherwise faster flow seen in other “cavitation inducing” schemes [7]. 

Cavitating Flow Morphologies in Stepped Microchannels 

The majority of previous studies have examined either bubbly or film cavitation based on 

conventional geometries.  Depending on the Reynolds number and the cavitation index, the 

flow structure at this region can either be bubbly or a vapor film [21, 26, 39].  The vapor 

film or bubble cloud is typically biased heavily toward the side of the nozzle that initiated 

the cavitation.  In axisymmetric conventional nozzles (i.e. nozzle is concentric with sac 

volume symmetry line and injector axis), cavitation flow morphology has been shown to be 

annular with a liquid core surrounded by a vapor ring [7, 30].  This flow morphology was 
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considered to be “super-cavitation” by Hiroyasu [7, 14] because the liquid jet does not 

reattach to the wall prior to exiting the nozzle. 

However, different cavitating flow regimes are possible in alternative geometries.  One often 

studied geometry is the backward facing step [40-43]. Maurice et al. demonstrated that the 

reattachment length from the sudden expansion is unaffected unless the flow has K < 1.  Also, 

it was noted that the flow and vortex/bubble cloud shedding was periodic.  The measured 

non-dimensional dominant frequencies for this shedding were Sth = 0.76, 0.64, 0.54, and 

0.27 [40].  Maurice also noted that the turbulent kinetic energy decreased in weakly 

cavitating flows.  However, with the strongest cavitating flow he measures the turbulent 

kinetic energy being 20% higher than the non-cavitating case and the position location of the 

peak turbulent kinetic energy was shifted downstream [40].  It was important to note that in 

all relevant cases considered here, K was much less than one. An et al. experimentally 

examined water flow in a venturi duct that contained a backward facing step.  Four different 

step sizes were considered.  With the smallest step cavitation inception occurred in the 

reattachment region and the shedding mode for the bubble cloud was attributed to jet flow 

instability.  With the larger steps, the cavitation inception occurred at the separated shear 

layer and the bubble cloud shedding mode was attributed to shear layer instability [42].  The 

Sth measured for these experiments was 0.38 which compares favorably to Maurice and 

other established ranges of 0.25-0.4 [40, 43]. 

In further extension to the reverse facing step a stepped microchannel can be considered.  

Schneider et al. demonstrated the following flow pattern shown in Figure 3 for what he 

described as supercavitation [44]: 
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Figure 3. Stepped nozzle flow morphologies and geometry for supercavitating flow [44] 

 

 Liquid Jet – immediately following the orifice and extending 20 to 25 orifice 

diameters (d) downstream. 

 Transition Region – the length of this regions was determined by the cavitation 

index. 

 Wavy Annular Region – this only occurred with low cavitation numbers and was 

characterized by a vapor core surrounded by a liquid annulus. 

 Bubbly Region – as the static pressure continues to rise, the vapor core collapses 

leaving only a few remaining bubbles. 

This “supercavitating” pattern was significantly different than what has been studied in 

conventional injectors.  It is important to note that the definition of supercavitation for 

Schneider differed from that of Hiroyasu.  Schneider presented a reasoning that 

supercavitation was achieved if the orifice was choked (i.e. reducing downstream pressure 

does not affect the flow rate) [44].  If the exit plane of the nozzle was set at various positions 

along the channel, different morphologies could occur.  Therefore, for the purposes of this 

study, supercavitation is defined as the presence of a flow morphology other than bubbly at 
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the exit plane of the nozzle.  Cole has shown the relative lengths of each region are dependent 

on the cavitation index and fluid (flow map reproduced as Figure 4) [45] 

 

Figure 4: Flow map for supercavitating microchannel (reproduced from [45])  

 
In a similar geometry to Cole and Schneider, Ebrahimi et al. computationally and 

experimentally investigated a thick orifice in a constant diameter pipe [46].  The data was 

generated for water at slightly elevated temperatures (48.9 °C), a D/d value of 4.5, and a 

pressure ratio (Pc/PI) range of 0.003-0.8.  Their findings were that the low pressure region 

generated by the vena contracta expanded as the pressure ratio reduced, but recovered to well 

above the vapor pressure prior to the exit of the small orifice (d) unless the chamber pressure 

was close to the vapor pressure.  Additionally, just downstream of the small orifice the static 
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pressure at the centerline did not recover to the exit static pressure for up to seven small 

diameters.  It is important to note that the geometry was sharp-edged, and the velocities were 

significantly lower (~90 m/s) than typically seen in diesel injectors (300-500 m/s).  

Nevertheless, Ebrahimi’s work shows that the low-pressure region can extend well beyond 

the small orifice and that different cavitating flow regimes were present at different 

cavitation indices. 

Similar to diesel injector studies, Zhang et al. noted that there was a significant effect of size 

and geometry to cavitation phenomena across sudden expansions [47].  Although this was a 

macro study (d~40 mm, D~50 mm) using water, some observed trends agree with other 

findings.  They suggest that the incipient cavitation number (CNinc) is a function of the area 

ratio (β) across the sudden expansion governed by 

𝐶𝑁𝑖𝑛𝑐 = 2.0517𝛽 − 1.5489     (12) 

which indicates that a large area ratio promotes cavitation [47].  It was also noted that smaller 

geometries will tend to promote cavitation at lower velocities.  

Motivation and Research Hypothesis 

It has been shown that primary atomization is controlled by a number of factors including 

turbulence forces, aerodynamic forces, surface tension forces, and velocity profile at the exit.  

Most researchers also agree that cavitation enhances primary atomization, spray formation, 

and fuel air mixing.  It has also been noted that the cavitating flow morphology in the nozzle 

affects spray formation dramatically.  However, the vast majority of previous studies have 
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been with conventional geometries resulting in only a small subset of possible cavitating 

patterns.  Additionally, these geometries do not offer stabilization mechanisms that segregate 

and confine the cavitation to individual nozzles.  Finally, if the cavitation is confined to the 

large orifice in the stepped geometry, the interactions between individual nozzles that have 

been seen in other studies would be suppressed. 

The purpose of this work is to incorporate stepped-geometries similar to Schneider to create 

a supercavitating injector.  Previous research has shown that the proposed geometry can 

stabilize the two-phase cavitating flow into many different morphologies (i.e. bubbly, 

annular, reverse annular, etc.).  The hypothesis for this work is split into five different facets: 

1. The injector geometry will operate in different distinct regimes that correspond only 

to the flow condition (i.e. single-phase, bubbly, annular, and intermittent flows) at 

its exit plane. 

2. Each of these regimes will have strong impacts on discharge coefficient (CD), spray 

angle (θ), and characteristic droplet size (D32) owed to the different flow condition. 

3. The operational boundaries for the different regimes are controlled primarily by K.   

4. Rounding the inlet to the small orifice will shift the cavitation inception point to the 

sudden expansion area, thus suppressing nozzle-to-nozzle string cavitation 

interactions previously investigated. 
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5. Spray angle for all regimes that have two-phase flow at the exit plane will be larger 

than the spray angle from a conventional geometry because of flow deceleration 

coupled with an increase in turbulence intensity from bubble growth/condensation. 

Dissertation Organization 

Chapter 2 discusses the injector geometry and test stand that was used.  In addition, the effect 

of dissolved gas is addressed.  Chapter 3 discusses the data analysis techniques that were 

used to derive the useful spray quantities (i.e. CD, θ, D32) from the visualization images and 

bulk measurements in the experiment.  Chapter 4 discusses the global observations of the 

regimes of operation for the stepped injector geometry both inside and outside of the injector.  

Chapters 5-7 discuss the measured spray quantities (i.e. CD, θ, D32) and explores their 

sensitivity to geometry, fluid, chamber pressure, and operating regime.  Chapter 8 contains 

computational fluid dynamic (CFD) simulations of the internal nozzle flow with literature-

accepted models for two-phase flow, cavitation, and turbulence to explain the visualization 

and spray measurement findings.  Finally, conclusions and future recommendations are 

contained in Chapter 9. 



24 

 

Chapter 2 

Experimental Setup 

Injector Geometries Selected 

Figure 6 shows a generic cross-sectional view of the supercavitating injector used in this 

study.  The stepped microchannel geometry consisted of a small orifice followed by a large 

orifice.  Across all the geometries tested, the small orifice parameters were held constant (d 

= 0.350 mm, l = 1.4 mm).  Normally superscale geometry facilitates spray visualization; 

however, in this case the relatively small geometry was required because, as Arcoumanis et 

al. have observed, cavitating flow regime (i.e. bubbly, slug, etc.) changes as channel size 

decreases and bubble confinement increases [26].   

Different geometries were needed to assess the impact of the large orifice diameter (D) and 

large orifice length (L) on the performance of the supercavitating injector relative to the 

“conventional” hole-type injector (i.e. L = 0), and to assess the impact of an inlet radius (r) 

to the small orifice (d) that suppresses unwanted cavitation inception in the small orifice (i.e. 

ensuring cavitation inception occurs in the large orifice).  In practice, the injector geometry 

was composed of two components that were mechanically held together: the small orifice 

component that was fabricated from 316 stainless steel and the large orifice component 

fabricated from acrylic for visual access (a photograph is shown as Figure 5). Splitting the 

injector geometry was advantageous because it allowed a single small orifice geometry to be 

used for multiple injector geometries, partially eliminating erroneous results from 

manufacturing variability. Acrylic was used for the large orifice component because its 
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similar refractive index (1.49) to that of the working fluid (1.42) reduced optical distortions 

from the round geometry.  The small orifice component inserted into the large orifice 

component.  The two components were mechanically fastened by inserting dowel pins 

through the holes in the large orifice component.  The pins also passed through a radial 

groove in the small orifice component.  The leak path between the two components was 

sealed via radial O-ring.  The installation process resulted in a small crevice at the parting 

line between the large and small orifice components that extended to the bottom surface of 

the O-ring.  It was assumed that this “dead” volume did not affect the flow because 1) the 

crevice initiated at the sudden expansion where the flow was separated and 2) the geometry 

was axisymmetric and therefore, circumferential motion was discouraged. 

 

Figure 5: Photograph of assembled Injector C 

Small Orifice 

Component 

Large Orifice 

Component 

Sealing O-ring 

Dowel Holes 
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The resultant internal geometry and parting line for the two components is indicated in 

Figure 6.  Two small orifice geometries were used that were identical except that one had an 

inlet radius of 350 μm to the small orifice and the other did not.  The radius to small orifice 

diameter ratio was taken from Hiroyasu [7].  Also, four large orifice geometries were used 

that had a variety of different values for L and D.     

 

Table 1 shows a summary of the injector geometries that were explored.  The D/d ratio for 

these geometries ranged from 1.95 to 3.06.  The ratio was driven by preliminary CFD 

calculations that suggested that larger ratios prevented the recirculation region critical for 

vapor pocket development and that smaller ratios did not induce sufficient cavitation.  The 

L/D ratio range of 4.7 to 10.1 was selected because, as Schneider noted, the transitional flow 

regime in stepped microchannels can extended up to 10-20 small diameters downstream 

[44].  In all, ten different injectors were tested that span significant ranges in inlet r, L/D, and 

D/d ratios. 
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Figure 6: Cross-sectional view of the injector geometry 

 

 

Table 1. Summary of Injector Geometries 

Injector Name d (μm) l (mm) R (μm) D (μm) L (mm) D/d L/D 

A 350 1.4 0 738 3.48 2.11 4.7 

B 350 1.4 350 738 3.48 2.11 4.7 

C 350 1.4 0 761 7.07 2.17 9.3 

D 350 1.4 350 761 7.07 2.17 9.3 

E 350 1.4 0 683 6.87 1.95 10.1 

F 350 1.4 350 683 6.87 1.95 10.1 

G 350 1.4 0 1072 10.38 3.06 9.7 

H 350 1.4 350 1072 10.38 3.06 9.7 

I 350 1.4 0 N/A N/A N/A N/A 

J 350 1.4 350 N/A N/A N/A N/A 

 

Flow Direction 

Component 

Parting Line 

r 
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Test Stand Description 

To test the different injector geometries, a blowdown experimental facility was constructed 

and shown as Figure 7.  Additionally, Figure 8 shows a photograph of the test stand.  The 

spray tank had an internal diameter of 42 mm to maintain a ratio of the injector diameter to 

the chamber diameter greater than 92, as suggested by Reitz [12].  Two acrylic windows 

placed on opposite sides provided optical access to produce shadowgraph images 

perpendicular to the axis of the spray.  The optical access was such that the exit plane of all 

injector geometries was visible in the shadowgraph field of view for optical magnification 

reference and spray origin identification.  

 

Figure 7: Schematic of blowdown test facility 
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Figure 8: Photograph of test stand 

An external nitrogen spray tank gas cylinder and pressure regulator (0–1.83 megapascal, 

MPa) controlled the ambient gas pressure in the spray tank.  Injection pressure was controlled 

with the pressure gas cylinder and pressure regulator (0–10.4 MPa).  In operation, the spray 

tank pressure and the injection pressure were established with the pressure regulators and 

opening ball valves BV1, BV2, and BV5 (BV4, BV3, and BV6 were closed).  Once the 

pressures reached steady state, data collection commenced followed by opening BV3, which 

initiated the injection process.  Injection liquid temperature (T2) and pressure (P2) were 

measured by a calibrated T-type thermocouple and a calibrated pressure transducer (0–7 

MPa), respectively.  Spray tank pressure (P3) was also recorded with a calibrated pressure 

transducer (0-1.5 MPa).  T-type thermocouples were calibrated against a Grade B 100-Ω 
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platinum resistance temperature detector (RTD) and the pressure transducers were calibrated 

against a visual gauge prior to installation into the test stand.  Dodecane, selected as a single-

component diesel fuel surrogate, was the fluid used in all experiments as typical for diesel 

spray studies.  Another reason for selecting dodecane as the fluid is that dodecane has a 

higher resistance to cavitation than diesel fuel, and therefore, is conservative when 

examining the benefits of cavitation [22, 26].  The temperatures and pressures were used to 

determine liquid and vapor fluid properties using the National Institute of Standards and 

Technology Reference Fluid Thermodynamic and Transport Properties Database (NIST 

REFPROP) V8.0.  During the injection event the flowrate was measured via Coriolis flow 

meter (0–100 kilogram/hour, kg/hr).  High-speed shadowgraphs (1024 x 1024 pixel, up to 9 

kHz, down to 0.26 microsecond (μs) exposure) were acquired for each experimental 

condition.  The pressure, temperature, and flow measurements were used to calculate non-

dimensional parameters and the discharge coefficient.  The spray images were processed, 

averaged, and analyzed to yield the mean spray angle and droplet statistics.  

Effect of Dissolved Gas 

Since the mechanical force pushing the fluid through the orifice was pressurized nitrogen 

acting on the free liquid surface in the supply tank, the effect of dissolved gas was 

considered.  Some previous works in this area [3, 26] have used high-pressure mechanical 

pumps to supply high pressure liquid to various injector geometries, while others [6, 10, 14, 

48] use a high pressure gas to pressurize the liquid in a vessel to supply high pressure liquid 

to injectors as done here.  However, dissolved gas content resultant from this approach can 

alter cavitation behavior [49-52].  The solubility of nitrogen in dodecane is significant at 
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standard temperature and elevated pressures.  For example, at 4 MPa and 25 °C, the 

equilibrium mass fraction of nitrogen in dodecane is 0.008.  While experimenting with fluid 

at this extreme dissolved nitrogen content did not have any practical relevance, it was 

important to note that the process of dissolving the gas into the fluid is relatively slow.  

Brennen presented an analysis on a single bubble dissolving into solution using typical gas 

densities and concentration gradients. The result of this analysis was that a 10 μm bubble 

lifetime is on the order of 2.5 s [37].  By contrast, the residence time of the fluid in the large 

orifice for the geometries tested is on the order of 0.001 s.  

To quantify the deviation in the mass fraction of nitrogen in dodecane during the tests, a 

simple experiment was devised.  The supply side of the test stand that had a total volume of 

3.97 L was drained of all dodecane and sufficiently dried.  The supply side was then closed 

and pressurized with nitrogen to 3.4 MPa.  The pressure decay from thermal, settling, and 

leakage effects was then monitored for 1.75 hours.  Following this, the supply side was then 

drained of nitrogen and filled with 1.98 liters (L) of dodecane and pressurized to 3.4 MPa.  

The pressure decay from thermal, settling, and leakage effects was again monitored for 1.75 

hours. The difference in the decay rates equated to the amount of nitrogen that dissolved into 

the dodecane.  Based on these calculations, during a sweep of test conditions when the 

dodecane was pressurized, the mass fraction of nitrogen in dodecane increased at a rate of 

44.3 microgram/gram-hour (μg/g-hr).  For reference, at standard temperature and pressure 

the mass fraction of nitrogen in dodecane is 206 μg/g based on an empirically derived 

formula [53].  Because the test duration of a single sweep was approximately 30 minutes, it 
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is estimated that the dissolved gas content in the dodecane varied by approximately 10% 

during any one test. 

Following this experiment, an additional set of experiments was conducted to further 

determine the effect of dissolved gas.  Data was compared at several operating points with 

using “non-degassed” dodecane and “degassed” dodecane.  Experiments with non-degassed 

dodecane was as described above.  For the experiments with degassed dodecane, the supply 

tank was filled with dodecane and isolated from the remainder of the experiment.  A vacuum 

was drawn on the supply tank that was periodically perturbed to degas the dodecane.  A 

vacuum level of 270 micrometer mercury (μm Hg) was achieved and allowed to settle for a 

minimum of 4 hours per test.  Prior to pressurizing the supply tank, the injection and chamber 

pressure regulators were set.  Once the desired conditions were achieved, nitrogen pressure 

was applied to the supply tank and BV3 was immediately opened, allowing for the injection 

of liquid as data was collected.  The dodecane was under pressure for less than 10 seconds 

prior to injection.  It is recognized that during the short interval a very small amount of 

nitrogen dissolved into the dodecane; however, the comparison of the “non-degassed” and 

“degassed” data indicated there was a small sensitivity of dissolved gas on findings presented 

herein. 

Figure 9 shows such a comparison between “degassed” dodecane and “non-degassed” 

dodecane for PC = 801.8 kPa and K = 0.741 for Injector D.  At this condition, the spray was 

nearly identical; a turbulent jet emerged from the orifice with surface waves quickly 

developing, followed by aerodynamic amplification of the surface waves that resulted in a 

moderate number of small droplets that are sheared from the extents of the column and large 
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ligament breakup.  Visualizations from inside of the nozzle also showed a similar appearance 

between the “degassed” and “non-degassed” experiments.  At the upstream end of the large 

orifice a dark bubble cloud emerged which was ultimately damped be the exit plane of the 

orifice.  

    

Figure 9: Spray comparison between degassed (left) dodecane and non-degassed (right) 

dodecane for Injector D for PC of 801.8 kPa and K = .741 

In similar fashion, Figure 10 shows the comparison of “degassed” and “non-degassed” 

dodecane at for PC = 801.8 kPa and K = 0.399 for Injector D.  Again, both cases showed a 

very similar spray pattern.  For this operating condition, breakup for both fluids was initiated 

extremely close to the injector exit plane, exhibiting a large spreading angle and a rapid 
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complete atomization process.  The resulting sprays had pockets of dense and dilute droplet 

clouds. Inside of the large orifice for both fluids, the dark appearance indicated a bubbly 

flow with a very high bubble density.  Again, the spray appearance and evolution between 

the “degassed” and “non-degassed” fluids was extremely similar.  

   

Figure 10: Spray comparison between degassed (left) dodecane and non-degassed (right) 

dodecane for Injector D for PC of 801.8 kPa and K = .399 

CD and θ were measured for the “degassed” and “non-degassed” dodecane for four 

conditions composed on two different injectors and four different K and is summarized as 

Table 2.  CD between the “degassed” and “non-degassed” experiments was very similar.  

