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ABSTRACT 

 

 

Despite the staggering volume of work in the open literature on primary and secondary 

atomization, there is nothing known that addresses the mechanisms for, and injector geometry 

implications for, primary atomization within a self-sustained pulsating transonic three-stream 

injector.  Thus, a computational effort involving 86 simulations, including multiple validation 

exercises, has been executed in order to develop a numerical foundation and then study the 

effects of nozzle geometry, numerical methodology, grid resolution, modeled domain extent, 

feed rates, feed flow modulation, feed flow swirl, feed materials, and operating conditions.  This 

is the first undertaking ever reported to disclose the intense details of transonic pulsating flows 

within the three-stream injector. 

Metrics for assessment of acoustics and temporal spray character were numerous.  

Frequency responses among those metrics implied a common pulsation-driving mechanism.  It 

has been discovered that liquid bridging with the production of a liquid fountain and shocklet-

like structures in the retracted (pre-filming) zone, along with localized gas-liquid normal 

pressure gradients, are responsible for bulk pulsations.  These findings were never reported in the 

literature, thus represent an important contribution of this study.   

Unexpectedly, a new trend for temporal mean droplet size, when normalized by distance 

from the nozzle, versus distance from the nozzle has been found, which took a common form 

among all geometries and feed materials tested.  Therefore, there is some value to simulate air-

water flows, first, to scope general parameters and characteristics, before modeling more 
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computationally challenging slurry flows.  This represents an additional contribution of this work 

not previously reported in the literature.   

Newly unveiled strong interactions between feed materials, geometry, and feed rate were 

discovered.  Various combinations of inner nozzle retraction and slurry annular thickness were 

shown to be advantageous, depending on the goals of the injection system.  The importance of 

either geometry variable for three-stream injectors has not been quantified until now.  

The predictive power of various modeling frameworks has been assessed for the first 

time.  Axi-symmetric (AS) simulations can successfully predict absolute acoustic details; 

remarkably and surprisingly, AS simulations can also be used for directional indicators of bulk 

droplet size.  This is an especially powerful revelation given the massive reduction in 

computational requirements for AS models.  Reduced order 3-D models are required for better 

droplet size estimates.  A relatively simple eddy-viscosity turbulent model seems to be adequate 

for predicting droplet sizes for three-stream injectors, in which the primary energy source is bulk 

pulsations.    For larger two-stream systems (atomization energy is sourced in local shear layer 

instability development), however, a state-of-the-art hybrid model (newly implemented for this 

effort) appeared to be necessary to capture the resulting droplet scales.  Lastly, droplet size and 

characteristic flow length scale predictions for two open literature non-Newtonian liquid 

atomizers were made available.  
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Chapter 1. Introduction and Literature Review 

 

1.1. Background 

The breakup and atomization of jets is of paramount importance to the agricultural, 

chemical, food, fire protection, and energy-production industries and has been studied for nearly 

two centuries. Droplet characteristics and trajectories, in some cases, determine yield, prolonged 

life (reliability and maintenance), and productivity within large-scale reactive process equipment, 

where uniformly distributed and relatively small droplets are often sought.  Airblast atomization 

(when a high-velocity gas stream is used to facilitate liquid breakup) and the resulting liquid 

surface instabilities have been extensively reviewed by Faeth et al. [3], Engelbert et al. [4], 

Lasheras and Hopfinger [5], and Dumouchel [6], while a thorough practical guide to injectors 

and sprays is given in Lefebvre [7].  Where the gas meets the liquid, Kelvin-Helmholtz 

instabilities (KHI) are produced and eventually result in major distortion of the contiguous liquid 

to form waves.  The gas phase interacts with the waves, and form drag creates high pressure and 

low pressure regions on the windward and leeward boundaries of the waves.  The relatively low-

density gas accelerating the heavy liquid creates Rayleigh-Taylor instabilities (RTI) until liquid 

droplets are pinched off.  The initial stage of liquid breakup, called “primary atomization”, sets 

the foundation for the overall atomization process and has been studied extensively [6, 8-18]. 

Primary atomization involves the production of liquid parcels or “droplets” (often initially non-

spherical [19]) from a continuous liquid stream based on a local balance of cohesive forces 

within the droplet and the destructive forces within and around the droplet.  According to 

Mansour and Chigier [20], droplet size is a measure of the wavenumber of most unstable 

disturbance, and breakup length is measure of its growth rate.  Secondary atomization applies to 

droplets breaking up into smaller droplets, which are much more likely to be spherical as 
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curvature increases and surface tension forces become more significant.  In most spray nozzle 

configurations, these processes occur, to some extent, simultaneously.     

Even though process fluid properties and conditions often depart significantly from air 

and water at atmospheric conditions, air/water test stands (AWTS) are used as effective testing 

means for industrial injectors.  Generally, droplet size decreases with increasing gas velocity and 

gas density, increases with increasing liquid viscosity and surface tension, and shows a mixed 

effect with changes in initial liquid sheet thickness [7], [21].  However, within the bounds of 

fixed process conditions and compositions, methods are often sought to modify the injector 

geometry to reach particular atomization goals. 

Further insights into the regimes of coaxial primary atomization are elucidated by Xiao et 

al. [18].  For laminar liquid feeds, such as with non-Newtonian liquids or slurries [15, 20, 22-27], 

gas phase turbulent structures deform the liquid phase interface.  Small perturbations are quickly 

restored by surface tension due to sharp interfacial curvature.  The competition between gas 

phase turbulent structures and the liquid interface joins the indigenous KHI.  When the liquid 

feed is turbulent, the initial perturbation is from competition between the liquid phase turbulent 

structures, instead of those in the gas, and its surface tension.  The remainder of the process is 

similar. 

As noted by Lefebvre [7], airblast atomization has been studied for decades.  High 

velocity gradients present at the gas-liquid interface create computational difficulties.  

Consequently, experimental studies are common, such as in [27] and [19].  A typical 

computational approach is to study the flowfield of the gas and liquid droplets after primary 

atomization.  An embedded rigorous mathematical routine is used to produce a distribution of 

droplets, and then that distribution is allowed to slip and interact with the gas stream and local 
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geometry [15, 24].  The alternative to this approach is to use an interface tracking scheme, such 

as Volume of Fluid (VOF), to explicitly compute the shapes and sizes of the first ligaments and 

droplets during primary atomization [28-34].  

Despite the overwhelming volume of work in the open literature on primary and 

secondary atomization, both computational and experimental, there is nothing known for 

addressing primary atomization within a three-stream injector.  Most atomization studies in the 

literature deal with two-stream systems, and often these do not involve pulsating sprays.  More 

generally, computational studies of primary atomization involving high Mach number flows are 

scarce as well.  When operated under certain conditions, including pulsation-free boundary 

conditions, a three-stream atomization system can become globally unstable.  Strong pulsations 

are generated and self-sustained [35] by the primary atomization process, linking acoustics with 

primary atomization.  The system behaves much like a periodic “stable limit cycle” (Strogatz, 

[36]) in which various constant feed conditions create a particular response frequency, but each 

cycle is not a perfect repeat of the previous as will be shown here.  One might characterize the 

slightly aperiodic behavior as “chaos”, but as will be discussed in the “Numerically-Induced 

Instabilities” section, there is no dependency on initial conditions, preventing it from being 

classified as chaos.   

Pulsating sprays pre-date the industrial world by thousands of years, as can be seen in the 

life and intricate design of the Bombardier Beetle found mainly in Africa and Asia [37], and 

have been found relevant to the food industry [38], chemical process industry [39], and heat 

transfer control [40].  All coaxial atomization may fundamentally be considered pulsatile in that, 

from a fixed reference frame watching the passing spray, there are temporal oscillations in liquid 

volume fraction and spray droplet number density.  (Plus, two fluids merging at different 
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velocities encourage fluctuations at some scale.)  Farago and Chigier [41] discussed various 

breakup regimes ranging from Rayleigh-type (droplet diameter on the order of the liquid orifice 

diameter) to fiber-type (droplet diameter much smaller than the liquid orifice diameter) based on 

the ratio of the gas-liquid relative velocity to the liquid surface tension.  The more energetic 

regime was called “superpulsating” and was observed to have bulk passing pockets of various 

sized droplet clouds.  Here, we define “pulsations” to imply those which are driven by, or 

effectively drive, pure feed stream oscillations.   

Not only are the self-sustaining global pulsations and acoustics germane to primary 

atomization in a three-stream injector, but also to very high speed systems where the gas 

becomes transonic inside or outside the nozzle.  One of the most comprehensive works on 

compressibility effects on turbulent flow is that of Gatski and Bonnet [42].  In general, 

compressibility dampens turbulence by relaxing eddy communication.  In addition, shocks 

enhance turbulence and alter the anisotropy, wall reflections contribute to viscous heating, and 

thermodynamic quantities (and their interactions with turbulence) evolve at higher frequencies in 

compressible flow.  These issues are more pronounced in 3-D systems.     

One area in particular that stands out, in regards to the criticality of acoustics, droplet 

formation, and reaction issues, is the combustion field.  Self-sustained pulsations are known to 

originate from combustion instabilities which create vortex rings leaving the tip of a burner as 

discussed in Hettel et al. [43].  An invaluable compilation resource on acoustics and combustion 

is Roy [44].  A number of authors therein highlight various issues relevant to the present work, 

and those will be briefly exposed here without duplicating references to the contained works.  

First, reaction characteristics were significantly altered by injection pulsations.  Forcing flames, 

for example, at 100Hz was shown to increase velocity fluctuations, but complete flame 
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quenching could occur for very high strain rates (order 10
3
) when the forcing amplitude reached 

the mean base velocity.  Forced pulsations were excited if the acoustic wave added more energy 

during the positive-pressure phase than during the negative-pressure phase.  Buoyancy and 

thermal diffusion acted to destabilize.  It was shown how the Markstein number was important 

for determining which mixtures are susceptible to acoustic stimulation.  The issue of how fuel 

richness affects acoustics depended on the particular fuel.  Others used a Rayleigh index (integral 

of the product of the pressure and heat-release fluctuations) in order to find ways to synchronize 

the pressure phasing with the heat release.  Forcing frequencies in the range of 185 – 700 Hz 

were attempted in a case where the flame movement was at a low frequency (12 Hz) and the 

thermo-acoustic instability was at 213 Hz; 700Hz was shown to perform the most complete 

combustion. Second, a countercurrent suction on an injection nozzle created bursting much 

closer to the nozzle and increased turbulence intensity.  The effects of the level of counter-

current flow (relative to the main flow path) were investigated, and a threshold was found above 

which the turbulence level was increased across the entire mixed stream.  Another group 

considered shear-flow driving combustion instabilities in  two categories:  1) convectively 

unstable, in which modes grew while moving away from their point of inception leaving behind 

stable flow and 2) absolutely unstable, in which modes grew in place and contaminated the entire 

domain.  The amount of backflow and shear layer thickness determined the transition between 

the two.  Lower temperature gradients and leaner mixtures led to the 2
nd

 condition, and this was 

experimentally demonstrated when a mode of around 100 Hz was excited.  Droplet diameters 

after evaporation, even if mono-disperse droplets were injected, were non-Gaussian.  A moving 

tetrahedral approach was used to model primary fuel droplet breakup, which gave the advantage 

of computational cell count reduction in areas where droplet resolution was not needed.  Given 
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that ligaments might be on the size of millimeters, droplets at microns (Kolmogorov scale), and 

the overall system at centimeters, there is a large computational cell count savings potential.  

Swirling was found to enhance phase mixing and stabilize combustion, and swirling with a high 

enough strength could provide an adverse pressure gradient and eventual flow reversal.  Co-

swirling was shown to result in a more compact flame than counter-swirl.  Higher counter-swirl 

ratios, in general, promoted smaller droplet production due to increased shear at the stream 

boundaries; co-swirling produced larger droplets.             

Now, moving beyond Roy [44], Keller [45] describes how driving forces come in one of 

two forms (high-frequency oscillations in chamber pressure due to combustion instabilities and 

low-frequency oscillations due to hydrodynamic flow instabilities associated with the burning of 

fuels) and how the coupling of these two can degrade the combustion process.  Mullinger and 

Jenkins [46] proposed that typical gaseous combustion systems emit “combustion roar” due to 

pressure waves from a succession of distinct flamelets at frequencies of 200 to 500 Hz; these 

oscillations may tune-up with the machine/enclosure, provide positive feedback, and be 

destructive.  Stability limits of a fixed flame in an acoustic chamber are discussed by McIntosh 

and Rylands [47], while the flame extinction by pressure drops and potential flame acceleration 

to detonation by pressure rises is expatiated by McIntosh [48].  NASA stabilized combustion in 

jet engines with fuel flow pulsations in the range of 500-700Hz [49].  Lastly, regarding 

combustion, some may desire to push the flame away from a burner for improved burner life as 

discussed in the work of Kribs et al. [50]. 

1.2. Motivation 

The self-generating and self-sustaining pulsating nature of a three-stream injector with 

pulsation-free boundary conditions has received surprisingly little attention in the open literature 
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even though its spray pattern is linked to the energy content of its pulsatile flow.  It will be 

shown herein that the mechanisms responsible for primary atomization are also responsible for 

bulk pulsations.  The foundation of the work here is that of Strasser [35] in which various ratios 

of gas and liquid feed rates were considered with the aim first to characterize and then to 

optimize the operation of a pulsatile injector in a predominantly axisymmetric (AS) modeling 

framework; animations and experimental videos were produced to illustrate various effects.  

However, an astounding quantity of issues remains unaddressed, including the mechanism 

responsible for the bulk pulsations.   It will be shown that the mechanism responsible for the self-

sustaining bulk pulsations, which is lacking in the literature. To do so, an extensive study is 

conducted to investigate the effects of numerical models and provide recommendations, 

strengths and drawbacks based on parametric analyses.  The outcome will be the first 

comprehensive numerical study for the pulsatile injector including design correlations between 

key metrics and injector geometry.  New functions for a dimensionless droplet size scaled by the 

distance from the injector will be proposed and compared among the modeling frameworks and 

feed materials.  Finally, it will be shown that there is predictive power in reduced-order models.     

The three injector streams are designated as inner gas (IG), outer gas (OG) and an 

intermediate liquid as shown in Figure 1.1, flowing from the top to the bottom.  The injector 

inlets are much longer and tortuous than what is shown (due to picture scaling limitations) and 

will affect the pressure transients to be discussed herein; however, the full lengths of these inlets 

are included in the simulations.  A typical computational mesh, referred to as “base”, is shown in 

Figure 1.1, while others will be considered throughout this work.   
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1.3. Overall Objectives and Scope 

A problem is presented to determine how to improve the operation, performance, and 

sustainability of a transonic three-stream pulsatile coaxial airblast injector in a large-scale 

industrial reactor.  There is apparently nothing in the open literature by other research groups 

regarding issues of geometry, feed flow rates, feed swirl, non-Newtonian feed materials, feed 

flow modulation, grid resolution, turbulence model, and numerics on the flow field of a three-

stream injector using a transonic VOF computational approach.  It is expected that the present 

effort will contribute new relevant information regarding numerics, feed stocks, and geometry 

effects on spray character and acoustics for a transonic pulsatile injector.  Controlling the spray 

dynamics can help reactant conversion and prolong reactor life.  A computational effort 

involving 83 total simulations (comprised of 73 transient self-sustaining pulsatile three-stream 

atomizer models, 3 transient non-pulsating two-stream atomizer validation models, 1 transient 

shock-induced atomization simulation, and 6 steady-state droplet size quantification models), 

will be discussed involving more than 40 CPU-years of computations.  In general, the key 

injector performance metrics entail pressure signals, spray angle, data streams from video 

analyses, and temporal droplet size quantifications.  Moreover, new correlations between metrics 

and 1) inner nozzle retraction and 2) slurry annular spacing are proposed.    
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Figure 1.1.  Geometry and “base” mesh for transonic pulsatile three-stream injector  

 

While previous work [35] established a basic computational method and addressed the 

effect of flow rate for a given nozzle geometry, an astounding quantity of issues remain 

unaddressed.  Other nozzle geometries, flow rates, and processing materials are of great interest, 

and will be scoped in the design space (within sponsor-imposed geometric and condition 

bounds).  Specifically, the impact of replacing water with a shear- and temperature-dependent 

viscosity is considered in order to more closely computationally represent an industrial process.  

In addition, evaluating potential spray improvements of swirling and flow modulation would be 

beneficial.  Also, new metrics in the context of 3-D models are explored.  Moreover, numerical 

issues, such as solver version, mesh resolution, turbulence model, time-step size, 3-D domain 

extent (in multiple dimensions), VOF method, and discretization, are investigated.  While some 

of these issues have been addressed in the literature, no evidence of their consideration appears 

to have been given for transonic three-stream pulsatile airblast injectors.  Strasser and Wonders 

[51] discussed how a cancellation of errors in the momentum balance can still produce a 

reasonable result, so various combinations of approaches will be explored.   
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Two overarching computational strategic decisions are pursued.  The first deals with the 

value in attempting to connect AW simulations with slurry and high-pressure gas (SH) 

simulations.  Even though the latter better represents the sponsor’s system, AW simulations can 

be and have been verified using field testing with an AWTS.  It is important to understand the 

strengths and limitations of establishing linkages between the two feed stocks.  The sponsor 

would prefer to learn as much as possible from AW testing due to the extreme cost and safety 

risk of attempting physical changes in the process.   

The second strategy involves minimizing computational run time.  The question 

becomes, “What sponsor-relevant metrics can be extracted from the simplest model possible?”  

To that end, connections are attempted between AS and 3-D models due to the obvious 

substantial time reduction in using AS approaches.  Minimizing the 3-D modeling domain 

radially, axially, and azimuthally is also sought.  Lastly, effort is devoted to reducing mesh 

element count.  In short, an ideal modeling situation would result from a coarse-meshed AS 

model with a high time-step size.  However, depending on the metrics of interest, this may not be 

sufficient.       

1.4. Organization of the Document  

 There are many thrusts of this work, so organizational comments are warranted.  The 

remainder of this document will be outlined in this manner.  Chapter 2 will present the model 

formulation in terms of governing equations, numerics, and mesh/boundary conditions.  Next, 

tiers of results are discussed in six chapters.  Chapter 3 is focused on identifying the pulsation 

mechanism, methods development issues, and swirl.  Chapter 4 discusses AS geometry and 

modulation for air-water.  Chapter 5 is aimed at AS non-Newtonian slurry findings for geometry 

changes and modulation.  Chapter 6 shifts gears to 3-D slurry modeling and establishing 
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correlations between retraction and key metrics.  Chapter 7 seeks connecting the slurry inlet 

annular dimension to important variables along with further exploration of the pulsation 

mechanism.  Lastly, Chapter 8 addresses hybrid turbulence modeling and incorporates findings 

from simulations of two external literature cases.  Within each of those chapters, the structure 

will be similar; an initial deliberation on motivation, results summary tables, and the associated 

metrics are provided, followed by in-depth discussions of various permutations, and conclusions 

are given as a closing.  Finally, overall conclusions and future work will be presented in Chapter 

9.  Additional context from external literature will be provided throughout the chapters.  Some 

figures and text from Chapters 1 - 5 are copyrighted by ASME and used with ASME permission 

from the author’s own research in [52].  Many of the figures and text from Chapters 6 – 8 are 

included from future conference papers of the author’s own research [53], [54], and [55], 

respectively, with knowledge of ASME. However, due to ASME requirements, official 

publication and effect of copyright is pending until the papers are confirmed to have been 

presented at the conference, November 13 – 19, 2015.    
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Chapter 2. Model Formulation 

 

2.1 Governing Equations 

A steady simulation will not always produce the same result as the time-average of a 

transient simulation [56].  As a result, a transient solution is sought in an Eulerian framework 

using ANSYS.  The continuity equation governing the mass balance of each phase is:  

    0



u



t

                                  (2.1) 

The phase-averaged Reynolds-averaged (RANS) linear momentum balance is:      

        Fguuu






reft p

t
 ττ                 (2.2) 

The simplified mixture treatment implied here applies mainly to cells that contain either all gas 

or all liquid (volume fraction = ).  Where phases meet and cells contain both fluids, the 

differentiated face fluxes of each phase within a cell are computed by the VOF method in order 

to ensure mass balance.  Consequently, the shape and location of the interface is reconstructed in 

space and time as will be described in the “Numerics” section.  Droplet/particle tracking methods 

[57] are not used, as computational cells are smaller than the droplets.  Properties are mass-

averaged among the phase volume fractions present in a cell.  With this method, film formation, 

ligament production, and droplet onset are explicitly taken into account by considering sub-grid 

scale (SGS) information, i.e., how the liquid interface looks within a computational cell.     

Equation 2.2 shows that a single momentum field is computed, making this a 

“homogeneous” method.    Since the three co-flowing immiscible phases have very different feed 

velocities (cause of the instabilities) in air-blast atomization, the use of a single momentum field 

seems counterintuitive and only works if grid cells are smaller than droplets.  Very far from the 
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phase interface, the phases act as a continuum requiring only a single velocity field.  This 

includes the liquid and gas inlet streams.  At the interface, the no-slip condition requires that the 

liquid and gas be at the same velocity.  In between, a velocity gradient is established.  Another 

way to think of this is to consider how computational cells are used to model gas flow across a 

wall boundary layer.  At the wall, the gas velocity takes on the velocity of the wall.  Away from 

the wall the velocity takes on the gas velocity, and cells are used to discretize between the two.  

The liquid ligaments and droplets are like small walls imbedded in the domain. 

 Similarly, the phase-averaged energy equation is:     

     
Pr

t
t

t

E u E p T u
t


    

  
                  

                         (2.3) 

Again, properties are mass-averaged among the phases.  For example, E = iiEi/MIX, where Ei 

is the total energy for phase i and MIX = ii.  The gradient diffusion hypothesis has been used 

to separate the molecular and turbulent effects in Equations (2.2) and (2.3).  The air density is 

assumed to vary as that of an ideal gas, and liquid compressibility is ignored.  The local air Mach 

number can reach higher than 1.0 at any given time.  As a result, kinetic energy, viscous heating, 

and pressure-work terms are included in Equation (2.3).  Some ways which flows can be 

classified as “compressible” are described in Gatski and Bonnet [42] and include the effects of 

high speeds, molecular diffusion, viscous heating, unsteadiness, and body forces.  Various 

dimensionless parameters were tested, and it was found that only the traditional high-speed 

considerations render the present system compressible.  In other words, density changes due to 

entropy associated with dissipative heating or molecular diffusion are insignificant.  Liquid 

droplet evaporation due to gas humidity effects has been ignored.  Surface energy effects are 

treated via the continuum surface force method of Brackbill et al. [58].   
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The homogeneous shear stress transport (SST) two-equation linear eddy viscosity model 

of Menter [59] is used for computing the turbulent contributions to momentum and energy 

transport for nearly all of the cases presented herein.  Additional consideration is given to the 

transport of the principal turbulent shear stress via 1) an eddy viscosity limiting function and 2) a 

cross diffusion term in the transport equation for ω.  Also, there is a turbulence production 

limiter, as discussed in ANSYS [60], preventing the artificial build-up of fluctuating velocity in 

regions of irrotational strain.  "Scalable" wall functions, discussed in ANSYS [60], are an 

alternative to standard wall functions.  They have the advantage of being less sensitive to 

variation in near-wall grid resolution throughout the domain.  The distance of a given 

computational cell center from the wall is computed via a Poisson equation with a uniform 

source value of -1.  Additional compressibility effects are taken into account as described in 

ANSYS [60]; the typical constant known as “beta”, which is used in the SST method [59] for the 

computation of the turbulent viscosity, production of turbulence kinetic energy, and the 

dissipation of turbulence kinetic energy, is adjusted for turbulent Mach number (2k/a
2
) when 

turbulent Mach number exceeds 0.25.  Realizable k- (RKE) of Shih et al. [61] was employed as 

a test, later referred to as case A13.  Velocity gradients at gas-liquid interfaces can induce 

modeled turbulence that is actually not present in the real flow and requires a modeled damping 

function (Hansch et al. [62], Ergorov [63], and Deendarlianto et al. [64]); a damping factor of 10 

was employed in this work.         

 It is well-known that eddy-viscosity turbulence computations are wanting.  Limitations 

of the SST are known, some of which are documented in the particle-turbulence coupling study 

of [57] and the cyclone studies of [65] and [66].  SST improvements were proposed in [67] based 

on simplification of a Reynolds stress model. The advantages of using the differential Reynolds 



15 

 

stress model (RSM) approach include natural realizability and the ability to capture the effects of 

streamline curvature, turbulence anisotropy, and rapid changes in strain rate.  Turbulence 

anisotropy can be substantial in jet flows; quantification of the departure from isotropic 

turbulence is discussed in Strasser [57].  With the RSM, production and molecular diffusion need 

no modeling, but other terms do. The Launder, Reece and Rodi-Isotropization of Production 

(LRR-IP) from Launder et al. [68] approach for modeling Reynolds stresses is used some 

throughout this work, and it caused computational run time to increase by about 10%.  The 

turbulent diffusive stress transport is treated with the gradient-diffusion hypothesis, and the 

dissipation is modeled assuming isotropy.  Pressure strain is well known to be one of the most 

important terms; it has zero trace and serves to redistribute the stresses and move toward the 

isotropic state.  In the present work, the pressure-strain model incorporates a linear return-to-

isotropy term or “slow”, a rapid pressure-strain term, and a wall reflection term. A 

nonequilibrium wall function approach was used for the near-wall cells as discussed in ANSYS 

[60].  This method involves typical wall functions that have been modified to relax the 

production=dissipation assumption.  Wall reflection effects are included, and the wall boundary 

conditions for the stresses are derived from the near-wall value of k.  As with most Reynolds-

averaged turbulence models, the boundary layers are considered to be everywhere turbulent.   

2.2 Numerics 

Computational algorithms offer many degrees of freedom.  A typical approach is to pick 

a method, justify it using (sometimes incomplete) information from other sources, and proceed in 

a study.  Often, the ramifications of these decisions are not fully explored.  Here, we seek to shed 

new light on the effects of these freedoms and choices for transonic pulsatile injectors.  
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Equations 2.1 – 2.3 are solved in ANSYS Fluent’s segregated double precision commercial cell-

centered solver.  

A mass-conserving way of modeling the interactions between two immiscible phases is 

the VOF method.  Using Fluent's VOF framework to study droplets is not rare [69, 70] and can 

be used to define the gas-liquid interface [13] when the droplets are larger than the 

computational grid scale.  The issue of differentiating between the liquid and gas phase at a 

length scale less than the cell dimension is paramount for this work; the fact that the liquid and 

gas have substantially different densities further complicates interfacial detection, along with the 

basic advection calculations (see [18, 71] and many others cited herein).  The explicit piecewise 

linear geometric reconstruction scheme from 1982 by Youngs [72] (often referred to as “PLIC”) 

is used as the time-marching scheme to solve Equation (2.1) for cell face fluxes and for 

computing the location of the SGS liquid-gas interface.  The PLIC method assumes that the 

interface takes on the shape of a line in 2-D and a plane in 3-D.  An unsplit flux methodology is 

used for the advection terms after interfacial reconstruction.  No smoothing is applied to the 

volume fraction during interfacial reconstruction, and an unpublished gradient method other than 

least-squares was utilized. Cummins et al. [73] describe three common techniques for estimating 

interfacial curvature, including convolved VOF, distance function, and height function, noting 

that the first two are more robust for unstructured meshes and/or situations where curvature is ill-

resolved.  Fluent incorporates the convolved VOF method in which a smoothing kernel is 

applied to the volume fraction for the calculation of a smoothed volume fraction gradient in 

order to reduce high-frequency aliasing errors.  The smoothing is node-based, such that a 

volumetric average of node neighbors of a given cell is computed.  The history, development, 

and order of accuracy of modern PLIC implementations, along with highly-detailed surface 
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normal reconstruction, flux splitting, smoothing, and pressure discretization information, are 

provided in Rider and Kothe [74] and Gueyffier et al. [75].  An alternative is to begin with the 

linear interface assumption and then decompose the line (2-D) into fragments and adjust their 

locations in order to maintain connectivity between the interfacial edge cuts between adjacent 

cells while ensuring mass conservation, producing SGS curvature as is noted in Liovic [76]; 

however, his results indicate that the reduced interfacial error is minimal.  More information on 

SGS influences can be found § 8.1.4.  A validation of the PLIC method for evaporating droplets 

can be found in [77].  According to ANSYS [60] and Liovic [76], the geometric reconstruction 

scheme is the most accurate method of interface capturing currently implemented in ANSYS 

Fluent, so this was used for most modeling herein; however the Compressive Interface Capturing 

Scheme for Arbitrary Meshes (CICSAM) method was employed in one test case, later referred to 

as case A10.  From countless proprietary industrial partner evaluations (not shown here), 

CICSAM was found to be substantially more diffusive and computationally forgiving compared 

to the geometric reconstruction scheme.  The purpose for testing it in the present work is to 

determine whether or not it can be used as a viable substitute for PLIC.   

A typical Courant number (CN) for the internal VOF calculations at the sub-loop level is 

0.25, but the effect of reducing this to a value of 0.125 was considered (case A11).  A 

combination of VOF and Level-Set discussed in ANSYS [60], Anumolu and Trujillo [71], and 

Xiao et al. [18] is evaluated (case A15).   More computational details on the Level-Set method 

can be found in Menard et al. [13].  VOF is known for its strong mass conservation at the cell 

level, but it has difficulty reconstructing the interfacial curvature and surface normals.  As a 

result, spurious velocities sometimes result at the VOF-computed interface [78].  Level-Set has 

the opposite challenges and often loses mass during the re-initialization step.  Anumolu and 
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Trujillo propose a fix for this issue in [71].  Ideally, a code would utilize the strengths of them 

both.  Note, specifically, the downside to any VOF (or single momentum field) formulation; that 

is, phase equilibrium is assumed at the cell level.  In other words, when droplets travel much 

faster than the surrounding gas, or vice versa, the slippage and shear layer generation between 

the two is ignored.  This is a reasonable assumption for a fine grid in which there are multiple 

cells per droplet, but would not be the case in which there are multiple droplets per cell 

(Eulerian-Lagrangian).  

Pressure-velocity coupling is coordinated via the Pressure Implicit with the Splitting of 

Operators (PISO) scheme with skewness and neighbor corrections.  A Green-Gauss node-based 

gradient method is used for discretizing derivatives and is more rigorous than a simple 

arithmetical grid cell center average.  The pressure field is treated with a body-force weighted 

approach to assist with body force numerics for all simulations, except case A12 which 

employed the PREssure STaggering Option (PRESTO!)  scheme.  PRESTO! uses mass balances 

to obtain face pressures, instead of a traditional second-order upwinding scheme, which 

incorporates geometric interpolation to obtain face pressures from cell-centered pressures.  This 

could be beneficial in areas of high pressure or volume fraction gradient, but has been found 

from internal testing to be substantially more numerically stiff.  Second-order upwinding is used 

for advection terms, and first-order upwinding is used for turbulence quantities which are 

dominated by source terms.  The QUICK scheme, which is formally higher than 2
nd

 order 

accuracy on structured meshes, was used on the advection terms for A12.  Details for the 

discretization schemes can be found in Strasser [79] and in ANSYS [60].  The transient term is 

also discretized using first-order upwinding, but this is an ANSYS limitation.  It can be noted, 

however, that with very small timesteps, this should not pose any numerical problems; each time 
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step represented only about 1/10,000th of a normal spray pulsing event.  Among those who have 

successfully used similar numerical considerations (geometric reconstruction, PISO, and 

QUICK) for liquid break-up VOF studies is Ng and Sallam [80].  Two total variation 

diminishing (TVD) slope limiters (not to be confused with flux limiters) are considered for the 

second order advection schemes.  The typical is the “standard” approach from Barth and 

Jespersen [81], but the “multidimensional” method (more rigorous and less diffusive) of Kim et 

al. [82] is investigated for A14.  The advantages of this scheme are discussed more in Poe and 

Walters [83]. 

Convergence and time-averaging were discussed in detail in Strasser [35] but it will be 

repeated here that a typical time step of 5.0x10
-7

 seconds with 10 inner loops was required for the 

residuals to stop changing significantly with additional inner loop steps.  Typical globally 

averaged CN based on fluid velocity remained below 0.5 throughout the simulations.  In fact, 

there are various bases for quantifying CN according to Menter [84], most of which are less 

conservative for this gas-liquid interface-driven system.  For case A9, however, a CN of 1.5 was 

tested.  Additionally, it can be noted that the maximum capillary time-step size from Brackbill et 

al. [58] is 2 to 4 orders larger than what is used in these simulations.  Total simulation time 

includes reaching quasi-steady behavior (as shown in [35]) and then time-averaging data 

collection.  Sufficient data had to be collected to produce clean time-averages, which 

necessitated many convective time (CT) scales.  A CT is the length of time it takes for the fastest 

droplets to travel through the modeled domain downstream of the nozzle.  A typical  simulation 

time for AS models is approximately one week on 4 Intel Xeon X5690 processor cores for 1000 

CT.  That time increases to about 2 - 4 weeks on eight Intel Xeon E5-2643 3.3GHz Intel cores 

for 3-D base mesh incompressible wedge models (Chapters 3-5 with a run time linearly 
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dependent upon the included azimuthal angle) for only 100 CT.  AS models required more CT, 

since the statistics uniquely collected for those (such as spray angle) mandated more time-

averaging time.  More  simulation times will be provided throughout the appropriate later 

chapters.  

2.3 Subroutine Programming 

Five proprietary subroutines were written and compiled in C for this study.  ANSYS 

refers to ad hoc subroutines as “User-Defined Functions” (UDF).  One UDF is required to 

establish a temperature profile on the outer walls of the injector as dictated by reactor conditions.  

Another UDF defines the local temperature and shear-dependent viscosity of the non-Newtonian 

slurry throughout the domain during computations.  A consequence of a local viscosity 

calculation is a “coupled” approach to fluid properties.  Cell-centered velocity gradients and 

temperature set the local viscosity at the beginning of a timestep.  As the loops continue 

throughout the timestep, the velocity gradient is affected by the viscosity and so on.  Viscous 

heating adds further coupling.  A third UDF is used to compute real-time droplet size statistics 

for 3-D models.  A fourth UDF is necessary to compute the backflow of slurry towards the 

injector outer face.  The final UDF included a modified version of the hybrid turbulence 

modeling routine of [85, 86] in order to address compressible multiphase flows.  

Though not a UDF per se, Matlab was used to compute Fast Fourier Transforms (FFT) on 

various transient signals in order to assess spectral information.  In addition, Matlab was 

programmed to transform point-wise velocity information into an energy spectrum to search for 

a turbulent inertial subrange.  Lastly, video analysis routines were written in LabVIEW, for air-

water (AW) and for SH designs, separately, and will be discussed in another section. 
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2.4 Mesh and Boundary Conditions 

The base mesh in Figure 1.1 contains about 32,000 elements per cross-section with 

approximately 30 cells spanning the liquid annular gap.  It was constructed carefully in order to 

avoid having any triangular-faced cells due to their known inferiority [79, 87]. Known 

temperatures, pulsation-free flow rates, and properties from the AWTS are supplied at the three 

independent computational stream inlets.  Turbulence quantities were not available in the 

experiment but were specified as follows:  Turbulence intensity was set to 5% of the inlet area-

averaged velocity, while the integral length scale was set to a relative amount, say 20%, of the 

feed nozzle length scales. These are not critical since the turbulence field will develop 

throughout the long inlets based on pressure gradient, boundary layer development, etc.  The 

feed turbulence field will be completely transformed by the tortuous inlet passages through shear 

and vorticity before the flows reach the retracted zone.  Additionally, bulk feed pulsations with 

frequencies over approximately 100 Hz (for this system) will not create any modulation or 

resonance in the turbulence of the feed passages [88].  The choice of feed turbulence quantities, 

therefore, is not pertinent.  Typical area-averaged y
+
 values on all exposed inner walls were near 

10, and those values near the water annular gap were 3 times that.   All fluids leave the domain at 

the bottom and sides, which are pressure-outlets.  Outlets are treated as “openings”, at which 

flow can move into or out of the modeled domain. 
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Chapter 3.   Identification of Pulsation Mechanism in a Transonic Three-Stream Airblast 

Injector 

 

3.1. Introduction and Motivation 

Numerical recipe issues, such as solver version, mesh resolution, turbulence model, time-

step size, VOF method, inlet boundary conditions, and discretization are investigated in the 

modeled cases shown in Table 3.1.  Three ANSYS solvers are considered, Fluent 12.1.2, Fluent 

13.0, and Fluent 13.0 with service pack # 2 (13SP2).  More information will be provided for the 

details in Table 3.1 as the need arises.  Swirling feeds will also be considered.  Lastly, additional 

validation exercises will be conducted.     

A total of 17 simulations will be discussed.  For the purposes of testing numerics in this 

study, only AS modeling frameworks are considered.  The significant AS disadvantage, 

obviously, is that any shed droplets are not accurately modeled as “droplets” per se.  Since the 

geometry wraps uniformly in the azimuthal dimension, each droplet remains a uniform torus 

shape.  In reality, sheet perforations (caused by velocity curl and turbulence) and radial sheet 

thinning cause the ligaments to break up azimuthally.  However, a 3-D analysis is not required 

for establishing how numerics, boundary conditions, and swirl affect acoustics and ligament 

formation in the retracted (also known as “pre-filming” where the inner nozzle is recessed 

upstream of outer nozzle) section and how far away from the injector face these ligaments tend 

to project; these elements are the focus of this present work and are primarily 2-D in nature (see 

Strasser [35]),   Additionally, discrete droplet size production and analysis has not yet been 

established for this system, which is part of this paper.  All references to things like “spray 

angle” will have limited power in that they will be useful for comparisons among cases instead 
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of absolute application.  As will be shown, the axisymmetric analysis is more than adequate to 

identify the strengths and weaknesses of the computational methodologies.          

 

 Table 3.1.  Matrix of all axisymmetric air-water simulations for numerics and swirl evaluations 

IG Flow Case Mesh Purpose Solver 

Low 

A5 Base Solver 13SP2 
A7 Base Trunc./Swirl 12.1.2 
A8 AR Auto-refine 13SP2 
A9 Base 3xTS 13SP2 

A10 Base CICSAM 13SP2 
A11 Base VOF CN 13SP2 
A12 Base Discret. 13SP2 
A13 Base RKE 13SP2 
A14 Base TVD 13SP2 
A15 Base Level-Set 130 
A16 Base Solver 130 
A17 Base Trunc./Incomp. 12.1.2 
A18 Base Trunc./Incomp. 13SP2 
A19 Base Trunc. 13SP2 
A20 Base Solver 12.1.2 

High 
C8 Base Flows 12.1.2 

C16 Base Solver 13SP2 

 

 

Table 3.2.  Dimensionless groups at low and high inner gas flows for air-water designs 

  Inner Gas  Outer Gas 

IG M S Re/100 St Ma M S Re/100 St Ma 

Low 0.080 8.1 480 0.10 0.11 1.3 33 1000 0.013 0.44 
High 0.28 15 890 0.053 0.21 1.1 30 960 0.014 0.41 

  

The dimensionless groups which govern the flowfield are shown in Table 3.2.  There are 

two IG flows considered.  The “low” and “high” flow rates refer to the inner gas (IG) flows 

resembling “FC3” and “FC5”, respectively, from Strasser [35]. Unless otherwise noted, “low” IG 

flow will be employed.  Strouhal numbers in Table 3.2  are based on a single dominant tone of 

200 Hz.  As will be evident, not all simulations show the same dominant tone, but a general basis 



24 

 

is desired for establishment of the Strouhal number.  The lack of specificity around Strouhal 

number is the reason it is only assigned 1 significant figure.  For both IG feed rates, Z is 0.0012, 

while the liquid-based Re, Q, Oh, St, and We are 1.310
5
, 1.110

-8
, 6.810

-4
, 3.3, and 0.0076, 

respectively.  Note that the Weber number is the average, but the instantaneous values of the 

Weber number can be very different from the average and can cause the liquid to span multiple 

breakup regimes ([19]).  For example, [19] stated that if the turbulence intensity is greater than 

21%, the Weber number for their work spanned 4 regimes. 