Interestingly, the “degassed” dodecane consistently exhibited slightly lower discharge 
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coefficients (average 4.1% lower).  Also, θ was very similar between the “degassed” and 

“non-degassed” dodecane (average difference 1.5°).  While this data suggested there may be 

a small influence of the degree of dissolved gas content on spray formation and flow 

characteristics, its influence on the spray appeared to be much smaller than the main 

parameters of the present study; namely D/d, L/D, K, and PC. 

Table 2: Comparison of CD and θ for Degassed and Non-Degassed Dodecane 

Injector  PI [kPa] Degassed CD Non-Degassed CD Degassed θ Non-Degassed θ 

D 2212 0.87 0.927 10.5 11.2 

D 3523 0.847 0.878 45.6 47.7 

H 3671 0.813 0.863 3.3 5.1 

H 6611 0.794 0.804 19.8 21.0 
 

In addition to these experiments, another test was run to ensure that any accumulation of 

dissolved gases due to multiple pressure cycles throughout a testing day did not affect the 

resultant data.  Figure 11 shows spray angle as a function of cavitation index and the time of 

day that the data was collected.  The “beginning of day” data was the first sweep of the day 

after the dodecane degassed throughout the previous night at ambient pressure.  The “end of 

day” data was the fifth sweep of the day whereby the preceding four pressure sweeps varied 

in storage pressure from ambient to 8.27 MPa.  It was assumed that the pressure cycling does 

not affect the data because the spray angle data matches between these two sweeps.  In 

addition, the difference in measured CD for different sweeps at different times was below 

5%. 
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Figure 11: Spray angle versus cavitation index for the Injector C at 0.815 MPa at the 

beginning and end of a test day 

The consistency of the data shows the variation in gas content did not affect the data; 

however, it was established that the dissolved gas content in the dodecane was approximately 

the saturation value of 206 μg/g for all tests.  This relatively high dissolved gas content was 

likely to affect the cavitation inception; however, the residence time in the large orifice 

restricted the bubble growth due to mass transfer of dissolved gases.  As noted above, the 

dissolved gas content serves only as nucleation sites for homogenous cavitation.  As such, 

the results presented herein are in terms of K as was convention.  An alternative parameter 

that includes the effects of dissolved gases would be a modified cavitation index derived 

from the static equilibrium equation for a single bubble (excluding surface tension effects) 

and the Bernoulli equation and is defined as 
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𝐾𝑚 = 𝐾 −
𝜉𝐻

1
2⁄ 𝜌𝑈2    (13) 

where Km is the modified cavitation index, ξ is the dissolved gas content, and H is the Henry’s 

Law coefficient [54].  This was not selected as the appropriate cavitation index because it 

over emphasizes the effect of the dissolved gases which some researchers ignore completely 

in model development [50].  Additionally, the earlier experiments showed that the dissolved 

gas content was relatively fixed for the experiments, and therefore, the second term on the 

right-hand side of the equation is a constant offset.  
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Chapter 3 

Data Analysis Techniques 

The purpose of this chapter is to disclose the methods for measuring CD, θ, and droplet 

statistics (i.e. D32, n, VA) 

Discharge Coefficient Measurements 

The calculation for the discharge coefficient was derived directly from bulk measurements 

and measured geometry.  The discharge coefficient for all experiments was defined as 

𝐶𝐷 =
�̇�

𝜋

4
𝑑2√2𝜌(𝑃𝑖−𝑃𝑐)

      (14) 

 

where �̇� was the measured mass flow rate through the nozzle in kg/s, d was the small orifice 

diameter in m, Pi was the injection pressure in Pa, Pc was the chamber pressure in Pa, and ρ 

was the liquid phase density of the fuel in kg/m3.  All of these quantities were measured 

directly with the exception of the liquid phase density.  The liquid density was determined 

using NIST REFPROP V8.0 given the injection pressure (Pinj) and temperature (Tinj). 

Spray Angle Measurements 

The spray angle measurements were performed optically using 300 consecutive images from 

a single spray event.  The selected range of images were selected after the spray reached 

steady state, which was selected manually for each test case and was typically 75 ms after 

the start of injection.  To calculate the average spray angle, an average spray image (IA(x,y)) 
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was generated.  Each of the 300 raw spray images were inverted and had the average 

background image subtracted.  Because these images were recorded as 8-bit gray scale 

images, the inversion process is simply 255 minus the raw intensity on a pixel-by-pixel basis.  

The average spray image was the average of these inverted images.  Mathematically, this 

process is described by 

𝐼𝐴(𝑥, 𝑦) =

∑ ((255−𝐼𝑟𝑎𝑤,𝑖(𝑥,𝑦))−
∑ (255−𝐼𝐵𝑘,𝑗(𝑥,𝑦))𝑚

𝑗=1

𝑚
)𝑛

𝑖=1

𝑛
  (15) 

where n was the number of spray images (typically 300), Iraw,i(x,y) was each individual raw 

spray image, IBk,j(x,y) was the individual background image, and m was the number of 

background images used (typically 10).  Figure 12 shows an example of an average spray 

image.  Once this image was created, the pixel location for the edge of the injector was 

identified as X = 0 and six equally-spaced axial locations were generated (shown in Figure 

12).  The image intensity profile at these six axial locations is shown as Figure 13.  
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Figure 12: Sample average spray image 

 

Figure 13: Span wise intensity profiles for the six axial positions of Figure 9 

X = 0 

Axial Position 1 

Axial Position 2 

Axial Position 3 

Axial Position 4 

Axial Position 5 

Axial Position 6 
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The spanwise profiles of intensity were considered approximately Gaussian.  Therefore, at 

each axial location, a Gaussian curve was fit to the data in the form of  

𝐺 = 𝑏1𝑒
−

1

2
(

𝑦−𝑏2
𝑏3

)
2

    (16) 

 
where G was the fit value, y was the spanwise location, and b1, b2, and b3 were all constants.  

This fit was then recast as a standard normal distribution using the common Z transformation, 

i.e. 

𝑍 =
𝑥−𝜇𝑠

𝜎𝑠
           (17) 

where Z was the standard normal variable, μs was the mean spanwise location, and σs was 

the standard deviation.  By creating the fit G in the form above, the mean location of the 

spray (μ) and the standard deviation (σ) were directly calculated as b2 and b3, respectively.  

Once this transformation was complete, the spray edges were defined as the equidistant span 

locations that encompassed 95% of the measured optical intensity (Ii).  Specifically, the left 

edge of the spray was defined at a value of Z = -1.96 and the right edge of the spray was 

defined at a value of Z = 1.96. Figure 14 shows the intensity data from axial position 1 along 

with the associated Gaussian curve fit. 
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Figure 14: Intensity data and Gaussian curve fit for axial position 1 

Once this process is completed, the left edge (-y) and right edge (+y) are defined for all axial 

positions (x).  The determination of average spray angle is done by simple geometry from 

the calculated x, -y, and y coordinates. 

Droplet Size Measurements 

The droplet size measurements were predicated on the assumption that the individual 

measured droplets were spherical and produced a Gaussian intensity distribution in the 

image.  The size measurement was done via typical pixel counting scheme [55].  However, 

to employ the pixel counting scheme, the raw spray images were processed to determine the 
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edge of droplets as well as eliminated background noise, out of focus droplets, haze, and 

other optical obscurants.  The image processing technique was based on the assumption that 

the detected intensity profile across the droplet was Gaussian.  The process began with a raw 

image (Ii(x,y)) that contained a spray composed of droplets and a set of background images 

(IB(x,y)) that did not contain any spray where x and y refer to the pixel index locations in both 

directions within the image.  The first step is to calculate the mean background image 

(IB,A(x,y)), defined as the average intensity of 10 consecutive background images, i.e. 

𝐼𝐵,𝐴(𝑥, 𝑦) =
1

10
∑ 𝐼𝐵,𝑛(𝑥, 𝑦)10

𝑛=1     (18) 

 

Once the average background image was calculated, the processing for each individual raw 

image began.  The first step was to transform the raw image to a signal image by inverting 

the image and subtracting the inversion of the average background image 

𝐼𝑆,𝑖(𝑥, 𝑦) = (255 − 𝐼𝑖(𝑥, 𝑦)) − (255 − 𝐼𝐵,𝐴(𝑥, 𝑦))   (19) 

 
A coarse Gaussian kernel (G1) was then created 

𝐺1(𝑥, 𝑦) =
1

2𝜋𝜎𝑐
𝑒

−(𝑥2+𝑦2)

2𝜎𝑐
2

         (20) 

 
where σc is the coarse standard deviation, which was typically set to 20 pixels.  The coarse 

Gaussian kernel was then convoluted with the signal image to create a Gaussian blur image 

(Ci(x,y) ) [56] 

𝐶𝑖(𝑥, 𝑦) = ∑ ∑ 𝐼𝑆,𝑖
1024
𝑞=0

1024
𝑝=0 (𝑝, 𝑞)𝐺1(𝑥 − 𝑝 + 1, 𝑦 − 𝑞 + 1)   (21) 
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The form of kernel G1 was selected because 1) the integral of G1 is unity and therefore when 

convoluted with IS,i(x,y) would retain the mean intensity values of the image and 2) the 

convolution of two Gaussian curves is Gaussian, and therefore, the general intensity shape 

across a given droplet will remain intact.  The result of the convolution of the signal image 

with the coarse Gaussian kernel using a large value for σc was an image in which at the center 

of small droplets the intensity was decreased and the intensity of the areas that surround the 

small droplets was increased.  In addition, large areas of high and low signal remained 

unaffected.    

Essentially, Ci(x,y) can be seen as a local background image that detected and retained out 

of focus droplets, optical obscurants, and regional dimming on the signal image but 

eliminated small spherical droplets.  For the images presented in this dissertation, σc was set 

to approximately 20 pixels, which is about 4 times the size of the smallest detectable droplet.   

The next step was to remove this local background to reveal only the spherical droplets in a 

deviation image (Si (x,y)) according to  

𝑆𝑖(𝑥, 𝑦) = 𝐼𝑆,𝑖(𝑥, 𝑦) − 𝐶𝑖(𝑥, 𝑦)    (22) 

This deviation image represents the signal intensity above the local background intensity of 

the signal image. The process described above was essentially identical to a digital unsharp 

mask (USM) seen in commercial visual processing software with a weight or mask intensity 

of 1.  The deviation image had a high value at the center of droplets, and therefore, this image 

was used in the detection of the bulk middle of droplets.   
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To detect the edges of droplets, a few more steps were taken.  A fine Gaussian kernel (G2) 

was created similar to G1 

𝐺2 =
1

2𝜋𝜎𝑓
𝑒

−(𝑥2+𝑦2)

2𝜎𝑓
2

                (23) 

where σf was the fine kernel standard deviation which was usually set to 1.5 pixels.  Also, 

the spatial derivative (Di(x,y)) was calculated for the deviation image 

𝐷𝑖(𝑥, 𝑦) = √(
𝜕𝑆𝑖(𝑥,𝑦)

𝜕𝑥
)

2

+ (
𝜕𝑆𝑖(𝑥,𝑦)

𝜕𝑦
)

2

   (24) 

This spatial derivative was convoluted with the fine Gaussian kernel to create a new filtered 

derivative image (Ei(x,y)) 

𝐸𝑖(𝑥, 𝑦) = ∑ ∑ 𝐷𝑖
1024
𝑞=0

1024
𝑝=0 (𝑝, 𝑞)𝐺2(𝑥 − 𝑝 + 1, 𝑦 − 𝑞 + 1)   (25) 

The second convolution eliminated small size-scale intensity distortions that were greatly 

amplified in the numerical differentiation process.  The image Ei(x,y) had high values where 

the rate of change of intensity is high.  Therefore, the filtered derivative image was adept at 

locating the edges of particles because that was where the rate of intensity relative to the 

local background increases the most.  The process of generating Ei(x,y) was essentially the 

Canny algorithm, which has been previously used to detect edges of droplets, without its 

final step that eliminates “weak” edges [57, 58].  The “weak” edge elimination portion of 

the Canny algorithm was not used because a large number of droplets had “weak” edges over 

a small portion of the droplet.  As these pixels would have been excluded, the circularity 

constraint on the droplet identification (described below) would fail, resulting in large 

numbers of clearly identifiable droplets not measured.  However, the exclusion of the “weak” 
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edge elimination resulted in a shadow around each droplet that was compensated for in the 

droplet identification process. 

Throughout the described processing, two new images were created; a deviation image (Si 

(x,y)) capable of detecting the middle of droplets, and a filtered derivative image (Ei(x,y)) 

capable of detecting the edges of the droplet.  These images were used on a pixel-by-pixel 

basis to eliminate non-droplet intensity information from the signal image via masks (M1, 

M2, and M3) that are defined as 

𝑀1,𝑖(𝑥, 𝑦) = {
1    𝑆𝑖(𝑥, 𝑦) − 𝑆𝑡ℎ > 0

0    𝑆𝑖(𝑥, 𝑦) − 𝑆𝑡ℎ ≤ 0
    (26) 

𝑀2,𝑖(𝑥, 𝑦) = {
1    𝐸𝑖(𝑥, 𝑦) − 𝐸𝑡ℎ > 0

0    𝐸𝑖(𝑥, 𝑦) − 𝐸𝑡ℎ ≤ 0
   (27) 

𝑀3,𝑖(𝑥, 𝑦) = {
1    𝑀1(𝑥, 𝑦) + 𝑀2(𝑥, 𝑦) > 0

0    𝑀1(𝑥, 𝑦) + 𝑀2(𝑥, 𝑦) ≤ 0
        (28) 

The first mask (M1,i) equaled 1 at any pixel when the deviation intensity was larger than 

some threshold value (Sth) that was typically set to 35 and equaled zero in all other cases.  

This mask was designed to detect the middle of droplets where the deviation intensity was 

significantly higher than the local background noise (i.e. “droplet middle detection”).  The 

second mask (M2,i) equaled 1 at any pixel when the filtered derivative intensity was larger 

than some threshold value (Eth) that was typically set to 100 and equaled zero in all other 

cases.  This mask was designed to detect the edge of droplets where the filtered derivative 

was significantly high.  Mask 3 (M3,i) was the mask that was applied to the signal image and 

equaled 1 if either the pixel was detected as an edge or the middle of the droplet.  The final 

image processing step was to apply mask 3 to the signal image to create the final image 

(F(x,y)) that was analyzed 
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𝐹𝑖(𝑥, 𝑦) = 𝐼𝑆,𝑖(𝑥, 𝑦) × 𝑀3,𝑖(𝑥, 𝑦)   (29) 

An example of the above visual processing can be seen as Figure 15 for a dodecane spray 

with a chamber pressure of 311.5 kPa, Re = 8590, Weg = 107.3, Oh = 0.0176, and K = 0.383.  

It was clear to see that after the subtraction of the average background image the signal image 

(IS,i (x,y)) has a significant amount of local noise as evidenced by the hazy gray intensity 

surrounding some droplets, especially on the left half of the image.  The local background 

calculation (Ci (x,y))  captured this haze.  The filtered derivative image (Ei(x,y)) showed high 

intensity of the boundaries.  Finally, Fi(x,y) shows the final image to be processed.  Note 

how the droplet information (i.e. pixel intensity) had been retained from (IS,i (x,y)), but large 

scale haziness from the image is eliminated.   

 

Figure 15: Image processing example image for Re=8590, Weg=107.3, Oh=0.0176, K=0.383 
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Commercial freeware (ImageJ) was used to perform the droplet sizing measurement of the 

final image (Fi(x,y)) and to tabulate the results.  Within this program, several operations were 

done to the final image.  First, an USM similar to what is described above was applied with 

a standard deviation of 2 pixels and a mask intensity of 0.6.  Following the USM, a threshold 

operation occurred whereby all pixels with intensities greater than the threshold value 

became 255 (white) and all pixels with intensities below the threshold value became 0 

(black).  The thresholding step eliminates the “shadow” created by leaving the “weak” edges 

in place from the partial Canny algorithm, but retains the circular shape.  Following the 

thresholding the image was inverted and all holes are filled.  Lastly, a droplet sizing operation 

took place whereby each grouping of black pixels was interrogated, if the number of black 

pixels in the grouping was greater than 8 and less than 1500 and the circularity is greater 

than 0.7, the centroid position and droplet area was recorded as number of pixels.  From this 

record of droplet areas, the droplet sizes and size statistics were calculated.  Figure 16 shows 

this visual processing procedure using the same image as in Figure 15.  For this analysis the 

threshold value was set to 76. 
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Figure 16: ImageJ processing to determine droplet sizes 

The process above was repeated for 100 images for each test condition and a master list of 

droplets and droplet areas were compiled.  The droplet areas were converted to equivalent 

diameters assuming that the droplet was spherical using the following relation 

𝐷 = 2√
𝐴𝑃

𝜋
              (30) 

where D was the droplet equivalent diameter and AP was the measured droplet area [55].  

Once the droplet diameters were calculated, relevant droplet statistics were generated [1] 

𝐷10 =
∑ 𝑛𝑖𝐷𝑝,𝑖

∑ 𝑛𝑖
      (31) 
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𝐷32 =
∑ 𝑛𝑖𝐷𝑝,𝑖

3

∑ 𝑛𝑖𝐷𝑝,𝑖
2       (32) 

 

𝐷𝑀𝑀 = 𝑒

∑ 𝑛𝑖𝐷𝑝,𝑖
3 log (𝐷𝑝,𝑖)

∑ 𝑛𝑖𝐷𝑝,𝑖
2

        (33) 

 
where D10 was the arithmetic mean of the distribution, D32 was the sauter mean diameter, 

DMM was the mass median diameter, and Dp,i was the individual droplet measurement.  All 

of these statistics provided slightly different insight into the size distribution.  D10 was the 

simple average droplet size, D32 was the representative droplet that has the same surface to 

volume ratio as the entire spray, and DMM was the mass median diameter assuming that the 

distribution is log-normal [1].  Because the intended application for the supercavitating 

injector is for transient combustion, the most relevant statistic is D32 because the droplet 

combustion process was largely driven by surface area (i.e., the “D2 Law”) [59].  Once the 

droplets were sorted, histograms of the droplet distribution and relevant statistics were 

generated.  Figure 17 shows a sample histogram for a dodecane spray with a chamber 

pressure of 323.9 kPa, Re = 9003, Weg = 123.4, Oh = 0.0176, K = 0.361.  The distribution 

appears to be log-normal, as is typical with diesel injector sprays.  The relevant droplet 

statistics for this sample test point were calculated as: 

 D10 = 54.4 μm 

 D32 = 68.8 μm 

 DMM = 74.4 μm 

 n = 78,342 
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Figure 17: Sample histogram for a Dodecane spray with a chamber pressure of 323.9 kPa, Re 

= 9003, Weg = 123.4, Oh = 0.0176, K = 0.361 

Error Analysis 

The bulk flow measurements for the injection test stand were the injection pressure, injection 

temperature, chamber pressure, chamber temperature, and mass flow rate.  The pressure 

sensors were supplied with a 5-point NIST calibration and calibrated against a precision 

gauge, and the thermocouple temperature measurements were calibrated against a Class A 

100-Ω RTD.  The experimental uncertainty for these transducers is summarized in Table 3. 
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Table 3: Transducer Uncertainty for Bulk Flow Measurements 

Measurement Transducer Part Number Measurement Uncertainty 

Pi Omega: PX309-2KG5V ± 34.5 kPa 

Pc Omega: PX309-200GI ± 3.45 kPa 

Ti Omega: TJ60-CP-SS-18-U-2 ± 0.8 °C 

Tc Omega: TJ60-CP-SS-18-U-2 ± 0.8 °C 

�̇� Siemens: SITRANS FC300 ± 0.1% �̇� 

 

The individual measurement uncertainties propagate to the reported values according to the 

relation seen in Equation 14.  Equation 14 shows the generic estimation of measurement 

uncertainty in function F, assuming that F=f(x1, x2,…, xn). This approach determines the 

probable error of the function by using the Pythagorean summation of the discrete 

uncertainties associated with the function.  The contributions of the discrete uncertainties 

were weighted by multiplying the error in the variable of interest by the partial derivative of 

the function with respect to that variable. 

𝑒𝐹 =  √(𝑒𝑥1

𝜕𝐹

𝜕𝑥1
)

2

+ (𝑒𝑥2

𝜕𝐹

𝜕𝑥2
)

2

+ ⋯ + (𝑒𝑥𝑛

𝜕𝐹

𝜕𝑥𝑛
)

2

      (34) 

For the error propagation, the errors of measured dimensions and areas were assumed to be 

zero.  Also, the liquid-phase properties based on measured temperature and pressure are 

deemed to be insignificant.  For instance, if the worst-case errors in Pi (34.5 kPa), Pc (3.45 

kPa) and Ti (0.8 °C) were considered, the error in density and vapor pressure are 0.55 kg/m3 

(0.07%) and 0.967 Pa, respectively.  Applying the above equation to the definition of K 

yielded an error (eK) of  

𝑒𝐾 = √(
2𝜌𝐴2𝑒𝑃𝑐

𝑚2̇ )
2

+ (. 002𝐾)2    (35)  
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Using this formula, the range of error for K was 0.000809 to 0.0537.  Likewise, the error in 

the discharge coefficient (CD) was given by the following equation 

𝑒𝐶𝐷
= 𝐶𝐷√(

𝑒𝑃𝑐

2(𝑃𝑖−𝑃𝑐)
)

2
+ (

𝑒𝑃𝑖

2(𝑃𝑖−𝑃𝑐)
)

2
+ (. 001)2    (36) 

Using this formula, the error in CD ranged from 0.00205 to 0.0471.  Although the largest 

error in CD was substantial, for the vast majority of data the error in CD is small.  Error bars 

for K and CD are plotted in figures contained in Chapter 5. 

Droplet size error was less straightforward to calculate because of the analytical methods 

used to calculate droplet size.  The error for the droplet size analyses was estimated by 

applying the algorithm to simulated droplet images with varying levels of background noise 

and comparing the “measured” droplet size to the “actual” droplet size.  Figure 18 shows the 

simulated 8-bit droplet image.  In this image, there are 13 rows of progressively larger 

droplets from 40 μm to 280 μm in increments of 20 μm with a physical magnification of 29 

μm/pixel.  The droplet image is generated via a two-dimensional Gaussian profile   

𝐼(𝑥, 𝑦) = 𝐴𝑒−
(𝑥−𝑥0)2+(𝑦−𝑦0)2

2𝜎      (37) 

where A was the peak amplitude for the droplet image (set to 191 to match experimental 

images), x0 was the x location of the center of the droplet, y0 was the y location of the center 

of the droplet, and σ was the standard deviation.  The droplet “size” was set by setting σ such 

that 95% of the integrated intensity was captured within the desired diameter.  Each column 

in Figure 18  has a different level of random noise intensity ranging from 0 to 40.  With this 
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single image, the algorithm is tested for the range of droplet sizes measured in the 

experiments (i.e. d < 300 μm) over a large range of signal to noise ratios (4.8-∞).  Once this 

image was created, it was subjected to the same algorithm described earlier. 
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Figure 18: Simulated droplet image 
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Figure 19 shows the test image after it was subjected to the developed algorithm.  As can be 

seen, the algorithm eliminated all noise that was far from the droplets, regardless of the initial 

noise level.  However, it was seen that with higher noise levels there was a larger “halo” that 

remained around the droplet, which ultimately biases the droplets to be larger.  It is important 

to note that the high-noise regions of the images exceeded the noise level of the majority of 

images used for data collection.  After this qualitative assessment a quantitative assessment 

of the droplet sizing algorithm was conducted with a test image similar to Figure 18, except 

all of the droplets were 100 μm, which is close to the mean droplet size measured.  After the 

sizing algorithm was executed the measured mean value was 104 μm with a standard 

deviation of 15 μm. The author recognizes that this error was too large for an absolute 

measurement of droplet size; however, the comparative droplet size measurement is seen as 

valid because the image quality is relatively constant between images as is the droplet size 

range which ultimately would likely result in a bias error.    
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Figure 19: Cleaned image after processed with sizing algorithm 
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Chapter 4 

Visualizations of Supercavitating Injector Operation 

Interior Injector Visualizations 

Although the index of refraction of the clear portion of the injector geometry was kept very 

close to that of the working fluid, curvature effects still distorted the shadowgraph images 

significantly.  To visualize the interior of the injectors, the rectilinear geometry was used in 

a series of experiments at different injection pressures using dodecane as the working fluid 

and maintaining a chamber pressure of 239 kPa.  For each of these experiments, a high-speed 

shadowgraph was used with an overall magnification of 11.7 μm/pix, a frame rate of 4 kHz, 

and an exposure time of 1 μs. 

Figure 20 shows images from these experiments.  It was discovered that the geometry 

operates in four different regimes based on internal flow field.  In Regime 1, there was little 

or no cavitation occurring.  Any bubbles that were generated in this regime were quickly 

condensed such that the fluid leaving the injector at the injector exit plane was all liquid.  

Increasing velocity (decreasing K) resulted in Regime 2 where an intense bubble cloud 

formed just downstream of the discontinuity between the large and small orifices.  

Periodically, bubbles were shed from this cloud and traveled through the exit plane, similar 

to observations [14, 16, 17].  In this regime, the flow condition at the exit plane was unsteady 

with periods of varying bubble number density.  Decreasing K further resulted in Regime 3 

where there was consistent intense bubble cloud throughout the entire large orifice even at 

the injector exit plane.  In this regime, it became impossible to visualize individual bubbles 
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near the orifice discontinuity.  It is also clear that the spray was enlarged by the wide cone 

angle seen at the right edge of the image.  Finally, decreasing K further resulted in Regime 

4.  In this regime, large voids were seen throughout the large orifice.  No small bubbles could 

be discerned from the images.  These internal flow descriptions corresponded directly to 

spray images seen outside of the injector nozzle. 

 

Figure 20: Internal visualizations of the different operating regimes of the supercavitating 

injector 

Flow Direction 

Injector Exit Plane 
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Exterior Injector Visualizations 

For the spray visualization, the round geometry was used because it was more representative 

of a diesel injector and the spray was visualized without the image distorting curvature 

effects because of the internal geometry. To visualize the spray from the injectors a series of 

experiments were performed at different injection pressures using dodecane as the working 

fluid and maintaining a chamber pressure of 791 kPa.  For each of these experiments, high 

speed shadowgraphy was used with an overall magnification of 29 μm/pix, a frame rate of 

8.1 kHz, and an exposure time of 0.26 μs. 

Figure 21 shows sample spray images from the regimes discussed above.  In Regime 1, the 

fluid left the injector as a contiguous jet that experienced the same atomization forces seen 

in plain orifice atomizers.  Thus, the breakup was poor and incomplete and the spray angle 

was very narrow.  In Regime 2, intermittent bursts of turbulence caused by the bubble density 

fluctuations at the injector exit plane resulted in an erratic, extremely wide spray that 

consisted of large and small droplets.  In Regime 3, the droplet size appeared to decrease 

significantly along with the spray angle.  The pulsations seen in Regime 2 began to dampen 

in Regime 3.  Finally, in Regime 4 the spray appeared to have small droplets, and a narrow 

cone angle that was similar to the spray of a plain orifice atomizer in the “atomization” 

regime. 

Obviously, there was a direct correlation between the flow structure inside the large orifice 

and the resulting spray.  However, the data suggested that there was very little “memory” of 

the flow once it leaves the injector.  That is, it appeared that turbulent disturbances caused 
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by the creation, destruction, agglomeration, or transport of the cavitation bubbles appeared 

to be damped quickly.  Thus, the flow condition at the exit plane of the injector appeared to 

control the operating regime. 

 

Figure 21: Spray visualizations for the different operating regimes 

Outside of the mean qualities described above, Regime 2 and Regime 3 for Dodecane 

exhibited pulsatile behavior.  Figure 22 shows spray images in Regime 2 for injector D.  In 
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this series of consecutive images, a large disturbance (red-dashed ellipse) initially near the 

nozzle exit plane progressed through the field of view.  As it progressed away from the 

nozzle it was broken up into a large droplet spray.  Investigation of internal images also 

showed that the initial disturbance always corresponded to a bubble cloud existing at the exit 

plane of the nozzle.  Based on the framerate of the camera, the frequency of disturbances 

was between 1.5 kHz and 2 kHz, which agrees with the frequency measured by Sou who 

measured 1-4 kHz in a 2-D conventional geometry [14].  Thus, the pulsatile nature of the 

spray in Regime 2 appeared to be the result of intermittent bubbly conditions.   

 

Figure 22: Consecutive images for a test condition in Regime 2 (Test 316) 

Although the internal visualizations indicated that in Regime 3 the nozzle has consistently 

bubbly flow at the exit plane, a pulsatile spray still existed.  Figure 23 shows five consecutive 

images of Injector D operating in Regime 3.  Similar to seen in Figure 22, an initial 

disturbance progressed downstream and broke up into droplets.  However, there were distinct 
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differences between the breakup in Regime 2 and Regime 3.  First, the frequency was 

increased to approximately 2.4 kHz.  Second, the spray appeared to be finer.  The evidence 

for the finer spray is that the spray blended into the background small-droplet spray much 

more than in Regime 2.  Also, the generated spray cloud from the disturbance evolved into 

a crescent shape, with the trailing edges of the crescent extending to the edge of the spray 

cone.  This general shape indicated that the droplets are affected much more by aerodynamic 

forces, and are thus smaller.  Droplet sizes were indeed measured smaller in Regime 3 

(discussed in Chapter 8).  The reduced severity of the pulsations coupled with the consistent 

bubbly flow indicated that the pulsations were most likely due to cavitation intensity 

fluctuations.   

 

Figure 23: Consecutive images for a test condition in Regime 3 (Test 319) 

The geometry was also operated with water to determine with the change in fluid properties 

had a large effect on spray regimes.  Figure 24 shows the spray regimes when using water 
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as a working fluid.  The nomenclature in Figure 24 was kept consistent with Figure 21 for 

consistency.  Regimes 1 and 2 occurred very similarly with water as with dodecane.  The 

largest change is that there did not appear to be a Regime 3 as seen with dodecane as with 

water.  An examination of the fluid properties suggested that at similar K, the water-

experiment Re is roughly 2 times greater and the Oh is roughly 4 times lower than the 

dodecane-experiment values.  The combination shifts the operating point for the water-

experiment data from the classical “atomization” regime back into the “2nd wind induced” 

regime.  This suggests: 

1. Regimes 1 and 2 were purely a function of K 

2. Cavitation enhanced the atomization in Regimes 3 and 4; however, it cannot 

fundamentally change the classical regime in which it was operating. 
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Figure 24: Spray regimes noted when using water as the working fluid 

In summary of the regimes for dodecane, Regime 1 had no cavitation at the exit plane, and 

a very low spray angle with no jet breakup; Regime 2 had intermittent bubble clouds at the 

exit plane that caused a pulsatile wide angle spray; Regime 3 had consistent bubbly flow at 

the exit plane with cavitation intensity fluctuations that caused a slightly pulsatile spray with 

lower spray angle to Regime 2; and Regime 4 had large vapor cavities throughout the nozzle 

and the exit plane coupled with a consistent low spray angle.  Following this discovery, the 

operating conditions at which these regimes exist was determined. 
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Operating Maps 

Prior to evaluating performance of the injectors, an exploratory data set was first collected 

to examine the geometry’s regimes of operation. Also, it was important to establish the 

parameters that control atomization for this geometry because of the different flow pattern 

and high degree of cavitation in the supercavitating geometry as compared to a conventional 

hole-type injector.  In all, there are four classical, independent controlling parameters for a 

cavitating jet atomizer; Re, Weg, Oh, and K. For this exploratory data set the same injector 

and fluid was used, and therefore Oh was constant.  The different regimes of operation were 

plotted against these parameters to discern any important trends.  Figure 25 shows a spray 

map of the different regimes as a function of Re and Weg and Figure 26 shows a different 

spray map as a function of Weg and K.  While it was clear that there is a progression shown 

in Figure 25 from Regime 1 to Regime 3 as Re and Weg increased, the boundaries between 

the regimes were multivariate.  The vertical demarcation of the different regimes in Figure 

26 suggested that the operating regime was only a function of K.  These conclusions were in 

agreement with other researchers [14, 17, 21] who also observed that K was a much stronger 

predictor of performance than Re.  As a result, the performance parameters of interest—

spray angle (θ) and discharge coefficient (CD)—were evaluated as functions of K, which 

appeared to be the most dominating parameter. 
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Figure 25: Spray map of exploratory data points as a function of Re and Weg for dodecane 

 

Figure 26: Spray map of exploratory data points as a function of Weg and K for Dodecane 
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Although K was shown to be the most relevant non-dimensional parameter for the study, it 

was also found that the boundaries between the different operating regimes was a weak 

function of the chamber pressure.  Figure 27 shows the operating map of injector C as a 

function of the chamber pressure.  For chamber pressures above 300 kPa the transition 

between Regime 1 and Regime 2 occurred at a relatively fixed cavitation index of 0.6.  The 

transition between Regime 2 and Regime 3 occurred at a relatively fixed cavitation index of 

0.4.  The span of cavitation indices that the injector operated in Regime 3 increased with the 

chamber pressure, hence the transition between Regime 3 and Regime 4 occurred at 

progressively lower cavitation indices as the chamber pressure was increased.  At higher 

chamber pressures, the static pressure recovery in the large orifice was greater owed to the 

higher adverse pressure gradient increasing the condensation rate in the downstream end of 

the large orifice.  The increased condensation rate discouraged bubble agglomeration 

because bubble growth was mitigated, and the bubble density was reduced because some 

bubbles were completely collapsed prior to the exit plane of the large orifice.  Therefore, the 

large vapor voids were discouraged and Regime 3 was promoted at lower cavitation indices.  
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Figure 27: Operating map for injector C 

At the lowest chamber pressure tested, the transition between Regime 1 and Regime 2 

occurred at a higher cavitation index.  This was because the static pressure deviation required 

to initiated cavitation caused by the sudden expansion between the small and large orifices 

was much lower coupled with the aforementioned adverse pressure gradient observation that 

allowed bubbles to survive to the exit plane of the large orifice.  The transition from Regime 

2 to Regime 3 was also shifted to a higher cavitation index at the lowest chamber pressure.  

Also, because the condensation rate was lower at this chamber pressure, the range for 

Regime 3 was extremely narrow.  It was observed that when operating the injector at ambient 

chamber pressure, that Regime 3 was non-existent. 
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Chapter 5 

Discharge Coefficient Experimental Results 

Effect of Operating Regime 

The experiments focused on the geometries with an inlet radius, as they were more 

representative of commonly used injector geometries.  It was observed that CD was nearly 

constant at high K for all supercavitating geometries with a large inlet radius to the small 

orifice.  Below some critical K, CD began to decrease with K.  This critical K was 

significantly below the K at which cavitation inception occurs. CD decreasing with 

decreasing K (increasing U) has been witnessed by various researchers in the presence of 

cavitation [10, 13, 46].  He et al. demonstrated nearly identical trends whereby the discharge 

coefficient was nearly constant over the range at which there was little or no cavitation [10].  

Once cavitation initiated, the discharge coefficient decreased with decreased cavitation 

index. He et al. also witnessed that the transition between cavitating and non-cavitating 

regimes occur around a cavitation index of 1 and decreased as the inlet radius to the nozzle 

increased [10]. As discussed below, the slope and offset for the linear CD versus K appeared 

to be independent of the large orifice geometry.  Thus, the data indicated that at this slope 

was due to cavitation influence on the exiting the small orifice at the sudden expansion.  This 

was further supported by the observation that the conventional injector with the large inlet 

radius never experienced the linear CD versus K region. 

Figure 28 shows the described trend of CD versus K for a supercavitating geometry (injector 

D) and a conventional geometry (injector J) operating at a chamber pressure of 0.805 MPa.  
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Both of these injectors had a large inlet radius to the small orifice.  For K > 0.5, CD varied 

minimally between 0.816 and 0.835.  CD decreased linearly with K.  For the conventional 

geometry (injector J), CD slowly increased from 0.711 to 0.729 as K decreased.  

  

 

Figure 28: Effect of operating regimes on CD for the supercavitating geometry (injector D) 

compared to a conventional geometry (injector J) 

Effect of Chamber Pressure 

Chamber pressure had a minimal impact on CD.  Figure 29 shows CD as a function of K for 

three different chamber pressures.  The data at all three pressures was consistent and within 
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measurement error.  This observation coincided with the operating map discussed in Chapter 

4 because the transition between Regime 2 and Regime 3 was consistent at the tested 

chamber pressures. 

 

Figure 29: Effect of chamber pressure on the discharge coefficient of injector D 

Effect of Geometry 

Figure 30 shows the effect of different large orifice geometries on the discharge coefficient.  

A similar trend to what is shown in Figure 28 existed for all of the different geometries, 

consisting of a constant-CD region at higher cavitation indices followed by a proportional 

decline in CD at lower K.  All supercavitating geometries exhibited a higher CD in constant-

CD regime than the conventional geometry at equivalent K.  The decrease in CD from injector 

B to injector D was because of higher major losses from the longer large-orifice section.   
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Injector D has a lower CD than injector H because higher minor losses in Injector D from the 

larger area ratio that outweighed the lower major losses in injector D because of greater 

deceleration.  It was also interesting to note that CD data collapses to the same proportional 

line, despite relatively large changes in geometry, which indicates that the discharge 

coefficient was controlled by a combination of the pressure loss coefficient in the small 

orifice and the intensity of cavitation.  This line also fit the data in Figure 29 very well, 

indicating that this trend was somewhat insensitive to chamber pressure.  In summary, CD at 

high K (low U) appears to be determined by the large orifice geometry, while CD at low K 

(high U) appears to be determined by the small orifice geometry, and in this region cavitation 

effects on the small orifice was the controlling phenomenon. 

   

Figure 30: Effect of injector geometries with rounded small orifice inlets on the discharge 

coefficient at 816 kPa chamber pressure 
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Further evidence of this hypothesis can be seen in Figure 31, which shows the effects of inlet 

radius on CD for injectors C and D.  Injector D (with a large inlet radius) shows the plateau 

in CD at K greater than 0.5, and a linear region at K less than 0.5.  By contrast, Injector C 

(with no inlet radius) shows a linear region at all K indicating cavitation within the small 

orifice even at high K.  The slope and offset of the linear region was different for injectors C 

and D because of the different mechanism and location of the cavitation.  In injector C, 

cavitation was induced in the recirculation region immediately downstream of the inlet 

leading edge at the vena contracta.  In injector D, the large inlet radius heavily discouraged 

flow separation and therefore eliminated the recirculation region and associated vena 

contracta.  The cavitation in Injector D initiated at the shear layer immediately downstream 

of the sudden expansion and is primarily confined to the large orifice.  The cavitation in 

injector C at the vena contracta caused a significant flow blockage in the small orifice (i.e. 

the region of the geometry that dominates the total pressure loss of the injector).  By contrast, 

injector D avoids this blockage with the cavitation located downstream of the small orifice.  

As a result CD was larger for injector D than for injector C. 
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Figure 31: Effect of inlet radius on the discharge coefficient 

 

Effect of Fluid 

As stated previously, the effect of the fluid was pronounced on flow regimes within the 

injector.  Additionally, it was expected that the high viscosity of water would increase the 

single-phase major losses, and the increased surface tension and vapor phase density would 

increase the two-phase major losses.  The comparison between the two fluids is shown in 

Figure 32 for injector D with a chamber pressure of 791 kPa.  As K was decreased, the 

dodecane data shows a slight increase in CD until the critical value where it was assumed 
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that cavitation affecting the flow within the small orifice, followed by a consistent negative 

trend seen in the other data.  The water data was markedly different in that there was a 

relatively consistent CD value throughout the entire K range until the sudden transition from 

Regime 2 to Regime 4 that occurs at K=0.45.  At K < 0.45, whereupon the CD value drops 

by 10%.  This appeared to be the result of the large orifice having annular two-phase flow 

through its entirety.   