The base case geometry will be the focus of these evaluations.  See Figure 1.1.  Most 

injector dimensions are normalized by the outer diameter, DO.  Rather than disclosing the actual 

dimensions, for proprietary issues, the angle  and outer diameter itself are normalized by a 

maximum value.  In dimensionless terms, LAG, LRI, tLI, tLO, , DI, DM, and DO are 0.097, 0.60, 

0.038, 0.0144, 0.60, 0.36, 0.83, and 0.95, respectively.  

3.2. General Flow Features 

 Sample instantanous volume fraction fields from a non-swirling (left, case A19) and 

swirling (right, case A7) flow are shown in Figure 3.1.  Bulk flow is from top to bottom, and the 

contour colors of blue and red represent the water phase and gas phase, respectively.  Since the 

two fluids are represented here, the interface would be the thin region between the two fluid 

colors.  Ringed layers of water are shown being shed from the pulsing field, progressively 

widening in the axial direction, and are denoted as a “Christmas tree” pattern in [35] (shown in 

AS and 3-D simulations, as well as AWTS video footage) due to the wide flair as water flows 

downward.  Notice that the liquid annulus merges near the center forming a liquid bridge in the 

non-swirling case, while the liquid does not form a bridge for the swirling case.  More on the 

effects of swirl will be presented in a later section.  
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Figure 3.1. Sample instantaneous contours from non-swirl (left) and swirl (right) flows showing the swirl 

opening of the spray from axisymmetric air-water simulations. 

 

A close examination of liquid bridging and the resulting inertial inner fountain is offered 

in Figure 3.2.  Sequential, but not necessarily evenly spaced in time, instantaneous contours of 

liquid volume fraction are included beginning at the top-left and moving to the bottom-right of 

the figure.  The number at the top of each frame is the approximate nondimensional time in a 

given cycle.  At t/H = 0, where H is the approximate cycle time, the primary bridge is formed 

across the liquid annulus just above and behind the text box (shown as a continuous blue color 

from left to right in the figure), while the fountain is seen ejecting back into the flow stream 

farther than is visible and is denoted with a yellow arrow.  A new series of waves develop on the 

inner edge of the liquid annulus (t/H = 0.3), marked using a white circle, and reveals the breaking 

of those new waves and the Raleigh-Taylor disintegration of the primary fountain.  Next the new 

waves merge with the fountain to form the secondary bridge (t/H = 0.4).  Remnants of the 

primary fountain are still moving upstream.  Then, the secondary bridge grows (t/H = 0.5) while 

the primary fountain stops rising vertically due to the balance of gravity and inertia.  At t/H = 0.6 

is the onset of a secondary upstream-facing ejection, which will be a new fountain.  The old 

fountain remnant moves downstream and is denoted by the yellow downward pointing arrow.  In 

A19

Liquid Bridge

A7

Open

Gas Liquid
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the final frame, the two fountains merge.  The shed rings of the Christmas tree pattern can also 

be observed moving downward once the fountains merge.  These processes repeat in a nearly 

regular manner to produce a rich spectrum of pressure pulses with a dominant tone.  Upon close 

inspections of movies (many available in the online version of Strasser [35]), one will find that 

the overall spray pulsation is more closely tied to the inner gas stream dynamics which is 

supported by this analysis.  

Figure 3.3 offers further exposition.  Three contour plots from a single random time 

sample are provided.  The cycle time is near t/H = 0.3 (see Figure 3.2) just before the bridge is 

formed upstream of the nozzle outer face.  The left image is volume fraction (blue = liquid, red = 

gas), the middle shows the resulting pressure front (purposely undisclosed, red = high, blue = 

low), and the right image provides Mach number contours (blue = 0, while red designates  1).  

In the retracted section, the pressure front mimics the movement of volume fraction front for the 

most part.  Although there is no liquid bridge at this time instant, pressure builds across the 

volume fraction annular region forming a pressure bridge (white oval).  Local areas of Mach 

number greater than unity are seen near the gas-liquid interface (near the aforementioned 

pressure bridge) and ligament formation area farther downstream.  Local regions of relatively 

high Mach number are also present in the outer gas shear layer, but these regions are not 

supersonic 
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Figure 3.2. Typical time sequence using volume fraction contours from axisymmetric air-water simulations, 

starting from top-left and proceeding to bottom-right;   The number near the top of each frame represents 

the approximate time (t/H) that frame captures in a given cycle, starting with 0 for the upper left-hand frame. 

 
 

Figure 3.3. Instantaneous contours at t/H = 0.3 of volume fraction, pressure front and Mach number from 

axisymmetric air-water simulations.  The cycle time is just before the bridge forms.   
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Three additional random sample contours of Mach number can be seen at other instants 

in time in Figure 3.4 with the same Mach color scaling.  These represent a cycle time near t/H = 

0.3 (bridge forming inside nozzle) taken at approximately the same time for three uncorrelated 

cycles to elucidate the rapid changes in flow and corresponding Mach numbers.   The dotted 

horizontal line in Figure 3.4 is a reference for the narrow point in the liquid to show the (slight) 

time progression of the flow; the cycles are not perfectly repeatable as would be expected in 

complex systems.  Focused regions of high Mach number are persistent, and there are local 

Mach depressions within some of them.  For the time being, these local accelerations will be 

referred to as “shocklets”.  The term “shocklet” is aimed more towards micro-scaled fluid 

structures, likely smaller than those being resolved in the present work, and is discussed in 

Gatski and Bonnet [42], Pirozzoli and Grasso[89], and Freund et al. [90].  Shocklets were found 

to form more easily in 2-D turbulence than in 3-D.  The exact definition is ambiguous.  Pirozzoli 

and Grasso [89] used a ratio based on the first invariant of the deformation tensor to locate 

shocklets.  Their results showed that shocklets occupied a very small fraction of the fluid volume 

even up to turbulent Mach numbers of 0.8 and that they contributed approximately 20% of the 

dilatational dissipation.  Of those shocklets, about 80% of their volume was compressed 

convergent and shear zones, while 20% was compressed eddies.  Freund et al. [90] claimed 

shocklets are defined by areas of negative dilatation. They computed and compared local 

negative dilatation rates to local vorticity magnitudes.  The vorticity could be a result of the pre-

existing shear layers in the boundary conditions, vortex stretching regions far from the shocklets, 

or that resulting from curved shock fronts or local compressible flow accelerations as dictated by 

Crocco’s relationship (Batley, McIntosh and Brindley [91]).  In [91], shocklets formed in areas 
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where this ratio was as low as 0.25.  Even the authors could not differentiate between shocklets 

and weak oblique shocks.   

 

Figure 3.4.  Mach number contours at time samples from three uncorrelated cycles from axisymmetric air-

water simulations.  The cycle time is close to t/H = 0.3 just before the bridge forms upstream of the nozzle 

outer face.  The dotted line shows a very slight cycle time progression from left to right.   

 

The dilatation-vorticity ratio is computed in the present work for a random time sample, 

different than the times sampled in prior figures, as is shown in Figure 3.5.  On the left is a 

contour plot of Mach number, and on the right is a contour plot of the ratio of negative dilatation 

to vorticity magnitude scaled from 0.0 (blue) to 1.0 (red).  They are taken at the same time 

sample.  The local regions of high Mach number (left) do not necessarily coincide with the areas 

of high dilatation ratio (right), although the main spotty high Mach number front about 0.75 

diameters away from the nozzle outlet does have a corresponding band of high dilatation ratio on 

the right (comparison made in white outline).  Additionally, it should be noted that the turbulent 

Mach number (not shown) exceeds 0.25 primarily in these spots but that the values typically 

exceed 4 in isolated regions at this instant in time and others.  There are areas of high dilatation 

which are even more prominent than those outlined, including some relatively macro-scale 

M  1 M = 0
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regions in the comparatively un-sheared retracted section, and are obviously not shocklets.  

Regardless of the definition of shocklet, it is well known [21, 25, 26, 92-95] that shock fronts 

passing over droplets can, on time scales on the order of microseconds, cause aerodynamic 

shattering such that the secondary droplet diameters are 2 to 3 orders of magnitude smaller than 

that of the initial droplet.  More on this will be provided in the upcoming “Additional 

Validation” section.  Olson and Cook [96] describe how in Rayleigh-Taylor instability-driven 

systems, shocklets can merge to form a defined shock wave and that the resulting 3-D shocks are 

stronger than their 2-D counterparts.  Apparently there is not enough coherency in the shocklet-

like structures in the present work (due to liquid pulse disruptions) to allow large-scale shock 

wave formation.  This conclusion must be qualified by the fact that the current work is limited to 

an AS modeling framework.  Regardless, shocklets are not the cause of the pulsations, as it was 

shown in [35] and will be shown in Ch. 4 and 5 that incompressible models exhibit intense 

pulsations just like compressible models.     

 

 
 

Figure 3.5.  Instantaneous contours showing Mach number (left) scaled from blue = 0.0 to red  1.0 and the 

ratio of negative dilatation to vorticity magnitude (right, same time sample) scaled from blue = 0.0 to red = 

1.0 at the same time instant from axisymmetric air-water simulations. 

1

0
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3.3. Overall Metrics Presentation and Discussion from Parametric Study 

In general, parametric study metrics entail pressure signals, spray angle, and data streams 

from video analyses (see Strasser [35]).  The LabVIEW-based video analysis steps included 

frame-by-frame examination of CFD animations, extracting binarized regions of interest, taking 

measurements in these regions based on volume fraction gradients, and then exporting 

measurement results in text format.  Specifically, it was shown that the shoulder distance, or the 

distance the ligaments lift off the injector lower-most face for AS models, was an important 

consideration in this effort.  The results for all metrics for each simulation can be found in Table 

3.3 through Table 3.5.  

A brief overview and definition of the table information will be offered here before 

detailed information is given by subject category in sub-sections.  Figure 3.3 provides all IG and 

OG pressure results, Table 3.4 involves all video analysis shoulder distance results and spectral 

alignment ratios between the pressure and shoulder data, and Table 3.5 shows time-averaged 

spray angle measurements for the simulations that involved a large enough run time in order to 

assess the angle.  More on each of these metrics can be found in Strasser [35].  The shoulder 

distances have been normalized by the nozzle outer diameter.  Any pressures are actually 

pressure drops throughout the entire feed sections of the inner and outer gas passages and have 

been normalized by the nozzle discharge pressure.    
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Table 3.3.  Inner and outer gas pressure drop statistics from axisymmetric air-water simulations for all 

numerics and swirl simulations 

  Inner Gas Outer Gas 

Case Mean %COV Tone Mag. Mean %COV Tone Mag. 

A5 0.27 16 200 0.49 0.33 4.4 610 0.63 

A7 0.20 130 220 0.46 0.32 4.2 220 0.35 

A8 0.15 27 200 0.37 0.24 1.6 200 0.65 

A9 0.26 15 200 0.37 0.32 3.7 600 0.84 

A10 0.26 13 200 0.48 0.33 4.1 600 1.0 

A11 0.27 16 200 0.51 0.33 4.4 610 0.67 

A12 0.24 18 140 0.58 0.31 5.5 140 0.63 

A13 0.24 12 140 0.28 0.31 5.8 130 0.65 

A14 0.26 7.7 190 1.14 0.32 5.7 380 0.37 

A15 0.27 16 200 0.48 0.33 4.3 610 0.73 

A16 0.27 16 200 0.45 0.33 4.3 610 0.55 

A18 0.28 190 170 0.39 0.27 24 170 0.82 

A19 0.20 120 210 0.68 0.31 4.5 210 0.56 

A20 0.27 16 200 0.41 0.33 4.3 600 0.81 

 

 

 

 

 
Table 3.4.  Shoulder distance metric and ratio of pressure drop signal statistics to those of the shoulder 

distance metric from axisymmetric air-water simulations 

Case Mean %COV Tone Mag. I  I 

A5 0.45 43 210 0.44 1.0 3.0 1.1 1.4 

A7 0.54 34 110 0.15 2.0 2.0 3.1 2.4 

A9 0.45 48 210 0.44 1.0 2.9 0.85 1.9 

A10 0.22 49 800 0.19 0.25 0.75 2.6 5.5 

A11 0.39 48 210 0.33 1.0 3.0 1.6 2.0 

A12 0.39 54 140 0.14 1.0 1.0 4.2 4.5 

A13 0.37 56 130 0.12 1.1 1.0 2.3 5.3 

A14 0.30 68 190 0.25 1.0 2.0 4.6 1.5 

A15 0.39 46 210 0.30 1.0 3.0 1.6 2.4 

A16 0.39 46 210 0.32 1.0 3.0 1.4 1.7 

A18 0.64 24 170 0.027 1.0 1.0 14 30 

A19 0.45 44 170 0.016 1.3 1.3 42 34 

A20 0.33 47 410 0.31 0.49 1.5 1.3 2.6 
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Table 3.5.  Time-averaged spray angle measures from axisymmetric air-water simulations for numerics and 

swirl simulations 

  50% ± 30% 

Case Angle Liquid 

A5 13 70 

A7 33 52 

A8 6.7 98 

A9 13 71 

A10 31 54 

A11 12 71 

A12 14 80 

A13 13 82 

A14 12 85 

A15 12 70 

A17 11 95 

A18 11 96 

A19 31 56 

A20 13 68 

B2 11 77 

C8 33 52 

C16 35 50 

 

Definitions of the quantities are given here, while more on each of these metrics can be 

found in Strasser [35].  Due to intense gas stream pulsations and the fact that they affect not only 

the pre-filming section but also the inner feed passages, their transient signals have been 

processed.  They are averaged in time (“mean”), and then the standard deviation is computed.  

The standard deviation divided by the mean is the “COV” and is a measure of the fluctuation 

energy.  The “Tone” is in units of Hz and refers to the dominant frequency, which is not 

necessarily the fundamental frequency (lowest detectable frequency peak); the dominant tone is 

sometimes a higher harmonic multiple.  “Mag.” refers to the FFT magnitude and indicates how 

focused the frequency spectrum is at the dominant tone.  A more focused spectrum will contain a 

larger fraction of its fluctuating energy at the dominant tone, producing a higher magnitude for 
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that tone.  Both the tone and mag. are quantified using an FFT algorithm in Matlab.  Spectral 

alignment refers to the particular signal tone and magnitude compared with those of another 

signal.  Tones and magnitudes of two signals are compared in ratio form; a value of unity 

indicates alignment.  The premise is that if the source(s) and mechanism(s) of two instabilities 

are the same, then the transient signature measures should be similar.  The extent to which 

various metrics in this work are tied to the pressure fluctuations, i.e., how much control one has 

of these by manipulating the pressure response, is of industrial value.  For all signal ratio 

tabulated values (Table 3.4), the inner (i) and outer (o) pressure components are used in the 

numerator and designates the subscript.   is the ratio of the pressure tone to shoulder tone, and 

 is the ratio of pressure magnitude to shoulder magnitude 

Spray angles are given in Table 3.5.  All spray angle conclusions must be qualified by the 

fact that the current modeling framework is AS.  As a result, these are not sprays in an absolute 

sense, and all comparisons are relative.  Spray angle is explored by leveraging two different 

measures.  The first is the angle containing 50% of the liquid phase by mass, and the second is 

the total liquid collected in the volume enclosed by the nozzle centerline ± 30%.  Both are 

measured approximately 2.5DO from the injector outlet.  These two quantities were used in 

Strasser [35] and are considered here for continuity purposes.  The spray measures should be 

expected to trend opposite to one another; a higher spray angle typically creates a situation in 

which less liquid is collected near the centerline.  Both metrics are included in that each is more 

sensitive to certain situations.  In the industrial system, there is no obvious benefit to a design 

which produces a high or low spray angle.  Typically, one would expect a wider angle, if the 

space is fully utilized by droplets, to produce more interfacial area.  However, the area 

encompassed by the spray gives no indication of droplet size distribution.  Additionally, a larger 
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spray angle could be an indication that the spray droplets are hitting the vessel periphery instead 

of being centralized in the reaction zone.   

3.4. Effects of Solver Version (Cases A5, A16, A20, C8, and C16)  

High IG Cases C8 and C16 only differ in solver version.  The only reason cases C8 and 

C16 are included herein is to outline any potential solver effects; IG flow effects on acoustics or 

spray character are ignored for those cases.  The only data able to be extracted from these 

simulations are the spray angle metrics shown in Table 3.5, and they are indistinguishable.  

Figure 3.3 - Table 3.5 illustrate that for the lower IG flow, versions 12.1.2 and 13SP2 are similar 

(A5 versus A20).  In addition, we see that the employment of Service Pack 2 (A16 vs. A5) 

changed nothing substantially.  Given that the results are nearly the same, these versions will be 

treated as equivalent.  The exception to this is the anomalous behavior of the shoulder distance 

(Table 3.4) of cases A5, A16, and A20.  That is, some of the shoulder statistics appear to be 

sensitive to the solver version, while other metrics are not.  The detection of the shoulder 

distance relies on binarized graphics output from the solver graphical user interface (GUI).  The 

difference could be caused by changes in the GUI among the solver versions, but it is not likely 

that a fundamental solver change is responsible.  However, it is probably best that the shoulder 

distances not be compared across solver versions.  

3.5. Effects of Numerics (Cases A5, A9-A16) 

Numerical considerations for such complex physics as those exhibited in this injection 

system require deliberate and judicious usage in order to prevent the scientist from arriving at 

incorrect conclusions regarding design changes.  While some aspects of various modeling 

frameworks are shown to be advantageous in certain situations, the effects of these on this 

particular system are not known.  Specifically, during evaluations aimed at scoping the operating 
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space, there is a risk of not detecting the ideal design or flow scenario among those tested and, 

even worse, mistakenly viewing a disadvantaged design as advantaged. To this end, a number of 

modeling degrees of freedom will be approached through a study of run A5 (base settings) and 

A9-A16.  There is no flawless numerical approximation; with a reasonable foundation, one can 

hopefully confidently investigate, at least, directional changes among design permutations.     

 In viewing Table 3.3, it is seen that there are some noteworthy effects, but none are 

astounding.  If no large shifts were detected, they will not be discussed here.  The use of 

PRESTO! and QUICK (A12) produces the lowest IG tone for this geometry and AW flow.  

While the use of these numerical techniques is expected to be superior, the tone drops below the 

experimental value.  Cases A12-A14 all invoke PRESTO! and QUICK discretization, but A13 

employs RKE and A14 uses the multi-dimensional TVD scheme.  The employment of RKE 

(A13) does not change much compared to A12 except a minor reduction in IG COV and 

magnitude and the increase of the OG COV to the highest value in this comparative group.  

Application of the multi-dimensional TVD scheme (A14) had some interesting effects.  The IG 

COV fell to its lowest, while the magnitude rose to the highest in the group.  The IG tone 

recovers close to the base case (A5), as it is 50 Hz higher than A13 and A12.  The OG tone 

became double the IG tone, whereas normally it is either equal to the IG tone or three times the 

IG tone.  CICSAM (A10) raised the OG magnitude to the highest in the group.  Surprisingly, 

tripling the time step size (A9) did not affect much, indicating that the current time step size is 

sufficiently small.  In other words, using a Courant Number (CN) threshold to set the time step 

for a transonic PLIC reconstruction would be more than sufficient within the context of RANS 

modeling.  The halving of the VOF sub-loop CN (A11 vs. A5) and the inclusion of the Level-Set 

computations (A15 vs. A16) affected nothing as well.  It makes sense that the level-set technique 
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did not control the outcome substantially given that the Weber number is so high and surface 

tension effects are small.  Importantly, this also confirms the lack of influence of potential 

spurious artificial velocity components at the VOF-calculated interface, which are mitigated by 

coupling level-set to VOF [97].  The shoulder distance metric (Table 3.4) is affected somewhat 

by the numerics.  Almost all tests (except the triple time step, A9, and level-set, A15) lowered 

the shoulder distance.  Particularly the multi-dimensional TVD (A14) and CICSAM (A10) 

simulations had the lowest distances.  The CICSAM result stands out from the other tests, both in 

terms of the mean and tone (peak tone is 4 times the fundamental).  This is one indication that 

the CICSAM method is not a viable substitute for PLIC.  Space does not permit a discussion in 

more detail here, but a modified implicit “high resolution interface capturing” (HRIC) scheme 

[58] was also tested; this method was so diffused that the phase streams did not even pulse.  All 

methods, except A9, produce lower means and magnitudes than the base case (A5).  It should be 

noted here that the similarity in the results of A5 and A9 indicates that the current solver and 

video analysis methods are repeatable.  Case A14 showed the highest shoulder COV.  As with 

the pressures, the use of PRESTO! and QUICK (A12) lowered the dominant shoulder tones.  

RKE (A13) showed the most diffused spectrum (lowest mag.) in this comparative group.  

In terms of spectral alignment, the four right-hand columns of Table 3.4, cases A12-A14 

differ from the base case (A5) similarly.  They have more tone alignment, but less so with the 

magnitude.  CICSAM (A10) stands out as vastly different from the others and lacks alignment on 

all fronts.  The uniqueness of the CICSAM result is further evident in Table 3.5; it had the 

highest spray angle, by far, of this comparison group.  Figure 3.6 shows the spray profile 

comparing the base case (A5) to the CICSAM model (A10), among others.  The A10 profile is 

less centrally peaked and wider than that of A5, which is precipitous of the increased interfacial 
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diffusion.  Interestingly, the TVD run (A14) was the most centrally peaked of all.  Again, spray 

profiles are generated in an AS framework, so all comparisons are relative.      

The effects of using CICSAM are further elucidated in Figure 3.7 showing a typical 

instantaneous contour plot of water volume fraction (blue).  The white boxes identify areas of 

diffused volume fraction gradient that are not present in any of the PLIC simulations.  

Additionally, the black box demarks the wider concentration of liquid moving away from the 

nozzle, which manifests in an increasing spray angle in Table 3.5 and lower central peak in 

Figure 3.6. 

 
Figure 3.6.  Time-averaged spray profiles from axisymmetric air-water simulations 

 
Figure 3.7. Sample instantaneous volume fraction contours CICSAM case A10; blue represents water, while 

red represents gas 
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3.6. Effects of Mesh Resolution (Cases A5 and A8) 

 The effect of mesh resolution was tested via an “auto-refine” protocol as follows:  

Every 50 timesteps a check was performed around the domain looking for “high” volume 

fraction gradient in a base mesh.  Where the gradients were “high”, the cells were cut into two.  

“High” gradient threshold was set such that there was an increase of about 33% in total cell 

count as a result of the cutting.  After the next 50 timesteps, everything was coarsened to its 

original design, and the domain check was repeated on the new and updated solution field.  This 

created a 1-step refinement process, such that the cells would never get smaller than ½ the 

original size.  Cases A8 (auto-refine) and A5 (base) are compared.  Both the IG and OG mean 

pressures fell, the inner COV rose, the outer COV fell, and the outer tone was reduced to its 

fundamental.  The change in mean pressures indicates a suspicious result, as the overall flow 

resistance should not have changed substantially.  There are no shoulder data due to the fact that 

the video method proved to be problematic; in the CFD contour plots used to make animations, 

there were speckles of volume fraction appearing at the refined interfaces.  These made it 

impossible to sequester a shoulder edge for measurement.  There was a near halving of the spray 

angle (and increased central peak, not shown) as depicted in Table 3.5. 

Table 3.6 summarizes the findings on numerics and mesh tests.  Here, the three main 

categories of metrics are compared to the values expected from Strasser [35].  A  indicates that 

the results are reasonably close, typically within 15%, while an “X” indicates that the values 

deviate substantially from what is expected from the base case calibration work.  In short, it is 

clear that CICSAM and auto-refine produce unacceptable results.  Likewise, the employment of 

PRESTO!, QUICK, and/or the modified TVD scheme create significant shifts in measures.  
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Given the sensitivity of certain measures to solver versions and numerical approaches, it is 

important to employ consistency in the evaluation of various designs and operating conditions.  

 

Table 3.6.  Summary of numerical studies from axisymmetric air-water simulations 

Case Pressure LS Angle 

A5    
A8 X X X 
A9    

A10  X X 
A11    
A12 X X X 
A13 X X X 
A14 X X X 
A15    
A16  X N/A 
A20  X 

 

3.7. Effects of Swirl and Inlet Boundary Conditions (Cases A5, A7, and A17-19) 

Swirling feeds offer advantages in process equipment ([98]).  Of primary interest is to 

find realistic and amenable swirl-inducing mechanisms inside the two gas channels and liquid 

channel and evaluate their effects on atomization and acoustics.  Conjoined with this swirl 

consideration is the need to consider the effect of the length of the modeled inlet passages and 

incompressibility; the reasons will soon be apparent.  Figure 3.8 shows some of the many 

examples of what was considered to induce swirling flow.  The ability to create strong swirl was 

capped by limitations with what could physically be installed in the reactor system.  As 

discussed, swirl is commonly used in reaction systems, but its effects are not known for this 

injector.  
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Figure 3.8.  Swirl-inducing mechanism examples; lower figure is colored by undisclosed pressure from low 

(blue) to red (high) 

 

In the upper right-hand corner of Figure 3.8 is a twisted-tape type IG mechanism, while 

the lower image shows a similar liquid mechanism colored by pressure (red is high, while blue is 

low).  A sample mesh from a portion of the liquid mechanism is shown in the upper left-hand 

corner.  These tests (proprietary and not outlined here) were modeled as steady-state, single 

phase, incompressible and with truncated inlets (cut down near the retracted section).  Each feed 

stream was isolated from the others.  The purpose was to find the highest swirling velocity 

profiles exiting the modeled sections.  The final, optimized profiles were then fed to the inlets of 

the compressible, multiphase, unsteady full domain models which comprise the bulk of this 

work; the cost of addressing all physics and mechanisms simultaneously in the swirl profile 

optimization studies was prohibitive.  Due to the fact that the inlet profiles to the current models 

IG
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were generated with truncated inlets, a truncated baseline of compressible, multiphase, unsteady 

models had to be run in order to obtain a direct comparison of the swirling effect.   

Firstly, the effect of inlet truncation in a compressible solver is exposed (refer to Table 

3.3).  Case A19, relative to A5, shows a significantly reduced IG mean (consistent with a shorter 

passage) and magnitude, a dramatically increased IG COV (less cushion) and an OG dominant 

tone lowered to its fundamental.  It is surprising that the OG did not respond much to inlet 

truncation.  Apparently the OG dynamics are not controlled by resonance in the inlet plenum.  

The shoulder distance metric response in Table 3.4 indicates that the main effect is a much more 

diffused shoulder spectrum (lower mag.) and a mild reduction in the tone.  As shown in Table 

3.4, the alignment of the spectral tones does not change much, but the magnitudes depart 

substantially as a result of truncation.  Case A19 has a much larger spray angle than A5 in Table 

3.5 and is illustrated in Figure 3.6, where the A19 center peak is lower and spray profile is more 

diffuse than A5.  It was quite unexpected that the length of the inlets would have such a dramatic 

effect on the spray shape but not the shoulder liftoff.   

For the effect of incompressibility with a truncated geometry, A18 (incomp.) is compared 

to A19 (comp.).   Though the real system is compressible, the 3-D work presented in Strasser 

[35] was limited to incompressible and truncated simulations; therefore, this work will quantify 

the effects of those limitations and establish needs for additional studies. Table 3.3 shows an 

increase in IG mean pressure and pressure COV (due to less cushion) and a decrease in IG tone 

and magnitude when compressibility is removed.  The OG mean pressure falls, but the COV 

significantly increases (again, due to less cushion).  The OG tone fell like that of the IG, but the 

magnitude increased.  Additionally, the lack of compressibility significantly raised the shoulder 

distance and reduced its COV, and the magnitude nearly doubled (Table 3.4).  The spectral 
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alignment improved without compressibility.  As seen in Table 3.5, removing compressibility 

substantially reduced the spray angle, mostly offsetting the effect of inlet truncation.     

What is very interesting to note is that the truncated and incompressible case (A18) is not 

terribly different than the base case (A5) in terms of acoustics (Table 3.3).  This is consistent 

with the spray angle measurements, showing the offsetting effect of inlet truncation and 

incompressibility.  Obviously, there are temporal pressure variability differences, but the mean 

pressures and FFT results are not in great contrast.  The IG dominant tones are reasonably close, 

and the OG tones are nearly multiples of one another.  Given that experience has shown that the 

shifting around of the dominant tone among its harmonics is very sensitive, there is similarity.  

This implies that the overall pulsating dynamics of this system are more governed by the liquid-

gas interactions than they are the pressure communicating time scales of the feed passages. 

The opportunity exists again to study the effects of solver change (A17 versus A18).  

Case A17 pressure and shoulder signals were not extracted from the run, so the data are limited 

to what is shown.  As before, Table 3.5 indicates a consistency between the solvers for truncated 

and incompressible conditions.   Finally, the direct comparison for the swirling effect on the 

metrics comes from simulations A7 (swirling feed profiles, compressible, and truncated) and 

A19 (non-swirling, compressible, and truncated).  In terms of pressure measures, there is little 

change with the addition of swirl.  Shoulder distance metrics did change: the mean rose, the 

COV fell, the tone fell, and the spectrum became much more focused (higher mag.).  The tones 

became less aligned, but the magnitudes improved.  The spray angle metrics did not change 

noticeably, but the spray character did change slightly.  With swirl, the profile was less centrally 

peaked with closer to a hollow cone style profile as shown in Figure 3.6.  The cause of the 

hollow cone-like profile is shown in Figure 3.1, where volume fraction contours reveal an open 
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central area with no liquid bridge.  The effect of swirl on reattachment length after a sudden 

expansion is investigated by Vanierschot and Van den Bulck [99].  They found a reduction in 

reattachment distance with increasing swirl, up to the point of diminishing returns.  The 

implication with the present work would be a widening of the spray angle or perhaps a reduction 

in shoulder distance.  Neither of those is seen here for the levels of swirl tested.  Swirling effects 

may have been more evident if the strength of the swirl was not fixed by limitations related to 

mechanical installations.  In other words, enough swirling could not be induced to achieve the 

desired effect.    

3.8. Additional Validation 

3.8.1 Air-Water Apparatus 

Although the validation of CFD with an AWTS was presented in Strasser [35], additional 

data have been collected in order to add confidence to that endeavor.  The first point involves a 

data stream from a microphone set up just outside the AWTS when running with conditions like 

those in A5 – A20.   The signal showed harmonics at 225 Hz, confirming that internal acoustics 

were transmitting to the external atmosphere at similar frequencies as those measured in CFD.  

The next set of experimental data came from a pressure transducer with an AWTS configuration 

like that studied here, but with a slightly different geometry, where DO in this test is about 5% 

larger than that of the base case.  The AWTS IG tone and COV were 230 Hz and 12%, 

respectively, compared to 210 Hz and 16% from CFD.  The OG stream showed a tone and COV 

of 460 Hz and 2.9% compared to CFD values of 210 Hz and 1.7%.  While the AWTS OG result 

is picking up the 2nd harmonic instead of the dominant tone, the results are otherwise reasonably 

similar.  The final set of experimental data relates to the shoulder distances coming from video 

analysis of the AWTS configured both like the CFD base case and the aforementioned geometry 
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with a slightly larger outlet.  The experimental shoulder tones for these two cases were 250 and 

230, respectively, compared to 210 and 220 from CFD.  The CFD magnitudes were within 21% 

of the AWTS values, and the mean distances were within 26%.  Lastly, the work of Tian et al. 

[100] also shows about 200 Hz when framed with the conditions of A5 – A20.    

3.8.2 Droplet Size Quantification 

In preparation for 3-D studies at some point in the future, two questions for any droplet 

size analysis method are posed.  The first question is, “can the Sauter Mean Diameter (SMD) in a 

complicated computational domain be accurately computed?”  One issue is that the first 

“droplets” are just ligaments that are elongated in the axial dimension, i.e., not spheres.  To that 

end, tests were carried out in which various shapes, sizes, placements, and orientations were 

placed in a 11.25° (1/32
nd

) sliver of the full injector domain.  Figure 3.9 illustrates the 

computational domain for tests 3 – 6, and the test details are in Table 3.7.  The small cube is 

partially obscured and is therefore annotated, while the rest of the particles are various sized 

spheres and a cylinder.  To ensure a correct mimic of the more complex model situation, the last 

sphere to the right is actually split across the periodic planes (translucent grey bounds).  Dashed 

black lines indicate the 5 separate volume “buckets” within which statistics are gathered. 

Table 3.7results are organized as follows.  The vertical grouping represents different 

shapes and meshes, while the horizontal groupings delineate the 5 buckets of results.  For 

example, Test 1 (top group) involved a relatively coarse tetrahedral mesh.  The first bucket 

(farthest upstream) is liquid-full, while the second contains two 0.2 diameter spheres.  The third 

bucket included no liquid, while the fourth and fifth buckets had three 0.1 spheres and one 0.4 

sphere, respectively.  An SMD algorithm developed as a user defined function (UDF) computed 

liquid volume and interfacial area and then returned the SMD.  The “error” row shows how the 
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algorithm differed from the theoretical SMD.  Errors as high as 6% exist.  Test 2 involved nearly 

what is shown in Figure 3.9 but without the periodically broken sphere.  Errors improve with 

finer tetrahedral mesh elements.  Test 3 involves all shapes arranged as shown in Figure 3.9 but 

with a slightly different meshing method and the last sphere is periodic.  Test 4 uses a finer mesh 

than Test 3, and the errors are lower.  Test 5 is the same system as Test 4, but the mesh has been 

converted directly to polyhedral elements.  The errors fall significantly in each measured 

volume.  Lastly, Test 6 incorporates only a single measurement bucket so that all shapes are 

included in a single computed SMD with a final error of about 2%.  It is concluded that the 

algorithm works. 

 

 

Figure 3.9.  Injector sliver model for testing shape length scale quantification 
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Table 3.7.  SMD, computed versus theoretical, for various shapes and sizes in test injector domain. 

Measurement 
Block 

1 2 3 4 5 

Test 1:  coarse tetrahedral mesh elements 

Configuration liquid full 2 spheres (0.2 empty 3 spheres (0.1 1 sphere (0.4 

Theoretical D32  5080  2540 10160 

CFD  4883  2420 9559 

D32 Error N/A -3.90% N/A -4.70% -5.90% 

Test 2:  finer tetrahedral mesh elements, more shapes 

Configuration cube (0.1 2 spheres (0.2 
cylinder                      

(0.80.3) 

3 spheres (0.1) 

1 sphere (0.4) 
1 sphere (0.4 

Theoretical D32 2540 5080 9625 8957 10160 

CFD 2559 4949 9456 8701 10992 

D32 Error 0.70% -2.60% -1.80% -2.90% 8.20% 

Test 3:  last sphere periodic, slightly different meshing 

Configuration cube (0.1 2 spheres (0.2 
cylinder                      

(0.80.3) 

3 spheres (0.1) 

1 sphere (0.4) 

periodic sphere 

(0.4 

CFD 2623 4923 9384 8683 9689 

D32 Error 3.30% -3.10% -2.50% -3.10% -4.60% 

Test 4:  configuration same as Test 3, but finer mesh 

CFD 2594 4915 9361 8679 9720 

D32 Error 2.10% -3.20% -2.70% -3.10% -4.30% 

Test 5:  configuration same as Test  4, but polyhedral mesh elements 

CFD 2572 5068 9633 8959 10143 

D32 Error 1.30% -0.20% 0.10% 0.00% -0.20% 

Test 6:  configuration same as Test 5, but only one sampling volume for all shapes 

Theoretical D32 9109 

CFD 8892 

D32 Error -2.40% 

 

 

 

3.8.3 Droplet Production 

Now that it is has been confirmed that droplet sizes can be quantified, the question 

remains as to whether or not the computational method can generate correctly-sized droplets.  

The experimental work of Aliseda et al. [22] is duplicated in an unsteady 3-D computational 

framework for validation purposes.  Only their most viscous non-Newtonian liquid was 

considered, and the time-averaged results are shown in Figure 3.10.  The complex shear and 

time-dependent nature of non-Newtonian materials gives them processing advantages, but the 
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treatment of their viscosities for simulations is not so obvious.  Though Tavangar et al. [97] 

discuss the complexities in assigning an effective viscosity to non-Newtonian materials when 

modeling breakup processes, others ([22] [20], and [23]) show how the viscosity can be 

approximated to be a constant high-shear value even for extremely complex materials such as 

coal-water slurry.  The experimental error was not discussed in the original manuscript [22], but 

personal communication with the lead author indicated that the expected error could be  15% + 

2.5 microns.  Their domain extent was quite different than that of the present test.  They wanted 

to study farther away from the liquid orifice; however, mesh and domain size limitations 

prevented the inclusion of such distances in this CFD effort.  SMD data are all normalized by the 

distance from the nozzle, and the distance from the nozzle has been normalized by the liquid 

orifice diameter.  The vertical bars are temporal sampling variability (COV) of the CFD data.  In 

the region of overlap, between 10 to 20 liquid orifice diameters, there is strong agreement. A 

curve fit of the form y = 0.36x
-1.28

 includes both data sets well. While various mechanisms are 

competing to produce a wide variety of droplet sizes and shapes in the early stages of 

atomization, it appears that there is a generally monotonic trend for non-Newtonian viscous 

materials.   

 
Figure 3.10.  CFD results compared to experimental results of non-Newtonian primary atomization from 

Aliseda et al [22]. 
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3.8.4 Numerically-Induced Instabilities 

There is always a concern that flow instabilities can be caused by numerics.  For 

example, central-difference convective schemes are sometimes needed for adequate momentum 

stimulation in scale-adaptive simulations (Gritskevich [101]).  However, there are several issues 

which, in conjunction, provide sufficient evidence that numerical instabilities are not the root 

cause of computed injector pulsations.  First, flows of two fluids (or the same fluid in two 

different streams at different velocities) next to one another are known to produce an unstable 

situation.  In other words, instabilities are physically correct.  Second and related to this, the 

actual air-water system is highly pulsatile with a “Christmas tree” type fluctuating spray pattern, 

as is well known to the industrial partner and was discussed in Strasser [35].  Third, experimental 

and computational pulsations are global and not local.  In other words, any spurious pulsations 

would have to be significant enough to dramatically affect the feed conditions of the model.  

Fourth, the computational results have been validated against the experimental results, especially 

in regard to the dominant system response frequency.  Fifth, when introducing an ongoing large 

modulation at a random time to the inner gas stream, effectively resetting its pulses and changing 

the initial conditions, the new bulk pulsations responded in a similar manner (Chapter 4).  Sixth, 

a model was run in which the inner gas stream flow rate was set to zero.   The bulk pulsations 

were eradicated as was noted in Strasser [35].  Seventh, the coupling of level-set with VOF did 

not show any detectable difference, which adds merit to the view that spurious currents are not 

responsible for the near interface shear field. 

3.8.5 Shock-induced shattering 

Based on the aforementioned references [21, 25, 26, 92-95], the translational acceleration 

of an initially stationary droplet interacting with a shock wave was studied.  A lone droplet of 
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water with an initial droplet size, dl.0  =1 mm was suspended in air in front of a diaphragm 

(vertical wall) restraining 1.0x10
7
 Pa (shock tube pressure ratio of about 100).  The diaphragm 

ruptured (wall disappears instantly) at t=0.  The implicit time step size was 1.0x10
-8

 seconds for a 

CN peak of unity.  The Weber number was 2.0x10
4
, Reynolds number = 1.0x10

5
, Ohnesorge 

number = 4.0x10
-3

, and aerodynamic time scale   ,l o l gB d U    was 24 microseconds.  The 

peak Mach number at the droplet was about 2.2.  A sample flowfield superimposed with Mach 

number of the air interacting with the droplet is shown in Figure 3.11 at 0.23 dimensionless times 

(t/B) after the shock has passed the droplet (flow is from left to right).  The air vectors are shown 

scaled from blue for Mach = 0.0 to red for Mach = 2.2.  The bow shock is clearly seen upstream 

from the front of the droplet, and the shock layer is thickening with time.  Not shown in this plot 

is the sonic line, which is moving leeward around the face of the droplet in the shock layer.  The 

droplet surface instabilities are present and are growing in time.  The shattering of, and mist 

formation within, the thin droplet rim is seen as the droplet major axis (perpendicular to the 

direction of flow) is increasing.  The dimensionless trajectory of the droplet showing its 

acceleration is provided in Figure 3.12.  The ordinate is the travel distance normalized by the 

original droplet diameter, while the abscissa is dimensionless time squared.  For the CFD work, 

the mass centroid of the droplet is the metric; for the experimental works, the authors used 

photographs to assess the droplet position.  These two measures are not exactly the same, but 

should be reasonably similar. From those experimental studies, the literature teaches that a 

straight line on this plot should have a slope of 0.7 to 1.1.  The CFD value of 0.9 lies in this 

range.   
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Figure 3.11.  Vector plot colored by Mach number of a normal shock wave in air just having passed over a 

single droplet of water 

 

 

Figure 3.12.  Dimensionless lateral trajectory of a droplet having been exposed to a shock wave 

 

3.9. Conclusions 

Seventeen unsteady transonic injector models, plus validation simulations and 

experimental work, have been executed in order to discover the mechanism for bulk pulsations 

and to study the effects of numerical methodologies and swirl on the self-generating pulsatile 

spray produced by an industrial scale three-stream coaxial airblast reactor injector.  With a focus 
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on ligament formation in the retracted section, measurements included inner and outer gas stream 

pressure pulsations, transient shoulder distance, time-averaged spray angle, and spectral 

alignment.  Since often various metrics were synchronized for a given simulation, a common 

driving mechanism for all global instabilities is inferred.  That mechanism responsible for bulk 

pulsations is liquid bridging with the production of a liquid fountain and shocklet-like structures 

in the retracted zone.  Swirl had a minor impact by slightly moving the ligament shoulder away 

from the nozzle outlet and changing the spray to a hollow cone shape; the effects of swirling may 

have been more pronounced if the capability to produce strong swirl existed in the mechanical 

bounds of the system.   

Numerical considerations made noticeable differences in some parameters, which stress 

the importance of using documented and consistent recipes when comparing various flow 

conditions and geometries.  CICSAM was found not to be a drop-in replacement for the much 

less forgiving PLIC scheme.  Using a CN threshold to set the time step for a transonic PLIC 

approach should be sufficient for temporal resolution in a RANS framework.   

Although overall system pulsations appear to be driven more by interfacial phenomena 

than by feed piping acoustical time-scales, the length of feed piping is critically important to 

develop accurate spray profiles.  However, there is a partially offsetting effect of 

incompressibility on inlet truncation.  Outer gas dynamics are not controlled by resonance in the 

inlet plenum but by local feedback from the fluctuating gas-liquid interface.   

Three tiers of validation exercises confirmed that correct droplet sizes could be produced 

computationally, the Sauter mean diameter of droplets/ligaments could be quantified, and the 

trajectory of a droplet intersecting a shock wave could be accurately tracked.  Both CFD and the 

experimental non-Newtonian primary atomization droplet size results, when scaled by distance 
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from the injector outlet, showed an inversely proportional to injector distance.  Additionally, 

more data has become available from our air-water apparatus to add weight to the validity of the 

overall computational approach.   

One valuable outcome of this effort is the ability to apply the models developed herein to 

more widely varying nozzle geometries, liquid properties, and flow conditions or to other 

industrial applications.  In regards to new nozzle geometries, more aggressive outer stream 

meeting angles, variable retractions, larger inner stream meeting angles, and smaller diameters 

(higher shear) may be considered.  Similarly, higher Mach numbers might be utilized to create 

shock-augmented droplet shattering.  Other industrial applications might include the 

consideration of instabilities within polymer spinning or extrusion operations.  



54 

 

Chapter 4. The Influence of Retraction on Three-Stream Injector Pulsatile Atomization for 

Air-Water Systems 

 

4.1. Introduction and Motivation 

An important geometric variable in gas-assisted atomizers is “retraction”, which refers to 

the extent of liquid pre-filming as is shown as LRI in Figure 1.1.  Pre-filming implies exposure to 

a lower velocity gas stream (or allowed to become unstable without gas) before contacting the 

high-velocity gas shear.  Kim et al. [102] studied the pre-filming section of a two-stream rocket 

engine under cold flow conditions with an M of around unity using CFD.  They found that 

increased retraction gives the liquid a more active and structured wave-type axial motion.  

Breakup was seen to start in the pre-filming area in some cases, the mass flow rate increased.  

The most striking result was the halving of the dominant mass flow response frequency (making 

it coincident with the fundamental, or lowest detectable peak tone) caused by the increase in 

normalized retraction length LRI from 0.75 to 1.25.  The lower frequency at the higher retraction 

was consistent with the time required for the liquid to traverse the pre-filming region.  An earlier 

study by Park and Lee [103] revealed that a flushed design improved atomization efficiency over 

a protruding design (negative retraction) but only under sonic gas conditions; otherwise, the 

negative retraction layout was preferred.  

When considering retraction, it should be kept in mind that the metal which forms the 

wall of the nozzle between the gas and liquid streams acts as a splitter plate.  Fuster et al. [104] 

investigated the effect of gas/liquid momentum ratio (M) on the dominant response frequency of 

wave growth from a simple gas-liquid splitter plate arrangement for planar primary atomization.  

In their study, they modulated the gas stream and found that the response dynamics were 

dependent upon the thickness of the splitter plate relative to the thickness of the approaching gas 
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boundary layer.  At lower M, the FFT results were more sensitive to plate thickness.  The 

thickness controlled the gas boundary layer development such that thicker plates reduced the 

instability mechanism.  The result was more FFT noise and less magnitude (less focused 

spectrum) for thicker plates.  The gas-side turbulence impact on instabilities was quite important 

for laminar liquids.  In general their work displayed increasing FFT amplitude with increasing M 

up to M10 and decreasing frequency up to M10, but with a sudden frequency drop and 

recovery at M5.   

An insightful study on feed stream modulation is that of Srinivasan et al. [105], where 

water and alcohol jets in still air over modulation ratios  = 0.1-0.4 and frequencies of 40 to 120 

kHz were investigated.  They cited studies of jet modulation dating back as far as 1965.  

Although their pulsatile flow was not self-sustaining, their sprays exited the nozzle in bunched 

streams like the branched pattern of a conifer tree (e.g., Christmas tree).  In their computational 

work, they used the “CICSAM” (discussed later) method for resolving the vapor-liquid interface, 

and they ignored the presence of turbulence.  Although their grid was three-dimensional, the 

circumferential dimension was only one cell thick.  They found that increases in the modulation 

amplitude increased the spray angle, but frequency changes had a mixed effect on angle.  In 

addition, they reported a reduction in spray angle with an increasing jet exit diameter.  They 

utilized a liquid-based Strouhal number of St = Dhf/UL (ranging from 1 to 4) and a modified 

Weber number of WeW = LU
3
/f (ranging from 1,000 to 10,000).  For St > 1, the wavelength of 

the imposed perturbations was lower than the circumference of the liquid jet, so the perturbations 

were damped.  For low , no discernible droplets formed, while for high , a fine outer spray 

was produced.  A similar effect was shown for modulation frequency over the range tested. By 

using two different liquids, they showed that the same Strouhal numbers produced similar axial 
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spacing in the liquid bunches, but the droplet formation processes were different because of a 

different WeW. 

The effects of geometry, gas flow rate, flow modulation, mesh resolution, and 3-D 

modeling are now addressed.  Table 4.1 highlights the geometric configurations based on Figure 

1.1, reflecting mechanically imposed limits to what can be evaluated.  Eight designs are 

considered with varying stream angles (γ), retraction distances (LRI), and orifice diameters (D).  

The purpose, or differentiating issue, is noted in the table.  Most geometric values are normalized 

by the nozzle outer diameter (DO).  Rather than disclosing the actual dimension, the outer 

diameter is normalized by the maximum value tested.  Notice that the inner and outer metal 

nozzle lip thicknesses, tLI and tLO, vary when other geometric variables are changed; the inner lip 

thickness for the retracted case is more than quadruple that of the base cases.  Additionally, both 

the inner and the outer lip thicknesses are slightly reduced for larger DO values.  This is due to 

geometric constraints of the injector inside other process equipment; the retraction and diameter 

could not be varied independently from the lip thicknesses.  Like the work of Fuster [104], the 

metal lips can be thought of as splitter plates.  It is expected that the thicker plates will have a 

negative effect on primary atomization by creating a thicker gas boundary layer (velocity deficit 

near the liquid interface) and a reduced instability driving force.  This should be of lesser 

importance for these high liquid Reynolds number simulations, where the primary instability 

mechanism is liquid phase turbulence (Xiao et al. [18]), but is important for studies involving 

slurry as is shown in Ch. 7.  In addition to liquid phase turbulence, one of the dominant liquid 

film buffeting forces is the temporal pressure gradients moving throughout the pre-filming 

section as in Ch. 7.   
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Table 4.1.  Geometric permutations of all geometry and modulation air-water simulations 

Geo. Cases Purpose LAG LRI tLI tLO  DI DM DO 

1 A,B,C Base 0.097 0.60 0.038 0.0144 0.60 0.36 0.83 0.95 

2 D,E Flushed 0.097 0.00 0.038 0.0144 0.60 0.36 0.83 0.95 

3 F Retracted 0.097 1.3 0.17 0.0144 0.60 0.36 0.83 0.95 

4 G High Angle 0.097 0.60 0.038 0.0144 1.0 0.36 0.83 0.95 

5 H Flushed, Low Angle 0.097 0.00 0.038 0.0143 0.20 0.36 0.83 0.95 

6 I Gap 0.10 0.60 0.038 0.0144 0.60 0.36 0.83 0.95 

7 J DO 0.093 0.57 0.036 0.0138 0.60 0.34 0.79 1.0 

8 K DI , DM 0.093 0.57 0.030 0.0136 0.60 0.35 0.86 1.0 

 

 

A total of 16 simulations are considered as shown in Table 4.2.  Note, however, that three 

of the cases (A18, A20, and C16) are from Chapter 3 and are included here only for reference, so 

there are only 13 unique simulations to discuss.  Anything with a dimension (“Dim.”) of 2 

implies an AS approach.  To produce a 3-D mesh, the AS face was swept 45° in the azimuthal 

direction, producing a wedge shape, and periodic boundary conditions were applied.  The model 

simulations in Table 4.2  are separated into groups of geometries (“Geo.”) and flow conditions 

(“IG Flow” and “IG Feed”).  For example, all Case “A” simulations involve low IG flow with 

geometry 1.  B2 is for geometry 1 and a low flow that is modulated at the dominant tone, and so 

on.  The simulations are tabulated in the order of letter designation and do not necessarily 

represent the order of simulation execution; simulation choices and run order were dictated by 

the industrial sponsor.  Some simulations have multiple purposes; an important purpose is shown 

in the table for each, but space does not permit every reason to be listed beside each case.  They 

can be paired in various combinations to isolate effects.  Various items in the “Purpose” column 

will become more evident in the discussion.  Dimensionless groups which govern the flowfield 

were shown in Table 3.2.   

  



58 

 

Table 4.2.  Matrix of all geometry and modulation air-water simulations 

Geo. 
IG 

Flow 
IG Feed Case Mesh Dim. Purpose 

1 Low Steady A6 Base 3 3-D 

   
A18 Base 2 Trunc./Inc. 

   
A20 Base 2 Base 

   
A21 Base 2 Intermed. 

1 Low Modulated B2 Base 2 Modulation 

1 High Steady C16 Base 2 IG Flow 

   
C17 Base 3 3-D 

2 Low Steady D2 Base 2 Geo 

2 High Steady E2 Base 2 IG Flow 

3 Low Steady F2 Base 2 Geo 

4 Low Steady G Base 2 Geo 

5 Low Steady H2 Base 2 Geo 

6 Low Steady I Base 2 Geo 

7 Low Steady J2 Base 2 Geo 

8 Low Steady K2 Base 2 Geo 

   
K3 4X 2 Grid 

          

4.2. Overall Metrics Presentation and Discussion 

A broad description of the metrics used to compare model outputs will open the 

discussion.  The results for all metrics for all simulations can be found in Table 4.3 through 

Table 4.6.  Table 4.4 provides all IG and OG pressure results, Table 4.5 involves all video 

analysis “shoulder distance” results (a measure in AS models of how far away from the injector 

face the predominantly 2-D ligaments burst back towards the face) and spectral alignment ratios 

between the pressure and shoulder data.  Time-averaged spray angle measurements for the 

simulations that involved a large enough run time in order to assess the angle are given in Table 

4.6.   
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Table 4.3.  Inner and outer gas pressure drop statistics for all geometry and modulation air-water simulations 

 Inner Gas Outer Gas 

Case Mean %COV Tone Mag. Mean %COV Tone Mag. 

A6 0.29 170 160 0.33 0.27 28 160 0.56 

A18 0.28 190 170 0.39 0.27 24 170 0.82 

A20 0.27 16 200 0.41 0.33 4.3 600 0.81 

A21 0.26 14 200 0.47 0.31 5.9 600 0.83 

B2 0.27 17 600 0.24 0.33 4.7 590 0.56 

C16 0.45 14 530 0.65 0.32 6.2 270 1.2 

C17 0.45 120 220 0.37 0.27 38 220 0.84 

D2 0.14 67 230 0.54 0.31 2.9 230 0.38 

E2 0.20 72 240 1.2 0.29 5.5 240 1.0 

F2 0.38 29 78 1.0 0.31 7.5 120 0.39 

G 0.30 14 200 0.49 0.35 2.1 200 0.37 

H2 0.27 16 200 0.24 0.35 8.6 600 0.54 

I 0.26 16 600 0.32 0.32 3.8 600 0.34 

J2 0.24 16 210 0.56 0.24 1.7 210 0.44 

K2 0.25 17 180 0.67 0.33 5.0 720 0.42 

K3 0.26 18 380 0.72 0.32 8.4 380 0.92 

 

Table 4.4.  Shoulder distance metric and ratio of pressure drop signal statistics to those of the shoulder 

distance metric from air-water simulations 

Case Mean %COV Tone Mag. I O I O 

A18 0.64 24 170 0.027 1.0 1.0 14 30 

A20 0.33 47 410 0.31 0.49 1.5 1.3 2.6 

B2 0.45 46 200 0.26 3.0 3.0 1.0 2.2 

C16 0.38 60 260 0.61 2.0 1.0 1.1 2.0 

D2 0.57 25 240 0.40 0.97 1.0 1.4 0.94 

E2 0.46 42 240 0.83 1.0 1.0 1.5 1.2 

F2 0.49 49 59 0.10 1.3 2.0 11 3.9 

G 0.41 45 220 0.29 0.95 0.95 1.7 1.3 

H2 0.29 55 390 0.18 0.50 1.5 1.3 3.0 

I 0.38 46 200 0.20 3.0 3.0 1.6 1.7 

J2 0.27 58 220 0.52 0.99 1.0 1.1 0.86 

K2 0.30 59 180 0.27 1.0 4.1 2.5 1.6 

K3 0.26 65 370 0.17 1.0 1.0 4.2 5.4 
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Table 4.5.  Time-averaged spray angle measures for geometry and modulation air-water simulations 

 
50% 30% 

Case Angle Liquid 

A18 11 96 

A20 13 68 

B2 11 77 

C16 35 50 

D2 41 45 

E2 48 41 

F2 17 74 

G 12 72 

H2 19 67 

I 13 80 

J2 19 66 

K2 13 84 

K3 20 63 

 

Table 4.6.  Time-averaged spray angle measures for 45° wedge 3-D air-water simulations 

Case Mean %COV Tone Mag. I O I O 

A6 22.1 38 160 1.2 0.98 0.98 0.27 0.47 

C17 16.6 34 220 1.1 1.0 1.0 0.35 0.79 

 

Table 4.6 shows all droplet length scale information (“Mean” is in units of mm, spatial 

and time average) from the 3-D simulations and spectral alignment ratios between pressure and 

droplet size signals.  In spite of the inability to measure droplet size in the air-water test stand 

(AWTS) discussed in Strasser [35], preliminary droplet length scale information has been 

extracted from the 3-D models using methods outlined in Chapter 3.  The resulting droplet size 

as a 1-D function of axial location will be shown herein, but the spatial mean of all axial slices is 

shown in Table 4.6.   is the ratio of pressure tone to droplet length scale tone, and  is the ratio 

of pressure mag. to droplet length scale mag.        
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4.3.  Effects of Geometry 

Here, axisymmetric cases A20, D2, F2, G, H2, I, J2, and K2 are compared, all having low 

IG flow rate.  The only change is the geometric configuration as noted in Table 4.2.  Retraction, 

LRI, was the single largest factor to affect the results.  At the same time, however, it is noted that 

retraction was the factor whose tested range of variation was the greatest.  From an industrial 

standpoint, retraction is the simplest to test in the field via relatively simple mechanical design 

changes. 

 Moving from base geometry 1, case A20, to a flushed (LRI = 0) geometry 2, case D2, 

creates a substantial change in acoustic character as is shown in Table 4.4.  The IG fluctuation 

(COV = 67) increases to the highest of all the simulations in the geometry comparison, and 

pressure drop decreases to the lowest (Mean = 0.14).  The OG spectral focus is reduced, and its 

dominant tone decreases to its fundamental (Tone = 230).  Also, the OG COV is approximately 

halved compared to case A20.  It is counterintuitive that the OG fluctuations would fall when the 

IG fluctuations increase.  The shoulder distance (Mean = 0.57) increases to the largest value of 

all the geometry test simulations (indicating that the spray is bursting farthest from the face), and 

its COV is reduced to the lowest value of the group (Table 4.4).  The shoulder dominant tone 

decreases to its fundamental tone (Tone = 240).  As seen in Table 4.4, case D2 shows more 

alignment between the pressure and shoulder signal spectra than A20, with values closer to unity.   
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Figure 4.1.  Time-averaged spray profiles at low IG flow showing effects of geometry from axisymmetric air-

water simulations 

 

Table 4.5 shows a massive increase in spray angle, in fact, to the largest value in the 

geometry comparison group.  Time-averaged spray patterns at 2.5DO from the injector are 

provided in Figure 4.1.  Only those cases for which there was enough data to time-average are 

shown here; in some instances not enough time was available.  More about the development of 

these profiles can be found in found in Strasser [35].  The case D2 profile departs significantly 

from the base case, becoming much more tri-modal in nature.      

   When the retraction is increased to the largest value tested (LRI = 1.3) in case F2 (and tLI 

is increased to the largest value tested), a different kind of shift is seen and not necessarily 

opposite in direction with those that occurred with the flushed design (case D2) shown in Table 

4.3.  The IG mean pressure increased to the highest in the geometry test group, its fluctuations 

increase to the second highest, and its tone reduces to the lowest (consistent with Tian et al. 

[100]).  The inner mean pressure is found to be linearly proportional to retraction as shown in 

Table 4.7, Equation (a).  Interestingly, opposite ends of the retraction test range produce high IG 

fluctuations (but at different tones).  In addition, the IG spectrum becomes the most focused of 
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all simulations in this geometry comparison.  The OG fluctuation increases some, and its tone is 

the lowest of the geometry comparison simulations.  Its OG spectral focus also fell.  It is 

interesting to consider how the spectral changes compared to those of Fuster et al. [104]; the fact 

that a thicker inner lip produced a more focused IG spectrum and a less focused OG signal 

implies that the physics in the current work are clearly different.  Other, stronger forces are at 

play.  The shoulder distance (Table 4.4) increases to the second highest in the geometry test 

batch, and its tone is the lowest.  Moreover, its spectrum is the least focused.  Table 4.4 shows 

that there is less alignment between the pressure and shoulder spectrum than for A20, with the 

IG magnitude ratio (I = 11) being the highest of those in this section.  Little change in seen in 

the spray angle as depicted in Table 4.5, but Figure 4.1 shows a much more diffused spray 

pattern. 

Besides inner mean pressure, other variables respond linearly to the level of retraction, 

shown as equations in Table 4.7 for cases A20, D2, and F2.  Equations (a)-(e) represent all 

variables which correlated with a coefficient of determination R
2
 > 0.85, sorted in descending 

order.  To have an idea of the sampling variability about each data point, see the third column of 

Table 4.3 for each IG COV.  For example, A20 shows an inner gas pressure drop of 0.27 ± 16%.  

Many variables are seen to correlate with retraction, showing its dominating effect.  Notice, 

specifically, that the shoulder distance measure mean (Table 4.4, 2
nd

 column) does not show up 

here while its spectral focus (SH Mag.) does.  It should be noted here that only three retraction 

cases are used for the correlation, so all variables could be correlated in a quadratic sense; 

however, those would be meaningless.  There may very well be strong quadratic responses in 

some variables that could be found using more retraction tests.   Figure 4.2 shows an example of 
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the pressure correlation, which likely would not show a significant quadratic response given 

more data. 

Table 4.7. Summary of retraction correlations for low IG flow axisymmetric air-water simulations (Cases 

A20, D2, F2)  

IG Mean = 0.186 LRI + 0.145 (R
2
 = 0.99) (a) 

OG COV = 3.54 LRI + 2.65  (R
2
 = 0.97) (b) 

SH Mag. = 0.233 LRI + 0.419 (R
2
 = 0.96) (c) 

IG Tone = -118 LRI + 244  (R
2
 = 0.92 ) (d) 

± 30% Liquid = 21.7 LRI + 48.3  (R
2
 = 0.85) (e) 

 

Figure 4.2.  Graphical depiction of Table 4.7, Equation (a) showing the effect of retraction on inner gas 

pressure drop for low IG flow axisymmetric air-water simulations (Cases A20, D2, F2) 

 

 An explanation for the effect of retraction (case F2) on pressure drop can be found in 

consideration of Figure 4.3, which shows liquid volume fraction contours (blue = water) on the 

left.  Shown on the right are pressure contours colored from blue (base pressure minus 50kPa) to 

red (base pressure plus 50 kPa).  Two different times are shown where the bottom row is at a 

later time than the top row.  The inner fountain is seen holding its position during the time 

sequence whereby liquid bridging across the nozzle axis blocks the gas flow.   After the bridge 

forms, pressure continues to build.  Eventually, the pressure rises to the point at which the gas 

and liquid break through and rupture the bridge.  Obviously this blockage does not occur all the 
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time, but it occupies a relatively large space and time when compared to the less retracted 

geometries.  The increased space for pre-filming in the retracted designs gives the liquid more 

space to spread radially and to intermittently cover the entire cross-sectional area.  The bridge 

apparently has a larger prominence for retracted designs, versus the base design, in terms of its 

duration in time and spatial occupancy. 

 

 

Figure 4.3.  Instantaneous contours (case F2) of liquid volume fraction (left) and pressure (right) showing 

liquid bridge for fully retracted designs from axisymmetric air-water simulations.  The lower picture is 

extracted from a later time. 
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When the effects of retraction are compared with those found by Kim et al. [102] a 

similar effect can be seen.  Since they did not perform a test for a flushed condition, only case 

A20 versus F2 here can be used for directional comparative purposes.  Dramatic reductions in 

the pressure pulse frequencies are shown in the present work.  When LRI increases from 0.60 to 

1.3, the IG fundamental tone reduces from 200 to 78, while the OG fundamental tone reduces 

from 200 to 120 in Table 4.3. It should be noted that the FFT results show that the dominant tone 

of 600 Hz for case A20 is a higher harmonic of the fundamental tone of 200 Hz. In terms of 

orders, both of these fundamental tones were approximately halved, like what was found in 

[102]. Also, IG and OG fluctuations in the present work both increase with increasing retraction 

as did [102].    

 The effect of retraction is again tested, but this time at a lower meeting angle, . When 

comparing case A20 to H2, differences are noted. In regards to pressure responses, the only 

noteworthy effects are the reduction of the IG magnitude from 0.41 to 0.24, which is the lowest 

value, and the increase in the OG fluctuation energy to the highest AS value (COV = 8.6) among 

the geometry comparisons in Table 4.3. The shoulder distance (Table 4.4), however, gives a 

surprising result. The mean actually drops to nearly the lowest value in the current data set, and 

the spectrum is less focused.  A close resemblance between H2 and A20 is shown in Table 4.4 

with respect to spectral alignment.  A small increase in spray angle is noted from Table 4.5, but 

Figure 4.1 confirms that the angles and shape are similar.  An unexpected observation from this 

study of retraction permutations is that the base case is at a local minimum in regards to shoulder 

distance and IG fluctuation energy, but only when  is at its base setting.  There is a very strong 

interaction between outer stream meeting angle and retraction.   
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 Increasing outer stream meeting angle  at a moderate retraction is tested with case G. 

The OG fluctuating energy (COV = 2.1) was approximately halved compared to case A20 (COV 

= 4.3), its dominant tone was reduced to its fundamental (Tone = 200), and its magnitude is 

significantly reduced (Table 4.3).  The bursting shoulder extends some, and its dominant tone is 

reduced to its fundamental (Table 4.4).  In addition, there is a better alignment between the 

pressure and shoulder spectra.  Table 4.5 reveals nearly no change in spray angle, which is why 

its spray profile is not included.   

 Another way of interpreting these outer stream meeting angle results is by comparing the 

trends between cases A20, D2 and H2.  Increasing angle at a moderate retraction produces little 

change, but increasing the angle at a flushed condition (cases D2 and H2) produces a much 

larger change, significantly widening the tri-modal pattern.  This implies that a steeper approach 

(forcing the streams more radially inward) actually widens the spray pattern, which is 

counterintuitive.  Apparently, a steeper approach imparts more radial bursting energy and widens 

the spray.  It also nearly doubles the shoulder distance, making the shoulder distance 

proportional to the meeting angle.  A substantial interaction between retraction and meeting 

angle has continued.  

 Changes in other variables will be highlighted next.  Their effects are not as pronounced, 

and only those items worth mentioning will be included.  If the outer gas annular gap is increased 

(A20 to I) only minor differences are detected.  The IG and OG tones match, and the OG 

spectrum becomes the most diffused of the geometry test cases (Table 4.3).  There is a slight 

increase in shoulder distance, the dominant tone reduces to its fundamental, and its magnitude 

decreases (Table 4.4).  The alignment between the pressure and shoulder spectra is nearly the 

worst of the geometry cases, particularly the tones which differ by a factor of 3.  Nozzle diameter 
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effects are studied with cases J2 and K2, although the effects of DI and DM cannot be separated at 

this time.  The outer gas stream has the highest frequency when all three diameters are at their 

highest, but the most fluctuation when the angle and retraction are at their lowest (as previously 

discussed).  For K2, the OG tone is 4 times the IG tone, instead of 3, and the IG tone reduces 

from 200 to 180.  The OG energy is lowest when DO is high and the other diameters are low.  

This makes sense in that a larger open area produces less shear stress.  Conclusions regarding the 

effects of diameters depend on the combinations of diameters.  A striking result is that the lowest 

shoulder distance (and most focused spectrum) in the group is case J2.  This implies that the 

shoulder distance might be tied to the OG pressure fluctuation energy (shear rate), holding 

everything else constant.  K2 held the highest shoulder COV, along with the highest ratio 

between the OG and shoulder tones (similar to the OG versus IG tone issue already mentioned).  

The final item worth mentioning is that K2 exhibits the highest ± 30% liquid collection value in 

Table 4.5 without a spray angle change, and the inner peak is higher as illustrated in Figure 4.1.  

Also, the higher outer diameter in J2 shows an increase in angle (opposite of Srinivasan et al. 

[105]), but that angle is reduced again when all diameters are increased in case K2.   

4.4. Effects of IG Flow on AS Simulations 

The effects of a near doubling of the IG flow will be presented through a study of cases 

A20, C16, D2, and E2.  The setup, geometry, and metrics for these simulations can be found in 

Table 4.1-Table 4.2. Considering geometry 1 (A20 versus C16) an increase in IG flow produces 

consistent effects on the pressure signals as is shown in Table 4.3.  We see a rise in IG mean (as 

expected), a slight reduction in IG COV, a slight reduction in OG mean, a significant increase in 

OG COV (more energetic), and a significant decrease in OG tone.  The reason a rise in IG mean 

can be seen along with a fall in OG mean is due to the fact that some of the outer gas is displaced 
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to the inner flow passages, such that the total gas is the same.  It is unusual to think that the OG 

COV would rise when less gas is being put into the outer annulus, but there are obvious strong 

stream interactions.  The increase in inner gas frequency and decrease in outer gas frequency is 

consistent with the studies of Kim et al. [104], Tian et al. [100, 104] and Zhao et al. [27] when 

their proposed relationships are framed for inner and outer gas flow conditions and geometries.   

For geometry 2 (D2 versus E2 in Table 4.3), there is a similar increase in IG mean 

pressure (as expected), an increase in IG tone, a slight reduction in OG mean pressure, and an 

increase in OG magnitude.  OG tones do not change significantly.  In short, the pressure field 

responses to changes in IG flow rate depend on the geometry in terms of both magnitude and 

direction.               

Shoulder distances (Table 4.4) show consistent responses between the two geometries.  

Both showed a reduction in the means, indicating a closer bursting of the spray nearer the face, 

which is consistent with [27].  Both COVs and magnitudes increased, but the tones did not 

change substantially. The alignment between the pressure and shoulder spectra didn’t change 

much for geometry 2, but geometry 1 showed mixed changes; the inner and outer ratios moved 

in opposite directions. 

 Time-averaged spray angles are addressed in Table 4.5.  For geometry 1, increasing the 

IG significantly widened the spray; for geometry 2, not much changed.  The liquid volume 

profiles are compared in Figure 4.4 and Figure 4.5.  In Figure 4.4, it is seen that the spray 

patterns widen and become less centrally peaked at higher IG flows (case C16) for geometry 1.  

For geometry 2, Figure 4.5 shows that the profiles are centrally peaked with no obvious effect of 

higher IG flow.       
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Figure 4.4.  Time-averaged spray profiles from axisymmetric air-water simulations showings effects of IG 

flow for base geometry (1) 

 

 

Figure 4.5.  Time-averaged spray profiles from axisymmetric air-water simulations showings effects of IG 

flow for flushed geometry (2) 

 
 

4.5. Effects AS Flow Modulation 

Clearly, the flow is already pulsating by the very nature of local instabilities.  Farago and 

Chigier [41] explain that all atomization flows are pulsating to some extent, but we refer herein 

to global large-scale pulsations which affect the atomization boundary conditions.  The influence 
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of imparting an additional sinusoidal forcing function onto the flows is investigated.  The present 

work involves liquid Strouhal numbers in the modulated case of around 3.  Srinivasan et al. [105] 

proposed that Strouhal numbers this high would result in damped pulsations, which is clearly not 

evident here.       

The study was carried out on geometry 1, case A20 versus B2, with a low IG flow pulsed at 

the typical dominant tone, 200 Hz, of the base case with a flow variation of ± 50% of the mean 

(=0.5).  The pulsations were superimposed on an ongoing model.  In other words, there was no 

intended synchronization between the natural pulsation and the imposed pulsation.  One might 

consider that the flow realizations in the modulated case were “reset” by the onset of such large 

pulsations.  Upon examination of Table 4.3, little difference is detected in the OG; however, 

there are a couple of noteworthy responses for the IG.  The tone increases three times from its 

fundamental tone of 200.  Various sensitivity tests (not shown) have taught that the movement of 

the peak among the various harmonics of 200 Hz is very sensitive, so this may or may not be 

represent a major shift.  Almost nothing changes for the shoulder metric (Table 4.4), except a 

mild reduction in magnitude, and there are no detectable changes in the spray diameter metrics.  

There may be a slight reduction in spray angle, which is the opposite of the effect seen by 

Srinivasan et al. [105].  Although the measures in Table 4.5 are not distinctly different, the time-

averaged spray profiles (not shown) are slightly more center-peaked for the modulated cases, 

implying more energy is given to the center jet.    

4.6. Intermediate Pressures 

Most values in Table 4.3 represent the pressure drops across the entire inner and outer gas 

flow paths, but it is also desired to consider the transient responses of pressures near the 

locations where the liquid and gas streams meet (pre-filming).  For both gas streams the 
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intermediate measurement location is about one DO upstream of the two-phase interface location.  

When considering A20 versus A21, it can be seen that the intermediate data exhibits a similar 

transient signature as the overall pressure drop data sets.  All intermediate means are slightly 

lower, as expected.  The other differences are not profound, except for the increases in OG COV, 

which imply the pressure variability is less near the inlet than near the pre-filming section.  The 

dampening of the signal farther away from the source is intuitive, and the tones are all the same.   

4.7. Effects of AS Mesh Resolution 

An evaluation of mesh resolution with geometry 8 (K3 versus K2) is considered by 

increasing the cell count by a factor of 4; all cell dimensions are halved in both directions.  No 

other numerics are changed, so the global CN rises accordingly for the more resolved run.  The 

larger CN is not a problem due to the fact that the triple time step case is consistent in Ch. 3.  

Based on the results, the pressure signal response is mixed, where the IG dominant tone becomes 

the 2nd harmonic, and the OG dominant tone is the 2nd instead of the 4
th

 harmonic.  In addition, 

the OG COV and magnitude nearly double.  Directionally, the OG tone moves in the same 

direction as with the auto-refine test in Ch. 3.  The primary change in the shoulder metric 

includes a 10% drop in the mean should distance, a jump in the tone to the 2nd harmonic, and the 

halving of the shoulder distance fluctuating spectral focus (“Mag”.)  Shoulder-pressure tone 

alignment improves, while magnitude alignment reduces.  In Table 4.5, a significant increase in 

spray angle is notable, and the liquid collection profile (not shown) displays a much more 

diffused curve.  Apparently increasing grid refinement allows the liquid jet to spread faster than 

in the base mesh, and is consistent with Chesnel et al. [10] who showed breakup was delayed 

when using a coarse mesh.  Interestingly, this was the opposite effect of that shown in the auto-
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refinement test in Ch. 3, although that involved a different geometry.  Mesh effects on 

atomization might be non-intuitive as is discussed in Chapters 5 and 7.   

4.8. 3-D Models 

Two 3-D models are examined in order to assess 1) how a 3-D model compares to its AS 

conjugate and 2) the effects of inner gas flow rate in 3-D.  All 3-D models are initially run as 

incompressible with truncated inlets.  This work began years ago, and Strasser [35] describes 

how the 3-D models were not solvable in a transonic framework.  Since all of the 3-D 

simulations are incompressible and truncated, the discussion will begin with a comparison 

between 3-D (A6) and AS (A18) model types.  A6 utilizes geometry 1 with a 45° included angle, 

meaning 1/8th of the nozzle circumference is considered with truncated inlets.  A18 involves 

incompressible flow with greatly truncated inlets in order to make it directly comparable to the 

3-D cases.  Even though the real geometry is axisymmetric, the flow is not axisymmetric on an 

instantaneous basis [106, 107].  As a result, periodic boundary conditions are applied to the 

azimuthal bounding faces.  Two types of hexahedral methods are considered for the near-

centerline region for the 3-D meshes.  The first is quad-pave, which results in higher quality 

cells, but fewer are in the cross-section.  The second is tri-primitive, which results in a few lower 

quality cells (specifically with regards to skewness and centroid shift), but offer more resolution.  

The latter is typical for our work.  It is found that the quad-pave method produces a mesh that 

damps the bulk pulsations, so it was abandoned.  The individual stream flows are given ample 

space to develop in terms of velocity and turbulence distribution, but acoustics are neglected.     

Table 4.6 can be used to show that the 3-D model mimics its AS conjugate.  The mean 

pressures and other metrics are very close.  Noteworthy is the major reduction in the focal nature 

of the OG pressure spectrum (“Mag. dropped from 0.82 to 0.56) when moving from AS to 3-D.  
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This follows logic, given that azimuthal perturbations in the liquid sheet should diffuse the 

pressure pulsations being fed back and forth in the outer gas feed chamber.   

Analyzing the 3-D model for the high IG flow of case C17, typical spray patterns can be seen 

in Figure 4.6 a and b for two uncorrelated samples in time.  The metal of the nozzle is outlined in 

mesh edges near the top of the figure, while the spray surface itself is shaded by Mach number 

from white (0.0) to black (0.3 and above).  Flow is from top to bottom.  Notice the rich spray 

pattern forming in multiple radial layers, shedding off in rings and droplets.  A comparison at 

similar conditions and geometry was made in Strasser [35], with an older solver.  The only 

comparative measure at this point is the pressure responses in Table 4.3.     

 
 

Figure 4.6.  Instantaneous snapshots of uncorrelated 3-D spray surfaces shaded by Mach number (M=0 is 

white, M>0.3 is black) from 45° wedge air-water simulations 

 

Table 4.3 also offers the effects of increasing IG flow for the 3-D model (C17 versus A6).  

Higher IG mean pressures, a mixed change in COVs, higher tones (like the AS work), and 

increased magnitudes are observed.  More information can be extracted from Table 4.3 showing 

the computed droplet length scale statistics, averaged throughout the domain in space and time.  

At the higher IG flow, the mean shifts downward, implying a more energetic spray.  Also, 

magnitude decreases with increasing IG flow (opposite of the pressure signals).  The downward 

A B
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shift in droplet size is shown more clearly using plots of the time-averaged mean droplet size 

across the 10 axial segments as displayed in Figure 4.7a and b.  The axes refer to the distance 

from the nozzle normalized by DO.  Note that in Figure 4.7a, the vertical “error” bars correspond 

to the temporal sampling variability (COV) of each point; the COVs for these data are about 

twice of those from Figure 3.10.  In Figure 4.7b, the droplet diameter is scaled by the distance 

from the nozzle outlet.  Interfacial length scale reduction with increasing IG flow (Figure 4.7a) is 

greater closer to the nozzle.  A larger departure is shown near the nozzle face, while close 

matching is apparent at higher distances.  In other words, the scale diffusivity [108], i.e. rate at 

which the length scales fall with distance, is greater at lower flow rates.  An equation of the form 

0.35x
-1.16

 fits both data sets well.  This fit is not dramatically different than the fit of 0.36x
1.28

 

found in Ch. 3 for a very different nozzle and set of conditions that modeled a two-stream 

injector using air and non-Newtonian slurry.  Lastly, Table 4.6 gives the spectral alignment 

between the droplet size signals and the pressure signals.  There is exact tone alignment, but the 

magnitudes are slightly lower (in the same order) for both flow rates.  The risk of the computed 

droplet size being dependent on mesh resolution is known and is carefully addressed in Ch. 5.     

   
(a)        (b) 

Figure 4.7.  (a) Axial droplet length scale and (b) normalized droplet length profiles from 45° wedge 3-D air-

water simulations 
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4.9. Conclusions 

Sixteen unsteady injector models have been executed in order to study the effects of 

nozzle geometry, grid resolution, modulation, and gas flow rate on the self-generating pulsatile 

spray produced by an industrial scale three-stream coaxial airblast reactor injector.  Both 

axisymmetric and 3-D models have been considered.  Metrics included inner and outer gas 

stream pressure pulsations, transient shoulder distance, time-averaged spray angle, transient 

droplet length scale (3-D simulations) at various locations, and the spectral alignment among 

these.     