 

Figure 32: Effect of working fluid on CD for injector D with PC = 791 kPa 

Discussion 

He and Ruiz presented a relation that approximated the critical K at which cavitation 

inception began at the vena contracta 
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𝐾𝑐𝑟𝑖𝑡,1 = 2 (
1

𝐶𝑐
− 1) − 𝑓

𝑙

𝑑
     (38) 

where f is the moody friction factor [13].  For geometries with the rounded inlet, Cc would 

be considered equal to 1 because our inlet radius is large [11].  However, fundamentally this 

cannot be applied to geometries with rounded inlets because the analysis for which the 

equation was based assumed that there was a high velocity vena contracta downstream of 

the small orifice inlet presumed from the separation region.  For conventional geometries 

with a sharp inlet Cc became 0.62.  Rounded geometries (i.e. r/d = 1) have Cc =1, which 

implies there is no separation.  With no separation and a non-tapered small orifice, the 

cavitation inception region would be shifted to the exit of the small orifice because of 

pressure drop from wall friction.  Mathematically, equation 38 becomes negative and 

nonsensical.  Phase distribution plots discussed in Chapter 8 confirm that there is no 

appreciable vapor present in the small orifice, even under the highest cavitation intensities 

simulated.  As a result, the evolution of cavitation within the small orifice with a rounded 

inlet differs from an orifice without a rounded inlet.  In a conventional orifice with a smaller 

or no inlet radius (used extensively in the literature), cavitation occurred at the vena contracta 

immediately downstream of the upstream edge, and the bubbly flow soon filled the entire 

orifice.  For the supercavitating injector geometries tested, the large inlet radius and the large 

orifice drove the cavitation to the sudden expansion between the small and large orifices, 

and only the effects of cavitation communicate upstream into the small orifice by means of 

flow blockage or pressure wave.  Thus, the point at which CD becomes a function of K is a 

function of the cavitation intensity just downstream of the sudden expansion as seen in 

Figure 31.  
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Based on similar arguments from He and Ruiz, the following relation was derived from the 

integral momentum equation and assumed uniform velocity profiles for the sharp inlet 

geometries (i.e. injector C) 

𝐾𝑐𝑟𝑖𝑡,2 = 1 + 2 ((
1

𝐶𝑐
) − 1) − 𝑓

𝑙

𝑑
− (

𝑑

𝐷
)

4
[1 + 𝑓

𝐿

𝐷
]   (39) 

where 𝐾𝑐𝑟𝑖𝑡,2 is the critical cavitation index at which cavitation initiates at the vena contracta 

immediately downstream of the inlet to the small orifice in the supercavitating geometry. 

For injector C, this critical cavitation index (𝐾𝑐𝑟𝑖𝑡,2) was calculated to be 2.00.  Contrasting 

this critical K is that the critical cavitation number for the sudden expansion region is 0.854.  

This implied that the cavitation initiated at the vena contracta much more easily than the 

sudden expansion for injector C.  As a result, there is no constant CD region for the geometry 

with no inlet radius (i.e. injector C) because cavitation effects in the small orifice are present 

even at very high K. 

In addition to cavitation inception location and mechanisms of cavitation evolution, the 

dependence of K on CD for conventional injectors had been seen previously [10, 60] in under 

cavitating conditions  

𝐶𝐷 = 𝐶𝑐√𝐾     (40) 

𝐶𝑐 = [(
1

0.62
)

2
− 11.4

𝑅

𝑑
]

−1
2⁄

    (41) 

[20, 61].   
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Experimentally, it was measured that across the low velocity region of operation (high K) 

for geometries with a large inlet radius CD is a constant value based on large-orifice geometry 

in both cavitating and non-cavitating conditions.  As the velocity was increased beyond a 

critical value, the discharge coefficient decreases linearly with K i.e. 

𝐶𝐷 = 𝐶1𝐾 + 𝐶2     (42) 

where C1 and C2 are constants.  The best fit line for the data in Figure 30 is  

𝐶𝐷 = 0.3584𝐾 + 0.7348          (43) 

with an R2 value of 0.9804.  It was interesting that Payri predicted a proportionality between 

the square root of K and CD, while the data suggested a linear proportionality between K and 

CD.  However, Payri’s calculations cannot directly be applied to the supercavitating injector 

because for previous studies the geometry was for a conventional injector geometry where 

the cavitation occurred at the inlet to the small orifice [60, 61] rather than the sudden 

expansion between a small orifice and large orifice. The previous studies where done with 

geometries in which the cavitation induced a significant blockage in the small orifice 

(dominating feature for pressure loss), whereas for the this study, the caviation did not cause 

a significant blockage in the small orifice.  

As stated above, the constant CD value at high K was determined by the large orifice 

geometry, while the linear region is determined by the combination of small orifice geometry 

and cavitation intensity driven by the large orifice geometry.  Thus, for a given small orifice 

geometry with known linear region coefficients (C1 and C2), a simple measurement of the 
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discharge coefficient under non-cavitating conditions (high K) can be used to predict the 

onset of the critical K (Kcrit,3) that initiated the proportional region and is calculated as 

𝐾𝑐𝑟𝑖𝑡,3 =
𝐶𝐷,𝑠−𝐶2

𝐶1
    (44) 

where CD,s is the discharge coefficient measured at a sufficiently high K with no cavitation.  

Another interesting comparison between this data and literature associated with conventional 

geometries is the behavior in regions where CD declines with K. In studies using conventional 

geometries, just beyond the point of proportionality, choked flow occurs [44, 46].  For the 

geometry measured here, even though CD declines with K beyond a critical value, the flow 

is not chocked as increasing flowrates still occurred from increasing injection pressure.  The 

proportionality equation relating velocity and various pressures in this region is  

𝑉 ∝ (
𝑃𝑐−𝑃𝑣

𝜌
)

1
3⁄

(
𝑃𝑖−𝑃𝑐

𝜌
)

1
6⁄
           (45) 
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Chapter 6 

Spray Angle Experimental Results 

Effect of Operating Regime 

Payri noted that the presence of cavitation increased the spray angle [60].  Concurrently, 

Duke noted that the presence of cavitation within the orifice lead to increased spanwise 

turbulence because of bubble motion, collapse, and agglomeration [30].  Thus, it was 

reasonable to assume that cavitation induced the spanwise turbulence, which ultimately leads 

to spreading of the two-phase jet as it exits the nozzle. 

Figure 33 shows θ as a function of K for Injector D.  In Regime 1 (K > 1) the spray angle 

was very narrow because there were no cavitation bubbles at the exit plane of the injector.  

The lack of cavitation bubbles had two effects; 1) the aforementioned spanwise turbulence 

did not exist, and 2) the liquid phase had been decelerated dramatically due to area change.  

Beginning in Regime 2 (0.43 < K < 1) cavitation bubbles intermittently existed at the exit 

plane of the injector accelerating the flow and inducing spanwise turbulence.  As K was 

decreased through this region the mean spray angle increased.  Concurrently, the ratio of 

time that the exit plane contains cavitation bubbles also increased.  This trend continued until 

the transition between Regime 2 and Regime 3, where the spray angle maximized.  As K was 

reduced further (0.22<K<0.43) into Regime 3, the exit plane of the injector had a continuous 

bubbly appearance. In this regime as K was reduced the spray angle also reduced.  This 

indicated that the increase in axial momentum was larger than the increase in spanwise 

turbulence as K was reduced.  This pattern occurred until Regime 4 (K < 0.22) where the 
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bubbles coalesced into large vapor segments at the exit plane.  The flow appeared to be 

annular in nature; however, it appeared that the entire circumference is not wetted.  As a 

result, the liquid exits the nozzle with a crescent cross section.  In this regime the spray angle 

appeared to be insensitive to K and was lower than in Regime 3.  This aligns with the 

hypothesis because in this regime there is a large vapor segment that deformed the liquid 

surface; however, it cannot induce the spanwise turbulence associated with bubble motion.  

As a result, the spray angle was reduced because of the turbulence level reduction, and the 

insensitivity to K results from the elimination of bubbly flow and the initiation of annular 

flow.  

 

Figure 33: θ for Injector D at 816 kPa 



83 

 

An additional analysis was performed to confirm that the presence of bubbly flow and its 

associated increased turbulence resulted in increased spray angles in Regime 2.  A small 

region at the exit plane of spray images in Regime 2 was analyzed.  For these images, the 

background was deleted and the image was numerically inverted as described in Chapter 3.  

Thus, normally dark bubbles were seen as light pixels.  The summed intensity of these 15 

pixels was time averaged across all images acquired to yield a mean intensity (IMD).  A large 

IMD indicated a high percentage of time that bubbly flow existed at the exit plane of the 

injector, and a small IMD indicated a low percentage of time that bubble flow existed at the 

exit plane. Figure 34 shows the linear relationship between IMD and θ.  The mean spray angle 

increased linearly with the percentage of time that bubbly flow existed at the exit plane.  

Thus, it was surmised that the spanwise turbulence induced by the bubbly flow was the 

primary reason for spray angle increase throughout Regime 2.  This analysis could not be 

extended to Regime 3 because in Regime 3, the exit plane was consistently bubbly. 
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Figure 34: IMD vs. measured θ for Injector D with PC at 816 kPa 

Effect of Chamber Pressure 

Similar to the CD data presented above, the chamber pressure appeared to have a negligible 

effect on the spray angle over the range tested.  Figure 35 shows the measured θ versus K at 

three different chamber pressures (417 kPa, 589 kPa, and 816 kPa) for Injector D.  The peak 

spray angle for all three pressures was consistently between 50-55° and occurred at 

approximately K=0.42.  The consistency of the spray angles indicated that the generated 

turbulent forces dominated aerodynamic forces in this instance because θ was nearly 

invariant across the large We range. 

While these results suggested there was almost no impact of chamber pressure on spray 

angle, either in bulk magnitude or K profile, it was important to note that this was over a 



85 

 

fairly narrow range of chamber pressure.  It was unclear if this trend would continue to 

diesel-like operating conditions where the gas density will be somewhat larger and viscosity 

will be much larger than tested in this study. 

 

Figure 35: Measured spray angle as a function of chamber pressure for injector D 

Effect of Geometry 

Large orifice geometry had a very large effect on the spray angle characteristics for the 

supercaviting injector.  Figure 36 shows θ versus K for four different injector geometries at 

a chamber pressure of 816 kPa.  All geometries for the data in this figure included the large 

inlet radius.  Injector J (without large orifice) produced a consistent spray angle of 7° across 

the range of K tested.  The consistency of the spray angle for Injector J was expected, as 
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many researchers have noted a similar consistent spray angle in conventional geometries 

between 10-15° in actual injector testing.  The spray angle for this experiment was lower 

because the nozzle geometry was coaxial to the fluid plenum immediately upstream, unlike 

actual fuel injectors in which nozzles are rotated from the upstream plenum approximately 

120°.  The resulting geometry in actual injectors causes fluid to turn into the nozzle geometry 

which results in high turbulence, a biased large recirculation region, and cavitation.  These 

effects were not seen in Injector J, and hence, the lower spray angle.  However, Injector J 

served as an important geometric baseline for the supercavitating injector geometries.  

 

Figure 36: Effect of injector geometries with rounded small orifice inlets on the spray angle at 

816 kPa chamber pressure 
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Injectors B, D, and H all produced the θ profile that was described above with the peak spray 

angle occurred at the transition between Regime 2 and Regime 3.  Unlike the conventional 

geometry, there were extreme changes in spray angle. Using Injector D as a baseline 

supercavitating injector, several trends emerge.  First, decreased L/D resulted in the peak θ 

occurring at higher K and with a smaller peak of 36°.  The peak occurring at higher K was a 

result of the short L/D which decreased the buffer (i.e. large orifice) volume that damped 

turbulence, promoted condensation, and did not allow the flow to develop.  Second, 

increasing D/d resulted in the peak θ shifted to a lower K with similar peak values of 50-55°.  

It was believed that the voluminous large orifice from coupling the larger D/d ratio and 

retaining L/D created a larger buffer and slower velocities that allowed for turbulence 

dissipation and condensation more readily.  So, the resistance to cavitation at the exit plane 

was higher than the baseline.  However, once cavitation exists at the exit plane, the 

generation rate of vapor near the sudden expansion was also much higher than in the baseline 

case, and therefore small decreases in K caused a sharper decline in θ in Regime 3 than in 

the baseline.  As a result, the familiar θ vs. K profile was compressed for increased D/d.   
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Figure 37: Effect of inlet radius on the spray angle at 816 kPa chamber pressure 

 

Effect of Fluid 

Figure 38 shows θ as a function of K and fluid type for injector D with PC = 791 kPa. The 

data shows the familiar trend seen in dodecane data of an exponential increase as K was 

decreased to approximately 0.4.  Below K = 0.4 was markedly different for water and 

dodecane.  While dodecane exhibited a slow decline in spray angle as K is reduced, water 

exhibited a very sharp decline eliminating Regime 3 altogether. 
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Figure 38: Effect of working fluid on θ for injector D with PC = 791 kPa 

The change in behavior between water and dodecane could be explained by an examination 

of classic spray parameters and fluid properties.  Although the two data sets were at the same 

geometry, PC, and K, they were operated at a significantly different Oh number mainly owed 

to the high surface tension of the water.  For the dodecane experiments Oh = 0.0183, for the 

water experiments Oh = 0.00570.  Correspondingly, the critical Re that above which the 

small orifice would operate in the “atomization” regime is 11550 for dodecane and 41040 

for water.  The Re range for the dodecane and water experiments were 5885-19,158 and 

9,495-26,983, respectively.  The critical difference was that the dodecane experiments were 

conducted at operating conditions that would be in the “atomization” regime in the absence 
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of the cavitation inducing large orifice, and the water experiments were conducted at 

operating conditions that would be in the “2nd wind-induced” regime. 

This information suggested a number of interesting aspects of the supercavitating injector 

design: 

1. Regimes 1 and 2 were independent of fluid and were controlled exclusively by K.  

The peak spray angle from the water experiment was measured at 45.5°, while for 

the dodecane experiment the peak spray angle was measured at 50.5°. 

2. Regime 3 required that the injector would otherwise be operating in an 

“atomization” regime for a plain orifice atomizer to exist. 

3. Regime 4 was again controlled primarily by K; however, spray appearance and 

angle was still a function of fluid properties (primarily surface tension). 

4. Throughout every regime, the spray angle for water was measured lower than for 

dodecane, agreeing with other authors [14] that have cited a high surface tension as 

the fundamental reasoning for the lower spray angle. 

5. Cavitation appeared to improve/accelerate breakup regardless of fluid; however, it 

appears that it does not fundamentally change the operating regime of the small 

orifice. 
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Discussion 

For all of the supercavitating injectors, the general shape of the θ vs. K was consistent despite 

changes in geometry, chamber pressure, or fluid.  In Regime 1, θ was very low as the 

turbulence generated by the shear layer or a slight amount of cavitation was dissipated long 

before the exit plane.  In Regime 2, θ increased exponentially as K decreased until reaching 

a peak θ between 50-55°.  The exponential increase in θ coincided with the increase in 

frequency of the bubble clouds existence (and associated turbulence) at the exit plane.  The 

peak θ occurred at the largest K at which bubbly flow was first consistent at the exit plane.  

Further decrease in K (i.e. Regime 3) from the peak resulted in decreased θ.  Within this 

region, the consistent presence of the bubble cloud coupled with the obvious decreased liquid 

void fraction and increased mass flow coincided with the decreased θ.  The decreased θ 

during decreased liquid void fraction and increased mass flow indicated that in Regime 3, as 

K decreased, the axial momentum (i.e. U) grew at a quicker rate than the bubble induced 

turbulence or the outward radial velocity (as measured by Duke[30]).  These 

phenomenological observations of turbulence levels and outward radial velocity values are 

explored more thoroughly computationally in Chapter 8.  Further decreased K in Regime 4 

resulted in a nearly constant θ as the internal flow was transitioned from bubbly flow to 

annular flow.  It was believed that in this regime, the agglomeration of bubbles into void 

regions decreased the turbulence as there were fewer liquid-vapor interfaces as well as 

decreased outward radial velocity seen in bubbly flows (i.e. Regime 2 and Regime 3).  In 

this Regime, θ was consistently found experimentally to be approximately 14°.  The 
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supercavitating injectors all exhibited larger spray angles than their conventional injector 

counterparts, which experimentally found θ to be nearly constant and approximately 7°. 

Although the supercavitating injectors all exhibited the described trend, deviations in 

geometry and working fluid skewed the profile.  Increasing L/D or D/d shifted the peak- θ 

point to a lower K for two reasons: 1) The large orifice volume was larger, and thus the flow 

had more residence time for turbulence dissipation and condensation, and 2) longer large 

orifices allowed for the two-phase flow to develop into a consistently bubbly flow.  Using 

water in the same injectors caused two changes; 1) overall spray angles were lower owed to 

the increased surface tension of water, and 2) the increased viscosity resulted in the water 

experiments being performed natively in the “second wind-induced” regime.  These two 

findings indicate that the spray angle was heavily dependent on surface tension, and Regime 

3 required the small-orifice/operating parameters to be in the classical “atomization” regime. 
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Chapter 7 

Droplet Size and Population Experimental Results 

Droplet sizing was attempted for a wide range of operating conditions, focused on the 

“atomization” regime for the conventional geometry, and Regimes 2-4 for the 

supercavitating geometries.  However, the combination of droplet size, number density, and 

velocity created difficulties in droplet measurement under these regimes at elevated pressure.  

Figure 39 shows the droplet image for injector D, K = 0.36, Pc = 418 kPa.  The field of view 

for this image was such that the top edge of the image is 40 mm downstream of the injector 

exit, the left edge of the image is the centerline of the spray, the overall magnification is 4.68 

μm/pixel, and the image size is 768 X 768 pixels. 
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Figure 39: Typical droplet image for the supercavitating geometry operating in Regime 3 

Image processing issues with this image were: 

1. there was a low contrast ratio between the droplets and the background, 

2. the edges of the droplets were blurry because of high speed of the droplets, and 

3. the central portion of the spray (left half of image) was so dense with many out of 

focus ligaments and droplets, it completely optically obscured any droplets that may 

be in focus. 
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The optical limitations of the test setup required slower moving, larger droplets for adequate 

analysis. Data was collected at lower chamber pressures than used in the CD and θ 

experiments described in Chapter 5 and Chapter 6 in order to accommodate the optical 

limitations. Given a particular K, the droplet velocities decreased with chamber pressure.  

Also with lower pressures, the gas-phase density decreased which decreased the 

aerodynamic weber number, thereby resulting in larger droplets.  The combination of slower 

and larger droplets enabled the visualization and measurement of the generated droplets.  For 

all experiments presented, the chamber pressure was set to 314 kPa. The raw droplet size 

distributions were not directly comparable to diesel injection because they are generated in 

non-vaporizing, low-pressure environments.  However, the comparative measurement 

between conventional and cavitating geometries was still useful because it indicated the 

relative atomization performance of the selected supercavitating geometries. 

Effect of Regime 

The droplet generation process for the conventional geometries followed what Reitz, 

Hiroyasu, and others have previously reported.  Over the points tested, Oh was nearly 

constant at 0.0176 and Re had a range of 4200-9215. The appearance of the spray for the 

conventional injector was consistent with the second-wind-induced regime, which was 

expected because the Re limit for the atomization regime is 12,058 for the given Oh number. 