 There were strong interactions between geometry and inner gas feed rate.  Particularly, 

inner nozzle retraction and outer stream meeting angle were intimately coupled.  Results were 

not directionally consistent in their dependence on flow rate for all design combinations.  For 

example, stream pulsations and the spray shoulder measure were only at their peaks for a flushed 

design when the outer stream meeting angle was moderate.  Inner stream dimensionless pressure 

drop was found to be linearly proportional to dimensionless retraction (0.186LRI + 0.145).  Other 

correlations were given.  Inner gas fluctuations were the highest for the flushed case and the next 

highest for the fully retracted case, but the energy was focused at different tones for each of 

them.   

Higher inner gas flows typically widened all sprays for the base geometry only, brought 

the shoulders closer to the nozzle outlet for both geometries tested, and lowered the droplet 

length scales on the base geometry.  Modulation of the inner gas at its dominant tone with a mass 

flow variation of ±50% did not strongly affect many metrics.  Shoulder distance was 

proportional to outer stream meeting angle and might be tied to the outer gas shear field.  

Moreover, the truncated, incompressible 3-D results did not always diverge from those of their 
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AS counterparts, which implies some hope in predictive power by running AS models as 

surrogates.  As with the two-fluid air-slurry atomization calibration work in prior work, the 

droplet size (normalized by distance) versus distance (normalized by orifice diameter) 

relationship took on the strikingly similar form of approximately 0.4x
1.2

.    
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Chapter 5. The Effects of Pulsation and Retraction on Non-Newtonian Flows in Three-

Stream Injector Atomization Systems 

 

5.1. Introduction and Motivation 

Among the aforementioned primary atomization studies, the effect of viscosity and/or 

surface tension on Sauter mean diameter (SMD) has been explored by Aliseda et al. [22] and 

Senecal et al. [15].  Senecal et al. [15] considered high speed viscous sheets in quiescent air, such 

as those found in pressure-swirl atomizers of an internal combustion engine.  Predicted primary 

droplet diameter as a function of liquid phase Ohnesorge number (Oh = √We/Re) was given.  A 

critical gas phase Weber number (ρGUh/σ , where 2h is a channel width and U is the area-

averaged liquid velocity ) of about 1.7 was used as a demarcation between two regimes.  Above 

1.7, short waves became the dominant player in the primary breakup process, making liquid 

viscosity very important.  They also showed that in higher Weber number systems, like those in 

the present work, the effects of liquid viscosity can be paramount.  Aliseda et al. [22] found for 

coaxial (also known as air-assisted) primary atomization that instability wavelength was 

substantially affected by higher viscosities.  As expected, higher viscosities hindered the growth 

of instabilities resulting in larger droplets, but only when viscosity was well above ten times that 

of water.  In fact, there was an extremely pronounced coupling effect of surface tension and 

viscosity.  They [22] proposed that the lower surface tension of the non-Newtonian solutions 

(about one third that of water) prevented their SMD values from being orders of magnitude 

larger than that of water, instead of just two to three times its value.  Since NN materials 

normally have a high-viscosity, the liquid feed condition is typically laminar such that the 

primary disintegration instability mechanism is determined by gas phase turbulent structures and 

the gas phase boundary layer development [18, 104].   
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A unique video analysis technique is offered by Osta et al. [109] involving data collection 

from X-ray imaging.  They injected a turbulent round jet of water into still air at atmospheric and 

sub-atmospheric conditions.  For each image, a Matlab routine was created to look at contrast in 

order to discern bubbles, droplets, and ligaments.  They studied a range of water feed passage 

length:diameter ratios, proposing that this ratio dictates combustion quality.  A surface breakup 

efficiency factor was defined as the total ligament area in an image to the total area.  They found 

that ligament sizes correlated with their separation distances.  Feng et al. [110] used LabVIEW in 

order to characterize specific flow regimes using a neural network.  Additionally, a fractal 

approach can be valuable to study liquid atomization (natural fractal process) as discussed by 

Grout et al. [111].  They discovered aerodynamic forces were negligible when the local fractal 

dimension was at a maximum and where droplet production was the most effective, indicative of 

the final Sauter mean diameter.  They also presented a new dimensionless group relating the 

near-orifice textural dimension to surface tension. 

NN flow field of a three-stream pulsatile coaxial airblast injector will be considered, 

along with feed rate, flow modulation, solver, mesh resolution, and 3-D domain extent for a total 

of 21 simulations using the numerical methods outlined in Chapter 2.  In general, comparative 

metrics entail pressure signals, spray angle, data streams from video analyses, and droplet size 

estimates.  An important contribution of this work is the development of new correlations 

between key results and inner nozzle retraction.  

All 21 models are outlined in Table 5.1 (see discussion on Table 4.2).  Most models are 

AS but some 3-D models are tested with included angles (“In. An.”) of 45°, 22.5° and 11.25°.  

The obvious advantage to a reduced included angle is a commensurate linear reduction in 

computer time requirements.  The disadvantage is the potential for the periodic boundaries to 
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influence the piecewise linear interface calculation (PLIC) algorithm; more will be addressed on 

this in future chapters.  Also, three mesh resolutions are considered:  base, 8x, and 16x.  Even 

though the real geometry is truly axisymmetric, the flow is not axisymmetric on an instantaneous 

basis [106, 107]. As a result, periodic boundary conditions are applied to the azimuthal bounding 

faces.   

A direct comparison will be made between feed materials of this work and previous 

chapters.  Here a slurry and high-pressure gas is considered and, to assist in the comparison, 

references herein will be abbreviated as “SH”.  References to older work will be abbreviated as 

“AW” for air-water and these simulations can be seen in prior chapters; they are noted in Table 

5.1 as air-water equivalent (AWE) simulations. 

The slurry viscosity responds strongly to local shear rate and temperature in a proprietary 

fashion, making it highly non-Newtonian and is programmed accordingly using a UDF.  The 

presence of solids in the liquid will affect the secondary breakup of smaller droplets [97], but 

here we focus on primary breakup.  A constant high-shear value for viscosity (Aliseda et al. [22] 

and Tsai et al. [23]) is used for the dimensionless groups in Table 5.2.  For both IG feed rates, Z 

is 0.082, while the slurry-based Re, Q, Oh, St, and We are 200, 0.053, 1.5, 5.4, and 6.8x10
4
, 

respectively.  The gas phase Weber number is more than 5 orders larger than critical threshold of 

Senecal et al. [15], which is 1.7, indicating that short waves are the controller factor, making 

liquid viscosity critical.  It is interesting to note that the viscosity-related discoveries in Senecal 

et al. [15] were made in the context of a liquid fuel with a viscosity of 4x10
-4

 Pa∙s, which is at 

least 3 orders of magnitude lower than that of this non-Newtonian slurry.  The present work 

involves liquid Strouhal numbers for the modulated case of around 5.  Srinivasan et al. [105] 
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proposed that Strouhal numbers this high would result in damped pulsations, which is clearly not 

evident here.   

Table 5.1.  Matrix of all non-Newtonian slurry and high-pressure gas simulations 

Geo. IG Flow IG Feed Case Mesh Dim. In. An. Purpose Solver AWE 

1 Low Steady A1 Base 2 360 Base 13SP2 A5 

      A2 Base 3 45 3D 13SP2   

      A3 Base 2 360 Solver 12.1.2   

      A4 Base 2 360 Intermed. 12.1.2   

1 Low Modulated B1 Base 2 360 Modulate 13SP2 B2 

1 High Steady C1 Base 2 360 High Flow 13SP2 C16 

      C2 Base 3 45 3D 13SP2 C17 

      C3 8X 3 45 Grid 13SP2   

      C4 Base 3 22.5 In. An. 13SP2   

      C5 Base 3 11.25 In. An. 13SP2   

      C6 Base 3 11.25 RSM 13SP2   

      C7 16X 3 11.25 Grid 13SP2   

2 Low Steady D1 Base 2 360 Geo 13SP2 D2 

2 High Steady E1 Base 2 360 Geo 13SP2 E2 

3 Low Steady F1 Base 2 360 Geo 13SP2 F2 

5 Low Steady H1 Base 2 360 Geo 13SP2 H2 

7 Low Steady J1 Base 2 360 Geo 13SP2 J2 

8 Low Steady K1 Base 2 360 Geo 12.1.2 K2 

9 Low Steady L Base 2 360 Geo 12.1.2   

10 Low Steady M Base 2 360 Geo 12.1.2   

11 Low Steady N Base 2 360 Geo 12.1.2   

 

Table 5.2.  Dimensionless groups at low and high inner gas flows for non-Newtonian slurry and high-pressure 

gas designs 

  Inner Gas Outer Gas 

IG M S Re/10
4
 St Ma M S Re/10

4
 St Ma 

Low 0.79 3.1 350 0.43 0.11 13 13 767 0.058 0.43 

High 2.80 5.8 657 0.23 0.20 11 12 708 0.063 0.40 

 

In Table 5.2, Strouhal number is only given in a precision of one significant digit due to 

the fact that it is based on a single dominant tone of 850 Hz for all streams.  Not all simulations 

and streams show the same dominant tone, but a general basis for each material set is desired for 

establishment of the Strouhal number.  Also from Table 5.2, it is obvious that the current work 
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differs substantially, particularly for those items related to gas density and liquid viscosity, from 

their AW counterparts.  Specifically, all M values are larger by a factor of 10, gas phase 

Reynolds numbers by a factor of 70, velocity ratio is smaller by a factor of 2.5, Strouhal numbers 

increased by a factor of about 2 to 6, liquid Reynolds number decreased by about 3 orders, 

viscous capillary length increased by about 6 orders, Ohnesorge number increased by about 4 

orders, and Weber number increased by about an order.  It should be noted here that the 

dimensionless number considerations in the research by Aliseda et al. [22] imply that our SH 

system does not meet primary breakup requirements.  Obviously this is not the case, in that a 

functional industrial atomization system exists. 

Table 5.3 summarizes the geometries considered in this work.  Scaling of each geometric 

variable is carried out as discussed in previous chapters.  The inner and outer metal nozzle lip 

thicknesses (thought of as splitter plates) are not held constant or studied separately.  The 

quadrupling of the inner lip thickness for the retracted case is expected to have a negative effect 

on primary atomization by creating a thicker gas boundary layer (velocity deficit near the liquid 

interface) and a reduced instability driving force.  This should be very important for low 

Reynolds numbers liquid feeds in that their primary instability mechanism is competition 

between the gas phase turbulence and liquid surface tension to produce KHI [18].  However, one 

of the dominant liquid film buffeting forces is the temporal pressure gradient moving throughout 

the pre-filming section.  This will be explored in a future chapter.   

For the prior AW simulations, the walls were treated as adiabatic and no-slip.  The walls 

of the injector for the SH simulations, however, have a much higher temperature (typically > 

500°C, but is a function of position) than the AW work and are programmed accordingly with a 

UDF.  Walls remain no-slip.  All fluids leave the domain at the bottom, which is a pressure-
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outlet.  Other non-wall model boundaries are treated as “openings”, at which flow can move into 

or out of the modeled domain.   

 

Table 5.3.  Geometric permutations for non-Newtonian slurry and high-pressure gas simulations 

Geo. Cases Purpose LAG LRI tLI tLO  DI DM DO 

1 A,B,C Base 0.097 0.60 0.038 0.0144 0.60 0.36 0.83 0.95 

2 D,E Flushed 0.097 0.00 0.038 0.0144 0.60 0.36 0.83 0.95 

3 F Retracted 0.097 1.3 0.17 0.0144 0.60 0.36 0.83 0.95 

5 H Flushed, Low Angle 0.097 0.00 0.038 0.0143 0.20 0.36 0.83 0.95 

7 J DO 0.093 0.57 0.036 0.0138 0.60 0.34 0.79 1.0 

8 K DI, DM 0.093 0.57 0.030 0.0136 0.60 0.35 0.86 1.0 

9 L LAG 0.11 0.60 0.038 0.0144 0.60 0.36 0.83 0.95 

10 M DM, DO, LAG 0.11 0.57 0.036 0.0136 0.60 0.34 0.86 1.0 

11 N DM, DO 0.093 0.57 0.036 0.0136 0.60 0.34 0.86 1.0 

   

5.2. Video Analysis Technique Development 

 Figure 5.1 shows typical instantaneous volume fraction contours for the base case 

geometry for AW and SH cases.  Red represents gas, while blue represents water or slurry.  The 

current LabVIEW-based video analysis technique was validated in Strasser [35], in which frame-

by-frame analyses of experimental flow movies, along with CFD animations, were used to assess 

the spray character.  Particularly, for the AW simulations, the “shoulder distance” (refer to LS in 

Figure 5.1) metric continues to be of great interest in this work as it indicates how far the 

ligaments are bursting from the face.  The SH simulations show a significant departure from the 

typical regime of their AW counterparts.  For the AW system, the spray pulses open near the 

outlet of the injector (Figure 5.1, top), so the analysis program parameters were based on 

ligament production near the outlet. For the SH system (Figure 5.1, bottom), however, the spray 

does not appear to burst close to the outlet, or produce nearly as many discernible “droplets”, for 
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any of the geometries or conditions studied.   As a result, a new video analysis program was 

created, in which spray “diameters” will be considered.   

Figure 5.2 presents a typical digitized instantaneous snapshot of SH volume fraction 

contours.  The white lines represent the volume fraction gradient detected by the algorithm.  The 

image provides a way of estimating the spreading rate of the bursts; spray “diameter” should not 

be confused with any droplet length scale measurement.  Presumably, a wider spray would 

produce smaller droplets.  The first diameters “ID1” and “OD1” are measured at a distance 25% 

of DO from the injector outlet, while the second diameters “ID2” and OD2” are DO from the 

nozzle outlet.  There is an inner diameter (inside edge of the ligaments/droplets, ID1 and ID2) 

and an outer diameter (outside edge of the ligaments/droplets, OD1 and OD2) as shown in Figure 

5.2.  In an AS framework, all of those droplets are actually tori, which is why the focus of the 

various AS data analysis efforts is, and has been, on ligaments.  Metrics involving these 

diameters will be shown to correlate with droplet size in chapter.  
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Figure 5.1.  Comparison of typical instantaneous snapshots of liquid volume fraction (red = gas) from 

axisymmetric air-water work (top) [35] compared to current axisymmetric slurry and high-pressure gas 

results (bottom) case A1. 

 

Figure 5.2.  Digitized snapshot of axisymmetric gas/slurry interface showing the outline of the interface used 

in quantification exercises. 

 

 

LS
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5.3. Overall Metrics Presentation and Discussion 

Understanding SH results in light of prior AW results is essential.  Exploration of 

atomization under SH conditions is quite expensive when dealing with large-scale process 

equipment; heat and high pressures also make it dangerous.  Ideally, therefore, atomization 

optimization work would be carried out using AW conditions.  The more that is understood 

about the limitations and power of making comparisons between AW and SH, the wiser the 

conclusions which are deduced from AW evaluations.  Consequently, comments about how the 

SH responses differed from those of AW will be spread throughout.    

The results for all metrics and simulations can be found in Table 5.4 through Table 5.8.  

A brief overview and definition of the table information will be offered here before detailed 

information is given by subject category.  Table 5.4 provides all IG and OG differential pressure 

results, Table 5.5 includes all spray diameter video analysis results for the AS SH simulations, 

Table 5.6  provides spectral alignment ratios between pressure and spray diameter data, Table 

5.7  shows time-averaged spray angle measurements for the AS simulations that involved a large 

enough run time in order to assess the angle, and Table 5.8 shows all droplet length scale 

information (in units of mm) from the 3-D simulations and spectral alignment ratios between 

pressure and droplet size signals.  Abbreviations are the same as in previous chapters.   is the 

ratio of pressure tone to spray spreading metric tone, and  is the ratio of pressure mag. to spray 

spreading metric mag.         
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Table 5.4.  Pressure drop statistics from non-Newtonian slurry and high-pressure gas simulations 

  Inner Gas Outer Gas 

Case Mean %COV Tone Mag. Mean %COV Tone Mag. 

A1 0.10 3.2 860 0.62 0.36 0.16 860 0.74 

A2 0.071 1.8 1300 0.79 0.19 0.45 1300 0.84 

A3 0.10 2.8 860 0.61 0.36 0.18 860 0.68 

A4 0.088 7.1 860 0.49         

B1 0.10 25 860 1.34 0.37 0.17 860 1.05 

C1 0.15 3.1 580 0.06 0.32 0.47 580 0.13 

C2 0.082 11 1000 1.00 0.17 4.3 1000 1.13 

C3 0.083 10 1000 0.34 0.17 2.9 1000 0.50 

C4 0.082 10 1000 0.67 0.17 4.6 1000 0.79 

C5 0.081 10 1000 0.99 0.17 4.2 1000 0.95 

C6 0.082 14 1100 0.96 0.17 3.7 1100 1.00 

C7 0.069 17 1200 0.44 0.17 2.9 1500 0.51 

D1 0.087 1.5 370 0.27 0.36 1.6 780 0.01 

E1 0.14 0.91 780 0.15 0.32 0.24 780 0.22 

F1 0.12 9.8 200 0.21 0.36 0.64 350 0.02 

H1 0.067 9.1 78 0.10 0.36 0.69 120 0.06 

J1 0.086 3.4 860 0.58 0.34 0.73 860 0.00 

K1 0.086 3.6 730 0.55 0.32 0.46 730 0.00 

L 0.10 3.0 780 0.31 0.28 0.55 780 0.88 

M 0.093 3.9 730 0.72 0.24 0.49 730 0.63 

N 0.090 3.9 730 0.99 0.32 0.19 730 0.73 

 

Table 5.5.  Spray diameter metrics for non-Newtonian slurry and high-pressure gas simulations 

  Mean % COV Tone Mag. 

Case ID1 ID2 OD1 OD2 ID1 ID2 OD1 OD2 ID1 ID2 OD1 OD2 ID1 ID2 OD1 OD2 

A1 0.15 0.10 0.62 0.54 64 68 5.2 29 850 850 850 1500 0.41 0.19 0.12 0.12 

A3 0.16 0.10 0.61 0.54 63 73 7.1 32 860 1490 860 1500 0.50 0.19 0.079 0.20 

B1 0.13 0.10 0.61 0.55 74 68 6.5 29 850 850 850 1700 0.48 0.37 0.11 0.30 

C1 0.16 0.090 0.63 0.60 59 89 12 38 580 1800 1800 1800 0.050 0.043 0.10 0.074 

D1 0.22 0.10 0.62 0.51 40 94 10 48 1200 1200 1200 1200 0.52 0.32 0.064 0.40 

E1 0.25 0.11 0.64 0.60 43 72 14 48 1600 1600 1600 1600 1.4 0.17 0.87 1.1 

F1 0.13 0.10 0.60 0.55 80 84 16 32 190 170 1900 350 0.12 0.056 0.022 0.021 

H1 0.15 0.10 0.73 0.74 64 78 13 16 900 900 2500 390 0.11 0.030 0.045 0.023 

J1 0.14 0.10 0.62 0.55 67 66 3.3 24 850 850 850 1700 0.86 0.61 0.38 0.14 

K1 0.16 0.077 0.64 0.55 67 82 9.6 30 630 630 4100 1300 0.74 0.24 0.10 0.39 

L 0.12 0.074 0.60 0.59 61 72 11 31 780 780 1400 1300 0.11 0.069 0.073 0.19 

M 0.12 0.082 0.60 0.60 69 75 11 27 750 750 1400 1400 0.34 0.16 0.094 0.14 

N 0.12 0.084 0.62 0.56 64 72 7.3 25 750 750 750 1600 0.41 0.17 0.17 0.20 
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Table 5.6.  Spray diameter spectral comparisons with pressure drop signals from axisymmetric non-

Newtonian slurry and high-pressure gas 

Case   I 

A1 1.0 1.0 1.0 0.57 1.0 1.0 1.0 0.57 1.50 3.17 5.24 5.17 1.81 3.82 6.31 6.22 

A3 1.0 0.57 1.0 0.57 1.0 0.57 1.0 0.57 1.22 3.30 7.77 3.03 1.37 3.70 8.71 3.40 

B1 1.0 1.0 1.0 0.50 1.0 1.0 1.0 0.50 2.77 3.57 11.99 4.48 2.18 2.81 9.45 3.53 

C1 1.0 0.32 0.32 0.32 1.0 0.32 0.32 0.32 1.20 1.41 0.59 0.82 2.68 3.14 1.30 1.83 

D1 0.31 0.31 0.31 0.31 0.65 0.65 0.65 0.65 0.51 0.83 4.14 0.66 0.02 0.03 0.17 0.03 

E1 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.11 0.88 0.17 0.13 0.16 1.34 0.26 0.20 

F1 1.1 1.2 0.11 0.58 1.9 2.1 0.19 1.0 1.73 3.79 9.88 9.94 0.19 0.42 1.11 1.11 

H1 0.087 0.087 0.031 0.20 0.13 0.13 0.047 0.30 0.87 3.23 2.16 4.25 0.50 1.88 1.26 2.48 

J1 1.0 1.0 1.0 0.51 1.0 1.0 1.0 0.51 0.68 0.96 1.55 4.09 0.01 0.01 0.01 0.03 

K1 1.2 1.2 0.18 0.56 1.2 1.2 0.18 0.56 0.73 2.26 5.27 1.40 0.00 0.00 0.00 0.00 

L 1.0 1.0 0.56 0.60 1.0 1.0 0.56 0.60 2.90 4.41 4.22 1.61 8.38 12.74 12.17 4.66 

M 1.0 1.0 0.52 0.52 1.0 1.0 0.52 0.52 2.10 4.56 7.68 5.19 1.83 3.97 6.68 4.52 

N 1.0 1.0 1.0 0.46 1.0 1.0 1.0 0.46 2.44 5.88 5.71 5.06 1.80 4.33 4.21 3.73 

 

Table 5.7.  Time-averaged spray angle measures from axisymmetric non-Newtonian slurry and high-pressure 

gas simulations 

  50% ± 30% 

Case Angle Liquid 

A1 17 93 

A3 20 88 

B1 16 99 

C1 39 41 

D1 40 22 

E1 38 39 

 

Table 5.8.  Spatial and temporal averages of SMD along with spectral comparisons with pressure drop 

signatures from wedge 3-D non-Newtonian slurry and high-pressure gas simulations  

Case 
Mean 

(mm) 
%COV Tone Mag    

A2 26.3 34 1300 0.83 0.99 0.99 0.73 0.78 

C2 16.1 39 1000 0.79 0.99 0.99 1.3 1.4 

C3 8.56 26 1100 0.37 0.95 0.95 0.93 1.3 

C4 16.3 47 1100 1.1 0.98 0.98 0.63 0.75 

C5 16.5 47 1000 0.81 0.98 0.98 1.2 1.2 

C6 15.4 41 1100 1.3 1.0 1.0 0.76 0.79 

C7 9.33 27 930 0.51 1.3 1.6 0.87 1.0 
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5.4. Effects of Geometry for Axisymmetric Simulations 

The primary goal is to evaluate the effects of geometric changes, many similar to those in 

the previous chapter, but with a different set of feed materials.  Simulations A1, A3, D1, F1, H1, 

J1, K1, and L-N are first discussed.  Results are found in Table 5.4 – Table 5.7, and only large 

differences among geometries will be highlighted.  These 10 simulations have in common feed 

materials, IG flow rate, and numerical recipe (not solver version).  Any mention of “lowest” or 

“highest” refers to simulations only in this sub-section dealing with geometric permutations and 

low flow conditions.  A similar comparative method is used for other sections.               

 The discussion will begin with a direct comparison between solver versions 12.1.2 and 

13SP2, as in cases A1 and A3.  With AWE studies, there were no major differences found.  With 

SH there are relatively small shifts in almost all measures, but the only item that stands out is the 

shift in the dominant tone of ID2 from 1490 to 850 when the newer solver is utilized.  With other 

spectra for A1 and A3 peaking between 850 and 1500, it is uncertain which is more accurate.  A 

closer examination of the A3 FFT shows a strong peak around 850, but the peak at 1490 has 

more magnitude.  Obviously these tests, along with others throughout this chapter (and some not 

discussed), show a sensitivity in the FFT to picking up higher and lower harmonics depending on 

subtle signal changes.  Due to the minor solver difference, for the remaining discussions D1, F1, 

H1, and J1 are compared to A1 (all using 13SP2) and K1, L, M and N to A3 (all using 12.1.2).   

 D1 (flushed geometry at a moderate angle and low flow) showed strong differences when 

compared to the base geometry of A1 (also at a moderate angle and low flow) as is obvious by 

viewing Table 5.4.  The IG differential pressure mean fell (as it did using AW) from 0.10 to 

0.087 indicating less flow resistance, and the IG COV fell to the lowest (opposite of AW) from 

3.2% to 1.5% indicating the least temporally active inner spray instability.  The dominant tone 
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and magnitude also fell substantially (opposite of AW) from 860 to 370 and from 0.62 to 0.27, 

respectively.  The OG differential pressure COV became the highest at 1.6% (unlike AW) 

indicating the most temporally active outer spray instability.  Its tone fell slightly, and its 

magnitude was greatly reduced from 0.74 to 0.01 showing less periodic behavior in the outer gas 

instability.   

In terms of spray diameters video metrics (Table 5.5), the ID1 mean became the largest 

(0.22) indicating a more radially spreading spray, and the COV was reduced from 64% to 40% 

indicating a more stable spreading.  ID2 and OD2 COV were the largest (94% and 48%, 

respectively), and the ID1 COV increased from 5.2% to 10% implying that the other dimensions 

of radial spreading became more variable.  All tones lined up at a higher value of 1200, and 

magnitudes showed a mixed effect.  Table 5.6 depicts that, in general, D1 has less spectral 

alignment between the pressure field and spray diameter field as the values deviate further from 

unity.  The spray angle was massively increased as shown in Table 5.7 from 17° to 40°, as is 

confirmed by viewing the A1 and D1 liquid volume profiles in Figure 5.3.  A1 appears as 

centrally peaked, while D1 looks like a hollow cone nozzle profile.  The large increase in angle 

echoes the large ID1, which presents statistical significance before the spray angle (in about 

1/10th the computer run time), and might be an indicative measure of spray angle.  The effect of 

a flushed inner nozzle on spray angle for the SH work was unexpectedly similar to that of the 

AW work; the AW angle rose from 13 to 41° (Chapter 4).     



91 

 

 

Figure 5.3.  Time-averaged spray volume fraction profiles from axisymmetric non-Newtonian slurry and 

high-pressure gas simulations 

  

The results of case F1 give guidance as to the effect of moving the inner nozzle upstream 

as far as possible (called “full retraction”).  As with the AW work, the IG mean for the slurry 

simulations rose to the highest (Table 5.4, 0.12) indicating an increased resistance to flow.  In 

addition, the IG COV rose to the highest (Table 5.4, 9.8%) implying the highest IG stream 

instability.  However, the IG tone and magnitude fell (from 860 to 200 and from 0.62 to 0.21, 

respectively), which was not completely consistent with AW.  The OG COV increased from 

0.16% to 0.64% indicating a more energetic outer gas instability, while the OG tone and 

magnitude fell (from 860 to 350 and from 0.74 to 0.02, respectively, Table 5.4). 

Regarding the spray diameters metrics (Table 5.5), the OD1 COV increased to the 

highest value of 16%, and the ID1, ID2, and OD2 tones decreased to their lowest (from order 

1000 to order 100).  In addition, the magnitudes all reduced to some of the lowest values.  Low 

magnitudes are evidence of diffused pulsations.  Accordingly, the data in Table 5.5 coincides 

with massive changes to the temporal spray character, as is demonstrated in Figure 5.4 with 
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instantaneous slurry volume fraction contours at two different time steps (0.003 seconds apart 

from left to right).  For the flushed case (D1, (a)), the slurry annular sheet is relatively periodic 

with a smooth and direct connection between the IG and OG interfacial instability and radial 

pulsing; they seem to directly resonate.  Varicose waves in the former timestep are very similar 

to those in the latter.  Regarding the retracted case (F1, (b)), however, the inner gas/slurry 

interfacial instability operates at a very low frequency while the outer gas/slurry interfacial 

instability fluctuates at a more typical frequency.  The communication between the inner and 

outer interfaces is much less regular.  The flow character is less periodic and seems to produce 

more bursting at varying time intervals, as if the flow changes its mind every few pulses.  The 

slurry waves in the left picture are very different than those in the right.  This will be explored 

again with 3-D models in the next chapter, as direct links can be made between retraction and its 

effect on droplet size mean and variation.  

 

 

 

       
t                           t + 0.003 s      t                            t + 0.003 s 

 (a)            (b) 

Figure 5.4. Instantaneous contours of slurry volume fraction for (a) D1 [flushed] and (b) F1 [retracted] 

axisymmetric non-Newtonian slurry and high-pressure gas simulations.  For each pair of images, the right 

columns are 0.003 seconds later than the left images. 
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The effect of retraction at moderate angle and low IG flow (cases A1, D1, and F1) can be 

summed up by seeking correlations.  The IG mean is found to be linearly proportional to 

retraction via the relation: IG mean = 0.0232LRI + 0.0875.  This is a similar trend but with very 

different numerical values than with the AW feeds.  The mechanism of the increased differential 

pressure with increasing retraction is illustrated in Figure 5.5 just as with the AW work.  An 

instantaneous contour plot is provided, where blue is slurry volume fraction, showing how the 

gas flow is “bridged” by the slurry near the injector axis, adding resistance to the gas flow.  The 

fully retracted flow is very different from Figure 5.1 (bottom), where no bridging is detected.  

Similar to the AW designs, lower retraction affords less time and space for occupancy of the 

slurry bridge due to the fact that it has less opportunity to spread.  Though the effect is 

measurable, it is not as pronounced for the slurry case as with AW flows.   The implication is 

that high viscosity fluids cannot develop a bridge as easily as water.     

Besides inner mean pressure, other variables responded linearly to the level of retraction.  

Table 5.9, Equations (a)-(o) show all variables that correlate with a coefficient of determination 

R
2
 > 0.85, sorted in descending order. Figure 5.6 depicts Equation (c).  In some cases, spray 

diameter ratios showed strong responses to changes in retraction.  To have an idea of the 

sampling variability about each data point, see the third column of Table 5.4 for each IG COV.  

For example, A1 shows an inner gas pressure drop of 0.10 ± 3.2%.   
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Figure 5.5. Instantaneous contours of slurry volume fraction showing liquid bridge for fully retracted 

axisymmetric non-Newtonian slurry and high-pressure gas design (F1) 

Table 5.9  Summary of retraction correlations at moderate angle and low IG flow axisymmetric non-

Newtonian slurry and high-pressure gas simulations (Cases A1, D1, F1) 

ID2 Mean = 0.00618LRI + 0.0953                                                                       (R
2
 = 1.00) (a) 

ID2 Mag = 0.201LRI + 0.318 (R
2
 = 1.00) (b) 

IG Mean = 0.0232LRI + 0.0875 (R
2
 = 1.00) (c) 

ID1 Tone = 776LRI + 1240 (R
2
 = 0.98 ) (d) 

ID1 Tone = 776LRI + 1240 (R
2
 = 0.98) (e) 

ID2 Tone = 792LRI + 1240 (R
2
 = 0.98) (f) 

OD1 Mean/OD2 Mean = 0.0976LRI + 1.21 (R
2
 = 0.98) (g) 

ID1 COV = 30.20LRI + 42.1 (R
2
 = 0.97) (h) 

ID1 Mag = 0.309LRI + 0.549 (R
2
 = 0.96) (i) 

IG COV = 6.42LRI + 0.722 (R
2
 = 0.92) (j) 

OD1 Mean/ID1 Mean = 1.24LRI + 2.97 (R
2
 = 0.91) (k) 

OD2 Mag = 0.287LRI + 0.364 (R
2
 = 0.90) (l) 

ID1 Mean/ID2 Mean = 0.758LRI + 2.21 (R
2
 = 0.90) (m) 

ID1 Mean = 0.0642LRI + 0.211 (R
2
 = 0.88) (n) 

OD2 Mean = 0.0321 LRI + 0.515 (R
2
 = 0.87) (o) 
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Figure 5.6. Graphical depiction of Table 5.9, Equation (c) showing the effect of retraction on inner gas 

pressure drop  from axisymmetric non-Newtonian slurry and high-pressure gas designs (Cases A1, D1, F1) 

 

Many variables are seen to correlate with retraction, showing its dominating effect.  It 

should be noted here that only three retractions are used for the correlation, so all variables could 

be correlated in a quadratic sense; however, those would be meaningless.  There may very well 

be strong quadratic responses that could be found using more retraction tests.   

 The flushed low angle design can be studied by comparing A1 with H1 (Table 5.4).  

Unlike the AW simulations, the IG mean decreased to the lowest value (0.10 to 0.067), 

indicating a potential additional design advantage regarding throughput by lowering the angle, 

and COV increased to the second highest (9.1%).  It is quite interesting that the lowering of the 

meeting stream meeting angle can increase the inner gas pulsation variability; aligning the outer 

gas more with the general flow imparts more axial energy into the slurry annulus and creates 

more pressure wave movement throughout the inner gas feed paths.  Most striking is the 

reduction of the IG tone to the lowest in the batch, implying that the inner gas pulsations get less 

frequent while more energetic.  This is also very different than the changes in the AW tests, and 

it is interesting to note that the H1 IG tone of 78 Hz aligns with the 78 Hz on run F2 (fully 
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retracted, from Ch. 4); as the design changes to flushed with a lower meeting angle, the 

instabilities of the AW system get more aligned with the SH system.  Not only is there a strong 

retraction-angle interaction in this system, but there is also a strong material interaction.  Like the 

AW work, the IG magnitude decreased to its lowest value.  The OG COV increased, its 

magnitude reduced, and its tone decreased to the lowest value (unlike the AW work).  The outer 

spray diameters means, OD1 and OD2 (Table 5.5), increased to the highest, implying that 

flushed with low angle produces the widest spray (though the actual spray angle measures are 

not available).  It is expected that the spray would be widened by lowering the meeting angle, 

given that less radially inward momentum is imparted onto the liquid.    Continuing in Table 5.5, 

the OD1 tone jumped significantly, while the OD2 tone fell to the second lowest.  All 

magnitudes decreased to some of the lowest for H1, just as they did with F1 (which showed a 

completely different inner versus outer ligament production character).  Evidently, lowering the 

stream meeting angle has some similar effects as increasing the retraction. 

 When the outer diameter DO is increased (from 0.95 to 1.0) for case J1, the IG mean 

pressure decreased from 0.10 to 0.086 (larger outer opening produces lower pressure drop), and 

the OG pressure COV increased to the second highest value (opposite of AW) when reviewing 

Table 5.4.  The OG magnitude reduced to the second lowest value of nearly zero, unlike the AW 

work.  The main changes in the spray diameter calculations were the halving of the OD1 COV 

(Table 5.5) to the lowest value and the increase in 3 of the 4 magnitudes; the ID1, ID2, and OD1  

were highest for J1, indicating a more periodic spray pattern by opening the nozzle outer orifice.       

 Other nozzle geometric permutations are tested in K1 and L-N, and each will be 

compared to A3.  First, K1 (all nozzle diameters increased) showed a reduced OG tone (Table 

5.4), which was the opposite of the AW findings (where it rose to the highest).  Interestingly, 
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both K1 and K2 displayed an OG tone in the low 700s Hz.  There are a few changes in the 

pressure fields, where the OG COV increased, both tones fell from mid-800s to low-700s and the 

OG magnitude fell to nearly zero and close to that of the flushed design with a lower meeting 

angle.  Obviously the inner and intermediate diameters affect the overall system dynamics in a 

quite sensitive way.  As seen in Table 5.5, spray diameter ID2 mean fell to the second lowest.  

The ID tones fell significantly, and the OD1 tone rose to the highest value of 4100 Hz.  

Apparently, with an increase in nozzle diameter, there is an increase is differentiation between 

the timing of the inner and outer gas instabilities at the slurry annular interface during ligament 

production.  

 Then, case L is used to assess increasing the outer annular gap LAG with typical orifice 

diameters.  Both pressure tones decreased to 780 Hz (Table 5.4), the IG magnitude was halved, 

the OG mean reduced (due to more open area), and the OG COV rose substantially.  The rise of 

the OG COV was not expected in that the local shear rate has been reduced.  Clearly, more than 

shear rate drives the system frequencies.  ID2 mean fell to the lowest of 0.074 (Table 5.5), and 

there were various changes in the tones.  The ID1 magnitude was close to that of with H1 

(second lowest), and ID2 magnitude fell.   

 For cases M and N, which isolate the effect of annular gap at high DM and DO, not much 

stands out for the pressure field (Table 5.4).  Both had lower tones, like K1, but M had a higher 

COV than N.  The higher LAG resulted in a higher OG COV.  With respect to spray diameters 

(Table 5.5), the only change worth mentioning is the increase is OD1 COV and the mixed 

changes in tones.  In general, overall it is evident that higher nozzle diameters and higher gaps 

tended to lower the ID2 (similar to Srinivasan [105]).  The ID tones fell with pressure, creating a 

similar spectral alignment as with case A3.       
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5.5. Effects of IG Flow for two geometries 

 At this point, the effects of a nearly doubling of the IG flow will be presented through a 

study of cases A1 and C1 (base retraction), along with D1 and E1 (flushed).  Any mention of 

“lowest” or “highest” refers to metrics among these 4 simulations.  Considering geometry 1 (A1, 

low versus C1, high) and Table 5.4 an increase in IG flow produces consistent effects on the 

pressure signals:  a rise in IG mean pressures (as expected due to more shear), a slight reduction 

in IG COVs, a slight reduction in OG mean pressures, a significant increase in OG COVs 

(indicating a more energetic pulsation), and a significant decrease in OG tones (implying slower 

outer gas flow passage response).  The reason IG mean pressures increased with decreasing OG 

mean pressures is due to the fact that some of the outer gas is displaced to the inner flow 

passages, such that the total gas is the same.  It is unusual to think that the OG COV would rise 

when less gas is transferred to the outer annulus, but there are inner-outer competing effects at 

play; obviously the inner gas fluctuations can sometimes influence the OG acoustics. The IG 

tone, IG magnitude, and OG magnitude changes were the opposite for the SH relative to the prior 

AW work Ch. 4.      

 For flushed geometry 2 (D1, low versus E1, high), there is a similar increase in IG mean 

pressures, an increase in IG tones, a slight reduction in OG mean pressures, and an increase in 

OG magnitudes.  The IG COVs, IG magnitudes, and OG COVs change in an opposite manner 

for the SH relative to the prior AW work.  OG tones didn’t change much for either SH or AW.  

In short, the pressure field responses to changes in IG flow rate depend on both the geometry and 

feed material, in terms of both magnitude and direction. Moreover, in all cases, the SH IG mean 

pressure drops and all COVs are substantially lower than those of AW.  Also, the SH pressure 
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tones are all higher.  Therefore, the SH system all seems to operate at higher frequencies but with 

less temporal variability.  

 Spray diameter effects varied, as shown in Table 5.6.  Most mean diameters increased 

slightly by increased IG flow for both geometries (indicating a wider spray), while some pressure 

COVs did as well; others fell.  For Case A1, the OD1 COV appears to be unusually low.  In most 

cases, tones all increased.  It is expected that the ligament production would get faster with more 

inner gas flow.  For geometry 1, most magnitudes were reduced by increasing IG flow, while for 

geometry 2, most were raised.  Pressure versus the spray diameter spectra showed mixed 

responses.  For geometry 1, all tone ratios deviated more at higher IG flows, but many magnitude 

ratios improved by an increase in IG flow.  For geometry 2, inner tones improved in alignment, 

while the outer tones deviated more.  Inner magnitudes mostly moved further from unity, while 

outer magnitudes mostly moved closer.   

 Time-averaged spray angles are addressed in Table 5.7.  For geometry 1, increasing the 

IG significantly opened the spray from 17° to 39°.  For geometry 2, not much changed.  

Surprisingly and quite unexpectedly, the spray angles for the AW and SH feed systems 

resembled one another for both geometries at the higher flows.  In Figure 5.3, it is seen that the 

spray pattern widened and became less centrally peaked at higher IG flows for geometry 1 (C1 

versus A1).  For geometry 2, the opposite effect was seen, whereby the profiles become more 

centrally peaked with higher IG flows (E1 versus D1).       

5.6. Effects of Axisymmetric Flow Modulation 

 The influence of imparting a sinusoidal forcing function onto the flows is investigated.  

This study was carried out on geometry 1 at low flow here with SH as it was in Ch. 4 involving 

AW.  In each case, the IG flow was pulsed at the typical dominant tone of the base case with a 
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flow variation of ± 50% of the mean.  A frequency of 200 Hz was used for the AW test, while 

850 Hz was used for the SH test.  The pulsations were superimposed on an existing transient 

simulation model but there was no deliberate synchronization between the natural pulsation and 

the imposed pulsation.  One might consider that the flow realizations in the modulated case were 

“reset” by the onset of such large pulsations.  Upon examination of A1 with B1 in Table 5.4, 

little difference is detected in OG response; however, a dramatic increase in IG pressure COV is 

discovered.  Apparently the superimposed pulsations align with, and energize, the natural 

pulsations for the SH feed.  The only change in the spray diameter metrics (Table 5.5)  was a 

nearly undetectable reduction in spray angle, which is the opposite of the effect seen by 

Srinivasan et al. [105].  Although the measures in Table 5.7 were not distinctly different, the 

time-averaged spray profiles (not shown) were slightly more center peaked for the modulated 

cases, implying more energy is given to the center jet.    

5.7. Intermediate Pressures 

 Most values in Table 5.4 represent the pressure drops across the entire inner and outer gas 

flow paths, but it is also desired to consider the transient responses of pressures near the 

locations where the liquid and gas streams meet (pre-filming).  Intermediate measurement 

location was about one DO upstream of the two-phase interface location.  The outer intermediate 

data for case A4 were not tested.  It can be seen that the intermediate data exhibited a similar 

transient signature as the overall pressure drop data sets.  The mean pressure was slightly lower; 

this was expected due to the fact that this measurement location is farther upstream before all 

frictional losses occurred.  The increase in SH IG pressure COV implies the pressure variability 

was less near the inlet than near the pre-filming section.  The dampening of the signal farther 
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away from the source is intuitive.  The tones are the same, as expected, since the pulsations move 

throughout the feed piping at the same frequency.   

5.8. 3-D models 

 Seven 3-D models (A2 and C2-C7) were run in order to assess the effects of inner gas 

flow rate, included azimuthal angle, mesh resolution, and turbulence model.  Also, prior AW 

results from Ch. 4 will be referenced for feed material comparisons, and prior sections AS results 

will be referenced for surrogacy potential.  All seven of these simulations were run as 

incompressible with truncated inlets for reasons discussed in [35].  Just like with the AS models 

discussed in a prior section, the SH feed materials (relative to AW) showed lower mean 

pressures, astoundingly lower pressure COVs, higher pressure tones, and higher pressure 

magnitudes, consistently for IG and OG.  Credence continues to mount for the value of using AS 

models as surrogates for 3-D models.   

 In terms of the effect of IG flowrate, both feed materials showed higher IG mean 

pressures, and lower (or neutral) OG mean pressures.  There were also higher pressure COVs for 

SH (unlike with the AS findings), lower tones for SH (like with the AS findings), and increased 

pressure FFT magnitudes for both feed materials.  

Further detail will be given on the primary atomization character.  The higher IG flow in 

the base geometry case (C2 - C7) showed an interesting compound pressure transient response in 

the outer gas stream.  There was a short-wave frequency at around 1000 Hz.  Superimposed on 

this was a long-wave response at about 100 Hz.  This effect was not present in the lower IG case 

simulation (A2), nor was it present in any of the prior AW work.  In nearly all cases, however, 

the outer gas COV was higher at the higher IG flows.  Given that there was actually less outer 

gas fed to the injector for the higher IG runs, these facts imply that the IG pulsations played a 
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dominant role in the OG pulsations.  Also considering that the IG momentum ratio was about 

1/10
th

 that of the outer, its impact is unexpectedly strong.     

The Reynolds stress model case C6 when compared to C5 showed an increase in IG COV 

(implying more fluctuation in the IG stream), slight decrease in OG COV (implying less 

fluctuation), and a small increase in both tones from 1000 to 1100 Hz.  The magnitudes, which 

are sensitive to various things, are remarkably similar.  With the surprisingly lack of turbulence 

model sensitivity, one might conclude that SST is sufficient for the current modeling objectives, 

and will be revisited in the droplet size discussion.  

The effect of the halving of the computational element length scale in all dimensions, 

producing an “8x” grid, at 45° is seen when comparing C2 to C3.  Both IG and OG pressure FFT 

magnitudes fell, and the OG COV fell (opposite of the effect in the AS higher grid resolution test 

from Ch. 4.  Cases C4 and C5, which contain 22.5° and 11.25° of the full injector azimuthal 

geometry, respectively, look very similar to the 45° Case C2.  The small changes in OG pressure 

COV and OG pressure FFT magnitude are not monotonic in included angle, so no trends can be 

formalized.  Grid resolution is tested again at 11.25° using 16x the number of cells, Case C7.  

Compared to case C5, the IG mean pressure, OG pressure COV, and both FFT magnitudes fell; 

however, both pressure FFT tones rose significantly.  It should be noted that C7 has a relatively 

low amount of data collection time due to the high CPU loading, which may have skewed the 

results.  Once again, mesh effects are inconclusive at this time and will be revisited in shortly 

when comparing droplet size results.                         

To get an idea of the resulting atomization efficiency from all cases in this work, the 

computed D32 statistics (mean, COV, tone, and mag.) averaged across all axial slices, are shown 

in Table 5.8.  First, considerations will be provided regarding the effects of feed materials from 
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the AW work in Ch. 4.  As expected, the SH mean is higher than the AW mean for the lower IG 

flow; water is much less viscous than slurry and should produce smaller droplets.  At the higher 

IG flow, both feed materials' droplets were smaller, implying a more energetic spray and more 

interfacial shear, and were close to the same value (to within 3%).  That is quite unexpected, but 

it indicates that at the higher inner gas flows, the droplet sizes become governed more by inertial 

than viscous forces.  The droplet size COVs are similar, and the tones match those of the 

pressure results already discussed.  The SH magnitudes are lower than their AW conjugates, 

indicating a less periodic spray character for the SH system, and both material magnitudes fell 

with increasing IG flow (opposite of the pressure FFT signals).  It is evident that at higher IG 

flows, the atomization transient character departs from the feed passage FFT character.   

The 8x mesh resolution case (C3) produced a smaller SH droplet size, a lower COV, a 

slightly higher tone, and a lower magnitude.  Various numerical issues are at play to create two 

scenarios to demonstrate the effect of a too-coarse mesh on droplet size.  The droplets can either 

be artificially large or small, depending on the curvature of the droplets.  For droplets that have 

low curvature and are mostly aligned with the computational cell faces, such as the elongated 

slurry structures in the present primary atomization work (and noted in [19]), too-large cells 

simply don’t have the spatial resolution to detect the SGS interface.  More resolution should 

allow the quantification of smaller droplets.  For highly curved droplets, such as spheres sitting 

in relatively large mesh cells, premature breakup can occur.  Liovic and Lakehal [112] discussed 

this as “flotsam and jetsam”, and it is sometimes referred to as “false surface tension”.  The 

planar interfacial reconstructions are too discontinuous from cell face to cell face.  In order to 

conserve mass (volume fraction) a false flatting of the interface occurs, like would be expected 

with increased surface tension.  In this situation, more cells should produce larger droplets. 
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The inconclusive effects of mesh resolution are not uncommon.  Bague et al. [25] and 

Wang et al. [26] described how grid coarseness (and increased surface tension) reduced 

amplitudes of growth eigenfunctions.  Growth time scale is linear with viscosity but depends on 

the square root of surface tension.  As a result the effects are not quantitatively the same.  

Likewise, Chesnel et al. [27] showed that grid coarseness produced a delayed breakup.  Boeck et 

al. [28], on the other hand, found that a coarser mesh led to an earlier breakup, i.e., grid 

coarseness strengthened the instability and prevented ligaments from thinning adequately before 

breakup.  Given that the current situation has more elongated droplets (high Oh systems tend to 

form elongated threads instead of distinct droplets as shown in Hsiang and Faeth [29]) than 

spheres, the former scenario should be dominant.  The approximate halving of the spatiotemporal 

averaged SMD with the halving of the grid element length scale was expected and indicates that 

the droplet length scales for this geometry and these conditions were limited by cell dimensions. 

Referring again to Table 5.8, it is seen that the 16x mesh shows a slightly larger droplet 

size than the 8x mesh, and the SMD FFT tone and magnitude shifted.  Both of these issues may 

be related to the aforementioned relatively small data set associated with case C7.  Regardless, 

there was not an obvious halving of the droplet size again.  In other words, the 8X mesh appears 

to be a reasonable threshold of mesh-independence, and possibly fewer mesh elements might be 

acceptable.  The results from another simulation (not shown here) with a 2X mesh fall between 

the base case and 8X mesh.  The 2X mesh D32 mean lies much closer to the 8X mesh than that of 

the base case.  This indicates that, at some point between 2X and 8X and closer to 2X, the mesh 

is sufficiently resolved for a droplet size analysis; the acoustics were validated already in [35] 

and Ch. 3.     
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Reducing the included angle from 45° (C2) down to the 22.5° (C4) and then to 11.25° 

(C5) showed some effect (Table 5.8); changes in tone and magnitude were not monotonic, as 

with the pressure signals, but the COVs made a step change upwards.  This implies that reducing 

the azimuthal domain increases the droplet size temporal variability.  Droplet size rose slightly, 

and monotonically, with reduced included angle.  This is expected since higher included angle 

simulations allow more 3-D slurry annular sheet deformations to occur in the azimuthal 

dimension.   

RSM (case C6) had the effect of very slightly reducing droplet size, which implies that a 

less diffusive and anisotropic turbulence model [57] allows more droplet breakup and is well-

known.  Droplet size COV fell slightly, while tone and magnitude rose slightly.  

Plots of the temporal mean droplet length scale across the 10 axial segments for the 3-D 

simulations are displayed in Figure 5.7 a and b.  Upon examination of part (a), there appears to 

be three distinct groups on this plot.  The highest curve is for the low IG flow (A2), followed by 

the middle group of high IG flow simulations (C2, C4, C5, C6).  The lowest curves are the two 

higher resolution mesh simulations at the higher IG flow (C3, C7).  As previously alluded, the 

dominant issues for setting the droplet size are 1) the inner gas flow and 2) the mesh resolution.  

Other modeling degrees of freedom are not as critical in this study. When scaled by distance 

from the injector outlet (part b), distinctions are minimized.  A curve fit of 0.26x
1.2

, which is 

unexpectedly close to that in the prior AW work Ch. 4, closely connects the data.  Table 5.10 

provides the COV for the data shown in Figure 5.7 to provide the temporal sampling variability.   
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(a) 

 

(b) 

Figure 5.7. Time-averaged axial (a) droplet length scale and (b) normalized droplet length scale estimates for 

all wedge 3-D non-Newtonian slurry and high-pressure gas cases in this study 

  

Table 5.10 COV data for the cases presented in Figure 5.7 

Normalized 

Distance 

% COV 

A2 C2 C3 C4 C5 C6 C7 

0.119 8.22 32.8 33.2 35.5 34.3 33.3 25.0 

0.357 23.8 41.3 19.2 50.0 45.8 37.4 28.6 

0.595 34.4 41.4 18.8 53.8 47.6 35.4 29.5 

0.833 36.2 45.2 23.8 53.9 48.4 37.2 31.0 

1.07 45.2 52.8 24.2 52.3 52.6 39.2 27.3 

1.31 49.7 54.1 26.5 54.8 58.3 46.5 26.1 

1.55 42.7 44.9 30.1 51.2 54.8 48.9 25.7 

1.79 37.8 28.8 32.6 47.1 40.9 36.0 26.3 

2.02 40.7 19.6 33.9 47.3 34.4 30.8 27.3 

2.26 41.6 21.4 32.8 45.8 24.8 26.9 29.8 
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 As with earlier discussions, Table 5.8 gives the alignment between the D32 temporal 

signals and the pressure signals.  At the lower IG flow, SH shows more alignment than the prior 

AW work.  At higher IG flow, both materials deviate about the same amount.  Using the 8x grid 

increase alignment, and further increasing resolution to the 16x case, tones deviated more but the 

magnitudes were slightly better aligned.  Again, there was a reduced data set due to CPU 

requirements.  Changing the included angle had a mixed effect where some parameters increased 

and others decreased, and employing the RSM had little effect.     

5.9. Conclusions 

 The effects of grid resolution, 3-D domain extent, turbulence model, and gas flow rate on 

the self-generating pulsatile spray produced by an industrial scale three-stream coaxial airblast 

reactor injector have been studied for a non-Newtonian slurry and high-pressure gas system.  

Pressure signatures, video analysis metrics, and droplet sizes were assessed.  Axisymmetric 

models were used along with 3-D frameworks in order to help scope the design space within 

sponsor-imposed geometric and condition bounds.   

The frequency responses of various metrics did not always coincide; however, dominant 

tones were often integer multiples of one another for a given simulation.  This indicates that the 

same driving mechanisms are responsible for all global system pulsations.  There were strong 

interactions between geometry, inner gas feed rate, and feed materials.  A fully retracted design 

showed the most inner gas pulsation for slurry and high-pressure gas (opposite of air-water).  

Inner stream dimensionless pressure drop was found to be linearly proportional to dimensionless 

retraction, and other correlations were given.  Lowering the stream meeting angle lowered the 

pressure drop even further, but more pressure fluctuations were produced in the IG feed lines 

with a less periodic behavior; in some respects, lowering the angle was similar to increasing 



108 

 

retraction.  The spray character changed significantly between a flushed and retracted design, 

with the flushed design showing more radially synchronized and focused pulsations.  Higher 

inner gas flows typically widened all sprays for the base geometry only and lowered the droplet 

length scales.  Indications are that at the higher inner gas flows, the lower droplet size limit is not 

set by viscosity limitations.  Therefore, the dominant issues for setting the droplet size are 1) 

inner gas flow and 2) mesh resolution.  It can also be presumed that geometry will also play a 

key role in droplet size determination, but this premise has not yet been tested in 3-D.    

Modulation of the inner gas at its dominant tone with a mass flow variation of ± 50% did 

not strongly affect many metrics, except that the inner gas pulsations tended to substantially 

increase.  Most axisymmetric model video analysis lower order metrics responded only slightly 

to geometric permutations and IG flow rates, so there is minimal hope that these will eventually 

lead to the development of surrogate measures (avoiding 3-D modeling) for droplet size 

distribution.  FFT results of most transient signals for the metrics considered herein are sensitive 

and often showed strong responses to manipulated variables.  A computational time savings can 

be achieved by taking advantage of predictive capability slurry ligament video metrics, such as 

ID1, in looking for directional trends in spray angle; its statistics stabilize much faster than spray 

angle.       

The flow patterns and metric responses typically differed significantly between the 

current SH work and the prior air-water counterparts.  The base geometry spray profiles at the 

higher inner gas flows, along with the droplet length scales (especially at the higher inner gas 

flow), were similar, but no other metrics matched.  In general, SH runs show lower normalized 

pressure drops, astoundingly lower pressure temporal variability, higher dominant tones, and less 

periodicity (more diffused spectrum). Surprisingly, as with the two-fluid atomization calibration 



109 

 

work and the 3-D incompressible AW results, the incompressible 3-D SH droplet size versus 

distance relationship took the form of constant/distance; the constant was the same for both sets 

of feed materials.  It appears that acoustics cannot be linked between the two feed materials, but 

there is some connection in mean droplet size.      

5.10. Overall Design Considerations 

Directional effects of the various parameters considered in this study are summarized in 

Table 5.10.  Some key measures are shown at the top of the table, and all permutations here are 

arranged in descending order.  For example, if a reduced spray angle is sought, one might look 

towards the bottom of the column titled “angle”.  J2 would be preferred over D2 if it were 

preferred that the spray be kept as close as possible to the face.  We make no recommendations 

for an optimized design at this point, as so many factors must be taken into account involving the 

overall machinery objectives; that exercise is left up to the reader.  As discussed in Chapter 3, for 

example, a wider spray angle may not represent an optimized design.  
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Table 5.11.  Sorted table of simulations, shown in descending order of each metric for axisymmetric air-water 

simulations 

IG COV 

% IG TONE 

OG COV 

% ANGLE SHOULDER 

E2 B2 H2 E2 D2 

D2 I F2 D2 F2 

F2 C16 C16 C16 E2 

K2 E2 E2 J2 A5 

B2 D2 K2 H2 B2 

H2 J2 B2 F2 G 

I H2 A5 K2 I 

J2 A5 I A5 C16 

A5 G D2 I K2 

C16 K2 G G H2 

G F2 J2 B2 J2 

 

 

 

 

Table 5.12.  Sorted table of simulations, shown in descending order of each metric for axisymmetric non-

Newtonian slurry and high-pressure gas simulations 

IG COV 

% IG TONE 

OG COV 

% ID1 ID2 OD1 OD2 ANGLE 

B1 B1 D1 E1 E1 H1 H1 D1 

F1 J1 J1 D1 F1 E1 E1 C1 

H1 A1 H1 C1 A1 K1 C1 E1 

N L F1 K1 B1 C1 M A1 

M E1 L A1 J1 A1 L B1 

K1 N M H1 H1 D1 N   

J1 M C1 J1 D1 J1 F1   

A1 K1 K1 F1 C1 N B1   

C1 C1 E1 B1 N B1 K1   

L D1 N L M F1 J1   

D1 F1 B1 N K1 M A1   

E1 H1 A1 M L L D1   
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Chapter 6.  High-Pressure Slurry Pulsatile Atomizer with Retraction:  Confluence of 

Compressible 3-D and Axisymmetric Models 

 

6.1. Introduction and Motivation 

Previous studies were carried out in an AS mode, and the few 3-D studies only modeled 

the gas as incompressible.  In terms of interfacial instabilities, compressibility is expected to 

decrease the lower cutoff wavenumber and raise the upper cutoff wavenumber (both due to the 

Rayleigh stabilizing effect of surface tension) for various modes of disturbances (varicose, 

sinuous, and higher order).  The stabilizing effect of these highly viscous slurries should be 

mitigated by increasing gas density and Mach number [113].  Consequently, the effects of 

numerics, modeling domain, and retraction will be revisited within a 3-D (11.25° wedge domain, 

shown not tremendously important in Ch. 5) compressible computational framework as we seek 

to explore droplet size analyses.  Also, large differences between SH and AW results have been 

demonstrated.  As a result, the emphasis shifts to studying SH as a means of more closely 

representing the true process with Table 5.2 showing the dimensionless groups and boundary 

conditions.  The primary motivation is to scope the geometric operating space to screen for the 

effects of retraction on droplet size within the context of SH.  Moreover, a new performance 

measure will be introduced which considers the sustainability of the injector itself, specifically 

measuring the backward spray of abrasive slurry material onto the injector face.   

The notation for the eleven simulations outlined in Table 6.1.  “AS Pred.” implies an 

attempt to make a link between comparable AS and 3-D models with a hope that much less 

computationally intensive AS models can be used in a scoping exercise to guide 3-D endeavors.  

Carefully note that three models (A1, C1, and E1, all of which are AS in the far right column) are 
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from Ch. 5 for the sole purpose of providing a comparative baseline.  Chapter 5 established 

relationships between retraction and important metrics using an AS modeling basis, so these will 

be reviewed in light of these new 3-D analyses.  More details on the purpose and significance of 

each simulation will eventually be made evident through detailed discussions.  Four geometric 

configurations will be evaluated as shown in Table 6.2 (see also Figure 1.1).  When scaled by the 

outermost diameter (DO), LAG, DI, and DM remain 0.097, 0.36, and 0.83, respectively, for all 

simulations.  Dimensionless inner nozzle retraction (LRI) ranges include 0.0 to 1.3 as shown in 

Table 6.2.  Again, it should be noted that higher retractions had larger inner lip thicknesses.   

 

Table 6.1.  Simulation matrix for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations 

Case Geo. IG Flow TM Purpose AS Equiv. 
A23 1 Low SST Retraction  

A28 1 Low RSM AS Pred. A1 

C9 1 High SST Turb. Model  

C10 1 High SST PISO Coupling  

C11 1 High RSM Retraction C1 

C14 1 High RSM Inner Loop  

D3 2 Low SST Retraction  

E4 2 High RSM Retraction E1 

F3 3 Low SST Retraction  

G 3 High RSM Retraction  

S 15 Low SST Retraction  

 

Table 6.2.  Geometry matrix for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations 

Geo. Cases Purpose LRI tLI 
1 A,C Base 0.60 0.038 

2 D,E Flushed 0.00 0.038 

3 F,G Fully Retracted 1.3 0.17 

15 S Partially Retracted 0.30 0.038 

 

 

The properties are the same as those outlined in Chapter 5, and the numerical method is the 

same as that outlined in Chapter 2 but with a few differences/clarifications.  Equations 2.12.3 
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are solved in ANSYS Fluent’s segregated double precision commercial cell-centered solver 13.0 

with Service Pack 2 (13SP2).  The PISO scheme involves both skewness and neighbor 

corrections; however, these two classes of corrections can either be handled together (coupled) or 

independently.  An independent treatment is less numerically stiff (but >20% more 

computationally expensive for these models) and was warranted for successful convergence of 

some of the cases.  To ensure that the change from correction-coupled to correction-uncoupled 

did not skew data comparisons between cases, the effects of this treatment were quantified and 

will be discussed.  Though 10 inner loops seemed sufficient, increasing to 20 was tested in case 

C14.  Obviously, this has a dramatic computational cost, which is a halving of the solver 

progression rate.  A typical total run time was about 3 weeks on eight (8) Intel Xeon E5-2643 

3.3GHz Intel cores for these compressible 3-D 11.25° wedge models.  This is significantly 

longer than incompressible models of the same mesh due to the increase in time required to reach 

quasi-steady behavior for compressible models.                   

6.2. Typical Flow Features 

As was observed in experiments [35] of the configuration, the simulations predict the violent 

pulsating spray that creates a “Christmas tree” type pattern.  Layers of spray exit the nozzle in 

bunched streams like the branched pattern of a conifer tree.  Droplets disperse radially outward 

by nearly periodic (but not always) bursts.  An instantaneous snapshot from case A23 is shown 

in Figure 6.1. The 3-D structure represents a surface which bounds the slurry volume below the 

spray hardware (not shown) and is colored by velocity.  Blue is for a Mach number of 0, while 

red is for Mach equal to or above   0.3.  The local Mach number can be very high (transonic) in 

areas where there is significant gas acceleration by slurry area blockage.  The inner (higher in the 

figure) and outer (lower in the figure) beginnings of the slurry surface are anchored between the 
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inner lip of the OG feed annulus and the outer lip of the IG feed tube, respectively.  Between 

those two is the pre-filming zone where bulk disruptions in the slurry annular region (bound 

between the two gas streams) are initiated. 

The mechanism for the bulk pulsations is slurry bridging and fountain production wherever 

the streams first meet as discussed in Ch. 3.  The transient nature of the spray is not perfectly 

harmonic (nor is a single frequency identifiable among various measures), but bulk pulsations 

typically occur at frequencies on the order of 1000 Hz.  The methods presented in Fuster et al. 

[104] for gas boundary-layer influenced atomization (when the liquid phase is laminar) imply a 

frequency of around 800 Hz for the base geometry and conditions.  Consistent with our prior 

work is the implication from [104] that the air-water response should be at a much lower 

frequency.  Zhao et al. [27] also predict higher frequencies for slurry conditions than for air-

water.   

 

Figure 6.1. Iso-surface of slurry volume fraction colored by velocity from case A23; red signifies velocities at 

or above a Mach number of 0.3, while blue approaches 0.0. 
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Figure 6.2.  Slurry forward mass flux through a plane just outside of the injector face 

 

Lastly, the flux of slurry backflow towards the injector face through a plane 0.12 DO 

downstream of the injector was computed by a UDF.  Backflow is important in that it is a 

potential indicator for injector face erosion by the slurry.  While the measurement plane is used 

to locate backflow as an indicator of injector face erosion from slurry back spray, it is instructive 

to consider the forward flow of slurry through this plane.  Massive pulsations in the local mass 

flow exiting the injector orifice due to interfacial instabilities causing spray bursting events are 

demonstrated for Case C9 in Figure 6.2.  The mass flow plotted has been normalized by the 

slurry feed rate.  The mean value is 1.000 (by mass balance), but the temporal values can range 

from only 2% of the mean to triple the mean with a COV of 63%.   

 

6.3. Effects of IG Flow, PISO Coupling, Number of Inner Loops, and Turbulence Model 

Figure 6.3 shows laterally and time-averaged droplet length scale (“D32”) versus distance 

from the injector face normalized by DO for geometry 1 at low (“A” cases) and high IG flow 

(“C” cases).  The lower plot D32 data has been normalized by distance from the injector; these 

data can be generally fit by a curve of the form 0.11x
-1.5

.  Compared to our prior incompressible 
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curve from Ch. 5 of 0.26x
-1.2

, these  show faster decay to lower droplet sizes, which is consistent 

with the destabilizing effect of compressibility discussed in [113].  Overall, the droplet size 

decreases with distance from 12 - 18 mm to around 4 mm, and a few observations become 

apparent.  First, the high IG flow cases are all nearly alike.  In other words, PISO coupling (C9 

versus C10), timestep inner loop count (C11 versus C14), and turbulence model (C9 versus C11) 

did not seem to control the time-averaged droplet size distribution.  The similarity between C11 

and C14, for example, was further confirmed (not shown) by plotting transient slurry mass flux 

(see e.g., Figure 6.2).  Second, the high IG flow cases, as a group, all have lower D32 than the 

low IG flow.  At higher inner gas flows, there is more energy available to disrupt the slurry 

sheet.  This is consistent with the findings and methods presented in Tsai et al.[23], Aliseda et al. 

[22], and Fuster et al. [104] when their empirical relations are applied to the inner gas and slurry 

streams/conditions of the current work.  Note that the higher inner gas flow cases have 

correspondingly lower outer gas flows in order to keep the same total gas flow supply.  If 

droplets are smaller with a lower outer gas flow (less outer shear), it can be inferred that it is the 

instability between the inner gas and the slurry sheet which promotes droplet production.  Third, 

the turbulence model only matters slightly at the lower gas flows.  The RSM case (A28) predicts 

a slower axial droplet size reduction than the SST case (A23), which implies less turbulent 

energy in the gas phase.  As noted in Xiao et al. [18], the primary instability mechanism was gas 

phase turbulent deformation of the slurry interface since the high viscosity slurry is always 

laminar.  It is noteworthy that the RSM did not matter this much for the incompressible models 

in Ch. 5.  Lastly, since all droplet sizes tend towards 4 mm near 2DO, it does not appear that the 

turbulence model has much long-distance influence on the mean flow.    
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Figure 6.3.  Lateral time-average (a) Sauter mean diameter and (b) normalized diameter versus distance from 

face showing effects of PISO, loop count, turbulence model, and IG flow for 11.25° wedge 3-D non-Newtonian 

slurry and high-pressure gas simulations. 

 

A few comments related to the transient pressure signals from the IG and OG streams are 

worth noting.  In our prior incompressible work in Ch. 5 the higher IG flow in the base geometry 

case showed an interesting response in the outer gas stream.  There was a short-wave frequency 

near 1000 Hz, and superimposed was a long-wave response at about 100 Hz.  This coupled effect 

was not present in the lower IG case simulation, nor is it present in any of the cases shown in 

Table 6.1.  In nearly all cases, however, the outer gas COV is higher at the higher IG flows.  

Given that there is actually less outer gas fed to the injector for the higher IG runs, these facts 
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imply that the IG pulsations have a dominant role in setting the OG pulsations.  Also considering 

that the IG momentum ratio is about 1/10th that of the outer gas, its impact is unexpectedly 

strong.      

Effects are further explored in Figure 6.4, which depicts the temporal COV of the droplet 

size at each measurement location away from the nozzle as a function of distance from the 

nozzle.  These curves can be used to get an idea of temporal sampling variability about the 

curves in Figure 6.3.  For example, the first point for A28 is 17 mm ± 10%.  Again, the PISO 

coupling (C9 versus C10) and loop count (C11 versus C14), were nearly inconsequential.  Any 

difference seen here was statistical noise.  However, at both IG flows, turbulence models show a 

measurable and similar impact.  The effect of turbulence model at high IG flow will be addressed 

first.  Cases C9 and C10 (both SST) showed more temporal variation close to the injector face 

and then slightly less variation away from the face when compared to cases C11 and C14 (both 

RSM).  Apparently, the more inclusive differential turbulence model suppressed fluctuations 

near the nozzle while encouraging them away from the nozzle.  Also, unlike C9/10, C11/14 

results showed a general linear trend from a COV of about 10% to about 60% moving along the 

atomization path.  Linear eddy-viscosity models assume that the turbulence field immediately 

responds to (and is aligned with) the local strain with no inclusion of history effects, and those 

limitations are manifested here.  This is further illustrated by considering the positive slurry mass 

flow variation through a plane near the injector exit like that discussed in Figure 6.2; though not 

shown, the mass flow COV for Cases C11/14 is about one-third of the value for C9/10.  Note 

that the overall average through the entire atomization domain for all four runs (C9 - C14) is the 

same (40%).   



119 

 

At low IG flows, the effect of turbulence model is similar, where the SST version (A23) 

starts near the injector with a high COV and ends with a slightly lower COV, while the RSM 

version (A28) does the opposite.  The only difference between the high and low IG flow 

turbulence response is that, at low flowrates, all values end up near ~30%.  It is also apparent 

that, for the SST model, the high and low IG flow COV axial profiles are similar.             

 

 

Figure 6.4.  Droplet size temporal COV versus distance from injector face showing effects of PISO, loop 

count, turbulence model, and IG flow for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas 

simulations. 

6.4. Effects of Retraction 

Retraction distance effects are investigated by analyzing simulations from three retraction 

cases at high IG flow and four retractions at low IG flow.  The three high IG flow retraction 

cases in order of increasing retraction are E4, C11, and G with retractions of 0.0, 0.60, and 1.3, 

respectively.  The four low IG flow retraction cases in order of increasing retraction are D3, S, 

A23, and F3 with retractions of 0.0, 0.30, 0.60, and 1.3, respectively.  Figure 6.5 shows the time-

averaged D32 versus distance for all seven cases.  A generally decreasing trend with distance is 

seen as before.  When the D32 is normalized by distance from the injector, it can be generally fit 

by the same curve as discussed with Figure 6.3.  The high IG flow simulation group shows 
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smaller droplets (consistent with prior incompressible work in Ch. 5 and with Chen et al. [113]) 

due to more interfacial shear energy, beginning at about 12 mm, while the low IG flow 

simulation group shows larger droplets, beginning at 18 to 22 mm.  A lower IG flow scenario 

creates a greater scale diffusivity (see [108]) in that the droplet size reduces faster with axial 

distance.  Generally, the lowest retraction cases (E4 and D3) start with higher droplet length 

scales (than the highest retraction counterparts G and F3) close to the face and then translate into 

smaller droplet length scales farther from the face.    

The D32 temporal COV versus distance from the injector is made apparent in Figure 6.6 

showing the temporal sampling variability about each curve from Figure 6.5.  Flushed designs 

(E4 and D3) show less temporal variability than do fully retracted (F3 and G) designs at both IG 

flows.  In all cases, the low IG flow simulations (D3, S, A23, and F3) showed higher COVs than 

their high IG counterparts (E4, C11, and G).  Higher inner gas momentum apparently provides a 

stabilizing force to the droplet production processes. 

 

 

 

Figure 6.5.  Lateral time-average Sauter mean diameter versus distance from face showing effects of 

retraction and IG flow for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations.  
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Figure 6.6.  Droplet size temporal COV versus distance from face showing effects of retraction and IG flow 

for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations. 

 

The reason for the increased D32 temporal variability and increased ending droplet length 

scale for the more highly retracted cases is explored.  Like with Figure 6.1 for a base geometry 

case, Figures. 6.7 and 6.8 show instantaneous velocity-colored slurry surfaces for the fully 

flushed low IG flow (case D3) and fully retracted low IG flow (case F3), respectively.  There is 

so much differentiation between random instants in time that very few conclusions can be drawn 

from comparing single snap shots; therefore only two snapshots are included for each retraction 

extreme to represent all of the cases.  Note that the IG phase is wrapped within the slurry surface 

shown in the figures.  The mechanism responsible for the different droplet size is the interaction 

of the inner and outer shear layer instabilities.  For the flushed designs, the lack of pre-filming 

between the slurry and gas delays the onset of instabilities.  The radial fluctuations at the inner 

and outer gas-slurry annular interfaces initiate nearly in unison at about the same axial plane (but 

farther down than a retracted design) due to liquid bridging.  The radial expanse of the 

fluctuations is much greater in the flushed designs than the others.  Due to the delay of 

instabilities, the slurry length scales are relatively larger near the injector face.  At longer 
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distances, the stronger radial pulsations produce relatively more disintegration.  The tuning of the 

radial movement produces more consistently-sized droplets and less pressure fluctuations in 

time. 

On the contrary, for the highly retracted designs (significant pre-filming space), inner gas and 

annular slurry instabilities begin early in the injector, as expected due to the retraction.  

Downstream, where liquid bridging begins to entrain the outer gas/slurry instabilities, the two 

sets of fluctuations are highly decoupled and vary more in time.  The slurry annulus is radially 

buffeted, but not in such a focused manner, resulting in larger COV and larger ending droplets.   

 

 

Figure 6.7.  Iso-surface of slurry volume fraction colored by velocity from flushed case D3 at two random 

time samples; red signifies velocities at or above a Mach number of 0.3. 
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Figure 6.8.  Iso-surface of slurry volume fraction colored by velocity from fully retracted case F3 at two 

random time samples; red signifies velocities at or above a Mach number of about 0.3. 

 

Retraction effects are convoluted by the effect of the inner lip thickness.  Like the work of 

Fuster et al. [104] and Raynal et al. [114] , the metal lips can be thought of as splitter plates.  It is 

expected that the thicker plates will have a negative effect on primary atomization by creating a 

thicker gas boundary layer (velocity deficit near the liquid interface) and a reduced instability 

driving force.  Similarly, Tian et al. [100] studied the effect of the metal separating air and water 

in a two-stream coaxial jet scenario and showed that increasing metal thickness delayed the 

phase instability and lowered the resulting frequencies.  Frequencies were studied in Ch. 5, 

showing similar effects.  

The axially dependent D32 and COV discussed above are temporally and spatially averaged 

such that a single measure of D32 and COV is found for each simulation case in order to develop 

correlations.  An example is shown here for high IG flowrate,  

D32 Mean = 0.859LRI + 5.74                                (6.1a)   
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where D32 is units of mm and the coefficient of determination is R
2
 = 1.0.  The average of D32 

across the entire atomization domain is a linear function of retraction, where higher retraction 

produces larger droplets.       

The slope, intercept, and R
2
 for correlations between important metrics (mean, tone, mag., 

and COV) and retraction are shown in Table 6.3 in order of decreasing R
2
 for high IG flow.  

Since there are only 3 retractions tested, the highest order of fit is 1, and only those metrics with 

R
2
>0.85 are shown.  The dominant frequency of the droplet size fluctuations in time (D32 tone) 

shows a negative correlation with retraction, reflecting the lower frequencies produced at higher 

levels of retraction due to less radial tuning of the inner and outer slurry sheet instabilities 

previously discussed.  In fact, the high-retraction frequency is less than half that of the flush 

model.  D32 temporal variability (D32 COV), outer gas FFT magnitude (OG Mag.), inner gas 

dominant FFT frequency (IG tone), outer gas temporal variability (OG COV), and inner gas 

temporal variability (IG COV) all increase linearly with retraction.  All COVs remain 

directionally consistent, and the mechanism responsible is the less focused inner and outer 

annular slurry interfacial instabilities for the fully retracted cases.  Notice that the IG tone and 

D32 tone directionally diverge, indicating that when changing retraction, the spectral alignment 

between these metrics is lost.  Also notice the IG COV correlation has a zero intercept; the actual 

best-fit intercept was -0.034 which is obviously impossible but the R
2
 changed only slightly 

(from 0.920 to 0.917) by forcing the zero intercept.   
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Table 6.3.  Linear SH correlations for various metrics as a function of retraction for high IG flow 11.25° 

wedge 3-D non-Newtonian slurry and high-pressure gas simulations  

(cases E4, C11, G). 

Variable Slope Int. R
2
 Equation 

D32 Mean 0.859 5.74 1.0 (6.1a) 

D32 Tone -1130 2050 1.0 (6.1b) 

D32 COV 21.90 25.90 0.99 (6.1c) 

OG Mag. 0.0784 0.0642 0.97 (6.1d) 

IG Tone 24.0 44.7 0.95 (6.1e) 

OG COV 0.329 0.0177 0.93 (6.1f) 

IG COV 0.610 0.00 0.92 (6.1g) 

 

Table 6.4.  Quadratic SH correlations for various metrics as a function of retraction for low IG flow 11.25° 

wedge 3-D non-Newtonian slurry and high-pressure gas simulations  

(cases D3, S, A23, F3). 

Variable LRI
n
 

LRI
n
 

Coeff. 
Int. R

2
 Equation 

D32 COV 2 28.6 28.9 0.999 (6.2a) 

IG Mean 1/2 0.0355 0.0774 0.958 (6.2b) 

Backflow 2 2.28 10
5
 0.00 0.999 (6.2c) 

 

 

Likewise, correlations were developed for the low IG flow cases, shown in Table 6.4.  The 

existence of 4 retraction settings allowed quadratic fits, an example of which is:      

D32 COV = 28.6LRI
2
 + 28.9                   (6.2a)   

with an R
2
 of nearly unity for lower IG flowrates. It is clear that the D32 COV is a nonlinear 

increasing function of retraction at low IG flows.  The various coefficients, intercept, and R
2
 are 

shown in Table 6.4 in order of decreasing R
2
 for low IG flows for those metrics which were 

available and had an R
2
 of at least 0.85. 

All functions monotonically increased over the range of retractions tested; IG mean was 

concave down, while backflow and D32 COV were concave up.  The strongly increasing 
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backflow with increasing retraction encourages a flushed design.  IG COV is the exception and is 

substantially better fit using a polynomial:  

IG COV = 11.1LRI
2
 - 8.72LRI + 4.24                  (6.2d)   

with an R
2
 = 1.00 since it has a local minimum at LRI = 0.3. 

The inner gas pressure drop for the fully retracted case is about 50% larger than that of 

the flushed case, which is nearly the same function provided in earlier AS slurry work in § 5.4.  