For these experiments, the field of view (FOV) for the image was set such that the top edge 

of the image was 40 mm downstream of the exit plane of the injector, and the left edge of 

the image was set at the spray centerline.  The physical magnification was 11.2 μm/pix, the 

exposure time was set to 1 μs, and the aperture was set to f#/5.6. One important observation 
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was that none of the conventional sprays atomized completely at the measurement FOV. The 

droplet size decreased and the number of droplets increased monotonically as Re increased 

(K decreased). 

To contrast the relatively monotonic change in atomization performance seen in the 

conventional injectors, the supercavitating injectors experienced drastic changes in spray 

appearance, droplet size, and distribution.  In Regime 1 (see Figure 40), the deceleration of 

the flow in the larger orifice and the lack of turbulent production from cavitation yielded 

Rayleigh breakup.  In this regime, there was no spray breakup of the liquid column, and it 

was of little interest to spray formation.  In Regime 2, the liquid column broke up completely, 

generating a mixture of large and small droplets.  In Regime 3, a highly distorted and strained 

liquid jet existed with a large number of small droplets. 

   

Figure 40: Sample droplet images from Regime 1 (left), Regime 2 (center), and Regime 3 

Normally in spray studies, the droplet size (specifically D32) quantifies the quality of 

atomization.  However, this presumes that the all of the liquid disintegrated into the spray.  



97 

 

The conventional injector and the supercavitating injector in Regime 3 did not completely 

atomize the liquid at the tested operating conditions.  Thus, the evaluation of the spray quality 

was expanded to include the amount of liquid that had been atomized.  The measurement of 

this liquid contribution to the spray is quantified by  

𝑉𝐴 =
∑

𝜋𝐷𝑖
3

6
𝑛
𝑖=1

𝑁
     (46) 

where VA is the atomized volume per image and N is the number of images that were 

processed.  

Effect of Geometry 

Figure 41 shows the measured D32 for three different injectors over a range of K.  Similar to 

θ, the conventional geometry (Injector J) produced only a small change in D32 that decreased 

only moderately with reduction in K.  By contrast, the two supercavitating injectors showed 

dramatic changes in D32 over the K range tested. Starting in Regime 2, both injectors F and 

H produced droplets with a D32 of over 200 μm.  Decreases in K into and throughout Regime 

3 produced a rapid reduction in D32 to values that are similar to the conventional injector.  

The minimum D32 for injectors F, H, and J were measured at 68.3 μm, 57.2 μm, and 56.4 

μm, respectively.  The larger diameter ratio and longer injector orifice of injector H 

compressed the droplet size profile and shifted it to lower K.  Injector F exhibited a large 

operational range (0.32 < K < 0.44) of stable low droplets sizes.   By contrast, the range of 

K that produced small droplets in injector H was between 0.21 and 0.24.  In summary, while 
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the larger large orifice of injector H produced the smallest droplets, it also had a much 

narrower operational range.  

 

Figure 41: Effect of injector geometries with rounded small orifice inlets on droplet size at 314 

kPa chamber pressure 

Both supercavitating injectors (Injector F and Injector H) experienced large decreases in D32 

during Regime 2 as K decreased.  In addition, during Regime 2, the time-averaged presence 

of bubbly flow increased as K decreased and it was known that bubbly flow and the 

collapse/growth of individual bubbles induced significant turbulence.  Thus, it was surmised 

that the rapid decrease in D32 resulted from the rapid increase in mean turbulent kinetic 

energy driven by the presence of bubbly flow.  Beyond this initial rapid decrease, D32 

stabilized at lower K (Regime 3) because in Regime 3, the flow was consistently bubbly so 
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no rapid change in turbulent kinetic energy occurred.  However, as K decreased, turbulent 

kinetic energy would increase somewhat with the increase in bulk velocity and decrease of 

outlet quality.  As a result, D32 decreased at a much slower rate in Regime 3 than in Regime 

2.  The trends for average turbulent kinetic energy that substantiate these assertions were 

computationally calculated in Chapter 8. 

The experimental data in Figure 41 suggested that the supercavitating geometries produce 

larger droplets than conventional geometries.  However, as noted above not all of the liquid 

had atomized and therefore other spray parameters were factored into “spray quality”, such 

as the number of droplets that are produced and the total volume of atomized liquid.  Figure 

42 shows the number of droplets produced per image as a function of K for three different 

injectors.  As expected, the number of droplets produced increases with decreasing K for all 

nozzles because of increased turbulence values and aerodynamic disruption.  The 

conventional injector (Injector J) had a smaller increase in the number of droplets produced 

than the supercavitating injectors (Injector F and Injector H).  At their peaks, Injectors F and 

H produced 818 and 604 droplets per image respectively, while Injector J only produced 482 

droplets per image.  Combining the number of droplets per image with the average droplet 

size gave an indication of the total volume of liquid atomized per image. Figure 43 shows 

the atomized liquid volume per image for Injectors F, H, and J over a range of K at a chamber 

pressure of 314 kPa.  Injector J produced a nearly-constant atomized volume of 0.036 

mm3/image.  Similar to θ and D32, the supercavitating injectors showed large changes as they 

progressed from Regime 1 to Regime 3.  Initially while in Regime 2, the erratic bubbly flow 

caused nearly complete disintegration of the liquid jet into large droplets.  As K decreased 
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and injectors F and H progressed into Regime 3 two changes in the spray occur; 1) the 

consistent bubbly flow and associated turbulence decreased the size of droplets that were 

produced, and 2) a persistent un-atomized liquid core evolved.  As a result of these combined 

effects, the atomized volume per image decreased.  The pattern for the atomized volume was 

inverse to that shown of D32, showing an initial rapid decline as the bubbly flow-induced 

turbulence saturated the outlet and the liquid core was established, followed by an asymptotic 

decline reaching a minimum value just prior to achieving Regime 4.  Injector F shows a 

minimum atomized liquid volume of 0.091 mm3 per image, which is 2.52 times that of the 

average atomized volume for Injector J.  Injector F produces up to ten times the atomized 

volume as Injector J over the range of K tested.       

 

Figure 42: Effect of injector geometries with rounded small orifice inlets on droplet population 

at 314 kPa chamber pressure 
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In summary, the droplet sizing data elucidated several interesting trends of the 

supercavitating injectors, namely: 

1. Droplet size decreased precipitously in Regime 2 coinciding with the increasing 

frequency of bubbly flow at the exit plane. 

2. Droplet size decreased at a much slower rate in Regime 3 once bubbly flow was 

established. 

3. Starting in Regime 2, the liquid jet broke up completely.  Progressing into Regime 

3 resulted in a liquid core with an annulus of atomized droplets smaller than 

regime 2.  As a result, atomized liquid per image was initially high in Regime 2 

and drops to a minimum in Regime 3. 

Contrasting the behavior of the supercavitating injectors, the conventional injector showed 

much smaller changes in D32 and atomized volume per image over the range of K tested.  

Therefore, it was clear that inducing cavitation in the form of bubbly flow (i.e. Regimes 2 

and 3) at the exit plane and the resulting turbulence affected the atomization process 

dramatically.  In the likely operating range (Regime 3), a supercavitating Injector (F) 

atomized 2.52 times the amount of liquid while producing mean droplet sizes only 13 μm 

larger.   
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Figure 43: Effect of injector geometries with rounded small orifice inlets on atomized volume 

at 314 kPa chamber pressure 
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Chapter 8 

Computational Analysis 

The experimental results presented in Chapters 5-7 show interesting trends that link the 

visually observed flow regimes and conditions at the exit of the injector to θ, CD, D32, and 

the number of atomized droplets.  The purpose of this section is to further elucidate the 

relationship between observed trends and quantities that cannot be measured directly in the 

experimental setup (i.e. phase distribution within the small and large orifice, turbulence 

values, and turbulence intensities).  Experimental data and visual observations coupled with 

these calculations are then used to infer relationships about the underlying mechanisms 

occurring within the supercavitating geometries.  

Cavitation Models 

Two widely-used numerical cavitation models are the Schnerr-Sauer (SS) and the Zwart-

Gerber-Belarmi (ZGB) models.  Both models are derived from the Rayleigh-Plesset equation 

with different assumptions.  The SS model assumes a constant bubble number density, while 

the ZGB model assumes a constant bubble radius.  Despite these two different assumptions, 

the resulting equations for the rate of evaporation and condensation are similar in that they 

are only functions of the local density, liquid-phase density, gas-phase density, local static 

pressure, and the local vapor fraction.  For the SS model, the vapor production/consumption 

rate equations are 

𝑅 =
𝜌𝑣𝜌𝑙

𝜌

3𝛼(1−∝)

𝑅𝐵
√

2

3

𝑃𝑣−𝑃

𝜌𝑙
        (47) 
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𝑅𝐵 = √
3𝛼

4𝜋𝑛(1−𝛼)

3
    (48) 

where R is the rate of evaporation or condensation, RB is the bubble radius, ∝ is the local 

vapor void fraction, and n is the local bubble number density [62].  For the ZGB model, the 

vapor production/consumption rate equations are  

𝑅𝑒 = 𝐹𝑣𝑎𝑝
3∝𝑛𝑢𝑐(1−∝)𝜌𝑣

𝑅𝐵
√

2

3

𝑃𝑣−𝑃

𝜌𝑙
     (49) 

𝑅𝑐 = 𝐹𝑐𝑜𝑛𝑑
3𝛼𝜌𝑣

𝑅𝐵
√

2

3

𝑃−𝑃𝑣

𝜌𝑙
         (50) 

where 𝑅𝑒 is the evaporation rate, 𝐹𝑣𝑎𝑝 (nominally set to 50) is the evaporation coefficient, 

∝𝑛𝑢𝑐 is the nucleation site volume fraction (nominally set to 0.0005), 𝑅𝐵 is the bubble radius 

(nominally set to 1 μm), 𝑅𝑐  is the condensation rate, and 𝐹𝑐𝑜𝑛𝑑  is the condensation 

coefficient (nominally set to 0.001)[63].  The ZGB model is an asymmetric model that allows 

for different condensation and evaporation rates controlled by Fvap and Fcond.  These variables 

are often tuned to fit experimental data [63, 64]; however, the standard values for Fvap and 

Fcond imply that the rate of condensation at a high local vapor fraction will be 5000 times 

slower than the rate of evaporation at low local vapor fractions.  Furthermore, Liu et al. 

showed that to match actual flow behavior (i.e. pressure loss, etc.) these rates may need to 

be significantly modified.  It was found that the actual flow behavior was somewhat 

insensitive to Fvap, but the actual flow behavior was better matched once Fcond was decreased 

to .0001[64].  The ZGB model was chosen for the analysis because it 1) has been shown to 
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correlate well with experimental data, 2) allows for the different rates of vaporization and 

condensation , and 3) has shown to predict vapor contours better than the SS model [49]. 

Two-Phase Flow Models 

There are three common computational approaches to two-phase flows.  

Phenomenologically, the “Volume of Fluid” approach is the most accurate. In this model a 

single momentum, continuity, and energy equation is shared between the phases resulting in 

a shared velocity and temperature distribution.  In this scheme, each computational cell is 

filled with either all liquid (i.e. alpha=1), all vapor (alpha=0), or a combination.  Interface 

tracking schemes such as level set approaches are typically paired with VOF approaches to 

intimately resolve phase boundaries. This powerful model has the capability of calculating 

the direct effects of bubble growth and collapse on the surrounding liquid phase.  However, 

the VOF model has significant limitations.  First, conventional cavitation models (such as 

SS and ZGB) cannot be used with the VOF model because these models violate the non-

interpenetrating assumption of the VOF model.  Additionally, there are a very large number 

of bubbles (O(10000000)) within the injector.  This large number of bubbles coupled with 

the number of cells required to properly resolve each bubble would result in an enormous 

mesh that is infeasible to calculate because of computational cost. 

The simplest and most robust approach for two-phase flow modeling is the “mixture” model.  

In this approach single continuity and single momentum equations are solved.  The model 

handles phase in a similar manner to the Eulerian approach in that it is calculated via a 

conventional transport equation.  One important distinction is that different velocities of the 
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phases are handled via slip velocity.  This slip velocity can be set to zero, which assumes 

homogeneous flow.  The homogeneous flow assumption numerically simplifies the 

calculation substantially, but can only be used where the homogeneous assumption is valid.  

There are two ways to determine if the homogeneous flow assumption is valid.  Classically, 

the Stokes number defined as 

𝑆𝑡𝑘 =
𝜌𝑣𝐷𝑈

18𝜇𝑙
      (51) 

where ρv is the density of the bubble or particle, D is the diameter of the particle, U is the 

carrier or liquid velocity, and μl is the liquid viscosity.  If Stk << 1, it is presumed that the 

particle will follow the streamlines of the liquid.  At Stk~0.1 the error is assumed to be less 

than 1% [65].  Figure 20 indicates that the mean bubble size is approximately 20 microns.  

If gaseous cavitation is assumed (i.e. air is diffusing out at near standard pressure), the gas 

density would be 1.2 kg/m3 and Stk is calculated to be 0.21 at K = 0.3.  In either case, this 

criteria for homogeneous flow is nearly satisfied.  An additional criterion was derived by 

Brennan who established the following inequality for the homogeneous assumption to be 

valid 

𝐷

2𝐿
≪

2𝜈𝑙

(1+
2𝑚𝑏
𝜌𝑙𝑉

)𝐷𝑈
     (52) 

where mb is the mass of the bubble, ρl is the density of the liquid, V is the volume of the 

bubble, L is the length of the large orifice, and νl is the liquid kinematic viscosity [37].  

Similarly, if gaseous cavitation is assumed (the most conservative case) the left-hand side of 
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the equation is calculated to be 0.00141, and the right-hand side of the equation is calculated 

to be 0.00408 for K = 0.3.  Both of these independent criteria suggest that there will be 

somewhat little relative motion between the liquid and bubbles; it is not insignificant and 

should be considered.   

Another common method used in two-phase flows that is well equipped to calculate flows 

with relative velocity is the Eulerian approach.  In this approach, separate equations for 

continuity and momentum are calculated for each phase in addition to a transport equation 

for the alpha.  Interactions between phases is accomplished via source terms in the transport 

equations.  Various models can be found for turbulent interactions, turbulent dispersion, 

drag, lift, wall lubrication, and surface tension.  Additionally, this approach is compatible 

with the ZGB and SS cavitation models because it assumes interpenetrating continua of 

phases.  As stated above, the Eulerian model solves continuity and momentum equations for 

each phase (q).  The general continuity, and momentum equations used are: 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞 �⃗�𝑞) = ∑ (�̇�𝑝𝑞 − �̇�𝑞𝑝)2

𝑝=1    (53) 

𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞�⃗�𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞 �⃗�𝑞�⃗�𝑞) = −𝛼𝑞∇𝑃 + ∇ ∙ �̿�𝑞 + 𝛼𝑞𝜌𝑞�⃗� + ∑ (�⃗⃗�𝑝𝑞 +  �̇�𝑝𝑞�⃗�𝑝𝑞 −2

𝑝=1

�̇�𝑞𝑝�⃗�𝑞𝑝) + (�⃗�𝑞 + �⃗�𝑙𝑖𝑓𝑡,𝑞 + �⃗�𝑤𝑙,𝑞)    (54) 

where 

�̿�𝑞 = 𝛼𝑞𝜇𝑞(∇�⃗�𝑞 + ∇�⃗�𝑞
𝑇) + 𝛼𝑞 (𝜆𝑞 −

2

3
𝜇𝑞) ∇ ∙ �⃗�𝑞𝐼 ̿  (55) 
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and Table 4 summarizes the nomenclature for the continuity and momentum equations.  In 

the present simulations, inertial forces dominate gravity, and therefore gravity is neglected.  

External body forces were also ignored.  Also, in all simulations a phase convention was 

established such that phase 1 was liquid and phase 2 was vapor.  As such, mass transfer rates 

were calculated by the cavitation model described above (i.e. �̇�21 was equal to Rc and �̇�12 

was equal to Re).  Aside from the mass transfer between phases, momentum interaction 

between the phases is communicated by discrete interaction forces, namely �⃗⃗�𝑝𝑞, �⃗�𝑙𝑖𝑓𝑡,𝑞, and 

�⃗�𝑤𝑙,𝑞 that are discussed below. 

Table 4: Nomenclature Summary for the Continuity and Momentum Equations 

𝛼𝑞 Volume fraction of phase q 

𝜌𝑞 Density of phase q 

�⃗�𝑞 Local velocity vector of phase q 

�̇�𝑝𝑞 Mass transfer rate from phase p to phase q 

�̇�𝑞𝑝 Mass transfer rate from phase q to phase p 

�⃗� Gravitational vector 

�⃗⃗�𝑝𝑞 Interaction force between phases p and q 

�⃗�𝑞 External body force on phase q 

�⃗�𝑙𝑖𝑓𝑡,𝑞 Lift force on phase q 

�⃗�𝑤𝑙,𝑞 Wall lubrication force on phase q 

𝜆𝑞 Bulk viscosity of phase q 

𝜇𝑞 Shear viscosity of phase q 

 

In addition to continuity and momentum, turbulent transport equations were calculated for 

each phase.  Similar to another cavitation and BIT studies, the k-ω SST model was used for 

turbulence modeling defined as [31] 
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𝜕

𝜕𝑡
(𝜌𝑞𝑘𝑞) + ∇ ∙ (𝜌𝑞 𝑘𝑞�⃗�𝑞) = ∇ ∙ (𝛤𝑘∇k𝑞) + �̃�𝑘,𝑞 − 𝑌𝑘,𝑞 + 𝑆𝑘,𝑞   (56) 

𝜕

𝜕𝑡
(𝜌𝑞𝜔𝑞) + ∇ ∙ (𝜌𝑞 𝜔𝑞�⃗�𝑞) = ∇ ∙ (𝛤𝜔∇ω𝑞) + �̃�𝜔,𝑞 − 𝑌𝜔,𝑞 + 𝑆𝜔,𝑞     (57) 

This model is more applicable to typical engineering applications because it blends a k-ω 

model near wall with a free-stream independent k-ε.  As such, it is applicable for a wider 

class of flows including the adverse pressure gradients seen in the large orifice.  Also, it was 

also found that the standard k-ε model over-predicts the turbulence levels by a significant 

margin[10]. Table 5 describes the nomenclature for the turbulence equations.  The 

diffusivity, generation, and dissipation terms for 𝑘𝑞  and 𝜔𝑞  have a number of tunable 

constants associated with them.  However, since turbulence measurements are not available 

for this experiment, the standard values defined in literature were used [66].  

Table 5: Nomenclature Summary for the Turbulence Equations 

𝑘𝑞 Turbulent kinetic energy of phase q 

�̃�𝑘,𝑞 Generation of kq 

𝛤𝑘 Effective Diffusivity of kq  

𝑌𝑘,𝑞 Dissipation of kq 

𝑆𝑘,𝑞 Source term for kq  

𝜔𝑞 Specific dissipation rate of phase q  

𝛤𝜔 Effective Diffusivity of ωq 

�̃�𝜔,𝑞 Generation of ωq 

𝑆𝜔,𝑞 Source term for ωq 

  

Phase Interaction Models 

Historically, the liquid/vapor interfacial forces have been treated computationally as the 

superposition of the following forces; drag forces, lift forces, wall lubrication forces, 
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turbulent interaction, and dispersion forces [31, 35, 36, 67-69].  It is important to note that 

all of these models are derived from ideal flows around individual bubbles and have tunable 

constants that can mask large uncertainties.   