A comparison between AS and 3-D data sets is shown in Figure 6.9.  Temporal sampling 

variability for each pressure point for the AS models was discussed in Ch. 5; however, the COV 

values for the 3-D models are part of this correlation set, shown in Table 6.4.  Aside from being 

different models, the data set size and turbulence models are different; yet, the plots look quite 

similar.  Since it was shown in Chapters 3 and 4 that liquid bridging is responsible for creating 

inner gas pressure drop (and it grows with increasing retraction), differences between these two 

data sets imply that the liquid bridging process is not completely axisymmetric.  Also interesting 

is how these compare to earlier AS air-water work in Ch. 4, which showed an even larger 

pressure increase of 2.7:1 over this range of retractions.  If the throughput of the system were 

limited by the pressure drop of the IG, there would be a substantial productivity improvement by 

moving to a flushed design.  Interestingly, however, the flushed model with low IG flow has the 

highest D32 mean of them all, unlike the high IG cases where the flushed model has the smallest 

droplets (see Figure 6.5).  D32 exhibits a local minimum at an intermediate retraction (0.3) where 

the mean is about 25% less than the flushed case. 
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Figure 6.9.  Inner gas pressure loss versus retraction for axisymmetric and 11.25° wedge 3-D non-Newtonian 

slurry and high-pressure gas simulations 

 

A quite unexpected discovery was made when four cases (A28, E4, C11, and G) were 

considered for a correlation between slurry D32 mean and gas pressure metrics.  These four 

models involve three retractions and both high and low IG feed rates.  Outer gas FFT spectral 

focus at the dominant tone (OG Mag.) is strongly correlated (R
2
 = 0.98) with D32 mean:  

D32 Mean = 14.3 OG Mag. +  4.69                  (6.3)   

and outer gas mean (OG Mean) is strongly correlated (R
2
 = 0.92) with D32 mean:  

D32 Mean = 86.9 OG Mean   15.7                  (6.4)   

No other metrics showed an R
2
 of at least 0.85. The increasing droplet size with increasing OG 

spectral focus across both gas flows (consistent with the OG mag. correlation in Table 6.3 at high 

IG flow) implies that some mechanism links outer gas stream turbulence/acoustics with droplet 

size, producing the atomization power.  Correlation does not equal cause, and it is highly 

unlikely that increased outer gas flow resistance independently hinders droplet production, so 

more work would be required in order to isolate the specific mechanism. 

 As discussed, higher IG flow situations produce smaller droplets.  Figure 6.10 

summarizes the ratios of high:low IG flow droplet length scales and is derived by comparing 
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three pairs of cases (A/C, D/E, F/G).  The ratio ranges from about 0.6 to 0.8, nearly linearly 

increasing with retraction; at higher retractions, the difference between high and low IG flow is 

less pronounced.  Relations developed by [23], [22], and [104], when framed in terms of inner 

gas flows of the present work, predict a range of 0.5 to 0.7, all of which are based on different 

geometries and systems.  [24] has the closest comparable geometry but completely neglected the 

effect of inner gas flow on droplet sizes for high outer gas velocity systems.    

 

Figure 6.10.  Ratio of D32 from high inner gas flow cases to low inner gas flow cases at various retractions for 

11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations 

 

6.5. AS/3-D Surrogacy 

Due to the dramatic increase in computational speed of AS simulations, connecting 3-D to 

AS simulations, and understanding AS limitations, remains of paramount importance.  The 

linkage was clearly made between AS and 3-D studies in our aforementioned prior work and 

previous section, and here it was found again that AS/3-D slurry conjugates are similar.  For 

example, the IG mean and COV of cases A1 (AS) and A23 (3-D) are within 4% and 1% of each 

other, respectively.  It is desired to attempt to find a correlation between droplet size and the 

trends in AS metrics.  The 10 AS metrics, which align with a linear response in D32 mean for the 
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3-D conjugate models, are summarized in Table 6.5.  As in the previous section, the 3-D 

measures have been spatially averaged.  Pairs of cases (A1 versus A28, C1 versus C11, E1 

versus E4) have nearly consistent AS/3-D simulation counterparts that covers low and high IG 

flow but only for low and intermediate retractions of 0.0 and 0.6.  It is quite interesting to note 

that, despite the fact that the AS models employ SST and the 3-D models employ RSM, there is a 

strong linkage.  “ID” and “OD” refer to the inner and outer primary ligament spreading 

“diameter” determined from frame-by-frame video analyses performed on AS slurry simulation 

results in Ch. 5.  The “1” and “2” refer to ligament spreading measurement locations, where 1 is 

near the nozzle and 2 is farther from the nozzle.  The spreading metric ratio “OD1/OD2” refers 

to the ratio of the mean values of each.  Various ratios were studied, but no other ratios showed 

strong correlation.  AS spray angle measures “± 30% Coll.” and “50% Angle” were reported in 

Ch. 5, but no attempt to connect any of the AS metrics to D32 was considered previously. 

 

Table 6.5.  Linear correlations for D32 mean as a function of AS metrics for AS/3-D surrogate development 

non-Newtonian slurry and high-pressure gas simulations (A1 vs. A28, C1 vs. C11, and E1 vs. E4) 

Variable Slope Int. R
2
 Equation 

OD1 COV -0.391 11.1 1.0 6.3a 

± 30% Coll. 0.0581 3.64 0.99 6.3b 

50% Angle -0.142 11.4 0.97 6.3c 

OD1 Mean -144 98.0 0.93 6.3d 

IG Mag. 5.75 5.41 0.92 6.3e 

OD1/OD2 37.7 -34.1 0.90 6.3f 

ID2 Tone -0.00337 11.8 0.89 6.3g 

OD1 Tone -0.00337 11.8 0.89 6.3h 

OG Mag. 8.73 4.49 0.87 6.3i 

OD2 COV -0.170 13.5 0.86 6.3j 
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Although Table 6.5 does not imply a causality link between AS metrics and D32 mean, many 

metrics trend together between the two types of simulations.  For example, the temporal 

variability of the OD1 slurry video metric (OD1 COV) negatively regresses with D32 mean and 

implies that a more energetic OD1 signal corresponds to conditions that produce smaller 

droplets.  Thus, more active slurry ligaments indicate more interfacial instability and should lead 

to smaller droplets.  OD2 COV is a strong indicator of D32 mean, but the correlation was not as 

strong as with OD1.  Additionally, both spray angle measures (rows 2 and 3, Table 6.5) shows 

strong yet opposite responses with D32 mean, as more central slurry collection indicates a smaller 

angle.  Both of these correlations consistently imply that larger spray angles trend with smaller 

droplets.  Like the formal spray angle measures, OD1 mean (spreading of the ligaments) 

negatively correlates with D32 mean and converges much faster numerically.  Two tone measures 

negatively correlate with D32 mean, implying that smaller droplets follow lower frequencies in 

the ligament measures.  Interestingly, two dominant frequency magnitudes (IG and OG Mag.) 

trend with D32 mean as is consistent with other findings of an apparent connection between D32 

mean and spectral focus.      

In Ch. 5, it was found that AS slurry ligament radial movement video metrics exhibited 

substantial differences between the flushed and retracted designs.  The fully retracted cases 

showed highly diffused spectra which is indicative of an aperiodic coupling between the inner 

and outer slurry annular shear instabilities.  That effect is seen in the prior discussion of D32 

COV.  Fully retracted cases showed higher D32 variability (less consistent spray) than did the 

flushed cases.  Therefore, there is directional connectivity between the AS ligament video 

metrics and D32 temporal variability. 
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Clearly, complications remain regarding issues around spectral focus, retraction, and droplet 

size.  In Chapter 5, any retraction departure from the base case sometimes caused massive 

reductions in pressure spectral focus measures.  Also, in Chapter 5, video ligament metric 

spectral focus decreased with increasing retraction.  Table 6.5 implies that lower spectral focus 

produces smaller droplets, but we have just shown that retracted cases have larger droplets.  It 

makes sense that ligament spreading periodicity is not always linked with inlet pressure 

fluctuations, but unresolved complexities remain.               

6.6. Point-Wise Velocity Sampling 

Velocity sampling was carried out at 2 points at a frequency of 2x10
6
 Hz in order to assess 

turbulent spectra and attempt to correlate velocities with important variables (more details follow 

herein).  The spectra were quantified using the “Multi-taper method” and incorporated a time-

bandwidth product of 4, FFT length of the nearest 2n data set size, and Thomson’s adaptive 

nonlinear combination [115].  Analyses demonstrated these settings to be the most resolute. The 

velocity was decomposed as either axial or radial, and the locations are shown in Figure 6.11.  

The dimensionless coordinates are given, and instantaneous contours of velocity are provided 

(blue = low, red = high) in order to show the relative point placement to the typical outer gas 

shear layer.  Point “NE” is near the nozzle face and likely to be buried in the pulsing shear layer, 

while point “HA” is farther from the nozzle in an area that may or may not be directly in the 

shear layer.  

It was found that only one combination of simulation case, sampling point, and velocity 

component exhibited a noteworthy typical inertial subrange, as shown in Figure 6.12 for Case 

F3.  Here, the x-component (axial) of velocity spectrum for point “NE” is given for 216 data 

points.  For reference, the grid wavenumber (/grid length scale since two cells per period are 
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needed to satisfy the Nyquist criterion) was on the order of 10
4
 for all models.  A line with a 

slope of -5/3 is shown for comparison, and it can be seen that at least some inertial subrange was 

present.  Nearly every other combination displayed a slope in the range of -9/3 to -15/3.  

Davidson [116] proposed that this implies the turbulence field is not adequately resolved by LES 

standards, but we are not attempting this level of resolution here. 

 

 

Figure 6.11.  Point locations for velocity sampling superimposed on a contour plot of velocity contours with 

an arbitrary range (blue = low, red = high) 

 

 

Figure 6.12.  Velocity power spectrum for the axial velocity component at point “NE” for model F3 with a -

5/3 line drawn in for reference 

 

It can also be shown that retraction directly affects the velocity component statistics at these 

two measurement locations.  Data were only collected for simulations A23, F3, and S.  The 
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radial components are normalized by the mean outer gas velocity since that was the source of the 

shear layer in which the point resides.  The findings are summarized in Table 6.6 showing the 

correlations for those variables with R
2
 >0.90.  Interestingly, the slope of the energy spectrum is 

found to linearly negatively correlate with retraction.  Radial velocity also responds in a linear 

manner with retraction.  Near the nozzle, increasing retraction produced a flow that was aimed 

more radially inward.  Farther from the injector, increasing retraction did the opposite; the flow 

remained, on average, aimed radially inward but was less so at higher retractions.         

 

Table 6.6.  Linear correlations for velocity statistics as a function of retraction for low IG flow 11.25° wedge 

3-D non-Newtonian slurry and high-pressure gas simulations (A23, F3, S) 

Variable Slope Int. R
2
 Equation 

R-HA Slope -1.27 -3.19 0.99 6.4a 

R-HA Mean 0.0133 -0.0239 0.99 6.4b 

R-NE Mean -0.0314 -0.0979 0.95 6.4c 

 

6.7. Conclusions 

A study was pursed to determine the effects of numerics, nozzle geometry, and gas flow rate 

on the self-generating pulsatile spray produced by an industrial scale three-stream coaxial 

airblast reactor injector.  Axisymmetric and 3-D models were considered, and the focus was on 

1) discovering the impact of inner nozzle retraction on droplet formation using 3-D compressible 

transonic PLIC simulations, 2) attempting to link axisymmetric models to 3-D models to 

establish predictive power of AS scoping work, 3) quantifying the effects of turbulence model 

and two other numerical degrees of freedom, and 4) developing and implementing a new 

measure of slurry backflow which is expected to be an indicator of injector face erosion.  With 
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the results from this study, one can confidently seek an ideal injector design for industrial 

conditions.     

In general, there was consistency between current compressible model results with prior 

incompressible (with truncated inlets) work.  Strong pulsations were evident in the overall flows 

of gas and slurry streams; slurry mass flow flux pulsations near the injector spanned from 

approximately 5% of the mean to more than double the mean.  Higher inner gas flow resulted in 

smaller droplets, lower scale diffusivity, and lower temporal variability.  The relative effect of 

inner gas flow on droplet size is comparable to what is expected from the literature.  The 

instability between the inner gas and the slurry annular sheet drove droplet production.  For a 

given model setup and feed conditions, the droplet size versus distance from nozzle function 

looked similar to older work (but less than), and droplet size temporal variability at each 

measurement location fell dramatically relative to early work. 

The more rigorous turbulence model showed less temporal droplet length scale and liquid 

mass flux variation near the nozzle but more away from the nozzle.  The resulting droplet 

temporal mean length scale, however, did not seem to change measurably.  Consequently, 

depending on the goal of a computational study, turbulence model may be immaterial. 

Retraction effects were substantially different, depending on the level of inner gas flow.  At 

high IG flow, there were strong linkages between retraction and droplet size spatial and temporal 

mean, the dominant frequency of droplet size variability, and other measures.  Specifically, a 

flushed design (zero retraction) produced smaller droplets, less temporal variability (in droplet 

size, inner gas differential pressure, and outer gas differential pressure) and a higher frequency 

response in droplet length scale variability.  The reason for the length scale mean and variability 
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differences was the tuning of inner and outer annular instabilities for the flushed designs; those 

showed more radial buffeting of the slurry interface.   

At low IG flow, retraction produced strong responses in different metrics.  Droplet size 

showed a local minimum at intermediate retractions, and droplet size temporal variability 

monotonically increased with increasing retraction (similar to the response at high IG flow).  An 

exciting discovery, however, was made with respect to inner gas pressure drop.  Like prior 

axisymmetric air-water and slurry-high pressure gas work, inner gas pressure drop was found to 

increase with increasing retraction.  In other words, there is a design advantage in using less 

retracted models with respect to inner gas pressure drop.  There is another design advantage 

related to reduced slurry backflow.                    

Surprisingly, some indication was given that droplet size and outer gas acoustics exhibit a 

strong connection.  When four cases of varying retraction and varying IG flow were compared, 

the droplet length scale mean was found to directly positively correlate with outer gas spectral 

focus (among the 10 correlated AS measures).  Most metrics indicated the inner gas and annular 

slurry interaction to be the dominant player in droplet production, so this would require more 

work to fully explore. 

Lastly, ten metrics from prior axisymmetric models were found to correlate with mean 

droplet length scale from their current 3-D counterparts even though the counterparts utilize 

different turbulence model.  Smaller droplets and larger spray angles track together, while more 

energetic ligament spreading rates, higher tones, and less outer gas spectral focus are consistent 

with smaller droplets as well.  Also, the diffusion of the ligament spectra can be directly tied to 

droplet size temporal variability.  These findings lend weight to the use of axisymmetric models 

in scoping exercises. 



136 

 

 

 

 

Chapter 7. Investigation of Non-Newtonian Annular Sheet Thickness on Pulsating Primary 

Three-Stream Atomization 

 

7.1. Introduction and Motivation 

As previously stated in the Introduction, Kihm and Chigier [21] showed a mixed or weak 

effect with changes in initial liquid sheet thickness; however Lefebvre [7] proposed that thinner 

always produces smaller droplets.  Lienemann et al. [12] found that as We increased, a KHI 

(driven by shear) was shown to disturb the balance between momentum and surface forces and 

caused sheet flapping.  Typical wave thicknesses were above the theoretical inviscid thickness 

value, and wave propagation thinned the sheets further.  In addition, sheet perforations can be 

caused by entrained air and/or boundary layer (vorticity) development from the orifice and bulk 

orifice turbulence.  These perforation events depend on the length and time scales of the 

turbulence structures.  [12] also studied in-tact sheet radius and showed a LCWe
-x

 effect, where 

“x” ranges from 0.33 to 0.42, We is Weber number, and LC is a characteristic length scale.  A 

similar power law dependence on phase density ratio, Z, was also displayed.  Thinner sheets are 

obviously advantageous to fine droplets.  Close to the rim of the sheet, waves changed from a 

sinusoidal shape (linear instability) to a zigzag pattern (non-linear) as vortices were shed off 

wave crests and move into wave troughs, which was the onset of break-up.  Their work outlined 

dominant wave frequencies and sheet thickness dependence on feed conditions and feed stream 

angles.  [12] discussed how the local sheet WeZ value can produce a shift in the preferred mode 

of instability, with symmetric waves (in-phase) produced below 1 and dilatational (phase 

opposition) above 1, whereby symmetric modes grew faster.  Lastly, they addressed azimuthal 
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sheet curvature and found that when the inner sheet diameter was small compared to the outer (as 

in a two-stream injector), it behaved like a full jet.  For large values, like a three-stream injector, 

the diameter behaved like a thin, inviscid sheet, favoring linear stability analysis.  Above a 

certain liquid viscosity, however, linear analysis vastly over-predicted droplet size. 

The primary motivation of this new effort is to assess the effects of slurry annular dimension, 

azimuthal modeling angle greater than 45°, slurry viscosity, and mesh resolution.  Based on the 

literature discussed, it appears as though a thinner sheet would produce smaller droplets.  

Retraction position (LRI) of the inner gas and liquid streams was an extremely important 

parameter shown in prior work in Chapters 4-6 and will be discussed here again only in the 

context of how the effects of retraction are coupled with the effects of slurry annular dimension.  

Additionally, a numerical solver evaluation will be executed.  More information on external 

literature will be included where applicable. 

Thirteen simulations, eleven of which are outlined in Table 7.1 in similar manner as in 

Chapter 4, will be discussed in this work.  The tabulated eleven cases involved the three-stream 

injector, while the other two simulations modeled two-stream experimental studies [20, 27]; 

those two will be discussed in a subsequent section.  Dimensionless slurry annulus ranges from 

0.05 to 0.2, as shown in Table 7.2 (refer to Figure 1.1).  Also tabulated is the percent of the 

original slurry annular area retained in the new geometry.  A value of 100% implies that the 

design is the same as the base case.  Two slurry annular dimension changes are tested, one in 

which 63% of the original area is retained (37% reduction) and one in which 31% of the original 

area is retained.  Smaller slurry annular dimensions are expected to thin the initial sheet meeting 

the inner gas core.  However, the farther the sheet is from the nozzle outlet (where the slurry and 

inner gas meet the outer gas), the more likely it is to recover its thickness as it radially expands.  
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In other words, it could be postulated that the impact of slurry annular dimension should be more 

exaggerated at lower retractions because less pre-filming is available for sheet expansion.  

Therefore, no changes in slurry annular dimension are considered for retractions above 0.6.  Note 

that the results from the original slurry annular area were presented in prior work in Ch. 6.  

Although the base case data will be included in correlation functions developed herein, the raw 

data are not repeated here due to space limitations. 

The properties are the same as those outlined in Chapter 5, and the numerical method is the 

same as that outlined in Chapter 2 but with a few differences/clarifications.  The azimuthal 

included angles considered in this study are 11.25° and 360°.  It was found in a Ch. 5 that 

included angle did not affect the results significantly for angles up to 45°, so we seek higher 

angles.  Past validation work in [35] and Ch. 3  provides sufficient evidence that the SST is 

valuable for this study.  Equations 2.1 – 2.3 were solved in ANSYS Fluent’s segregated double 

precision commercial cell-centered solver 13.0 with Service Pack 2 (13SP2) for all cases except 

A25, A26, and A27 (which utilized Fluent version 14.5.0).  Naturally, 360° models would 

require 32 times the “2 to 3 weeks” mentioned for the 11.25° models in Chapter 6, and then 256 

times that for the 8X 360° mesh, to achieve the same CT. 

Table 7.1.  Simulation matrix for 3-D non-Newtonian slurry and high-pressure gas simulations. 

Case Geo. IG Flow Mesh In. An. Purpose 

A24 1 Low Base 360 360° 

A25 1 Low Base 11.25 Solver 

A26 1 Low Base 360 High Viscosity 

A27 1 Low 8X 360 Mesh Resolution 

C18 1 High Base 360 High IG 

C19 1 High Exp. 11.25 Expanded Domain 

P 12 Low Base 11.25 Slurry Annulus 

Q 13 Low Base 11.25 Slurry Annulus 

R 14 Low Base 11.25 Slurry Annulus 

T 16 Low Base 11.25 Slurry Annulus 

U 17 Low Base 11.25 Slurry Annulus 
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Table 7.2.  Geometry matrix for 3-D non-Newtonian slurry and high-pressure gas simulations. 

Geo. Cases LRI tLI tSLAN % Area Ret. 

1 A,C 0.60 0.038 0.238 100 

12 P 0.60 0.15 0.129 63 

13 Q 0.00 0.12 0.113 63 

14 R 0.00 0.17 0.0600 31 

16 T 0.30 0.12 0.113 63 

17 U 0.30 0.18 0.0529 31 

7.2. Typical Flow Features 

An instantaneous snapshot from case C18 is shown in Figure 7.1.  Compared to prior work 

showing the wedge of 11.25° for 3-D surfaces in Ch. 6, the structure resulting from the 360° 

mesh is very different.  The typical “branch” pattern that is analogous to a conifer tree is not so 

obvious.  Instead of a clearly defined azimuthally intact liquid annular sheet close to the injector, 

the sheet distorts annularly (sinuous instabilities and even higher modes) very early on.  The 

ligament production is much less regular, and the spray pulses remain closer to the injector axis. 

 

 

Figure 7.1.  Instantaneous iso-surface of slurry volume fraction colored by velocity for 360° mesh Case C18; 

red signifies velocities at or above a Mach number of 0.3. 
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Figure 7.2.  Instantaneous contours of slurry volume fraction (red is for slurry) at even increments of 0.24DO 

along the atomization trajectory 360° mesh Case C18. 

 

Figure 7.2 shows instantaneous slurry volume fraction contours on sampling planes, evenly 

spaced, moving away from the injector face.  Red represents slurry, while blue is for gas.  Each 

plane is placed at 0.24 DO increments along the atomization trajectory, and each plane shows 

how the spray axially progresses at this particular instant in time.  The distortion and breakup of 

the outer rim of the slurry annulus is evident at 0.24DO.  By 0.96DO, the slurry sheet no longer 

looks like an annulus.  By 2.16DO, slurry droplets (elongate streamwise) are all that is present. 

Instantaneous turbulent kinetic energy contours on plane through the central axis are shown 

in Figure 7.3 (blue = 0.0 to red = 300 m
2
/s

2
).  The values are generally higher where shear is 

higher and three regions are identified, where the:  1) slurry annular sheet meets the inner gas 

core, 2) slurry annular sheet meets the outer gas annulus (though not the highest), and 3) outer 

gas is moving through the quiescent surrounding gas.  The outermost area (3) has the most 

energy since the shear is greatest; the other locations involve the meeting of streams already in 

motion.  The relative transfer of energy from the mean to the fluctuations in region 1 compared 

to 3 will depend on the inner gas flow rate.  As previously noted, C18 happens to be a high IG 

flow model; the relative contribution in low IG models is less (not shown).  To some extent, the 

0.24DO 0.48DO 0.72DO 0.96DO 1.20DO

1.44DO 1.68DO 1.92DO 2.16DO 2.40DO
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flow shows axial symmetry (substantiating the use of AS models as discussed in Ch. 6), but there 

is obvious azimuthal dependence in the energy profile.         

 

 

Figure 7.3.  Instantaneous contours of turbulent kinetic energy ranged from blue = 0.0 to red = 300 m
2
/s

2
 for 

360° mesh Case C18. 

 

7.3. Effects of Solver and Axial/Radial Domain Extent 

Numerical setup considerations have been addressed in prior works and in other sections 

herein, but two issues are elucidated here.  The first is the solver backbone; critical droplet size 

statistics from A25 (Fluent 14.5.0) compared to those from prior work (Ch. 6, Case A23) were 

indistinguishable. Additional spectral information is extracted from point-wise velocity sampling 

(details in a subsequent section) to confirm the two sets of simulation data are identical; 

therefore, Fluent solvers 13SP2 and 14.5.0 are treated as equivalents.   

The second issue involves the axial and radial extent of the computational domain.   There is 

concern that pressure waves reflect from the outlets and interfere with the transient response of 

the system.  To investigate this issue using case C19, the typical computational domain is 

extended to a factor of nearly 3 times the original domain, both axially and radially.  The time-

averaged inner gas pressure drop is only 0.05% different than that from the base (smaller) 
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domain size simulation.  Frequency information was not extracted, but the signal characteristics 

(not shown) are highly aligned.  Droplet size results are also similar, e.g., the time-averaged D32 

at 1.0DO from the injector face is only 2% different using the smaller domain.  It can be 

concluded then that the base domain size is sufficient. 

7.4. Effects Azimuthal Domain Extent 

Obvious primary atomization asymmetries caused by modeling the entire azimuthal domain 

were shown in previous figures, and those effects will be further quantified.  Cases A24 (lower 

IG flow) and C18 (high IG flow) are compared with their 11.25° wedge counterparts from our 

prior work (Ch. 6, Cases A23 for low flow and C9 for high flow) in Figure 7.4.  For each pair, 

the ratio of the time-averaged D32 value in each axial sampling volume of the smaller domain is 

compared to the full domain.  That is, the 11.25° wedge result is in the numerator.  The trends in 

Figure 7.4 show that nearer to the injector face, the 360° mesh has smaller slurry length scales 

due to increased azimuthal sheet instability.  The curves are similar for both IG flows, but the 

azimuthal sheet instability effect is more pronounced in the mid-field for the low IG feed rate.  

The wedge droplets can be as much as 45% larger than those predicted using the 360, but 

further downstream those differences wash out.  Overall, it is concluded that, since the 11.25° 

model predicts length scales in the same range as those using the 360° model, an 11.25° model 

can be used for scoping analyses.    

Likewise, the ratio of D32 temporal COV for both pairs of cases is plotted in Figure 7.5.  

There is more differentiation in the D32 COV results between the two domain models.  The COV 

statistics confirm that the 3-D surfaces pulse in time (refer to the discussion of Figure 7.1).  The 

11.25° model shows that there is an in-tact passing of sheets instead of droplets.  The extreme 

fluctuation in droplet length scales is more distinguishable than results from the 360° model.  
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Modeling the full domain proves to be less temporally active, which is what the COV measures.  

Although the trends are similar for both IG flows, the COV ratio is higher at higher IG flow.            

 

 

Figure 7.4.  Lateral time-average Sauter mean diameter versus distance; ratio of the 11.25° result 

(numerator) to the 360° result for 3-D non-Newtonian slurry and high-pressure gas simulations at both inner 

gas flows.  

 

 

Figure 7.5.  Droplet size temporal COV versus distance from face; ratio of the 11.25° result (numerator) to 

the 360° result for 3-D non-Newtonian slurry and high-pressure gas simulations at both inner gas flows. 
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7.5. Effects of Slurry Annular Opening Dimension (Low IG) 

Despite the obvious effect of computational modeling domain on the symmetry of the 

ligament/droplet production process, a major goal of this effort is to screen the design space for 

the effect of slurry annular dimension at various retraction settings.  The 11.25° model takes 

1/32nd of the computational time of the 360° model, so it was not possible to explore retraction 

and slurry annular dimension (resulting in a large design matrix) with the full 360° 

computational domain. 

The axial development of slurry droplet/ligament length scales is shown in Figure 7.6, and 

the time-averaged value in each axial sampling volume is plotted as a function of distance from 

the injector face scaled by DO.  The independent effects of retraction were discussed in prior 

work in Ch. 6 and will not be repeated.  Only the reduced slurry annular dimension data have 

been included.  Although the prior data in Ch. 6 are not shown, comparisons will be made.  The 

Case P curve looks exactly like its base slurry annular counterpart; therefore, slurry annular 

acceleration has little impact at 0.6 retraction.  The other two retractions (0.0 for Cases Q, R and 

0.3 for Cases T, U), however, show a dramatic impact.  Every increase in slurry sheet 

acceleration results in a commensurate reduction in length scale near the injector and then an 

increase away from the injector.  These effects are greater at lower retractions than at higher 

retractions due to the fact that less sheet recovery space is available at lower retractions.  

Geometries with a design closer to the base case show consistent scale diffusivity [108].  Recall 

that reductions in slurry annular dimension involved an increase in the thickness of the metal 

separating the inner gas stream from the slurry annular sheet.  Like the work of  Fuster et al. 

[104] and Tian et al. [100], the metal lips can be thought of as splitter plates.  It is expected that 

the thicker plates will have a negative effect on primary atomization by creating a thicker gas 
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boundary layer (velocity deficit near the liquid interface) and a reduced instability driving force.  

Similarly, [100] studied the effect of the metal separating air and water in a two-stream coaxial 

jet scenario and showed that increasing metal thickness delayed the phase instability and lowered 

the resulting frequencies. These effects will be demonstrated here as the droplet production 

mechanism becomes less efficient for thinner sheets and higher lip thicknesses.  It is theorized 

that the thinner sheets will result in smaller droplets if the lip thickness effect is prevented. 

The analysis continues with Figure 7.7, which depicts the temporal COV of the droplet size 

at each measurement location away from the nozzle as a function of distance from the nozzle.  At 

the highest retraction (Case P), the temporal variability begins at a lower value than the 100% 

slurry annular area counterpart (not shown) but ends at the same value.  At the intermediate 

retraction (Cases T and U), the result is similar, where more slurry acceleration leads to less 

variability near the injector (due to the metal lip thickness impact on the interphase momentum 

exchange) and then more away from the injector.  The trends at the lowest retraction (Cases Q 

and R) also show less variability at the injector and then more downstream.  The effect is much 

less distinguishable at the lowest retraction due to the fact that less pre-filming is available for 

instabilities to develop.  Note, however, there are some large unexplained differences between 

cases Q, R, and U from about 1.0 to 2.0 diameters from the injector face.  Lastly, Figure 7.7 

offers evidence for the temporal sampling variability about each point in Figure 7.6.          
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Figure 7.6.  Lateral time-averaged Sauter mean diameter versus distance from face showing effects of slurry 

annular dimension for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations. 

 

 

Figure 7.7.  Droplet size temporal COV versus distance from face showing effects of slurry annular dimension 

for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas simulations. 

 

As with Figure 7.1, an instantaneous slurry surface colored by Mach number (blue = 0, red  

0.3) is provided in Figure 7.8 for Case U.  The spray ringed layers for Case U look similar to 

those of its full slurry annulus counterpart (Case S), but the outer rings are more ligament-like 

instead of containing distinct droplets.  A quite unusual phenomenon, however, is observed for 

this model that persists throughout time sampling and was not detected using AS models in Ch. 
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3.  Liquid bridging in the AS models was responsible for bulk pulsations and was shown to sling 

liquid upstream in the form of a “fountain”.  Although fountains are present in the full annulus 

model, they did not necessarily contribute to the bulk pulsations.  Here, unexpectedly, this 

particular combination of IG flow, retraction, and slurry annular constriction for case U gives the 

bridging slurry enough momentum to eject a fountain up into the inner gas feed stream as was 

observed with the earlier AS models.  No more fountain behavior is detectable in the simulations 

included in this work.   

 

Figure 7.8.  Instantaneous iso-surface of slurry volume fraction colored by velocity for case U (middle 

retraction, minimum slurry annulus); red signifies velocities at or above a Mach number of 0.3. 

 

The strikingly different pulsation events resulting from high amounts of slurry acceleration at 

zero retraction can be seen in Figure 7.9 showing an instantaneous slurry surface for Case R 

(lowest retraction, smallest slurry annular dimension).  Instead of wide-spread rings of sheets and 

droplets, elongated ligaments develop very close to the injector axis in a regular manner.  It is 
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evident that, like the axial D32 curves (Figure 7.6), the sheet starts thin but droplet production is 

nearly nonexistent.  The spray angle was not computed, but it is expected that this would be 

dramatically lower than all other models.  The dramatic change in spray pattern caused by small 

slurry annulus was only detected in the flushed design.  

 
Figure 7.9.  Instantaneous iso-surface of slurry volume fraction colored by velocity for case R (zero 

retraction, minimum slurry annulus); red signifies velocities at or above a Mach number of 0.3. 

To summarize the effects of slurry annular constriction on the primary droplet/ligament size 

evolution, Figure 7.10 shows the time-averaged D32 values at the end of the modeled domain for 

all cases.  Sampling variability about each point can be assessed by knowing the COV values of 

27.4, 24.3, 25.2, 41.1, 36.8, 27.0, 23.8, and 34.9% for cases A23, D3, P, Q, R, S, T, U, 

respectively as shown graphically in Figure 7.11.  The convoluting effects of retraction and 

slurry annular dimension are obvious in how the different retractions response to slurry annular 

changes.  Zero retraction cases show the steepest response in the D32 value, with more slurry 

constriction (and thicker “splitter plate”) producing approximately 75% larger droplets.  Even 

though the geometry of Aliseda et al. [22] was much simpler than that of the current work, their 
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methods applied to this geometry also predict a substantial increase in droplet size with a thinner 

slurry annulus.  A similar trend is seen for the 0.3 retraction cases, but the effect is not as strong.  

At 0.6 retraction (only two slurry annular areas tested, one of them in this work) there was a 

minor reduction in droplet size by the apparent offsetting of thinning the slurry sheet on the 

thicker lip.   

 

Figure 7.10.  Lateral time-averaged Sauter mean diameter at the end of the modeled domain versus slurry 

annular area showing the coupling effect of inner nozzle retraction for 11.25° wedge 3-D non-Newtonian 

slurry and high-pressure gas simulations (Cases A23, D3, P, Q, R, S, T, U). 

 

 

Figure 7.11.  Overall average droplet size temporal COV versus slurry annular area showing the coupling 

effect of inner nozzle retraction for 11.25° wedge 3-D non-Newtonian slurry and high-pressure gas 

simulations (Cases A23, D3, P, Q, R, S, T, U). 
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In a like manner, Figure 7.11 shows the overall spatially averaged D32 COV versus slurry 

annular area.  For the two higher retraction cases, there is an increase in droplet size temporal 

variability with increasing slurry sheet area.  Apparently weak instabilities caused by thicker gas 

boundary layers produce less repeatable droplet size distributions as was discussed in [104].  The 

flushed case, however, shows a mixed response.   

Time-averaged IG pressure drop is yet another important atomization consideration.  The 

effect that the slurry annular constriction has on pressure losses is shown in Figure 7.12, 

showing.  Sampling variability about each point can be assessed by knowing the COV values of 

3.05, 4.27, 2.61, 1.78, 1.92, 2.55, 4.31, 2.52 % for cases A23, D3, P, Q, R, S, T, U, respectively.  

Linear increases at all retractions tested are shown.  The nearly identical slopes for a least-

squares fit are 0.00036, 0.00039 and 0.00037 for the 0.0, 0.3, and 0.6 retraction cases, 

respectively.   As the slurry annular sheet is thinned, and the metal lip separating the slurry sheet 

and inner gas core is thickened, there is less interfacial shear between the gas and slurry.  It is 

only logical that this would equate to less viscous loss.  The pressure drop for the base case 

slurry annular areas is approximately 50% larger than the 31% slurry open area for the flushed 

and 0.3 retraction cases.  For the outer gas differential pressure, only less than 7% of a change 

was noted between the various cases.   
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Figure 7.12.  Dimensionless inner gas differential pressure versus slurry annular area for 11.25° wedge 3-D 

non-Newtonian slurry and high-pressure gas simulations  

(Cases A23, D3, P, Q, R, S, T, U). 

 

The average backflow of slurry onto the injector face is affected by slurry annular 

dimension.  Figure 7.13, showing normalized backflow verses slurry constriction, depicts the 

effects which were detected in this work.  Sampling variability about each point can be assessed 

by knowing the COV values of 1945, 1557, 1590, 1919, 2800, and 454% for cases A23, P, R, S, 

T, U, respectively.  Cases D3 and Q have a zero mean, so they are not in this list.  Very high 

values of COV are evidence of a noisy backflow signal.  Most of the time there is no backflow, 

but bursts of slurry pass through the measurement plane intermittently.  The strong coupling 

between retraction and slurry annulus makes interpretation difficult.  Two ordinates are used due 

to the large difference in the results (see the legend).  Although the reported values are very 

different, backflow is higher for the two lowest retractions when the slurry is constricted more.  

At 0.6 retraction, there is a measurable decrease in backflow when the slurry is constricted to 

66%.  One might conclude that certain slurry annular sizes are favorable depending on the level 

of retraction employed.  
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Figure 7.13. Dimensionless slurry backflow versus slurry annular open area for 11.25° wedge 3-D non-

Newtonian slurry and high-pressure gas simulations (Cases A23, D3, P, Q, R, S, T, U). 

    

 

Figure 7.14.  Effects of slurry viscosity on D32 statistics (mean and COV) versus distance from injector; ratio 

of high viscosity values (denominator) to low viscosity values for 360° 3-D non-Newtonian slurry and high-

pressure gas simulations (Cases A24 and A26). 

  

Breakup length of a central liquid stream is a typical reported value for coaxial primary 

breakup, but it is not directly applicable here due to the fact there is no central liquid core in the 

current geometry.  However, breakup length from a twin-fluid design might be inversely related 

to backflow from a three-stream design; slurry breaking closer to the injector and the resulting 

radial spreading of ligaments should lead to a higher likelihood of slurry transferred upstream.  
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Zhao et al. [27] studied the breakup length of a central non-Newtonian slurry stream.  Using their 

developed correlation with the outer gas stream of the current work (since it surrounds the 

liquid), a downward trend in backflow can be expected for increasing slurry annular area.  This is 

consistent with the current findings at lower retraction.       

7.6. Effect of Slurry Viscosity on Base Geometry 

In cases A26 and A27 (low IG flow, base geometry, 360° domain), the viscosity is increased 

to a multiple of 1.55 of the base value, and the associated changes to dimensionless parameters in 

Table 5.2 will result.  A strong effect of viscosity is expected since the Weber number is so high 

[15], and the droplet length scale increases, as shown in Figure 7.14.  The ratio of the high 

viscosity value to the low viscosity value ranges from 1.4 near the injector exit, to 1.8 at 0.5 

diameters from the exit, to 1.2 at the end.  Tsai et al. [23] evaluated the effect of viscosity for a 

non-Newtonian slurry and found the droplet size to be related to the Ohnesorge number (linear in 

viscosity) to the 0.3 to 0.6 power, which would imply a value of 1.1 to 1.3 for a viscosity 

multiple (1.55 viscosity ratio raised to those powers).  The value of 1.2 fits well into that range.  

Also, Liu et al. [24] used a viscous wave growth analysis (finding the most excited frequency) to 

explain experimental measurements.  Using their analysis and the resulting viscosity 

functionality, a value of 1.2, again, was computed.  Additionally, the methods shown in Aliseda 

et al. [22] imply a value closer to 1.3.      

Also included in Figure 7.14 is the temporal D32 variability ratio, ranging from 0.7 near the 

injector to 1.2 at the end of the domain.  Near the injector, the fluctuating slurry ligament length 

scales have less variability at the higher viscosity; the viscous annular sheet is more difficult to 

deform.  Away from the injector, the ranges of length scales passing through the measurement 

volumes are more erratic.  This concurs with Chen et al. [113] pertaining to highly viscous 
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liquids showing more three-dimensional mode destabilization (n1, where n=0 is for varicose 

mode and n=1 is for sinuous mode disturbances).   

7.7. More Insights on Instability Driving Force 

For non-pulsating coaxial primary atomization systems, it was discussed earlier that the 

dominant instigator of the initial liquid sheet instability mechanism is the gas phase turbulence; 

however, it can be shown that pulsating systems are augmented by fluctuating streamwise 

pressure gradients.  In Ch. 3 liquid bridging was shown to be responsible for axisymmetric bulk 

pulsations, and here a closer look at the 3-D slurry sheet is presented in Figure 7.15.  Three 

random, uncorrelated time samplings of pressure are shown for 11.25° wedge Case P.  The 

pressure range is arbitrary, but blue represents low pressure while red represents high pressure.  

Superimposed on the pressure contours are solid black lines outlining the local slurry surface.  