There have been several drag force ( �⃗⃗�𝑝𝑞 ) models proposed in literature [70, 71]. The 

expression for drag force used in these models is 

�⃗⃗�𝑝𝑞 = −
3

4

𝐶𝐷𝛼𝑞𝜌𝑙|�⃗⃗⃗�𝑟|�⃗⃗⃗�𝑟

𝐷
           (58) 

where �⃗⃗⃗�𝑟 is the relative velocity between phases.  Schiller developed a drag force coefficient 

as 

𝐶𝐷 =  
24

𝑅𝑒𝑏
(1 + 𝐴 ∗ 𝑅𝑒𝑏

𝐵)          (59) 

where Reb is the Reynolds number based on the relative velocity between phases, the 

diameter of the particle, and the continuous phase density and viscosity [71].  In this model 

A = 0.15 and B = 0.687.  Much later Ishii and Zuber developed drag models for droplets, 

bubbles, and solid particles in various operating regimes including viscous, newton, distorted 

fluid, and turbulent [70].  The viscous regime occurs when the non-dimensional radius (ro) 

is significantly less than 1.  For these calculations, ro was calculated to be 0.27 and thus, it 

is found that the flow is in the viscous regime where 𝐶𝐷follows the form given by Schiller 

with different coefficients (A = 0.1, B=0.75).  Both have been used in high speed bubbly 

flows [31, 69]   
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The lift force is a lateral force induced by a bubble encountering a velocity gradient across 

its diameter or the spin of the bubble.  Generally, the following form is used 

�⃗�𝑙𝑖𝑓𝑡,𝑞 = −𝐶𝑙𝛼𝑞𝜌𝑙 �⃗⃗⃗�𝑟 × ∇ × �⃗⃗⃗�𝑙            (60) 

where �⃗⃗⃗�𝑙 is the liquid-phase velocity, and 𝐶𝑙 is a numerical constant.  It is important to note 

that for ideal inviscid flow 𝐶𝑙 =0.5 a large range of values can be found in the literature, from 

0.01 to 0.5 [34, 35, 72].  Tomiyama developed a correlation for 𝐶𝑙 based upon experimental 

measurements of single particles [73].  This correlation is a piece-wise function based on 

Reb, and the Eotvos number is defined as 

𝐸𝑜𝑏 =
𝑔(𝜌𝑙−𝜌𝑣)𝐷2

𝜎
     (61) 

where σ is the surface tension between the liquid and vapor phases. 

The most commonly used model for wall lubrication was derived by Antal et al. for laminar 

flows [74].  They surmised that as a bubble approaches a wall, the flow around that bubble 

changes dramatically on one side of the bubble due to the no-slip condition at the wall.  The 

induced hydrodynamic force that is analogous to a lubrication force then drives the bubble 

away from the wall.  A functional form of this force was derived from an analytical solution 

of a cylinder in close proximity to a wall.  When the velocity for both phases is nearly 

orthogonal to the outward normal vector of the wall (as is the case with high-speed flows 

calculated within this effort), the wall lubrication force was found to be a function of �⃗⃗⃗�𝑟, 

specifically 
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�⃗�𝑤𝑙,𝑞 =
2𝛼𝑞𝜌𝑙|�⃗⃗⃗�𝑟|

2

𝐷
[𝐶𝑤1 + 𝐶𝑤2 (

𝐷

2𝑑𝑤
)] �⃗⃗�𝑤   (62) 

where 𝐶𝑤1 and 𝐶𝑤2 are wall coefficients, dw is the distance between the bubble centroid and 

the wall, and �⃗⃗�𝑤 is the outward normal vector of the wall.  It was also found that  

𝐶𝑤1 = −0.104 − 0.06�⃗⃗⃗�𝑟         (63) 

and 

𝐶𝑤2 = 0.147      (64) 

Researchers have used different combinations of drag, lift, wall lubrication, and liquid 

turbulence models successfully.  Table 6 shows a summary of recent CFD-based studies and 

the models used for the various interactions. 

Table 6: Summary of Models Used for Relevant Bubbly Flow CFD Computations 

 Zhou Rzehak et. Al Morel Troshko Politano 

Drag 

Schiller and 

Naumann 

Ishii and 

Zuber 

Ishii and 

Zuber 

Ishii and 

Zuber 

Ishii and 

Zuber 

Lift Tomiyama Tomiyama CL=0.5 CL=0.06 Tomiyama 

Wall Antal Antal N/A Antal Antal 

Liquid 

Turbulence k-ε k-ω,SST k-ε k-ε k-ε 

 

Simulation Setup 

Because the Eulerian approach directly calculates the distribution of phase with specifying 

an artificial bubble size, and it directly calculates the relative velocities and associated 

interaction forces, it was selected for this set of analyses.  For all of the experiments, a 
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representative bubble size of 20 μm was selected based on internal images of the injector 

discussed in Chapter 4.  It is important to note that the Eulerian formulation does not resolve 

individual phase boundaries.  Therefore, this analysis is only suitable in flows with nearly 

homogeneous mixtures of liquid and gas phases intimately mixed (i.e. bubbly flows) where 

time-averaged void fractions between 0 and 1 are meaningful.  Annular or reverse annular 

flow seen in Regime 4 cannot be captured properly with this approach.  Therefore, the 

computations focused on Regimes 1-3 where bubbly flow existed in the majority of the large 

orifice. The k-ω SST turbulence model was used and was solved for each phase 

independently.  The summary of phase interaction models used in these simulations is 

presented in Table 7. 

Table 7: Summary of Interaction Models Used in Computations 

Drag Schiller and Naumann [71] 

Lift Tomiyama [73] 

Wall Antal [74] 

Turbulent Dispersion Burns [75] 

 

A 2-D axisymmetric analysis was chosen to reduce computational burden.  Figure 44 shows 

a picture of the mesh and physical domain for the computations.  The injector geometry 

selected for the analysis is Injector D because of the wealth of experimental data available 

for comparison.  The volume upstream of the small orifice was modeled as well, so that the 

minor losses for the inlet to the small orifice were accounted for.  The volume downstream 

of the injector was not modeled.  The sudden expansion at the exit plane of the nozzle (i.e. 



114 

 

the interface between the injector and the chamber volume) has an area ratio of 

approximately 8100.  Therefore, the minor loss coefficient is unity and the experimentally 

measured total pressure in the chamber is equivalent to the static pressure at the exit plane 

of the injector. 

Several mesh sizes were attempted preliminarily with characteristic mesh sizes of 5, 10, and 

18 μm.  Similar to previous studies, numerical stability issues occurred when using smaller 

meshes because of numerical errors caused by the interaction of the numerous non-linear 

models described above [69].  The coarsest mesh listed above reliably converged and 

matched converged solutions of the finest mesh within 4.2% for mean outlet velocity and 

void fraction. Thus, the coarsest mesh was selected for the remainder of simulations. The 

computational mesh was generated as follows: 

 Minimum mesh cell length: 18 μm 

 3 layers of inflation applied to all walls 

o Growth rate of 1.2 

 Growth rate in bulk mesh: 1.01 

 Maximum mesh cell length: 30 μm 

The relevant boundary condition types are shown in Figure 44.  The axis is the central axis 

around which the domain is rotated and is positioned at y = 0.  This forces the axis to be the 

centerline flow.  The inlet was set as a velocity inlet and the outlet was set as a pressure 

outlet. The coordinate system for the model was set such that the y axis (x = 0) is at the exit 

plane of the large orifice.   
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Figure 44: Mesh for computational analyses 

For all simulations dodecane was used as the liquid phase.  Based on the dissolved gas 

content, it was assumed that gaseous cavitation was occurring.  Thus, the vapor-phase was 

air and the “vapor pressure” was set to 101 kPa because that is the saturation pressure of the 

dissolved air-dodecane mixture.  Re was set to 50 and Rc was set to 0.00001. The cavitated 

gas was treated as incompressible. The material properties for the liquid and gas are 

summarized in Table 8.   

Table 8: Property Values Used in Simulations 

Property Liquid Gas 

Density (kg/m3) 750.2  1.20 

Viscosity (Pa-s) 0.001485 0.00001829 

Vapor Pressure (Pa) N/A 101325 

 

Brief simulations were attempted with the gas treated as a compressible (ideal) gas; however, 

this change resulted in numerical instability.  While it is recognized that the compressibility 

Axis Inlet 

Outlet 

(0, 0) 
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would affect the results, it is assumed that the presented trends would remain.  As described 

below, in the injector, high degrees of turbulence are generated at the shear layer between 

the expanding jet and the recirculation region just downstream of the sudden expansion.  The 

cavitating flow then transports this turbulent kinetic energy to the exit plane of the injector.  

The relative difference between the turbulence dissipation rate and the axial velocity dictates 

the turbulence intensity at the exit plane that has major impacts to spray formation.  Adding 

the effect of compressibility will increase the liquid void fraction near the exit of the injector, 

increasing turbulence slightly and reducing the axial velocity significantly.  However, the 

basic turbulence generation and transport mechanisms remain intact. Therefore, it is 

anticipated that the addition of compressibility would only shift the operating conditions at 

which either the turbulence transport or the axial velocity dominate that are presented here. 

Computational Results 

Figure 45 shows a typical pressure profile along the center line of the injector calculated in 

FLUENT v18.0 using the Injector D geometry.  This particular test case is for Pc = 816 kPa, 

K = 0.237 with dodecane as the working fluid. Since the coordinate system set the exit plane 

of the large orifice at x = 0, the sudden expansion between the large and small orifice is at -

7.074 mm and the upstream end of the inlet is at -8.474 mm.  The profile between x = -7 mm 

and x = 0 that is shown is typical of flows downstream of an orifice [46][Ahmed 2006] where 

the static pressure reduces to a minimum just beyond the expansion and then recovers.  For 

this simulation, the range of minimum pressure (101.3 kPa which is limited by the cavitation 

model) occurs at -6.8 mm < x < -6.16 mm, indicating a vapor generation region at the 

centerline of only 0.64 mm in length.  It is interesting to note that this region occurs 
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approximately 1 mm downstream of the sudden expansion.  Downstream of this minimum 

region, the pressure begins to gradually recover as the flow reattaches to the wall and 

decelerates. 

 

Figure 45: Pressure profile along the Injector D centerline with Pc = 816 kPa, K = 0.237 

While the pressure at the centerline gives an indication of the axial location and range at 

which vapor is generated, the velocity field gives further insight into the development of the 

cavitation at steady state.  Figure 46 shows the liquid phase velocity vector field for Injector 

D operated at K = 0.237 with Pc = 816 kPa.  The vector field shows an expected region of 

low velocity at the outermost corner of the sudden expansion.  However, the low viscosity 

of the gas diminishes the strength (i.e. vorticity) of the recirculation region.  Despite the low-
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strength recirculation region, a strong shear layer develops and expands quickly from the 

end of the small orifice to the large orifice wall.  The low pressure in this region determines 

the cavitation intensity, while this shear layer is responsible for the primary mixing of the 

two phases.  Also, the shear layer is primarily responsible for the generation of turbulence 

in the flow.  This generated turbulence is transported downstream by the flow while also 

experiencing viscous dissipation. 

 

Figure 46: Liquid velocity vector field near the sudden expansion between small and large 

orifices at Pc=816 kPa, K=0.237.  Vectors are colored by velocity magnitude 

The flow normalizes downstream of the shear layer.  The gradient in phase distribution 

reduces, and the familiar fully developed turbulent velocity profile emerges.  Figure 47 

shows the liquid velocity profile at the exit plane of Injector D at Pc = 816 kPa and K = 0.237.  

The calculation shows the classic “top hat” shape; however, the velocity gradient near the 
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boundary layer (r > 0.35) is less severe than in typical fully-developed profiles, and the 

central portion of the profile shows a larger slope than typical.  Nevertheless, the 

combination of cavitation and geometry lead to a nearly homogeneous, well-mixed, 

turbulent, two-phase flow at the exit plane. 

 

Figure 47: Liquid velocity profile at the exit plane of Injector D at Pc = 816 kPa and K = 0.237  

The preceding analysis was extended to a set of computations that consisted of a sweep of K 

that corresponds to some of the experiments discussed in Chapters 5-7.  For each of these 

computations, the model parameters, geometry (Injector D), chamber pressure (816 kPa), 

and temperature (21 °C) were all held constant while only the inlet velocity was varied.  

Table 9 shows a summary of the computational cases that were run. 
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Table 9: Summary of Computational Cases 

Computation Number Inlet Velocity (m/s) K 

1 0.250 0.686 

2 0.300 0.476 

3 0.350 0.350 

4 0.375 0.305 

5 0.425 0.237 

6 0.475 0.190 

7 0.500 0.172 

8 0.550 0.142 

9 0.600 0.119 
 

The most favorable assumptions to promote cavitation were used in these simulations 

including the assumption that gaseous cavitation dominates, and the assumption that 

reabsorption of the gas is a very slow process, resulting in a PV = 101325 kPa and Rc = 

0.00001, respectively.  Despite these favorable assumptions, cavitation for the simulations 

initiated at substantially lower K than measured experimentally.  It is believed that this 

discrepancy is the result of a combination of 1) walls modeled as smooth (i.e. no surface 

roughness), 2) computations do not account for small pressure difference between the 

measurement location and the computational domain, 3) ideal geometry is used free of 

manufacturing defects, and 4) computations were operated without tuning numerous 

empirical constants found in turbulence, phase interaction, and transport equations.  While 

this appears to have created a numerical shift as to the value of K at which certain phenomena 

occur, the observable trends in the computations and experiments were matched.  The 

computations are presented here without tuning of any model constant other than values 

already specified.  It is anticipated that tuning of these models will always be required to 
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match experimental results, and therefore, tuning of these parameters for this particular 

experiment has little value. 

Figure 48 shows the evolution of the phase distribution across the larger portion of the range 

of K computed.  It is important to note that these computations assume steady state thereby 

not resolving individual vortex shedding or transport.  Therefore, the volume fraction values 

represent time-averaged values of the individual bubble clouds seen in the experimental 

visualizations.  At the highest values of K (0.686 and 0.476) there is very little gas generation 

and it is confined to the inner corner of the sudden expansion between the small and large 

orifice.  At K = 0.350, a small pocket of gaseous-rich fluid collects in the recirculation region 

immediately downstream of the sudden expansion.  Additionally, gas is generated along the 

shear layer and mixed with the liquid. The shear layer and the area radially outward of the 

shear layer has a large gradient in void fraction.  As the two-phase stream flows to the exit 

plane, these gradients reduce.  During the same process, a small amount of gas is re-absorbed 

back into the liquid causing a reduction of void fraction near the exit plane to a value of 

0.862.  As K is reduced, several trends emerge.  First, the void fraction in the recirculation 

region and the region downstream of the shear layer reduces because the intensity of gas 

generation increases.  Second, the protrusion of the contiguous liquid jet near the central axis 

into the large orifice increases.  Third, the phase distribution at the exit plane of the injector 

becomes slightly more stratified.    
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Figure 48: Phase contours for Injector D, Pc = 816 kPa, and various high K 

These trends continue as K is reduced further.  Figure 49 shows the evolution of the phase 

distribution across the larger portion of the range of K computed.  At K < 0.142, two 

interesting trends emerge.  First, the liquid jet reaches the exit plane of the injector.  The 

K = 0.686 

K = 0.476 

K = 0.350 

K = 0.305 

K = 0.237 

K = 0.190 
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liquid jet leaving the injector intact potentially explains the existence of large droplets near 

the center of the spray as measured in Chapter 7 in Regime 3.  Second, the radial phase 

gradient maintains throughout the large orifice to the exit plane.     

 

 

 

Figure 49: Phase contours for Injector D, Pc = 816 kPa, and various low K 

A view of the injector internal flow provided by examining the liquid phase velocity 

compliments the view provided by examining the phase distribution.  Figure 50 shows 

contours of the liquid phase velocity at high K for Injector D, Pc = 816 kPa.  At K = 0.686, 

the expected velocity evolution presents itself.  The velocity increases gradually at the inlet 

radius to the small orifice.  The small orifice creates a high velocity jet that partially protrudes 

into the large orifice.  As the jet expands it reattaches to the large orifice wall downstream 

K = 0.172 

K = 0.142 

K = 0.119 
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of the rapid expansion.  Larger area dictates a reduction in velocity, so the high kinetic energy 

is destroyed.  At the exit plane of the injector, the velocity profile presents as nearly weakly 

turbulent (ReD=4593) fully-developed.  Decreasing K affects the general flow pattern in 

several distinct ways.  First, the protrusion length of the jet into the large orifice increases.  

Second, the gaseous cavitation coupled with the phase interaction accelerates the flow.  At 

K = 0.350 when the exit quality first reduces significantly below 1, the liquid phase velocity 

contour shows an elongation of the high velocity region downstream of the sudden expansion 

that extends to the exit plane of the injector, albeit diminished in strength.  Third, the radial 

velocity gradient increases.  As shown in Figure 48 and Figure 49, the phase distribution also 

becomes more stratified as K is decreased.  Effectively, as K is decreased the two-phase 

mixture leaving the injector becomes less homogeneous and more stratified having two 

distinct effects; 1) the effective expansion ratio of the liquid jet is reduced which maintains 

a high liquid-volume-fraction, high velocity core, and 2) the viscous interaction between the 

liquid core and the surrounding fluid creates an annular region of high velocity, low liquid-

volume-fraction fluid with presumably a very high surface area/volume ratio that is likely to 

atomize readily.    

 

 

 



125 

 

 

Figure 50: Velocity contours in m/s for Injector D, Pc = 816 kPa, and various high K 

K = 0.686 

K = 0.476 

K = 0.350 

K = 0.305 

K = 0.237 

K = 0.190 
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These trends continue for the low K cases that were computed as shown in Figure 51.  At the 

lowest K calculated, the high-velocity liquid core at the exit plane has approximately the 

same velocity and size as the liquid in the small orifice.  Also, the direction of the velocity 

gradient is nearly orthogonal to the flow direction, meaning that the effect of the length of 

the large orifice on the flowfield will be negligible at this K.  The combination of the velocity 

contours and the phase distribution contours give insight into the evolution of the different 

flow Regimes experimentally measured.  Starting at the highest K, the flow is either single 

phase throughout the entire injector geometry, or a small amount of vapor exists near the 

sudden expansion.  Regardless, the vapor is recondensed long before exiting the injector, so 

the exit plane contains all liquid.  Also, the jet protruding into the large orifice has reattached 

to the large orifice walls, and decelerated considerably.  This region computationally found 

at K = 0.686 and K = 0.476 corresponds to experimentally measured Regime 1.  As K is 

decreased, cavitation intensity (i.e. gas production) increases and the residence time in the 

large orifice decreases and thus, the liquid volume fraction at the exit plane decreases.  The 

decrease in exit plane void fraction along with the decrease in K lead to a nonlinear increase 

in axial liquid velocities.  While the residence time in the large orifice is not long enough for 

significant re-condensation, it is long enough to allow for thorough mixing of the flow, and 

thus the mixture at the exit plane is nearly homogeneous and the radial velocity gradient is 

low.  This region computationally found at K = 0.350, K = 0.305, and K = 0.237 corresponds 

to experimentally measured Regime 2.  As K is decreased further, cavitation intensity 

increases commensurately, reducing the average exit plane quality and non-linearly 

increasing the axial liquid velocity.  However, stratification also increases, giving rise to a 

high-velocity liquid core and a two-phase annulus at slightly lower velocity.  This region 
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computationally found at K = 0.190, K = 0.172, K = 0.142, and K = 0.119 corresponds to 

experimentally measured Regime 3.          

 

Figure 51: Velocity contours in m/s for Injector D, Pc = 816 kPa, and various low K 

While the phase and velocity contours confirm the qualitative visualizations in Chapter 4, 

the turbulence levels are more important in explaining the quantitative results in Chapter 6 

and Chapter 7.  Figure 52 shows the evolution of liquid-phase turbulent kinetic energy 

contours in m2/s2 for Injector D, Pc = 816 kPa, and various high K.  At K = 0.686 where the 

flow is completely single phase, it is clear that turbulence intensity is generated at the shear 

layer between the liquid jet protruding into the large orifice and the recirculation region.  

This turbulence is transported downstream and is dissipated almost completely by the exit 

K = 0.142 

K = 0.119 

K = 0.172 
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plane of the injector.  Decreasing K affects the general flow pattern in several distinct ways.  