The top picture is annotated with the IG stream, slurry stream, OG stream, and the injector axis 

(dash/dot line).  Bulk flow is from left to right.  Notice that only a very small subset (part of a 

half model) of the results is shown.  The solid arrows show the component flow directions, while 

the dashed arrows show the directions parallel with the local pressure gradients in a few regions.  

No liquid bridging is seen at these time samplings for Case P.  It is seen that sometimes the 

pressure gradients are normal to the interface, which show that more than just small scale gas 

phase turbulence is responsible for initiating slurry wave growth.  The work of Chen et al. [113] 

confirms that for compressible flow, instability is augmented by gas phase normal stress 

variations.  Even without liquid bridging, the large radial movement of the annular sheet 

produces ligaments that direct the gas pressure gradient normal to the ligaments.           

Similarly, Figure 7.16 presents the flow for 360° case C18 at two random, uncorrelated 

sampling times.  The slurry interface is marked by a 3-D grey surface superimposed on pressure 
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contours using a centerplane.  Flow is generally left to right and slightly into the page.  In a few 

regions, the pressure gradient normal to the interface is marked with a dashed arrow.  Again, 

bulk pressure gradients are normal to the slurry/gas interface and contribute to slurry 

disintegration; however, liquid bridging is observed.  The left-most arrow in the bottom picture 

for the gas pressure gradient illustrates the effect of the bridge.  The inside of the slurry surface 

cannot be seen, but it is characterized as a high pressure region.  The gas just above the arrow is 

a low pressure region (blue).  Therefore, the gradient is from the inside out, making the gas 

buffet the liquid in an orthogonal direction.    

 

 

Figure 7.15.  Instantaneous pressure contours on a sampling plane showing only half the model of Case P 

colored by an arbitrary pressure range (blue = low, red = high) and with superimposed slurry surfaces 

(black) at three random instants in time; only the top picture is annotated with boundary flows. 
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Figure 7.16.  Instantaneous pressure contours from 360° case C18 colored by an arbitrary pressure range 

(blue = low, red = high) with superimposed slurry surfaces (grey) at two random instants in time. 

 

 

7.8. Length and Time Scales of Motion 

Important length and time scales are examined.  Figure 7.17 shows randomly sampled 

instantaneous local (laterally averaged) turbulent Reynolds number for low IG flow (A24) and 

high IG flow (C18), both involving 360° models with the base geometry and slurry viscosity.  

The values range from 5,000 to 11,300.  Regardless of the random snapshot in time or the IG 

flow rate, the behavior is similar.  The values are low near the injector, increase to a peak in the 

mid-field and then return to low values near the end.    
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Figure 7.17.  Instantaneous turbulent Reynolds number versus distance from injector face for 3-D non-

Newtonian slurry and high-pressure gas simulations  

(Cases A24 and C18). 

 

Figure 7.18.  Instantaneous ratio of turbulent integral time scale to pulsation time scale versus distance from 

injector face for Case C18. 

 

In Figure 7.18, the ratio of the local, laterally averaged, turbulent integral time scale (ITS) 

to general pulsation time (using 1000 Hz as a dominant pulsation frequency) versus distance is 

considered.  These instantaneous data are for Case C18, but the data were not found to strongly 

depend on time or IG flow.  The ratios monotonically increase from 0.2 to near unity across the 

atomization domain, which indicates that most of the largest turbulent structures do not survive 

between major bursting events.  Liquid breakup occurs on timescales greater than the local ITS, 
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because it takes time for the instabilities to be communicated throughout the liquid surface [19]; 

at higher turbulence intensities (and, therefore, fluctuating We), ITS is the controlling factor for 

the primary instability.    

In addition to the three-stream pulsating models, transient 360° CFD models were built to 

mimic the experimental primary atomization non-Newtonian two-stream work of Zhao et al. [27] 

and Mansour and Chigier [20].  Much more detail on these is discussed in Chapter 8.  They both 

involve two-stream non-pulsating non-Newtonian atomization, with the only difference in the 

methods being the removal of the damping function discussed in Ch. 2 for the Zhao et al. [27] 

case.  Figure 7.19 illustrates the time-averaged, laterally averaged, ratio of droplet length scale to 

turbulent integral length scale (ILS) for the four cases in this work that had the time-averaged 

ILS data available.  The corresponding COV for the CFD and models of Mansour and Chigier 

[20] and Zhao et al. [27] are presented in Tables 7.3 and 7.4. The run time requirement for ILS 

quantification is substantially higher than that necessary to assess D32 statistics, so only limited 

data sets are available.  The ILS alone (not shown) is fairly constant across the three-stream 

atomization space, so the dominant player in the shape of the curves in Figure 7.19 is the 

reducing droplet size.  The ratio varies from 10,000 to about 30 for the three-stream pulsating 

injector cases (A24, A25, F3 from Ch. 6, and U), while the curve took on a similar shape (though 

offset on the high side by about one order of magnitude) for the two-stream models ([27] and 

[20]).  Notice that the 11.25° model (A25) shows ratios much higher at the beginning and end of 

the domain than did its 360° counterpart (A24).  By comparing A25 (base geometry) with F3 

(fully retracted and normal slurry annulus from Ch. 6) and U (less retraction and more slurry 

constriction), all using the 11.25° wedge domain, it is seen that the curves are very similar with 

case U being slightly shifted lower, and F3 being slightly lower than U, throughout most of the 
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modeled domain.  Case A23 is indistinguishable from Case A25, so it is not shown on either of 

the next two plots. 

 

 

Table 7.3 D32 COV for 3-D non-Newtonian slurry three-stream and two-stream models. 

Normalized 

Distance 

% COV 

Normalized 

Distance 

% COV 

Normalized 

Distance 

% COV 

A24 A25 F3 U 

Mansour 

- Chigier Zhao et al. 

0.119 15.8 34.9 54.7 34.9 1.04 2.27 0.490 6.91 

0.357 18.2 35.8 57.8 38.2 3.12 7.74 1.47 28.9 

0.595 18.9 32.3 61.6 34.0 5.20 13.9 2.45 43.4 

0.833 23.1 39.8 80.9 35.1 7.29 16.9 3.43 50.6 

1.07 27.6 48.4 94.0 35.8 9.37 16.0 4.41 50.4 

1.31 30.3 48.9 91.8 30.9 11.5 18.1 5.39 57.6 

1.55 34.0 47.1 87.8 27.7 13.5 20.9 6.37 131 

1.79 38.1 46.1 84.6 27.2 15.6 21.9 7.35 151 

2.02 34.3 44.9 83.7 17.8 17.7 19.1 8.33 159 

2.26 22.8 33.0 74.1 4.8 19.8 21.4 9.31 163 

 

Table 7.4. ILS COV for 3-D non-Newtonian slurry three-stream and two-stream models. 

Normalized 

Distance 

% COV 

Normalized 

Distance 

% COV 

Normalized 

Distance 

% COV 

A24 A25 F3 U 

Mansour 

- Chigier Zhao et al. 

0.119 12.4 29.9 31.0 18.2 1.04 6.24 0.490 19.6 

0.357 14.1 33.0 36.6 25.3 3.12 15.5 1.47 33.6 

0.595 16.7 36.5 38.8 31.1 5.20 16.0 2.45 37.8 

0.833 19.3 40.9 39.8 36.2 7.29 18.8 3.43 38.9 

1.07 21.3 45.2 41.0 39.8 9.37 19.9 4.41 37.5 

1.31 22.6 49.1 43.4 42.9 11.5 20.5 5.39 34.9 

1.55 24.3 54.3 48.1 49.7 13.5 20.4 6.37 32.3 

1.79 25.3 59.1 52.0 53.4 15.6 20.8 7.35 30.8 

2.02 25.4 63.1 52.9 56.3 17.7 21.5 8.33 28.4 

2.26 40.5 70.4 72.7 80.8 19.8 21.3 9.31 26.5 
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Figure 7.19.  Time-averaged and laterally-averaged ratio of droplet length scale to turbulent integral length 

scale versus distance from injector face for 3-D non-Newtonian slurry two- and three-stream injectors. 

 

If we assume that about 80% of the turbulent kinetic energy is contained between 1/6 and 

6 times the size of the ILS (from 0.17 to 6 on the ordinate), we can conclude that most of larger 

eddies throughout the primary three-stream or two-stream atomization domain are too small to 

directly deform a droplet near the injector face.  From Crowe [117], the gas phase turbulence is 

augmented as much as 350% for ratios up to unity; therefore, the gas phase turbulence must be 

strongly influenced by the emerging slurry structures. 

A similar analysis is performed for the same two- and three-stream cases but this time 

considering the ratio of ILS to mesh element length scale (MLS).  The ratio is fairly constant for 

the 4 three-stream cases (A24, A25, F3, and U with plateaus at 0.06), but a steady increase across 

the atomization trajectory is seen for the two-stream cases ([27] and [20]) in Figure 7.20.  All 

models consistently begin very low, and only the two-stream cases with the larger computational 

domains exhibited values above 1.0.  Since the three-stream ILS values are 1/50th to 1/10th of 

the MLS, an LES approach for those models would require substantial mesh refinement; the two-

1

10

100

1000

10000

100000

0 5 10 15 20

Lo
g 

o
f 

[D
3

2
 R

at
io

 t
o

 IL
S]

Normalized Distance From Face

A24

A25

F3

U

Model of Mansour and Chigier

Model of Zhao et al.



161 

 

stream models would not require as much for the far-field, which would make hybrid RANS-

LES discussed in Chapter 7 more attractive.               

 

Figure 7.20.  Time-averaged and laterally-averaged ratio of turbulent integral length scale to mesh element 

length scale versus distance from injector face for 3-D non-Newtonian slurry two- and three-stream injectors. 

 

Though it is not plotted here, when the droplet length scales are normalized by the distance 

from the liquid orifice, the results from our CFD models of the experimental work [20, 27] for 

droplet scale versus distance from the orifice take on similar forms as all of our pulsating three-

stream work.  The results from our model of Zhao et al. [27]  are fit well by the curve 0.67x
1.7

, 

while those from our model of Mansour and Chigier [20] are fit well by the curve 0.90x
1.4

.  The 

three-stream (and the work of [22]) coefficients and exponents are typically lower and closer to 

0.40x1.2 when the gas phase is treated as incompressible.  However, when compressibility is 

invoked, instability increases, and the three-stream model predicts closer to 0.11x1.5 from Ch. 

6.  It is apparent that, depending on the situation, pulsatile three-stream systems can be more or 

less similar to two-stream configurations.            
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7.9. Point-Wise Velocity Sampling 

As discussed in Ch. 6, any potential surrogacy between time-consuming 3-D models and AS 

models would save substantial design time; perhaps point velocity values from AS models may 

be valuable at some point.  Consequently, we consider the value of velocity sampling in a similar 

manner as in § 6.6.  No combination of simulation case/point/component exhibited a noteworthy 

typical inertial subrange (slope of -5/3); nearly every combination displayed a slope in the range 

of -9/3 to -15/3.  A sample spectrum from Case Q (at position “HA” in Figure 6.11) using 216 

data points is shown in Figure 7.21 where the slope is about -11/3.  Davidson [116] proposed that 

this implies the turbulence field is not adequately resolved by LES standards, but we are not 

attempting this level of resolution here.  

 

 

Figure 7.21.  Velocity power (units of Watts) spectrum for the axial velocity component for model Q at point 

“HA”. 

 

A number of interesting relations are now made available that can connect various 

velocity statistics to design changes for cases A23, D3, Q, R, S, T, and U (data not available for 

Case P).  Farago and Chigier [41], for example, discussed how radial velocity components were 

linked with atomization efficiency; Chapter 6 showed that more radial movement in the slurry 
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annular interface produced smaller droplets.  For all upcoming plots, temporal sampling 

variability for D32 end value results can be ascertained from Figures 6.6 and 7.7; however, 

velocity variability will be explained on a case-by-case basis.  In Figures. 7.22 and 7.23, relations 

between radial velocities at the two measurement points are explored for the various designs in 

which velocity data were collected.  The radial components are normalized by the mean outer 

gas velocity since that was the source of the shear layer energy in which the point resides.  It is 

apparent that outward velocities close to the nozzle (NE) led to lower slurry length scales, while 

inward velocities away from the nozzle (HA) led to lower slurry length scales.  Interestingly, 

both retractions lie on consistent slopes on both plots.  Figure 7.24 shows the sampling 

variability for the NE point radial velocity data sets, while COVs for the HA point radial velocity 

data sets are 591, 624, 3154, 89, 648, 1512, and 1751 for cases A23, D3, Q, R, S, T, and U, 

respectively.       

 

 

Figure 7.22.  D32 versus normalized r-component of velocity at point “NE” for 11.25° wedge 3-D non-

Newtonian slurry and high-pressure gas simulations  

 (Cases A23, D3, Q, R, S, T, U). 
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Figure 7.23.  D32 versus normalized r-component of velocity at point “HA” for 11.25° wedge 3-D non-

Newtonian slurry and high-pressure gas simulations  

 (Cases A23, D3, Q, R, S, T, U). 

 

 

A connection between the COV of the r-component of velocity at point “NE” and droplet 

size is made in Figure 7.24.  As expected, more fluctuation energy (temporal variability) in radial 

velocity near the nozzle is consistent with situations which led to smaller slurry length scales.  

Again, both retractions follow a similar exponential relationship.   

The normalized axial component at point “NE” versus D32 is given in Figure 7.25, while the 

temporal sampling variability is 19.7, 9.15, 2.56, 2.45, 37.1, 31.0, and 3.60 for cases A23, D3, Q, 

R, S, T, and U, respectively.  Both retractions show a similar exponential increase in droplet 

length scale with increasing axial velocity.  This adds credence to the hypothesis that when the 

velocity is aimed in a radial direction, more energy is available for droplet breakup.       
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Figure 7.24.  D32 versus COV of r-component of velocity at point “NE” for 11.25° wedge 3-D non-Newtonian 

slurry and high-pressure gas simulations  

 (Cases A23, D3, Q, R, S, T, U). 

 

Figure 7.25.  D32 versus normalized x-component of velocity at point “NE” for 11.25° wedge 3-D non-

Newtonian slurry and high-pressure gas simulations  

 (Cases A23, D3, Q, R, S, T, U). 

 

Lastly, a series of cross-correlations are explored between the mean, COV, and spectral slope 

among the two points and two velocity components for all low IG simulations in this work and 

some from prior work where a counterpart simulation was required.  A linear relationship is 

found between 19 combinations that showed an R
2
 of at least 0.90.  For example, a flushed 

design yields the correlation: 
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COV of X-HA = -530(Mean of R-HA) + 42.5, R
2
 = 1.0             (7.1)     

 

Simply stated, the temporal variability of the axial component of velocity at point “HA” is 

linearly related to the temporal mean of the normalized radial component at the same point for 

cases with zero retraction.     

7.10. Mesh-Independent Droplet Size Analysis 

Until this point, the emphasis has been on screening exercises looking for relative 

comparisons between geometries and numerical recipes.  Various validation efforts have been 

discussed in prior works [35] and Ch. 3; however, with updated solution methods and conditions, 

it was desired to seek a more accurate droplet size in comparison to an external correlation.  For 

case A27 (360° mesh at higher slurry viscosity), all computational element length scales were 

halved in all three dimensions, producing a grid containing 8 times the element count.  Prior 

work in Ch. 5 showed that mesh-independent results were obtained between 2X and 8X of the 

base mesh, so it was known that 8X was more than sufficient.  The simulation time was a few 

months on 32 cores just to get stable time-averaged D32 information after reaching a new quasi-

steady behavior.  It was only run half the time (order of 25 CT times) as its counterpart, A26, 

which was run ~50 CT.  The relative comparison of the droplet size statistics is shown in Figure 

7.26.  The ratios of the coarser mesh value to the more refined mesh values for the D32 mean and 

COV at each spatial sampling location are presented.   
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Figure 7.26.Effects of mesh resolution on D32 statistics (mean and COV) versus distance from injector; ratio 

of base mesh values (denominator) to refined mesh values for 360° resolved 3-D non-Newtonian slurry and 

high-pressure gas simulations.  

 

 

The ratio of the temporal mean varies from nearly unity (data approaches 1.1 at the face) near 

the injector and then levels out to about 2.0 in the far field.  In other words, the mesh-

independent result ranges from about the same near the injector face to about half of what has 

been reported at the far-field. It is expected that, if the base mesh is not mesh-independent, its 

resulting droplet sizes will be different due either to the interfacial reconstruction method 

limitations and/or any changes in hydrodynamics created by improved shear layer resolution.  

More details on numerical effects of droplet curvature and mesh element size were discussed in 

§5.8. Here, the coarser mesh with effectively half the droplet resolution capability produce 

droplets about twice the size of the more resolved mesh. The relative COV values indicate that 

the coarser mesh creates less droplet size temporal variability in the mid-field and more in the 

far-field. Some of the COV difference may be due to the relatively low run time of the higher 

resolution case.  The final droplet size was 2.76 mm. Using the techniques presented in Liu et al. 

[24] (experimental study of a similar three-stream injector and a non-Newtonian slurry) modified 

for the exact conditions and geometry of the present work, the predicted droplet size is 2.80 mm.    
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7.11. Conclusions 

A computational study involving 11 transient compressible 3-D models has been executed in 

order to assess the effects of nozzle geometry, numerics, non-Newtonian slurry viscosity, and 

azimuthal model angle on the self-generating pulsatile spray produced by an industrial scale 

three-stream coaxial airblast reactor injector.  These simulations involved two main categories of 

model geometries.  The first was a 11.25° wedge used for screening purposes, while the second 

was a full 360° domain used to study the primary atomization processes and turbulence length 

scales more closely.   Two additional transient 360° models were run to mimic two-stream (non-

pulsating) injector experimental slurry primary atomization studies in the open literature. 

The slurry annular dimension was found to have a major impact on primary atomization of a 

three-stream pulsating injector.  Due to geometry constraints within the injector (defined by the 

surrounding process), the slurry annular dimension was not able to be modified independently of 

the thickness of the metal lip separating the inner gas and the slurry annular sheet in the pre-

filming region; more constricted slurry sheets also mandated thicker  lips.  Like a splitter plate, 

the thicker lip promoted less interfacial shear.  As result, the slurry length scales were smaller 

closer to the injector where the slurry sheet was thinned, but the length scales were larger away 

from the nozzle where the integrated effects of reduced atomization efficiency were felt.  Inner 

gas pressure drop was reduced for more slurry construction, as less shear converted static 

pressure to velocity fluctuations.  Moreover, droplet length scale temporal variability was mainly 

reduced for smaller slurry openings.  Depending on the droplet length scale goals, the lower 

pressure drop and reduced variability of the thinner sheet cases may offer a design advantage.    

Point-wise velocity spectra sampling was considered for some of the designs.  Radial 

velocity was correlated with slurry annular constriction for two retractions.  The effect of radial 
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velocity on droplet length scale was analyzed.  Near the nozzle, designs which promoted radially 

outward velocities contributed to lower slurry length scales; the opposite was true farther away 

from the nozzle.  The effects were very similar at both retractions.       

Full 360° models showed very different qualitative behavior than wedge models.  The 

pulsations were much less defined with a significantly less ringed spray pattern.  Due to a lack of 

azimuthal annular sheet instability, the slurry length scales were larger for the wedge models 

closer to the injector but then were mostly similar at the end of the domain.  As expected, higher 

slurry viscosities showed larger slurry length scales, and those length scales matched nearly 

exactly those predicted by an external experimental study.  In addition, the incremental effect of 

viscosity matched what is shown in the literature.  These more advanced models allowed the 

further exploration of the pulsation mechanism.  It was revealed that strong radial slurry ligament 

positional fluctuation set conditions such that gas pressure gradients were sometimes normal to 

slurry ligaments.  Liquid bridging was present, but was not solely responsible for setting up these 

gradients.  Those gradients provided a disintegrating force on top of the typical instability 

mechanisms present in coaxial gas-liquid flow. 

Lastly, characteristic length scale predictions have become available for the first time for 

two coaxial slurry primary atomization studies.  Analyses indicated that larger turbulent 

structures do not survive between pulsation events for the three-stream models.  Additionally, 

these structures were too small to directly deform slurry droplets for all models near the 

injector face.  Integral length scales relative to mesh length scales instructed that mesh 

refinement would be required in order to perform LES or hybrid modeling near the injector, 

especially for the three-stream systems. 
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Future work might include the consideration of other injector geometries such that 

the inner lip thickness could be kept constant while the slurry annular sheet is thinned.  

Also, higher gas flows could be considered at lower slurry thicknesses.       
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Chapter 8. Application of a Hybrid RANS-LES CFD Methodology to Primary Atomization 

in a Coaxial Injector 

 

 

8.1. Introduction and Motivation 

 

8.1.1 Atomization and Liquid Feed Profiles 

Dumouchel [6] outlined theories and findings related to cylindrical liquid jets, flat liquid 

sheets, air-assisted cylindrical jets, and air-assisted flat liquid sheets.  It was hypothesized that in 

order for a spray to form, there has to be initial disturbance(s) at the liquid-gas interface and a 

mechanism for those disturbances to grow.  The final spray droplet sizes are individually set by a 

balance of local disturbances and local liquid cohesion force.  Although Birouk and Lekic [118] 

demonstrated the importance of feed liquid profiles for situations without gas co-flow, 

Dumouchel [6] found the details of the liquid flow to be of lesser importance than those of the 

surrounding gas for gas-assisted flows.  The important effects include total liquid momentum, 

gas vorticity, gas phase turbulence, and the recirculation zone outside of the nozzle.    

8.1.2 Turbulence Considerations 

The surrounding gas phase turbulence field has already been shown to play a role in primary 

atomization.  Lasheras et al. [119] proposed that liquid droplet breakup from turbulent resonance 

with droplets can supersede shear atomization.  Chen et al. [120] discussed resonance in the 

turbulence field playing a role in liquid droplet break-up when the small scale turbulence 

frequency matches the natural mode of an entrained droplet.  It was surmised that the size of the 

smallest droplets was comparable to the size of the coherent turbulent structures that were just 

large enough to overcome the surface energy when We was less than 10.  They [120] assumed 

turbulence isotropy and the existence of an inertial subrange in the turbulence spectrum.  Their 
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primary atomization models took the common form in which the SMD was proportional to 

LCWe
-x

 with modifications for a “real” radial turbulence kinetic energy (k) distribution, as 

opposed to a uniform value.  They showed SMD related to k
-x

 indicated that droplet size 

increased as k decreased.  The implication is that, ideally, primary atomization would occur in a 

region of high turbulence energy for a lower equilibrium droplet size.   

Maniero et al. [121] discussed treating a droplet (in a liquid-liquid co-flowing system) as a 

harmonic oscillator to predict its secondary breakup.  In [121], the proposal is that the droplet 

does not respond instantly to its surrounding turbulent field, and their examples include an 

eigenfrequency of 43 Hz for a low-viscosity fluid droplet.  The authors [121] concluded that the 

droplets in their study had length scales in the inertial subrange of the continuous phase 

turbulence, but the Reynolds number of the study was so low that clear distinctions of turbulent 

length scales could not be determined with confidence.  The oscillator forcing function was equal 

to a constant times the turbulent Weber number, for which the typical velocity scale was replaced 

by a structure function; an Eulerian calculation was employed to estimate the velocity 

differences at scales on the order of the expected droplet size.  Only the maximum over the 

considered space dimensions was taken as the structure function.  Instead of breakup occurring at 

a critical Weber number, it occurred at a critical deformation of approximately unity, making the 

constant equal to ~ 0.06.  In addition, SGS VOF modeling has been addressed by Krause et al. 

[122] for cases in which droplet coalescence immediately upon droplet contact was not a true 

representation of reality.   

 

8.1.3 Hybrid Turbulence Modeling 

It is well-known that the RANS approach to computationally quantifying the effects of 

turbulence leaves much to be desired, even in many single phase flow scenarios and especially 
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with those involving boundary layer separation.  Coaxial injectors have separated shear layers 

proceeding from the feed nozzle, as well as separation and boundary layer development around 

individual ligament/droplets.  Adding a second phase only complicates the situation.  Moreover, 

large density gradients are present.  In RANS modeling, all of the key length scales of turbulence 

are lumped into a single model, often employing gradient diffusion, and the effects of the 

fluctuations are superimposed onto the mean.  A substantial improvement would be to invoke the 

use of LES, in which only the largest turbulent motions are resolved and characterized; these 

contain most of the energy and anisotropy.  As a result, treating the smaller, more uniform scales 

in a SGS statistical model poses less of a risk.  There is an obvious expense associated with LES, 

as a much higher grid resolution (and the commensurate smaller time step) is required to 

evaluate those larger scale motions.  Steep velocity gradients, such as those near walls, 

dramatically increase the computational time for a simulation.  In atomization, however, walls 

are not the only items that are immobile relative to the gas; accelerating droplets and ligaments 

could be included in this category as well due to fact that they are much slower than the gas at 

the initial point of interfacial instability.  The term "slip velocity" is applied to the difference 

between the two phases.   

A hybrid approach is often sought to mitigate the expense of LES.  Using this method, LES 

is employed primarily for unsteady separated flow regions, while RANS is employed in near-

wall regions or regions with insufficient mesh resolution to resolve fine-grained turbulence 

structures. In general, there are two categories of hybrid modeling.  "Zonal" relies on a priori 

knowledge and/or decision-making regarding the placement of LES and RANS regions, where 

the grid is demarcated accordingly at the outset.  An obvious disadvantage, especially in regards 

to atomization, is that the LES region changes in time.  A "non-zonal" approach implies that the 
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location of the RANS and LES regions are allowed to dynamically adjust to the flowfield of 

interest, with no need for explicit demarcation a priori.  The acute challenge with non-zonal 

models is the handling of the communication of resolved fluctuating quantities from the LES 

section(s) of the domain to the completely modeled quantities in the RANS section(s).  Another 

critical aspect of the non-zonal model is the switching criteria, i.e., how to determine when to 

transition from one model type to the other.  Depending on where the dominant supply of 

turbulence production occurs, the outcome could vary greatly.      

A few of these switching mechanisms and criteria are explored in Breuer et al. [123].  The 

most common approach is to use grid resolution metrics, such that the LES model is invoked in 

refined mesh zones via suppression of the turbulent viscosity, either directly or through an 

increase in modeled turbulent dissipation rate. The latter, for example, is the method adopted in 

the well-known Detached Eddy Simulation (DES) model. An alternative to this was proposed 

and discussed by Bhushan et al. [85] and Walters et al. [86].  The transition between the two 

modes is determined by the continuity of total turbulence production.  The advantages include 1) 

the ability to couple any RANS model with any LES model, 2) freedom from explicit grid 

dependence, and 3) the return to the baseline RANS model in steady-state flow.  This method 

will be tested in this work, and more details are provided below.      

 

8.1.4 Multiphase Complications 

The liquid-gas interface exists at the SGS level; its reconstruction is often sought through a 

particular multiphase algorithm, such as with VOF discussed throughout this document, in ways 

somewhat analogous to how shocks are captured in high Mach number flows.  Aside from 

discretization and flux computational challenges outlined in Rider and Kothe [74], Gueyffier et 

al. [75], and Davidson [116] (in regards to the importance of instantaneous pressure-velocity 
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coupling in LES structure resolution), turbulence production and transport at the SGS may be 

compromised by assuming a homogenous approach.  Tavangar et al. [97] studied non-Newtonian 

slurry atomization using a homogenous LES and found strong agreement with experimental 

results; however, formal mathematical consideration of the governing equations showed that 

filtering operations produced new SGS terms and their associated instabilities.  Liovic and 

Lakehal [112, 124, 125], Vallee et al. [126], and Navarro-Martinez [14] highlight various 

approaches taking into account these effects as sources of turbulence in LES and RANS 

approaches.  Navarro-Martinez [14] described how SGS surface tension, for example, is 

important in cases of high surface tension, unresolved interface curvature, and flow 

relaminarization.  Obviously, unresolved curvature is a risk for all CFD modeling.  Navarro-

Martinez [14] discovered the fact that SGS effects were not important until after approximately 

20 jet diameters.  At the same time, however, velocity gradients at gas-liquid interfaces can 

induce modeled turbulence that is actually not present in the real flow and requires a modeled 

damping function (Hansch et al. [62], Ergorov [63], and Deendarlianto et al. [64]).  Given that 

these effects are not always important and are partially offsetting, they are ignored in the present 

work. 

Aside from SGS instability sources, a first order consideration is the fact that the gas “sees” 

the liquid as a wall with a differential velocity of varying degrees, depending on the local phase 

slip velocity.  Near the nozzle, the gas moves much faster than the liquid (hence the purpose of 

gas-assisted atomization [113]).  The relatively stationary liquid should enhance turbulence 

production in the gas phase while decelerating the gas.  At some distance from the nozzle, where 

the liquid disintegrates and the droplets move nearly the speed as the decelerated gas, the slip 

velocity is much lower.  Thus, there is very little production between the two phases.  Lastly, in 
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the far-field, the higher density liquid droplets retain their momentum.  The gas, now slower than 

the liquid, is dragged along by the liquid, once again enhancing turbulence.  A large body of 

literature is available to address this for Lagrangian methods (e.g., Crowe [117], Strasser [57], 

and Ling et al. [127]).  However, for SGS drag, these effects are often ignored.  Liovic and 

Lakehal [124] described an alternative to the homogenous approach such that these effects can 

be included.  They discussed the need to construct phase-dependent velocity gradient scaling and 

the associated “wall distance” (actually, distance from the gas-liquid interface) to feed a Van 

Driest-style damping algorithm.  The phase-dependent velocities could be used for Favre 

averaging of each phase, independently, in the turbulence model source terms in this work.  

Implementing a phase-dependent turbulence transport methodology will be neglected herein as a 

first step towards progress in hybrid modeling.  At the macro scale, however, the pervasive gas-

liquid velocity gradients are going to support turbulence generation, and this will be captured and 

explored. 

8.2. Objective and Scope 

It is hoped that the broader coaxial injector focus of prior chapters will be unified and 

extended in this document as method enhancements are sought.  Although the overall project is 

concentrated on a three-stream self-sustaining transonic pulsatile injector involving compressible 

flow and breakup of a non-Newtonian slurry, the new dynamic hybrid RANS-LES (DHRL) 

method will be explored and validated using the studies of incompressible, non-pulsatile two-

stream coaxial primary atomization of non-Newtonian liquids by Mansour and Chigier [20] and 

Zhao et al. [27].   Chapter 7 showed that the ratio of integral length scale to mesh element length 

scale of the two-stream injectors, relative to the pulsatile injector, were more conducive to hybrid 

modeling.  It should be noted that all coaxial atomization may fundamentally be considered 
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“pulsatile” to some extent in that, from a fixed reference frame watching the passing spray, there 

are temporal oscillations in liquid volume fraction and spray droplet number density.  (Plus, two 

fluids merging at different velocities will encourage fluctuations at some scale.)  However, the 

three-stream injector in the cited works is tuned such that there is substantial mass flow 

variability in the bulk feed boundary conditions.    

Table 8.1 (SI units) shows the important parameters in the first case study from [20].  Note 

that the Weber number is the average, but the instantaneous values of the Weber number can be 

very different from the average and can cause the liquid to span multiple breakup regimes [19] 

caused by polydisperse gas fluid structures.  Of the available liquids from [20], the 0.3% (by 

mass) Xanthan gum solution is the closest to the non-Newtonian liquid of the pulsating injector 

of our broader effort.  Figure 1 offers a schematic of the computational representation of the 

nozzle.  The liquid is fed in a central jet of about 3.72 m/s, while gas is fed in an annular region 

at 93.4 m/s.  The feed liquid Reynolds number is about 4000 when defined using the high-shear 

viscosity, making it transitional.  Consequently, in CFD, a flat profile was used.  Although the 

Xanthan gum solution has a strong viscosity dependence on shear, [20] echoed the common view 

that only the highest shear viscosity is the droplet size controlling factor [22, 23].  Using an 

optical method called phase Doppler particle analyzer (PDPA), [20] assessed the local droplet 

SMD at 0.254 meters (10") from the liquid outlet.  As described in Dumouchel [128], the 

disadvantages to the method are 1) only spherical droplets can be measured, 2) only one droplet 

in an optical volume can be measured at a time, and 3) a validation study of the ratio of correctly 

measured events to the total events was not given.  In effect, if large ligaments (non-spherical) 

are present at the measurement location, the reported SMD will be underestimated. Kourmatzis 

[19]  communicated that most objects are non-spherical at initial breakup.  If the view of smaller 
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droplets is blocked by larger ones, the reported SMD will be overestimated.  Regardless, 

Mansour et al. [20] found an SMD of 0.134 mm at the measurement location for the conditions 

in Table 8.1.   

Based on the work of Farago and Chigier [41], liquid feed Reynolds number, and Weber 

number shown in Table 8.1, the liquid disintegration processed would be termed “Fiber” type 

and should be characterized by fibers peeling off the main liquid core and then subsequent fiber 

breakup by non-axisymmetric Rayleigh breakup.  The spray is “pulsating” in the sense that 

pockets/bursts of varying liquid density fields are passing through the domain; however, it does 

not contain the bulk axial mass flow rate fluctuations of a three-stream injector.   

 

Table 8.1.  Important quantities and boundary conditions for two-stream non-pulsatile 360° 3-D non-

Newtonian slurry study # 1 (Mansour and Chigier [20]);  All are in SI units (kg-m-s), except the 

dimensionless numbers in the last three rows. 

Quantity Value 

Liquid density 1000 

Liquid viscosity at highest shear 0.00282 

Liquid surface tension 0.0735 

Liquid orifice inner diameter 0.00305 

Liquid orifice outer diameter 0.00385 

Liquid mass flow 0.0272 

Liquid velocity 3.72 

Gas density 1.20 

Gas viscosity 1.86×10
-05

 

Gas orifice inner diameter 0.0127 

Gas mass flow 0.0129 

Gas velocity 93.4 

Gas to liquid mass ratio 0.474 

Weber number 434 

Ohnesorge number 0.00595 

 



179 

 

8.3. Computational Method 

 

8.3.1 Mesh and Boundary Conditions 

The 360° azimuthal mesh contained 8.3 million hexahederal cells, and an interior slice is 

shown in Figure 8.1.  The MLS was around 80 m near the center line in all three dimensions, 

which is about 1/40
th

 of the liquid orifice diameter.  Each simulation required approximately one 

month on 32 Intel Xeon E5-2643 3.3 GHz cores moving at about 1 CT per day of simulation 

time.  Due to industrial sponsor funding limitations, an axial span of only 0.0635 m was 

modeled.  For validation purposes, the resulting time-averaged droplet size from this work will 

be compared to those of Mansour and Chigier [20] with measurements much farther away from 

the nozzle.  An estimate will, therefore, be sought for the droplet size change from a distance of 

0.0635 m (computational measurement location) from the liquid nozzle outlet to a distance of 

0.254 m (experimental measurement location) from the outlet.  Dumouchel [128], utilizing the 

work of Shraiber, Podvysotsky, and Dubrovsky [129], provided an estimate for the critical 

droplet size of 90 m above which secondary atomization is likely.  A dimensionless period of 

oscillation was estimated to be ~0.029 and a deformation time scale of about 84 s.  That gives 

plenty of time for more breakup and a final diameter ratio of about 3.3:1.  In other words, a 

preliminary estimate of the droplet size at the computational measurement location is estimated 

to be ~0.440 mm.  As a first approximation, all of this ignores the fact that the presence of solid 

particles might make breakup easier for a given viscosity as described in Zhao et al. [27].                   
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Figure 8.1.  Computational mesh of the two-stream non-pulsatile 360° 3-D non-Newtonian slurry injector. 

 

 

8.3.2 Governing Equations and Numerics 

The VOF method has already been outlined in Chapter 2.  Two groups of turbulence models 

are compared here.  The first is the SST model, which has also been outlined in Chapter 2.  The 

second model compared here is the DHRL approach, which was introduced earlier and has been 

documented thoroughly in [85, 86].  Additionally, a brief outline is provided.  First, an 

incompressible version of Equation 2.2 without body forces is filtered (additional needs 

associated with the multiple phases discussed below) as: 
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with the turbulent stress (last term, any residual stress) given below.  

 

𝜏𝑖𝑗 = 𝑢𝑖𝑢𝑗̂ − �̂�𝑖�̂�𝑗                                                                  (8.2) 

Liquid Inlet Gas Inlet

Cell length scale is 
~ 80 m in all 
three dimensions.
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Now, a decision has to be made on how the ensemble-averaged velocity field (Reynolds stress) is 

bridged with the spatially-filtered velocity field (sub-grid stress).  To that aim, the instantaneous 

velocity (ui) is decomposed as follows: 

 

𝑢𝑖 = �̅�𝑖 + 𝑢′′𝑖⏟    
𝑢𝑖

+𝑢′𝑖                                                               (8.3) 

 

where �̂�𝑖 is the velocity extracted from the simulation in each cell, �̅�𝑖 is the mean (RANS) 

velocity, 𝑢′′𝑖 is the resolved fluctuating velocity, and 𝑢′𝑖 is the unresolved fluctuating velocity.  

Only 𝑢′𝑖 requires modeling through the stress term.  After substitution, assuming there is no 

correlation between the resolved and unresolved velocity fluctuations, and applying scale 

similarity, the sub-filter stress term becomes: 

 

𝜏𝑖𝑗 = 𝛼(𝑢𝑖𝑢𝑗̂ − �̂�𝑖�̂�𝑗) + 𝛽𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅                                                     (8.4) 

 

Taking the coefficients  and  to be complimentary, the result is a residual stress that is an -

weighted function of the SGS component and the RANS component.  Each individual term on 

the RHS of Equation 8.4 is normally a linear function of the SGS and RANS inputs.  A 

secondary filter operation is applied to dynamically compute  equal to: 

 

( 𝑢𝑖′′𝑢𝑗′′̅̅ ̅̅ ̅̅ ̅ 𝑆𝑖𝑗̅̅̅̅⏟    
𝑅𝑒𝑠𝑜𝑙𝑣𝑒𝑑 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

)/( 𝜏𝑖𝑗
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𝑅𝐴𝑁𝑆 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

− 𝜏𝑖𝑗
𝑆𝐺𝑆̅̅ ̅̅ ̅̅  𝑆𝑖𝑗̅̅̅̅⏟    

𝐼𝑛ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠
𝑆𝐺𝑆 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

)                     (8.5) 
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In other words,  ranges from 0 in pure RANS regions (no resolved fluctuations) to 1 in pure 

LES regions.  Again, there is no explicit grid dependence.  It should be noted that the RANS 

inputs are computed based a running time-averaged flowfield, and this is appropriate for 

statistically stationary flows.  In effect, what is occurring is that a time-averaged RANS source 

term is being added back into the momentum equation for the non-LES regions.  This is quite 

different from a typical URANS model which adds in an ever-adjusting source term responding 

to a local stress/strain balance.  An improvement to this method, which would reduce the 

“contaminating” effect that the initial flowfield assumption has on the running time-average, is to 

use a moving time-average.  Instead of having a time-average comprised of all collected data, the 

time-average would be based on a pre-set most recent period of time such that old data are 

continuously washed out.  This might be pursued at a later date.         

In the present work, the DHRL is comprised of SST for the RANS inputs and monotonicity 

integrated implicit LES (MILES).  The premise of the MILES (implicit filtering) approach is that 

dissipative discretization techniques (monotonicity preserving convective flux schemes), such as 

those available in commercial codes, filter the flowfield a sufficient amount to represent SGS 

turbulent diffusion.  Any additional SGS model removes too much of the higher wave number 

structures.  This concept is described in Pope [130] and is utilized by Semlitsch [131].  The risks 

associated with implicit filtering are discussed by Pope [130], Batten et al. [132], and Lesieur 

and Metais [133].  [132] studied acoustic resonance in a cavity with various LES approaches.  