First, the turbulence generation increases dramatically as expected by higher velocities and 

volume expansion from the gas generation processes.  Second, the region of high turbulent 

kinetic energy expands towards the injector exit plane because the ratio of turbulent 

dissipation rate to axial velocity (transport ratio) decreases. Thus, when K is decreased the 

turbulent kinetic energy at the exit plane increases exponentially over a small range 

(computationally found at K = 0.686, K = 0.476, K = 0.350, K = 0.305, and K = 0.237).  At 

K < 0.237, the transport ratio becomes so low that virtually all turbulence generated at the 

shear layer is transported to the exit plane prior to dissipation.  The turbulent kinetic energy 

at the exit plane begins to asymptote to a nearly constant value at K < 0.237. Figure 53 shows 

the liquid-phase turbulent kinetic energy contours for Injector D, Pc = 816 kPa, and various 

low K.  At K < 0.190 a region of relatively low turbulent kinetic energy reaches the exit plane 

that corresponds with the liquid core.  Surrounding the liquid core is a two-phase region that 

is lower in velocity but higher in turbulent kinetic energy.  The combination of these 

characteristics indicated an overall increase in single-component turbulence intensity (Io), 

defined as 

𝐼𝑜 =
√

2

3
𝑘

𝑈
     (65) 

where k is the turbulent kinetic energy, and U is the mean velocity.  As mentioned previously, 

turbulence intensity is a main driver for atomization performance. 
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Figure 52: Liquid-phase turbulent kinetic energy contours in m2/s2 for Injector D, Pc = 816 

kPa, and various high K 
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Figure 53: Liquid-phase turbulent kinetic energy contours in m2/s2 for Injector D, Pc = 816 

kPa, and various low K 

The turbulence intensity at the exit plane of the injector is of critical importance, because it 

contributes to the state of the flow leaving the injector that encounters aerodynamic and 

surface tension forces.  It has also been suggested that the turbulence intensity dictates 

atomization performance for plain orifice atomizers.  Although the spanwise turbulence 

values (i.e. 𝑣′𝑣′̅̅ ̅̅ ̅2 and 𝑤′𝑤′̅̅ ̅̅ ̅̅ 2) are more important than the axial turbulent value (𝑢′𝑢′̅̅ ̅̅ ̅2), the 

computations presented here use the k-ω turbulence model that assume isotropic turbulence. 

Therefore, the overall turbulence level for all directions is reflected by the turbulent kinetic 

energy (k) defined as 

𝑘 =
1

2
(𝑢′𝑢′̅̅ ̅̅ ̅ + 𝑣′𝑣′̅̅ ̅̅ ̅ + 𝑤′𝑤′̅̅ ̅̅ ̅̅ ) ≈

3

2
𝑢′𝑢′̅̅ ̅̅ ̅    (66) 

K = 0.142 

K = 0.119 

K = 0.172 
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Figure 54 shows the unsteady velocity (√𝑢′𝑢′̅̅ ̅̅ ̅ 𝑜𝑟 √2𝑘 3⁄ ) and mean axial velocity (U) as a 

function of K.  At high K, 𝑢′̅ was consistently around 12% of U.  Soon after cavitation 

extended to the exit plane, both 𝑢′̅ and U increased exponentially in the range 0.237 < K < 

0.476.  U increased because of a combination of increased mass flow and decreased exit 

quality.  The unsteady velocity increased because the shear-induced turbulence from the 

sudden expansion was transported downstream.  In this range of K, 𝑢′̅ increased at a faster 

rate than U.  At K less than 0.237, a ratio of shear-induced turbulence that was transported 

to the exit plane of the injector to the turbulence dissipated through viscosity increased 

dramatically.  As a result, √𝑢′𝑢′̅̅ ̅̅ ̅  increase at K below this value slowed, and √𝑢′𝑢′̅̅ ̅̅ ̅ 

asymptoted around 10 m/s.  Conversely, U still increased at an exponential rate throughout 

the range of K as a result of continuing reduction in exit plane liquid volume fraction. 
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Figure 54: Area-averaged k in m2/s2 and liquid-phase velocity in m/s for computation cases 1-9 

It is well known that turbulence forces improve atomization (i.e. producing larger population 

of smaller droplets).  Figure 54 shows that the turbulence level at the exit plane increases 

dramatically upon gas-phase presence.  This increase in turbulence level continues 

exponentially, approaching an asymptote as K is reduced.  This trend is inverse to the droplet 

size measurements presented in Figure 43.  For these experimental cases, at high K the 

droplet size is large and population is small.  As K is decreased initially, the droplet 

population increases and the droplet size decreases rapidly.  As K is continually decreased 

from this point, the rate of population increase and droplet size decrease diminishes 

significantly leading to asymptotic behavior.  The combined computational and experimental 
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data appear to support the following relationship between the unsteady turbulent velocity 

and the measured droplet size given an injector geometry.  Further testing and verification is 

needed to determine the form of 𝑓 (
1

√𝑘
) and the proportionality constant. 

𝐷32 ∝ 𝑓 (
1

√𝑘
)              (67) 

 

The ratio of √𝑣′𝑣′̅̅ ̅̅ ̅ + 𝑤′𝑤′̅̅ ̅̅ ̅̅  and U represents the balance between spanwise turbulence and 

axial momentum.  The hypothesis is that this ratio influences the spray angle significantly.  

Due to assumed isotropy, spanwise and axial turbulence quantities are equal, and therefore, 

the described ratio becomes the isotropic turbulence intensity (Io)  

𝐼𝑜 =
√𝑢′𝑢′̅̅ ̅̅ ̅̅

𝑈
=

√
2

3
𝑘

𝑈
     (68) 

The figure below shows the trend of IO with respect to K.  At high K, Io is at a relatively low 

value.  As K decreases, Io increases exponentially until K = 0.237. At these conditions, the 

exit plane volume fraction and turbulence levels are nearly homogeneous.  Beyond this 

value, as K decreases, Io decreases.  At these conditions the flow becomes increasingly 

stratified and the average turbulent kinetic energy plateaus while the axial velocity continues 

to increase exponentially.  Interestingly, θ shows the same trend whilst progressing through 

Regimes 1-3.  The spray angle increases from 11.2° to 50.5° during Regime 2 and decreases 

from 50.5° to 14° in Regime 3.  The spray angle changes also occur over a span of K that is 

commensurate with the span of K that the Io changes occur.  Also, the ratio of maximum to 

minimum θ for these cases is approximately 4, while the ratio of the maximum to minimum 
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Io is only 1.5.  The combined computational and experimental data appeared to support the 

following relationship between the turbulence intensity, the spray angle given injector 

geometry, injected fluid, and ambient fluid.   

𝜃 ∝ 𝑓(𝐼𝑜)      (69) 
 

However, it is understood that aerodynamic and to a lesser degree surface tension forces will 

also influence θ.  Further testing and verification is needed to determine the form of 𝑓(𝐼𝑜), 

and the relative importance of Io, aerodynamic forces, and surface tension forces. 

 

 

Figure 55: Io vs. K for computation cases 1-9 
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Chapter 9 

Conclusions and Future Recommendations 

The ideal characteristics for a diesel spray are 1) maximized spray angle limited by piston 

bowl geometry to enhance fuel-air mixing, 2) minimized droplet size to decrease burn 

duration, and 3) large discharge coefficient to reduce engine parasitic losses.  To that end, 

the present study aimed to evaluate and study the fundamental mechanisms within a stepped 

geometry that promotes cavitation in the hopes of improving atomization closer to this ideal. 

The tested geometry was significantly different from conventional plain-orifice atomizers 

used in diesel injectors.  In conventional plain-orifice atomizers, in-nozzle cavitation 

inception occurs immediately downstream of the inlet radius to the orifice in the vena 

contracta because of the separated flow and the resulting low-pressure recirculation.  In the 

stepped geometry, cavitation inception occurs at the free shear layer just downstream of the 

sudden expansion between the large and small orifice.  The long large-diameter downstream 

of the cavitation inception point allows for flow stabilization and gave rise to different 

internal flow regimes.  Qualitatively, the injectors operated in four different Regimes. 

Experimental data suggests that K, PC, and the fluid selection primarily control the existence 

and location of these Regimes.  Classical parameters such as Weg, Wel, Oh, and Re do not 

appear to control the operation of this type of geometry. 

Under the weakest cavitating states, bubbles appear at the shear layer immediately 

downstream of the sudden expansion.  These bubbles collapse while progressing through the 

adverse pressure gradient in the large orifice as the jet from the small orifice expands and 
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pressure was recovered. Bulk deceleration occurs because of area change and a low-velocity 

liquid jet exited the injector.  This collective behavior of internal flow field and associated 

exit plane appearance was given the name Regime 1.  It had very little practical use for 

atomization within diesel engines. 

Under stronger cavitating conditions (i.e. higher injection pressures and velocities than in 

Regime 1), the bubbles in the shear layer intensified creating a persistent bubble cloud.  The 

bubble cloud periodically sheds a portion of itself and the discharged bubble cloud traverses 

the large orifice to the exit plane.  Thus, there was intermittent bubbly flow at the exit plane.  

The appearance of the spray is a very wide, erratic spray composed of mostly large droplets, 

with a few smaller droplets.  This behavior was defined as Regime 2. 

Further increases in cavitation strength led to vapor bubbles in the recirculation region just 

downstream of the sudden expansion and bubble coalescence into an annular vapor pocket.  

In addition, the flow throughout the large orifice appeared bubbly to the exit plane; however, 

the intensity of the bubbly flow (i.e. bubble diameter and number) continued to fluctuate in 

time similar to Regime 2.  The spray appearance in this regime was medium to smaller 

droplets and a consistently wide spray angle.  This mode of operation was defined as Regime 

3. 

Finally, at high cavitation intensities (highest velocities/injection pressures), all bubble 

clouds coalesced into large vapor pockets.  Near the sudden expansion, an annular vapor 

pocket consumed the recirculation region, and downstream as the fluid stabilized in the large 

orifice, annular flow developed and consistently existed at the exit plane.  The spray 
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appearance in this Regime was a consistent narrow spray composed of small droplets and 

was largely devoid of the pulsatile behavior associated with Regime 2 and Regime 3. 

The spray regimes had large effects on the spray angle, discharge coefficient, and droplet 

distribution.  There was a general trend for the spray angle that existed throughout all testing 

with dodecane.  In Regime 1, the spray angle was nearly zero as there was negligible spray 

breakup.  In Regime 2, the spray angle increased at an exponential rate as K decreased.  The 

rise in θ coincided with a rise in the proportion of time that bubbly flow existed at the exit 

plane. In Regime 3, the θ decreased linearly from the maximum seen at the transition 

between Regimes 2 and 3 as K decreased.  In Regime 4, the spray angle was nearly constant.  

This pattern repeated regardless of geometry or chamber pressure used.  Peak spray angles 

were 45-55° depending on operating parameters, and the nearly constant spray angle in 

Regime 4 hovered around 14°.  This compared very favorably with the conventional 

geometry that had a consistent spray angle of only 7° throughout the range of operation. 

The computational results showed that the ratio of the square root of turbulent kinetic energy 

to mean velocity (i.e. the turbulence intensity) also underwent large changes throughout the 

range of K tested.  Starting with the onset of vapor presence at the exit plane (beginning of 

Regime 2), the turbulence intensity increased exponentially as K decreased.  The increase in 

turbulence intensity was largely because of increased transport of turbulent kinetic energy 

from the shear layer to the exit plane.  This trend continued until the vast majority of 

turbulence generated at the shear layer was transported to the exit plane prior to dissipation.  

Decreasing K beyond this point (i.e. Regime 3), the turbulence intensity decreased as K 

decreased.  The peak turbulence intensity (19.3%) was significantly larger than the intensity 



138 

 

in a non-cavitating condition (12.4%).  Based on these calculations, the following 

conclusions were made 

 θ is proportional to the turbulence intensity subject to amplification/suppression 

from other atomization forces (i.e. surface tension, aerodynamic, etc.). 

 The transition between Regime 2 and Regime 3 occurred once the majority of shear-

generated turbulence was transported to the exit plane prior to turbulence 

dissipation.  This coincided with consistent bubbly flow at the exit plane because the 

low-density gas accelerated the flow significantly, reducing the residence time in the 

large orifice and thus turbulence dissipation. 

Chamber pressure had only a negligible effect on the aforementioned spray pattern, both in 

magnitude of spray angle and cavitation index ranges for each regime. Geometry had a large 

effect that appears to be dictated by the residence time and volume of the large orifice. 

Increasing L/D resulted in higher peak θ at the boundary between Regime 2 and Regime 3, 

and lower K at which peak θ occurred.  Also, increasing D/d while retaining L/D resulted in 

higher peak θ at the boundary between Regime 2 and Regime 3, and lower K at which peak 

θ occurred.  Greater L/D increased the residence time in the large orifice and increased the 

distance from the turbulence generated at the shear layer and the exit plane of the injector.  

Thus, increased L/D damped exit plane turbulence, promoted condensation, and delayed the 

Regime 2/Regime 3 transition point to a lower K.  Likewise, the voluminous large orifice 

from coupling the larger D/d ratio and retaining L/D created a larger fluid buffer and slower 

velocities that allowed for turbulence dissipation and condensation more readily.  However, 



139 

 

once cavitation existed at the exit plane, the generation of vapor near the sudden expansion 

was also much higher than in the baseline case, and therefore, small decreases in K caused a 

sharper decline in θ in Regime 3 than in the baseline.  As a result, the familiar θ vs. K profile 

was compressed for increased D/d.  

Aside from spray angles, discharge coefficients also showed some interesting results.  

Similar to other fixed geometries, the discharge coefficient was relatively fixed unless there 

was severe degrees of induced cavitation.  In the regions of severe cavitation, the discharge 

coefficient linearly decreased with K.  Comparison of visual and flow data indicated that the 

critical K that started this trend was not a function of the flow field in the large orifice.  Based 

on literature, it was concluded that the critical K occurred when cavitation approached and 

affected the flow in the small orifice.  Interestingly, the spray appearance was not affected 

by this additional cavitation.  The large orifice therefore served as a stabilizing mechanism 

for the two-phase flow field that is resilient to varying upstream parameters.  Aside from 

these observations, it was also found that the overall discharge coefficient in Regimes 1-3 

for the selected geometries was larger than the conventional geometry with an identical small 

orifice.  On average, the discharge coefficient is 11.5% higher in the supercavitating injector 

than for the conventional injector. 

From a practical perspective, this indicated that the geometry can be operated at lower 

injection pressures for the same flow rate/atomization performance.  More fundamentally, 

this counterintuitive increase in discharge coefficient arose because in the supercavitating 

geometry the minor losses are split into two separate expansions.  The first expansion had 

an area ratio O(10).  This first expansion was smaller than for the conventional orifice which 
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is O(10000).  Therefore, the minor loss at the discharge of the small orifice was much smaller 

for the supercavitating geometry than it was for the conventional geometry.  At the end of 

the large orifice where the area ratio will be similar to a conventional injector at O(10000), 

there are two possible flow conditions, both of which reduce its minor loss.  First, if the flow 

is single phase (i.e. Regime 1), then its velocity was smaller than the velocity at the small 

orifice by a factor of (d/D)2.  Second, if the flow was two-phase, the density was much less 

(O(.0001)) than the density at the small orifice .  Therefore, the minor loss at the exit of the 

large orifice for the supercavitating injector is much smaller than the minor loss at the exit 

of the small orifice for the conventional injector.  The sum of the two minor losses for the 

supercavitating injector was less than the minor loss for the conventional injector.  

The conventional injector produced droplet sizes that only changed moderately (56 – 91 μm) 

across the range of K tested.  Similar to θ, the droplet size changed dramatically (57 – 257 

μm) in Regimes 2 and 3 for the supercavitating injector.  It was clear from visual inspection 

of spray photographs that the entire spray was not atomizing, and therefore, the atomized 

volume became an important spray parameter.  A supercavitating injector produced more 

atomized volume than a conventional injector for all operating conditions tested.  In a likely 

operating point (center of Regime 3), the supercavitating injector atomized 2.52 times the 

amount of liquid while producing mean droplet sizes only 13 μm larger.   

For the supercavitating injectors in Regime 1, no atomization occurred. Beginning in Regime 

2, nearly the entire spray atomizes (i.e. atomized volume is large); however, the droplet size 

is very large.  Progressing through Regimes 2 and 3 initially resulted in rapid decreases in 
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both droplet size and atomized volume.  This decrease slowed further into Regime 3 and 

exhibited asymptotic behavior.  Similarly, computational results showed that starting when 

gas was just present at the exit plane (i.e. the beginning of Regime 2), the turbulent kinetic 

energy at the exit plane initially increased rapidly, followed by an asymptotic rise to 

approximately 145 m2/s2.  Thus, it was surmised that the droplet size for this injector was 

proportional to the inverse of the turbulent kinetic energy for the injectors and operating 

conditions tested.  It was also interesting to note that at lower K, the CFD simulations 

revealed the development of a high liquid content, low-turbulent kinetic energy region at the 

core of the flow at the exit plane.  This coincided with the droplet measurement images that 

revealed a highly distorted liquid core at the center of the spray surrounded by an atomized 

spray. 

From a practical perspective, an ideal diesel spray will produce moderately high spray angles 

to promote fuel-air mixing, high discharge coefficients to reduce pumping requirements, and 

small droplets to increase combustion efficiency and reduce emissions.  The supercavitating 

injectors provide larger spray angles and higher discharge coefficients throughout the range 

tested.  However, the droplet size produced in Regimes 1 and 2 are unacceptable.  Therefore, 

the preferred operating point for Injector F at K = 0.32.  Table 10 shows a comparison of 

these practical spray quantities for the different injector geometries.  At this operating point, 

the supercavitating injector produces a spray angle 3.51 times larger than the conventional 

injector, discharge coefficient 5.7% higher than the conventional injector, a droplet size of 

12.2 μm larger than the conventional injector, and an atomized volume 2.52 times greater 

than the conventional injector. 
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Table 10: Comparison of Performance for Conventional and Supercavitating Geometries 

Spray Characteristic Conventional Injector Supercavitating Injector* 

θ (°) 7.35 25.8 

CD 0.721 0.804 

D32 (μm) 56.5 68.7 

VA (mm3/image) 0.0320 0.0916 

*Data taken from Injectors F and D, which have similar dimensions 

Future Recommendations 

In the preceding work, it was shown that the supercavitating geometry introduced exploitable 

spray generating features that appeared to be largely controlled by the large orifice geometry 

and K.  However, much further experimental investigation is needed to gain understanding 

of some of the physical phenomena that are occurring. 

First, the transition from Regime 3 (bubbly) to Regime 4 (annular) needs to be examined 

further.  An experiment with an impulse plate downstream of the injector geometry could be 

performed to measure the momentum, and derive the global void fraction/thermodynamic 

quality of the fluid leaving the injector.  This measurement will allow the direct comparison 

between conditions in the injector and annular flow boundaries within classically derived 

flow maps.  Second, detailed local velocity and turbulence measurements near the end of the 

small orifice and the sudden expansion region will elucidate the physical mechanism 

between the cavitation intensity and overall discharge coefficient measured.  Third, an 

extension of these test results to much higher temperatures and pressures (i.e. diesel injection 

conditions) is needed to determine any trends. 

In addition to the additional experiments, this work demonstrated that there are 

improvements needed in computational modelling to properly capture the experimental 
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observations without significantly altering empirical constants for phase interaction models.  

Specifically, most models used were derived from simplistic mathematical constructs 

usually considering a single bubble/droplet.  However, the tested injectors produced very 

dense bubble clouds, implying that significant bubble-bubble and droplet-droplet 

interactions are likely.  Improving these computational models to account for these 

interactions may improve the predictive capability in these injectors and other similar flow 

scenarios. 
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Appendix A 

MATLAB Code for Spray Angle Measurement 

clear all; 
close all; 

  
%image input and the raw file input loops) 
Z=1.96; %threshold for intensity map to get edge (1.645 for 90% of 

volume, 1.96 for 95% of volume) 
center=447; %guess on initial distribution (roughly center of the 

image 
maxi=150; %guess on maximum intensity of the average 

image( baseline 150) 
st=10; %guess on standard deviation (baseline 10) 
inj_plane=181; %axial pixel location where the injector ENDS 
mag=29; %micron/pixel (input from scale image) 
numpoints = 6; %number of slices along the spray axis to detect the 

angle (note, must be greater than 4 to avoid error but less than 

10) 
g=inj_plane; 
sizeimg=1024;    %size of the image without any border 

  
minbase=4306; 
maxbase=4316; 
minsteady=3900; 
minfile=minsteady; 
maxsteady=3955; 
maxfile=maxsteady; 

  
basefolder1='E:\Projects\F2630_SC_Fuel_Injector_Phase_II\Pictures\E

xperiment\Working\Test543_001\camera0000'; 
basefolder2='E:\Projects\F2630_SC_Fuel_Injector_Phase_II\Pictures\E

xperiment\Working\Test543_001\camera000'; 
basefolder3='E:\Projects\F2630_SC_Fuel_Injector_Phase_II\Pictures\E

xperiment\Working\Test543_001\camera00'; 
ext='.tif'; 
outfilebase1='E:\Projects\F2630_SC_Fuel_Injector_Phase_II\Pictures\

Experiment\Working\Test543_001\out\inv'; 
ave='_ave'; 
excelfile='data.xls'; 

  

  
%loop to get the average base image 
for x=minbase:1:maxbase, 
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    imgnum=num2str(x)    
    if x>999, 
        basefolder=basefolder3; 
    elseif x>99, 
        basefolder=basefolder2; 
    else 
        basefolder=basefolder1; 
    end 

  
    basename=[basefolder imgnum ext]; 
    %basename=[basefolder1 imgnum ext]; 
    %baseraw = flipud(imread(basename)); 
    baseraw = imread(basename); 
    if x==minbase, 
        baseav=zeros(size(baseraw)); 
    end 
    %temp=double(baseraw).*255./4096; 
    temp=double(baseraw); 
    baseav=baseav+temp./(maxbase-minbase+1); 

      
end 
baseav=255-baseav; 
base=uint8(baseav); 

  

  
for x=minfile:1:maxfile, 
    %reading in each image 
    imgnum=num2str(x)    
    if x>999, 
        basefolder=basefolder3; 
    else 
        basefolder=basefolder2; 
    end 
    img1name=[basefolder imgnum ext]; 
    %img1raw = flipud(imread(img1name)); 
    img1raw = imread(img1name); 

     
    %temp2=double(img1raw).*255./4096; 
    temp2=double(img1raw); 
    img1conv=uint8(temp2); 

     
    %inverting the image and subtracting the base 
    inv1=255-img1conv-base; 

     
    %thresholding the image to eliminate noise 
    filtered=inv1.*(sign(inv1)); 
    out1=uint8(filtered); 
    temp=double(filtered); 
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    if x>=minsteady && x<maxsteady, 
        if x==minsteady, 
            outav=zeros(size(baseraw)); 
        end 
        outav=outav+temp./(maxsteady-minsteady+1); 
    end 

     
    %output final image for the  
    outfile1=[outfilebase1 imgnum ext]; 
    imwrite(out1,outfile1,'TIFF'); 

         
end 
outavfinal=uint8(outav); 
imdata(:,:,1)=outavfinal; 
imdata(:,:,2)=outavfinal; 
imdata(:,:,3)=outavfinal; 
image(imdata,'CDataMapping','scaled'); 
outfileave=[outfilebase1 ave ext]; 
imwrite(outavfinal,outfileave,'TIFF'); 

  
array=double(outavfinal); 
array=array.*254./(max(max(array))); 
ax_int_ave=mean(transpose(array)); 
%[temp sizeimg]=size(ax_int_ave); 

  
%determining the location of interest for the analysis 
loc=uint16(g+(sizeimg-g)/(numpoints+1):(sizeimg-

g)/(numpoints+1):sizeimg-(sizeimg-g)/(numpoints+1)); 

  
%saving the intensity values in another array and calculatint the 

gaussian 
%curves 
span=zeros(numpoints,4); 
span(:,1)=transpose(loc); 
modelFun = @(b,x) b(1)*exp(-0.5*((x-b(2))/b(3)).^2); 
x=1:1:sizeimg; 
start=[maxi center st]; 
for g=1:1:numpoints, 
    AOI(g,:)=array(loc(g),:); 
    temp12=lsqcurvefit(modelFun,start,x,AOI(g,:)); 
    fit(g,:)= temp12(1)*exp(-0.5*((x-temp12(2))/temp12(3)).^2); 
    span(g,2)=-Z*temp12(3)+ temp12(2); 
    span(g,3)= temp12(2); 
    span(g,4)=Z*temp12(3)+ temp12(2); 
    %plotting data and fit 
    figure 
    plot(x,AOI(g,:),'bo'); 
    hold on; 
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    plot(x,fit(g,:),'r-'); 
end 

  

  
figure 
plot(AOI(1,:)); 
hold on 
plot(AOI(2,:),'g'); 
plot(AOI(3,:),'r'); 
plot(AOI(4,:),'k'); 
plot(AOI(5,:),'m'); 
plot(AOI(6,:),'c'); 
grid; 
xlabel('pix'); 
ylabel('intensity'); 
axis([0 1024 0 255]); 

  
span(numpoints+1,:)=[inj_plane mag 0 0]; 
outexcel=[outfilebase1 excelfile]; 

  
xlswrite(outexcel,transpose(AOI)); 
header = ('location (pix)' 'left edge(pix)' 'center (pix)' 'right 

edge (pix)');  

  
xlswrite(outexcel, header, 2, 'A1'); 
xlswrite(outexcel, span, 2, 'A2'); 

 



153 

 

Appendix B 

MATLAB Code for Droplet Size Processing 

clear all; 
close all; 

  
thres=0; 
minfile=1145; 
maxfile=1245; 
minfilebase=575; 
maxfilebase=585; 
Cth=35; 
Gth=100; 
sigmac=20; 
sigmaf=1.5; 

  
basefolder1='E:\Projects\F2630_SC_Fuel_Injector_Phase_II\Pictures\E

xperiment\Working\Test521_001\camera000'; 
basefolderbase='E:\Projects\F2630_SC_Fuel_Injector_Phase_II\Picture

s\Experiment\Working\Test521_001\camera00'; 
ext='.tif'; 
ave='_ave'; 

 
for x=minfilebase:1:maxfilebase, 
    %reading in each image 
    imgnum=num2str(x)    
    img1name=[basefolder1 imgnum ext]; 
    img1raw = imread(img1name); 

     
    %inverting the image and subtracting the base 
    %inv1=img1raw; 
    inv1=img1raw; 

     
    temp2=255-double(inv1); 

     
    out1=uint8(temp2); 
    %out1=uint8(temp2); 

     
    if x==minfilebase, 
        outav=zeros(size(img1raw)); 
    end 
    outav=outav+temp2./(maxfilebase-minfilebase+1); 

           
end 
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outavfinal=uint8(outav); 
imdata(:,:,1)=outavfinal; 
imdata(:,:,2)=outavfinal; 
imdata(:,:,3)=outavfinal; 
image(imdata,'CDataMapping','scaled'); 
outfileave=[basefolderbase ave ext]; 
imwrite(outavfinal,outfileave,'TIFF'); 

  
for x=minfile:1:maxfile, 
    %reading in each image 
    imgnum=num2str(x)    
    img1name=[basefolderbase imgnum ext]; 
    img1raw = imread(img1name); 

     

     
    temp3=255-double(img1raw); 
    img18b=uint8(temp3); 

 
    %inverting the image and subtracting the base 
    final1=img18b-outavfinal; 
    finaltemp=double(final1); 
    final='final';   
     

 %Setting up arrays for convolution 
    xa=-100:100; 
    ya=-100:100; 
    [X,Y] = meshgrid(xa,ya); 
    fc=exp(-

(X.*X+Y.*Y)./(2*sigmac*sigmac))./(2*3.14159265*sigmac*sigmac); 
    ff=exp(-

(X.*X+Y.*Y)./(2*sigmaf*sigmaf))./(2*3.14159265*sigmaf*sigmaf); 
     

    %Convolution of array 

    CC=conv2(finaltemp,fc,'same'); 
    C=finaltemp-CC; 
     

    %Determining the gradient of the covlution array and 2nd 

convolution 

    [FX FY]=gradient(C); 
    grad=FX.*FX+FY.*FY; 
    Cgradf=conv2(grad,ff,'same'); 
    

    %Gating definition 

    gate1=sign(sign(C-Cth)+1); 
    gate2=sign(sign(abs(Cgradf)-Gth)+1); 
     

 

 %apply gating to include or exclude pixels 
     final1=uint8(finaltemp.*sign(gate1+gate2)); 
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%output final processed image  
    outfile1=[basefolderbase final imgnum ext]; 
    imwrite(final1,outfile1,'TIFF'); 

         
end 
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Appendix C 

Raw Data 

Fluid Injector K Pc CD θ D32 VA n 

[-] [-] [-] [kPa] [-] [°] [μm] [mm3/image] [-] 

C12 D 0.214 822 0.752   45     

C12 J 0.516 807 0.724   46     

C12 J 0.746 804 0.716   50     

C12 D 0.234 817 0.756   53     

C12 J 0.988 806 0.718   54     

C12 D 0.271 842 0.762   56     

C12 J 0.332 314 0.788   56 0.032 445 

C12 H 0.208 311 0.751   57 0.037 487 

C12 J 0.393 325 0.789   58 0.037 483 

C12 H 0.231 313 0.790   61 0.055 604 

C12 D 0.293 824 0.776   62     

C12 J 0.479 313 0.786   67 0.042 382 

C12 F 0.322 319 0.819   68 0.091 818 

C12 F 0.361 324 0.856   69 0.092 776 

C12 D 0.343 822 0.785   72     

C12 D 0.405 816 0.808   74     

C12 H 0.244 313 0.825   75 0.038 264 

C12 D 0.461 816 0.820   90     

C12 J 0.628 309 0.783   91 0.032 153 

C12 F 0.407 323 0.903   93 0.118 478 

C12 F 0.439 311 0.916   119 0.152 321 

C12 F 0.500 306 0.933   251 0.377 173 

C12 H 0.262 310 0.843   281 0.156 42 

C12 H 0.285 311 0.838   302 0.128 26 

C12 H 0.329 315 0.842   779 0.219 4 

C12 D 1.414 810 0.815         

C12 D 0.774 809 0.827         

C12 D 0.602 822 0.828         

C12 D 1.593 809 0.816 4.2       
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Fluid Injector K Pc CD θ D32 VA n 

[-] [-] [-] [kPa] [-] [°] [μm] [mm3/image] [-] 

C12 D 0.918 796 0.825 6.9       

C12 D 0.686 810 0.828 11.6       

C12 D 0.583 806 0.833 15.6       

C12 D 0.514 806 0.826 48.5       

C12 D 0.465 818 0.820 51.0       

C12 D 0.423 814 0.812 49.4       

C12 D 0.402 818 0.807 43.7       

C12 D 0.364 814 0.796 36.9       

C12 D 0.344 819 0.788 41.6       

C12 D 0.322 827 0.782 40.8       

C12 D 0.311 833 0.768 25.4       

C12 D 0.275 817 0.764 21.3       

C12 H 0.933 796 0.869 0.9       

C12 H 0.773 799 0.868 0.8       

C12 H 0.573 801 0.870 1.7       

C12 H 0.438 803 0.871 3.9       

C12 H 0.376 805 0.863 5.1       

C12 H 0.325 807 0.846 10.8       

C12 H 0.290 800 0.834 16.4       

C12 H 0.265 802 0.826 54.9       

C12 H 0.249 804 0.819 53.8       

C12 H 0.228 806 0.815 37.2       

C12 H 0.206 797 0.805 21.0       

C12 H 0.192 798 0.802 17.6       

C12 H 0.174 801 0.795 19.0       

C12 D 0.664 803 0.927 11.2       

C12 D 0.501 805 0.918 38.5       

C12 D 0.464 807 0.904 49.5       

C12 D 0.433 812 0.881 50.5       

C12 D 0.392 819 0.878 47.7       

C12 D 0.367 814 0.873 37.2       
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Fluid Injector K Pc CD θ D32 VA n 

[-] [-] [-] [kPa] [-] [°] [μm] [mm3/image] [-] 

C12 D 0.340 816 0.859 29.4       

C12 D 0.304 819 0.849 22.3       

C12 D 0.277 821 0.834 19.0       

C12 D 0.243 823 0.828 16.3       

C12 D 0.220 831 0.821 14.3       

C12 D 0.176 826 0.804 14.2       

water D 2.552 781 0.856         

water D 1.171 780 0.864         

water D 0.831 781 0.868         

water D 0.678 787 0.858 4.6       

water D 0.541 794 0.878 2.9       

water D 0.472 788 0.877         

water D 0.444 797 0.887 20.8       

water D 0.396 794 0.854 45.5       

water D 0.336 815 0.775 11.5       

water D 0.405 788 0.775 16.7       

water D 0.519 793 0.891 14.6       

C12 D 5.521 575 0.835 0.8       

C12 D 1.550 580 0.891 1.1       

C12 D 0.825 588 0.913 2.6       

C12 D 0.567 588 0.903 5.4       

C12 D 0.462 599 0.913 41.5       

C12 D 0.354 590 0.875 39.2       

C12 D 0.298 594 0.853 23.1       

C12 D 0.260 594 0.836 15.6       

C12 D 0.502 590 0.917 31.9       

C12 D 0.399 590 0.878 44.9       

C12 D 0.233 595 0.832 10.1       

C12 B 0.595 796 0.964 26.8       

C12 B 0.508 790 0.933 35.3       

C12 B 0.442 793 0.899 29.0       

C12 B 0.405 797 0.889 27.9       

C12 B 0.370 800 0.877 20.0       

C12 B 0.323 804 0.857 17.2       
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Fluid Injector K Pc CD θ D32 VA n 

[-] [-] [-] [kPa] [-] [°] [μm] [mm3/image] [-] 

C12 B 0.351 918 0.862 14.7       

C12 B 0.285 818 0.844 12.5       

C12 B 0.248 800 0.831 11.8       

C12 B 0.198 814 0.814 10.5       

C12 D 0.154 420 0.803 14.2       

C12 D 0.139 422 0.797 12.2       

C12 D 0.732 414 0.906 2.1       

C12 D 0.581 415 0.912 3.2       

C12 D 0.237 418 0.837 18.9       

C12 C 0.567 810 0.831         

C12 C 0.441 821 0.820         

C12 C 0.361 816 0.799         

C12 C 0.323 817 0.780         

C12 C 0.293 833 0.772         

C12 J 0.757 801 0.719         

C12 J 0.577 799 0.722         

C12 J 0.481 801 0.727         

C12 J 0.399 802 0.724         

C12 J 0.447 815 0.725         

C12 J 0.364 806 0.728         

C12 J 0.321 820 0.729         

C12 J 2.129 801 0.708         

C12 J 1.350 798 0.711         

C12 J 1.250 810 0.797 7.6       

C12 J 0.708 781 0.804 9.1       

C12 J 0.575 811 0.805 7.9       

C12 J 0.406 801 0.807 7.5       

C12 J 0.366 789 0.806 12.2       

C12 J 0.339 842 0.808 7.4       

C12 J 0.282 795 0.808 7.6       

C12 J 0.248 800 0.807 7.5       

C12 C 0.526 793 0.442 24.0       

C12 C 3.983 798 0.702 4.0       

C12 C 1.754 806 0.669 10.2       
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Fluid Injector K Pc CD θ D32 VA n 

[-] [-] [-] [kPa] [-] [°] [μm] [mm3/image] [-] 

C12 C 1.260 807 0.615 12.8       

C12 C 1.043 808 0.584 20.2       

C12 C 0.806 811 0.549 44.2       

C12 C 0.703 811 0.555 39.7       

C12 C 0.630 806 0.544 34.6       

C12 C 0.578 810 0.545 31.0       
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Fluid Injector 
Observed 
Regime K Pc CD θ D32 

[-] [-] [-] [-] [kPa] [-] [°] [μm] 

C12 H 1 0.329 315 0.842  779 

C12 H 1 0.933 796 0.869 0.9  
C12 H 1 0.773 799 0.868 0.8  
C12 D 1 0.664 803 0.927 11.2  
C12 D 1 5.521 575 0.835 0.8  
C12 D 1 1.550 580 0.891 1.1  
C12 D 1 0.825 588 0.913 2.6  
C12 H 1 0.720 782 0.933   
C12 H 1 1.327 431 0.898   
C12 H 1 0.685 430 0.917   
C12 F 2 0.407 323 0.903  93 

C12 F 2 0.439 311 0.916  119 

C12 F 2 0.500 306 0.933  251 

C12 H 2 0.262 310 0.843  281 

C12 H 2 0.285 311 0.838  302 

C12 H 2 0.573 801 0.870 1.7  
C12 H 2 0.438 803 0.871 3.9  
C12 H 2 0.376 805 0.863 5.1  
C12 H 2 0.325 807 0.846 10.8  
C12 H 2 0.290 800 0.834 16.4  
C12 D 2 0.501 805 0.918 38.5  
C12 D 2 0.464 807 0.904 49.5  
C12 D 2 0.567 588 0.903 5.4  
C12 D 2 0.462 599 0.913 41.5  
C12 D 2 0.502 590 0.917 31.9  
C12 H 2 0.526 788 0.942   
C12 H 2 0.450 787 0.903   
C12 H 2 0.411 789 0.888   
C12 H 2 0.448 431 0.910   
C12 H 2 0.408 431 0.816  54 

C12 F 3 0.322 319 0.819  68 

C12 F 3 0.361 324 0.856  69 

C12 H 3 0.265 802 0.826 54.9  
C12 H 3 0.249 804 0.819 53.8  
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Fluid Injector 
Observed 
Regime K Pc CD θ D32 

[-] [-] [-] [-] [kPa] [-] [°] [μm] 

C12 H 3 0.228 806 0.815 37.2   

C12 H 3 0.206 797 0.805 21.0   

C12 D 3 0.433 812 0.881 50.5   

C12 D 3 0.392 819 0.878 47.7   

C12 D 3 0.367 814 0.873 37.2   

C12 D 3 0.340 816 0.859 29.4   

C12 D 3 0.304 819 0.849 22.3   

C12 D 3 0.277 821 0.834 19.0   

C12 D 3 0.243 823 0.828 16.3   

C12 D 3 0.220 831 0.821 14.3   

C12 D 3 0.354 590 0.875 39.2   

C12 D 3 0.298 594 0.853 23.1   

C12 D 3 0.260 594 0.836 15.6   

C12 D 3 0.399 590 0.878 44.9   

C12 D 3 0.233 595 0.832 10.1   

C12 H 3 0.389 799 0.878     

C12 H 3 0.365 799 0.874     

C12 H 3 0.334 799 0.857     

C12 H 3 0.305 802 0.844     

C12 H 3 0.270 807 0.834     

C12 H 3 0.244 811 0.828     

C12 H 3 0.213 811 0.817     

C12 H 3 0.373 431 0.809   49 

C12 H 3 0.295 422 0.809   46 

C12 H 3 0.267 441 0.807     

C12 H 4 0.208 311 0.751   57 

C12 H 4 0.231 313 0.790   61 

C12 H 4 0.244 313 0.825   75 

C12 H 4 0.192 798 0.802 17.6   

C12 H 4 0.174 801 0.795 19.0   

C12 D 4 0.176 826 0.804 14.2   

C12 H 4 0.174 820 0.805     
 