They illustrated that the dissipation in an SGS model is different from the dissipation introduced 

purely through upwinding.  Properly formulated upwind introduces zero shear-stress when the 

shear is perfectly aligned with the cell interfaces.  [132] showed that effective viscosity can 

suppress pressure oscillations, especially when the separation characteristics are not defined by 
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the geometry.  However, the use of bounded central differencing (BCD) along with MILES 

produces a balanced level of dissipation superior to even the typical dynamic Smagorinsky 

approach of Germano [134] as was shown in Adetokunbo et al. [135].  Additionally, the use of a 

hybrid approach, where RANS is used to make up for unresolved LES turbulence, should help 

mitigate the uncertainty associated with implicit filtering. 

Since the original, single phase formulation of the DHRL model assumed incompressible 

fluids, the model has been extended to take into account strong density gradients.  The source of 

these density gradients could be high Mach number flows of a gas, multiphase flows like those 

of two-stream atomizers, or compressible multiphase flows like those in relation to the three-

stream pulsatile injector work.  Initially, the removal of the cross-diffusion term in the SST 

model was required, which is the dot product of dk/dxi and d/dxi.  In shear layers, the 

alignment of these can provide constructive feedback and unboundedness in the turbulence 

model.  By removing the cross-diffusion term, the standard k- model is approached.  The 

RANS portion is invoked mainly in boundary layers, where the SST switching function would 

transition to the  equation for the length scale.  However, the computational issues which 

necessitated this were resolved, and cross-diffusion terms are again included.   

The second modification was much more entailed and involved Favre averaging all of the 

velocity and stress components so that density changes are correlated with phase velocity 

changes.  As part of this, the momentum source terms are time-averaged density weighted with 

the aim to prevent large instantaneous spikes in local source terms.  The risks associated with 

this can be described as follows.  The turbulence is being generated primarily in the gas phase, 

but the averaged velocity field is dominated by the liquid phase since it is a density-weighted 

average.  There is some evidence from industrial sponsor testing that this leads to falsely 
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smoothing the otherwise oscillatory behavior.  Early unpublished attempts with a simple 

multiphase splitter plate, before employment of density-weighted sources, showed no smoothing, 

while it will be shown here (and in other unpublished work) that undesired smoothing may be 

occurring. 

Additionally, there is some discussion necessary around whether the  multiplier onto μt 

gets applied to cell values or face fluxes in the momentum source terms.  If  gets applied at 

faces, there can be a substantial difference in μt at the different cell faces, resulting in a very high 

source term applied even if the mean velocity gradient is smooth.  To mitigate this, the RANS 

component is multiplied onto the cell values.       

Despite these controls, the source terms are still difficult to control on “start-up”.  

Mitigation of their numerical stiffness was carried out by engaging them slowly using a uniform 

linear increase in magnitude versus simulation time.  This ramp-up took place over 1000 time-

steps or about 0.6 CT.     

Equations 2.1 - 2.3 and 8.1 – 8.5 were solved in ANSYS Fluent’s segregated single 

precision commercial cell-centered solver version 14.5.7 in the same way as discussed in 

Chapter 2.  A very small time step size of 4.5×10
-7

 seconds was required, along with 10 sub-

loops, in order to keep the VOF reconstruction scheme well-posed and the CN below unity.  The 

QUICK scheme was used on the advection terms for the SST approach, while DHRL case “13D” 

employs bounded central differencing and DHRL case “13E” utilizes second order upwinding.  

First order upwinding was used for SST turbulence quantities, which were dominated by source 

terms.   Due to the additional computational load of the DHRL subroutine, the solution time 

increases approximately 20%.         
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8.4. Results 

8.4.1 1st
 Case Study 

Four simulations will be discussed.  The first is based on the SST model, while the second is 

a MILES (no SGS model) solution.  The third and fourth utilize the DHRL (MILES + SST).  The 

MILES solution is from 26 CT worth of time-averaging, while the DHRL (13D and 13E) 

solutions are based on 20 CT.  The SST model incorporates 86 CT.  Unless otherwise noted, all 

contours are taken from the same center cut mesh plane shown in Figure 8.1.   

First, typical instantaneous density (directly related to liquid volume fraction) distributions 

are highlighted in Figure 8.2 at random sampling times among the three models (red designates 

liquid, blue designates gas).  The flow moves from top to bottom of the frame. There is a much 

less restrained momentum field in the DHRL and MILES models away from the liquid entry 

point, allowing more energy for droplet breakup; however, the opposite is true up near the liquid 

entry point.  The onset of a response to the shear field is delayed.  This makes sense given that 

the gradient diffusion hypothesis of SST is not upheld in DHRL or MILES because the stress and 

strain fields are not always aligned and immediately coupled.  In terms of atomization, the effect 

is a much larger breakup length, which is the distance that the liquid core is intact.  Menard, 

Tanguy, and Berlemont [13] studied the primary atomization of a liquid jet using direct 

numerical simulations (DNS) and found the extent of the liquid core was shown to be about 7 jet 

diameters.  Below the liquid core, the droplets get smaller, and the spray distribution widens.  All 

three models exhibited this general behavior, but they were different in character.  The SST 

model broke up into larger scales closest to the liquid entry point (as compared to the other two 

cases).  The MILES approach produced smaller droplets farther from the liquid entry; the results 

showed a substantial amount of lateral movement relative to the others, and this will be revisited 
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below.  The DHRL approach, on the other hand, predicted a significant delay before breakup and 

then a mix of droplet length scales (D32).  Similarly, the time-averaged density field is shown in 

Figure 8.3.  It can be see that, on average, the liquid core length increases from the SST to the 

MILES to the DHRL model.  More about liquid phase ligament/droplet length scale 

quantification will be discussed below.   

The relative comparison of instantaneous liquid length scales is depicted again in Figures 8.4 

and 8.5.  Figure 8.4 is a front view of a typical liquid surface, similar to Figure 8.2 but at 

different time steps.  As before, a longer liquid core and smaller primary liquid fragmentation by 

the MILES and DHRL approaches is seen.  Figure 8.5 illustrates the same instantaneous liquid 

surfaces, except that the view is from the model outlet, looking into the flow.  The DHRL 

appears to have narrowed the spray distribution although the distribution is not quantified here.  
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Figure 8.2.  Instantaneous density contours for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry 

Case # 1; red designates liquid. 

 

 

 

Figure 8.3.  Time averaged density contours for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry 

Case # 1; red designates liquid. 
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Figure 8.4.  Instantaneous liquid surfaces for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry 

Case # 1. 

 

 
Figure 8.5.  Instantaneous liquid surfaces for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry 

Case # 1, bottom view of those in Figure 8.4. 
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Figures 8.6 and 8.7 show instantaneous and time-averaged velocity magnitude contours, 

respectively.  In both figures, the contours scale linearly between the colors of blue = 0 m/s and 

red = 93 m/s, which is the feed velocity.  As expected, the MILES and DHRL results exhibit a 

much more spatially diverse flowfield.  Eddy viscosity models are known to diffuse velocity 

gradients, and the results corroborate that here.  A much larger range of scales of motion in the 

MILES is evident.   

Much of the explanation for the slurry breakup behavior lies in the understanding of Figure 

8.6.  As most clearly depicted in the MILES contour set, the two-stream atomization system 

involves a wake flow where the liquid core meets the inner gas layer and a jet flow where the 

outer gas layer meets the quiescent outer field.  Turbulence of different character is produced in 

each of these regions.  In the wake, many small scale structures are produced, while in the jet, 

larger bulk nearly sinusoidal shaped waves (sinuous instability mode [113]) are produced.  The 

interaction of the two, and especially the larger scale jet motion, is responsible for the lateral 

motion.  As shown in Figure 8.4, the lateral motion of the MILES case actually creates an area of 

liquid discontinuity very early in the breakup process.  As will be shown in upcoming figures of 

kinetic energy and breakup length, this lateral motion is too strong.   
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Figure 8.6.  Instantaneous velocity magnitude (red = feed velocity) for the two-stream non-pulsatile 360° 3-D 

non-Newtonian slurry Case # 1. 

 

 

 
 

Figure 8.7.  Time averaged velocity magnitude (red = feed velocity) for the two-stream non-pulsatile 360° 3-D 

non-Newtonian slurry Case # 1. 
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The very thin laminar layers of velocity gradient (vorticity concentration) produces too much 

turbulence and too early.  The SST result, on the other hand, also shows more lateral motion than 

the DHRL result but for different reasons.  The RANS approach, by design, computes larger 

length scales throughout the domain; the lateral jet energy comes from the wake as much as the 

jet flow.  In considering DHRL, the jet flow is shown to be somewhat diffused.  There are nearly 

no structures seen in the outer gas periphery, which implies there may be artificial jet smoothing.  

Smoothing results from either density weighting or from the first order transient stencil.  It is 

much more likely that the transient stencil is responsible for the jet smoothing.  The mandate for 

using first order in time is set by an ANSYS solver limitation.  More work would be required to 

develop and implement a custom higher order transient scheme.  Despite these indications, the 

breakup length is closer to the experimental value as will be highlighted herein.  

Regarding Figure 8.7, the time-averaged SST velocity does not look very different from the 

instantaneous liquid velocity in Figure 8.6.  This makes sense given that the RANS approach is 

already time-averaging, to a large extent, the various scales of motion.  The MILES field is 

widened after the initial breakup of the liquid central core, which is consistent with the increased 

MILES radial spreading of the spray shown in Figure 8.2.  The DHRL solution showed results 

somewhere in-between the two extremes with a much higher axial penetration of the mean 

velocity.  An interesting feature of the MILES result, however, is unexpected striations (axial 

gradients) in the time-averaged velocity field of Figure 8.7.  These striations result from Favre 

averaging the velocity field and the “scarring” caused by passing droplets.  The droplets raise the 

local density, and many CT are required to wash out these gradients.  The more energetic and 

dispersed the droplets (sparsely passing a single point), the more CT is required for a smooth 

field.  Notice how 13E (DHRL) has a smooth field after 20CT due to the less energetic spray.        
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There is dramatically larger time-averaged turbulent kinetic energy in Figure 8.8 for the 

MILES approach.  Here, blue = 0, while red  500 m2/s2.  The larger MILES values result from 

too steep of a velocity gradient without the stabilizing effect of turbulent viscosity.  Figure 8.9 

illustrates time-averaged contours of specific dissipation rate over the range blue = 0 to red  

1x105 s-1.  From this figure, the main distinguishing feature is the widening of the flowfield at 

the end of the MILES liquid core.   

Further elucidation is provided in axial plots Figures 8.10 – 8.15.  Each of these reflects time-

averaged and mass flow-weighted area-averages of a given quantity on 10 evenly spaced planar 

cross-cuts.  All x-axes are distances normalized by liquid orifice ID.  Temporal sampling 

variability is only available for the SST results, and those are shown on some of the plots as 

“error” bars.  The lack of major differentiation between 13D and 13E illustrates that the space 

discretization stencil does not adversely affect the predictions.    

As shown in Figure 8.10, a strikingly different k field is present in the MILES model, so 

much so that the MILES results are plotted on the secondary (right) axis.  Note that the units are 

the same.  All models show a generally increasing trend as the shear layer takes energy from the 

mean flow and adds it to the fluctuations.  The DHRL results (13D and 13E) are alike, similar to 

the SST results, but increase approximately linearly.  Interestingly, the slope of the MILES 

solution closely matches that of the two DHRL simulations.  Higher turbulence intensities 

(higher k) indicate a wider range of turbulent gas phase length scales and, through fluctuating 

Rayleigh-Taylor instabilities, can produce a wider range of droplet sizes [19], though the range 

was not quantified here.   
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Figure 8.8.  Time-averaged turbulent kinetic energy (red  500 m2/s2) for the two-stream non-pulsatile 360° 

3-D non-Newtonian slurry Case # 1. 

 

 

 
 

Figure 8.9.  Time-averaged turbulent specific dissipation rate contours (red  1×105 s-1) for the two-stream 

non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 
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Figure 8.10.  Time-averaged mass flow-weighted area-averaged turbulent kinetic energy on 10 evenly spaced 

cross-cuts for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 

    

  

Figure 8.11.  Time-averaged mass flow-weighted area-averaged specific turbulent dissipation rate on 10 

evenly spaced cross-cuts for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 

 

Axial specific dissipation plots are shown in Figure 8.11, and all models produce similar 

trends.  Dissipation peaks at 4 liquid orifice diameters from the orifice and then decreases for the 

SST and MILES models, but the two DHRL versions shown different extrema.   

An estimate for the integral time scale (ITS) of motion is offered in Figure 8.12 with results 

nearly overlapping between the SST and MILES models; however, the two DHRL models 

produce ITS values twice as large.  Liquid breakup occurs on timescales greater than or equal to 
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the local ITS because it takes time for the instabilities to be communicated throughout the liquid 

surface [19]; at higher turbulence intensities (fluctuating We), ITS is the controlling factor.   

The next two figures present data for the various length scales predicted.  Figure 8.13 shows 

the estimate for the raw integral length scale (ILS), while Figure 8.14 compares these values to 

the MLS.  Any reference to the ILS implies a local computation of 0.5k
1.5

/, which is a RANS-

based estimate of the length scale such that a range of 1/6 ILS to 6 ILS contains 80% of the 

energy of motion for an ideal spectrum (Pope [130]).  Its introduction herein is only meant to 

imply an order of magnitude estimate for the largest scales of energy- (and anisotropy)-

containing motion.  It is apparent from Figure 8.13 that the MILES solution exhibited much 

larger length scales.  Both the SST and MILES showed similar increasing trends, while the two 

DHRL results are consistently lower.  Davidson [116] discussed measures for “adequate” LES 

resolution (and making SGS length scale be a function of magnitude of the resolved strain), and 

stated the ILS/MLS ratio should be  10.  As depicted in Figure 8.14, the MILES solution is in 

that range for some of the domain, while the DHRL models show values around unity.  This 

implies that, from a laterally averaged standpoint, mesh resolution may not be ideal; however, 

the consistency between the results of 13D and 13E reminds that the spatial stencil is not a 

limiting issue.  Additionally, the data along the centerline of the model (not shown) showed 

higher ratios for the DHRL models.  Moreover, the ILS is only an order-of-magnitude estimate.  

Another adequacy measure proposed by [116] is the ratio of resolved SGS dissipation to total 

SGS dissipation.  However, [116] noted that this ratio is equal to unity in homogeneous 

turbulence and may not be the best indicator.  Consequently, this was not pursued.    
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Figure 8.12.  Time-averaged mass flow-weighted area-averaged integral time scale (ITS) on 10 evenly spaced 

cross-cuts for two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 

 

Figure 8.13.  Time-averaged mass flow-weighted area-averaged integral length scale (ILS) on 10 evenly 

spaced cross-cuts for two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 

 

Figure 8.14.  Time-averaged mass flow-weighted area-averaged ratio of integral length scale to the average 

MLS on 10 evenly spaced cross-cuts for two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 
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Now, attention will be shifted to quantifying the scales of liquid fragments and droplets, and 

the results are embodied in Figure 8.15.  Instead of the raw data, however, the ratio of droplet 

length scale to MLS is given.  It is important to always test and make sure that there are enough 

cells present to reconstruct the interface of a droplet or liquid contiguous body.  It has been 

shown by Herrmann [136] that values ranging from at least 2 to 6 are sufficient, so all models 

pass.  This depends on the droplet shapes/curvature as discussed in Chapter 7.  The raw values at 

the end of the modeled domain are annotated on the plot as part of each curve’s title; for 

example, the ending value for the SST model is 1.10 mm.  Note specifically that the MILES 

value of 0.450 mm is close to the adjusted experimental projected estimate of 0.440 mm, while 

the SST value is more than double.  The use of a differential Reynolds stress turbulence (linear 

pressure strain) model resulted in an ending droplet size (not shown) of around 2/3 of the SST 

value.  It is clear that DHRL ended up at nearly the same slurry length scale, and the scale 

diffusivity (rate of decline, [108]) was much greater after a longer liquid core delay.  Although 

the ending value was higher than the target, the decay rate implies that the slurry length scale 

would hit the target only slightly beyond the modeled domain.    

 

 

Figure 8.15.  Time-averaged mass flow-weighted area-averaged ratio of droplet length scale to MLS for the 

two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1.  
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Figure 8.16.  Time-averaged mass flow-weighted area-averaged ratio of integral length scale to average 

droplet length scale for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 1.  

Table 8.2.  Normalized breakup length estimates from other correlations for the two-stream non-pulsatile 

360° 3-D non-Newtonian slurry Case # 1. 

Correlation Length 

Zhao et al. [27] 7.22 

Eroglu et al. [137] 8.74 

Engelbert et al. [4] 10.4 

Lasheras et al. [119] 6.90 

Porcheron et al. [138] 6.67 

Leroux et al. [139] 10.9 

 

In Figure 8.16 the ratio of the integral scale of turbulence is compared to the droplet length 

scale.  For the SST and DHRL outcomes, the droplet scale was about ten times the integral scale, 

but for the MILES result, the two scales are about the same order.  This implies that the droplets 

would directly interact with the turbulent structures only for the MILES approach.    

Figure 8.3 displayed the time-averaged volume fraction contours, giving indication of a 

continuous liquid core length.  Table 8.2 shows the expected breakup length values (normalized 

by the liquid orifice diameter) from various authors when their correlations are framed for this 

geometry and flow conditions.  Lasheras et al. [119] explained that the liquid core length 

definition could vary among authors and could be at volume fractions equal to 0.5.  Additionally, 
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it is not clear if authors of the experimental studies, using frame-by-frame video analysis, 

considered the liquid cores as being continuous when the liquid jet was laterally oscillatory and 

off-centerline.  Another issue that is not discussed in these sources is the fact that the turbulence 

intensity (through We fluctuations) can have a strong effect on breakup length; higher gas 

intensity values reduce the length [19].  Even though the primary instability wavelength dictates 

ligament sizes, the gas phase turbulence can determine the ligament forming distance.  As a 

result, there is some uncertainty in how to directly compare CFD with the experimental 

counterpart.  Core lengths are reported at two liquid volume fractions, 99.5% and 50%, 

respectively from our work in Table 8.3.  

It is evident that only the DHRL solution comes close to the expected values.  A laminar 

liquid jet relies on the gas phase structures and gas boundary layer thickness to deform the liquid 

interface [18].  That buffeting then competes with surface tension for the primary instability 

mechanism.  The liquid feed Reynolds number is about 4000 (based on the high-shear viscosity), 

making it transitional and the condition of the boundary layer uncertain.  The SST model 

assumes boundary layers are everywhere turbulent.  Since that is not the case in the liquid feed, 

the use of SST likely causes breakup too early.  The DHRL and MILES models produced a more 

realistic liquid feed, but the MILES approach had too much kinetic energy.  Only the DHRL 

model addresses both of these issues, although, as previously discussed, the lateral motion of the 

DHRL result is potentially artificially smoothed. 

Table 8.3.  Normalized breakup length estimates from CFD for the two-stream non-pulsatile 360° 3-D non-

Newtonian slurry Case # 1. 

 
99.5 % threshold 50 % threshold 

SST 2.7 4.2 

MILES 3.9 5.4 

DHRL 6.9 14 
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Figure 8.17.  Energy spectra from 3 of the 4 models for the two-stream non-pulsatile 360° 3-D non-Newtonian 

slurry Case # 1. 

 

Velocity spectra were quantified using methods described in §6.6.  Figure 8.17 shows energy 

spectra of axial velocity from a point 12.5 orifice diameters downstream of the liquid outlet and 

about 1.74 orifice diameters off the centerline for all models (except MILES, which is not 

available) at a sampling frequency of 106 Hz and 214 data points.  The point was placed in the 

shear zone towards the outer liquid layer.  For reference, the grid wavenumber (/grid length 

scale since two cells per period are needed to satisfy the Nyquist criterion) was on the order of 

4×10
4
.  The results imply that not much changes at this particular point with changes in 

turbulence model.     

The time-averaged fraction resolved by LES is depicted in Figure 8.18 for the DHRL model.  

Technically speaking,  = 1 does not mean “resolved” from a purely fluid mechanics standpoint.  

It means that the resolved stress (or production) is at least as much as the RANS stress (or 

production), so the system is “resolved” for the chosen RANS model.  The blue regions represent 

areas requiring all RANS support, while the red regions represent areas using LES only.  Values 

in-between indicate that the solution uses a blending between RANS and LES.  In Figure 8.18, 

there is a fair amount of RANS support needed in the interfacial shear layers, indicating 
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diffusion.  This diffusivity can be related to the temporal stencil, time step size, spatial stencil, 

grid size, and/or or SGS model (zero in this case).  From a cross-sectionally averaging 

standpoint, the mesh resolution was likely sufficient.  However, locally, there are areas of 

sufficient and insufficient resolution.  Additionally, the temporal stencil is based on first-order 

upwinding, and that is a current limitation with Fluent.  It is apparent, based on the droplet size 

analysis that the DHRL RANS compensation balances these issues. 

       

 

Figure 8.18.  Time-averaged  (fraction resolved by LES) contours from DHRL model for the two-stream 

non-pulsatile 360° 3-D non-Newtonian slurry Case # 1. 
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8.4.2 2nd Case Study 

The coaxial system of Zhao et al. [27] is investigated computationally using a similar 

transient PLIC method and 360° mesh layout.  The mesh element length scale for [27] was closer 

to 120 microns along the centerline, which is about 1/40
th

 of the liquid orifice diameter (like with 

Case # 1).  The SST (214 CT) and MILES (76 CT) models will be discussed; time did not permit 

simulating with the DHRL method.  Comparisons of mesh, slurry, and integral length scales for 

the SST result can be found in Chapter 7.  Table 8.4 (SI units) shows important setup 

information for the experimental case of Zhao et al. [27] designated “A1”.  The liquid feed to the 

gas was laminar-parabolic in the experiment and in CFD; however, [28] proposes that liquid feed 

velocity profile is not important when the metal lip is thick.  Based on the work of Farago and 

Chigier [41], the liquid Reynolds number (~1) and Weber number, the disintegration would be 

termed a “Superpulsating” type and would be characterized to be similar to a “Fiber” type, 

except with larger waves between major bursts of droplets.  If the liquid flow were larger, it 

would be more like the Fiber type.  “Superpulsating” should not be confused with the bulk 

boundary mass flow variations of the three-stream injector of the cited works. 

A sample energy spectrum of axial velocity for the SST result at a sampling frequency of 106 

Hz at a point located 2 orifice diameters below the phase meeting point and one-half of an orifice 

diameter off centerline is given in Figure 8.19. The MILES data are not available.  For reference, 

the grid wavenumber (/grid length scale since two cells per period are needed to satisfy the 

Nyquist criterion) was on the order of 3×10
4
.  There appears to be no isolated inertial range, as 

most of the lower wavenumbers follow the -5/3 slope.   
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Table 8.4. Important quantities and boundary conditions for the two-stream non-pulsatile 360° 3-D non-

Newtonian slurry Case # 2 (Zhao et al. [27] case designated “A1”); All are in SI units (kg-m-s), except the 

dimensionless numbers in the last three rows. 

Quantity Value 

Liquid density 1211 

Liquid viscosity at reference shear 3.05 

Liquid surface tension 0.108 

Liquid orifice inner diameter 0.00510 

Liquid orifice outer diameter 0.00712 

Liquid mass flow 0.00989 

Liquid velocity 0.40 

Gas density 1.20 

Gas viscosity 1.86E-05 

Gas orifice inner diameter 0.0149 

Gas mass flow 0.0162 

Gas velocity 100 

Gas to liquid mass ratio 1.64 

Weber number 562 

Ohnesorge number 3.73 

         

 

 

Figure 8.19.  Energy spectrum from the two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 2 

SST model with -5/3 slope 
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Figure 8.20 depicts instantaneous surfaces of slurry from the SST and MILES 

simulations at random uncorrelated times.  Breakup is relatively early, and no obvious 

differences arise given there is substantial variability in time.   It appears as though there may be 

slightly more lateral motion in the spray for the MILES approach as was seen in the prior study.  

The liquid core from this figure resembles the high gas flow experimental pictures in Figure 7 

from [27], but the breakup in those is later due, in part, to higher liquid flow in [27].  The authors 

of Zhao et al. [27] claim a breakup length of 5.7.  However estimates using correlations from 

other authors shown from Table 8.2 produce values ranging from 0.05 to 36.  SST and MILES 

breakup estimates for the two thresholds are shown in Table 8.5.  The MILES values are higher, 

but all are far below the experimental value for reasons discussed in § 8.4.1.  It is expected that, 

similar to first case study, more accurate prediction of breakup length would be possible with a 

hybrid RANS-LES approach to be investigated in future work.      

 

Table 8.5.  Normalized breakup length estimates from CFD for the two-stream non-pulsatile 360° 3-D non-

Newtonian slurry Case # 2 

 
99.5 % threshold 50 % threshold 

SST 0.91 1.9 

MILES 1.3 2.0 

      

Figure 8.21 illustrates instantaneous velocity contours ranged from blue = 0.0 to red = 100 

m/s (gas feed velocity) for the MILES case.  The rich, energetic character of developing shear 

layers is evident.  The fraction of flow field resolved by LES is shown in Figure 8.22.  Even 

though there is no hybrid solution being sought, this represents a preliminary look at how much 

RANS support (shades of blue and green) is necessary.  It is evident that most of the domain 

would be treated with RANS in a hybrid approach. 
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Figure 8.20.  Instantaneous slurry spray surface for the two-stream non-pulsatile 360° 3-D non-Newtonian 

slurry Case # 2. 
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Figure 8.21.  Instantaneous velocity contours for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry 

MILES Case # 2; Red = feed velocity. 

 

 

Figure 8.22.  Time-averaged  (fraction resolved by LES) contours from for the two-stream non-pulsatile 

360° 3-D non-Newtonian slurry MILES Case # 2. 
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Figure 8.23.   Time-averaged mass flow-weighted area-averaged ratio of droplet length scale to MLS for the 

two-stream non-pulsatile 360° 3-D non-Newtonian slurry Case # 2.   

 

Table 8.6. Normalized distance and COV for the two-stream non-pulsatile 360° 3-D non-Newtonian slurry 

Case # 2 SST and MILES models. 

Normalized 

Distance 

% COV 

SST MILES 

0.490 6.91 6.55 

1.47 28.9 15.6 

2.45 43.4 44.2 

3.43 50.6 47.7 

4.41 50.4 48.7 

5.39 57.6 49.5 

6.37 131 49.3 

7.35 151 49.0 

8.33 159 47.4 

9.31 163 48.0 

 

Laterally averaged slurry length scales versus axial distance (scaled by MLS) are shown in 

Figure 8.23, and Table 8.6 includes the temporal sampling variability (COV) for each data point.  

The SST and MILES solutions show similar trends, which corroborates Figure 8.22 due to the 

fact that the model is mostly supported by RANS effects.  Clearly, more fluctuating velocity 

components do not imply a correct turbulence model as is noted in Pope [130].  Both droplet 

sizes end up around 0.9 mm.  These data are not available in the experimental study, so they 
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represent the first publication of these predictions. Investigations into the ratio of the ILS to the 

MLS revealed ratios in the range of 2 (near the injector) to 3 (far-field), which is similar to the 

SST values (prior work).  Because this ratio is below 10, adequate LES resolution is not 

expected.  

Figure 8.24 illustrates k profiles for the two Case # 2 simulations.  CFD temporal 

sampling variability is shown with “error” bars.  As with Case # 1, the SST results are on the 

order of 100 m
2
/s

2
, while the MILES result are much higher.  In fact, the MILES results are an 

order of magnitude higher for Case # 2 than # 1.  The proposed cause of this is the relatively less 

resolved flowfield, which artificially increases turbulent energy from thin laminar shear layers.  

Although the relative mesh element length scale between the Case #1 and #2 is comparable, the 

higher Ohnesorge number coupled with the larger mesh elements exacerbate the laminar effect.      

 

 

Figure 8.24.  Time-averaged mass flow-weighted area-averaged turbulence kinetic energy for the two-stream 

non-pulsatile 360° 3-D non-Newtonian slurry Case # 2. 

 

ITS estimates for the two Case # 2 simulations are shown in Figure 8.25.  The SST 

results are of similar order as Case # 1.   The MILES values, on the order, are substantially lower 
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than the SST results; for Case # 1, the two sets of results were very close to one another.  

Apparently, the greatly exaggerated k values in the MILES result lowers the eddy lifetime.     

 

 

Figure 8.25.  Time-averaged mass flow-weighted area-averaged integral length scale (ILS) for the two-stream 

non-pulsatile 360° 3-D non-Newtonian slurry Case # 2. 

 

ILS estimates for the two Case # 2 simulations are shown in Figure 8.26.  Both sets of 

simulation results are strikingly similar to those from Case # 1.  However, these SST results have 

more temporal variability than those from Case # 1.      

 

 

Figure 8.26.   Time-averaged mass flow-weighted area-averaged integral time scale (ITS) for the two-stream 

non-pulsatile 360° 3-D non-Newtonian slurry Case # 2. 
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In [27], the authors discussed the liquid column breakup frequency.  For the conditions of 

the test used herein, their relations dictated a frequency of 105 Hz.  Data were sampled at various 

locations throughout the domain, and passing liquid volume fraction was recorded  It was found 

that the results were remarkably unpredictable, in that massive amounts of simulation time would 

have been required to sequester enough data to make meaningful liquid passing conclusions at 

any particular point.  Frequency results ranged from around 10 Hz at one point to around 400 Hz 

at another.  When comparing the SST simulation data to the MILES data, there were no 

consistent correlations between the two simulations.  More work would be needed to assess this.  

However, it was found that more stable frequency information could be extracted from droplet 

size transient information in the 10 axial sampling volumes.  For the SST simulation, values 

were typically about 80 Hz and did not strongly depend on sampling volume location.  For the 

MILES simulation, the results were closer to 60 Hz and also did not strongly depend on 

sampling volume.  It is consistent with [140] that the frequency was not dependent upon 

measurement location except very close to the nozzle.  In other words, the more energetic 

velocity field of the MILES simulation produced less bulk cyclicality in the droplet size burst 

results.  The smaller length scales in the MILES approach apparently damped the rate of droplet 

size temporal variability.  Neither model, however, matched the experimental result exactly.  

 

8.4.3 DHRL Improvements 

Various modifications to the original hybrid method outlined in § 8.3.2 have been 

implemented, mostly pertaining to how RANS and LES components are assembled in the 

individual terms of Equation 8.4, in Case # 1 for a new simulation referred to here as “14” (21 

CT data collection time).  Improvements include 1) second order upwind transient stencil, 2) 



211 

 

density consistency improvements in the RANS flux calculation, 3) reversion in how  is applied 

therein, 4) harmonic spatial density averaging therein, and 5) removal of the linear 1000 time-

step source term ramp-up.  The reasons for the first change are obvious; the ANSYS-mandated 

first order transient stencil is diffusive and potentially smearing the small scales of motion. The 

second improvement was to mitigate instantaneous local momentum imbalances, which 

disappeared at long times, caused by RANS flux source term density weighting.  Now, the flux 

applied to a low-density cell next to a high-density cell doesn't overwhelm the rest of the terms in 

the equation, particularly the time term, which scale with the cell (i.e. low) density.  The third 

modification involves the  multiplier decision about face versus cell inclusion.  For similar flux 

inconsistency reasons (but will not disappear at the long time-average), it was returned to the 

faces.  Instead of a linear spatial density combination in the RANS flux, the fourth modification 

entails harmonic spatial density averaging, which favors lower density values [141].  Lastly, the 

source term ramp-up was removed.   

Typical instantaneous velocity contours from simulation “14” are illustrated in Figure 

8.27.  A significant increase in velocity fluctuations, especially towards the interior wake flow, 

can be seen when compared to case 13E in Figure 8.6.  In fact, the breakup of the jet in this 

simulation looks even closer to the nozzle than in the MILES simulation.  The time-averaged 

liquid core length is 2.6 or 5.5, for thresholds of 99.5% or 50%, respectively, which are between 

the previously discussed SST and MILES.  Droplet sizes are close to the previous DHRL cases, 

but the smaller scales occur closer to the liquid injection.  Due to the fact that two major 

categories of changes were made (transient stencil along with flux calculations) between the 

“13” series of simulations and “14”, it is impossible to determine how much of the energy 

overshoot is due to which category.  It is suspected that the transient stencil enhancement was 
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necessary and a move in the correct direction, while the new flux formulation synthesizes source 

terms which are too high.  

Potential further DHRL improvements have already been addressed in § 8.1.4, and the 

solution to the overshoot may be the phase-dependent density weighting.  Another possibility 

would be to use harmonic averaging for turbulent viscosity, which favors the lower turbulent 

viscosity values [141].  The guiding principle is that the boundary layers are typically going to be 

present in the gas (lower viscosity) phase.  In other words, it is important to capture the 

momentum diffusivity.  If air is on one side of a face and water on the other, the computed 

turbulent (dynamic) viscosity will be much closer to the air.                 

 

Figure 8.27.  Instantaneous velocity magnitude (red = feed velocity) for the two-stream non-pulsatile 360° 3-D 

non-Newtonian slurry simulation “14” with improved DHRL 
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8.5. Conclusions 

A computational evaluation of a dynamic hybrid RANS-LES (DHRL) modeling 

approach was carried out in the context of the turbulent atomization of a non-Newtonian fluid.  

Inherent to this type of flowfield are separated shear layers and strong density gradients.  The 

DHRL offers the advantages of 1) no explicit mesh dependence, 2) ability to couple any RANS 

or LES approach, and 3) return to the baseline RANS model for a numerically steady simulation.  

The framework utilizes the continuity of turbulence production to communicate information 

between areas treated with LES and those treated with RANS and has been validated for single 

phase flows in [85, 86].  The purpose of this work was to enhance the model for use with 

multiphase flows and then compare its performance to the well-known shear-stress transport 

(SST) model.  DHRL model shows a much smaller droplet size distribution with values in close 

agreement with [20].  Additionally, the DHRL jet breakup length is closer to what is expected 

from  [119], [27], [4, 137-139].  For different reasons, the SST and implicit LES approaches, 

separately, produced a very short liquid core for both atomization cases studied.  There was some 

evidence that turbulence via local instabilities was being suppressed by Favre averaging and 

density-weighted sources in the original DHRL framework.  It is unknown, however, whether 

this was a modeling flaw or diffusion due to a first order transient stencil.  An improved DHRL 

was tested for addressing known shortcomings but showed an overshoot in fluctuation energy, 

producing very short liquid cores.  More work is needed to isolate the cause(s).  To be certain of 

the applicability and accuracy of the proposed modeling paradigm, more data would have to be 

available for comparison.  An interesting consideration is the unknown effect that the hybrid 

modeling will have on bulk pulsations of three-stream injectors, i.e. bulk boundary feed pulses 
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versus local instabilities.  Lastly, droplet size predictions have become available for the first time 

for two coaxial slurry primary atomization studies.     
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Chapter 9. Overall Conclusions and Future Work 

 

9.1. Overall Conclusions 

A computational effort involving 86 total simulations (comprised of 73 transient self-

sustaining pulsatile three-stream atomizer models, 3 transient non-pulsating two-stream atomizer 

validation models, 3 transient non-pulsating two-stream atomizer hybrid turbulence evaluations, 

1 transient shock-induced atomization simulation, and 6 steady-state droplet size quantification 

models), including direct connections to sponsor-based and external experimental work, has been 

executed in order to develop a numerical foundation to design atomizers.  Design considerations 

(model outputs) include mean droplet diameter, droplet diameter temporal variability, spray 

backflow, spray angle, and pressure pulsations and take into account both performance and 

process sustainability.  This combined framework has been utilized to study the effects of nozzle 

geometry, numerical methodology (especially turbulence modeling), grid resolution, modeled 

domain extent (in all three dimensions), feed conditions, feed flow modulation, feed flow swirl, 

and feed materials on the self-generating pulsatile spray produced by an industrial scale three-

stream coaxial transonic airblast reactor injector.  Both axisymmetric (AS) and 3-D models have 

been considered using a commercial code.  The development of user-defined functions (UDF), 

frame-by-frame video analysis techniques, and other supporting routines were required to assess 

acoustics and spray character.  This is the first undertaking ever reported to disclose the details of 

transonic pulsating flows within the three-stream injector.   

The primary goal of the longer term effort is to optimize the spray in order to improve 

injector dependability and reactant conversion.  Ideally, this would be carried out using 

simulations which are fast and repeatable using air-water test stands; these represent secondary 

goals as part of the methods established.  Due to the lack of external work on transonic three-
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stream atomizers, the open literature has been used primarily as a guide in various matters, and 

multiple validation efforts have been carried out herein.  In an attempt to quantify measures 

indicative of the spray behaviors, the knowledge of which is necessary to meet project goals, a 

number of metrics were considered.  The metrics included inner and outer gas stream pressure 

pulsations, slurry backflow, transient ligament bursting distance, transient ligament spreading 

character, time-averaged spray angle, transient droplet length scale at various locations, and the 

spectral alignment among the pulsing values of these.   

The frequency responses of various metrics did not always coincide; however, tones were 

often integer multiples of one another for a given simulation, which implied a common driving 

mechanism.  It has been discovered that the mechanism responsible for bulk pulsations is liquid 

bridging with the production of a liquid fountain and shocklet-like structures in the retracted 

(pre-filming) zone.  It was revealed that, even without a liquid bridge, strong radial slurry 

ligament movement produced localized regions of high gas pressure gradients.  Those gradients 

provided yet another disintegrating force on top of liquid bridging and the typical instability 

mechanisms present in coaxial gas-liquid flow.  These two findings were significant and never 

reported in the literature, thus represent an important contribution of this study.  Although overall 

system pulsations appeared to be driven more by interfacial phenomena than by feed piping 

acoustical time-scales, the length of the feed piping was critically important to develop accurate 

spray profiles.  Outer gas dynamics were not controlled by resonance in the inlet plenum but by 

local feedback from the fluctuating gas-liquid interface.       

In simpler and faster AS simulations, swirl and modulation had minor impacts.  Higher 

inner gas flows typically widened sprays for the base geometry only and reduced the droplet 

length scales.  There were strong interactions between feed material, feed rates, and geometry to 
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the extent that trends in one variable depended on the settings of the others.  The numerical 

recipe made noticeable differences in some measures, which stressed the importance of using 

documented and consistent numerical recipes when comparing various flow conditions and 

geometries.  

Unexpectedly, a new trend for temporal mean droplet size, when normalized by distance 

from the nozzle, versus distance from the nozzle has been found which took a common form 

among all geometries and feed materials tested.  The trends were consistent for the three-stream 

(pulsating, sponsor’s system) and two-stream (non-pulsating, external literature systems) 

injectors.  In fact, the constants of the new equation were the same for both sets of feed materials 

for incompressible models of the three-stream atomizer, and represent an additional contribution 

of this work not previously reported in the literature.  Additionally, the base geometry spray 

profiles at the higher inner gas flow were similar for the two sets of feed materials.  Other slurry 

results, however, deviated significantly from their air-water conjugates.  In other words, general 

trends for temporal mean droplet size versus distance could be ascertained from air-water 

simulations, but absolute acoustics and pressure drop (injector throughput capacity) 

considerations would require slurry-based models. It was also determined that only general 

pressure drop directional trends could be obtained from air-water simulations.  Therefore, there 

is some value to simulate AW flows, first, to scope general parameters and characteristics, before 

modeling more computationally challenging slurry flows. 

Although strong interactions between feed materials, geometry, and feed rate were 

unveiled, some general geometry-based conclusions can be drawn.  A flushed design (zero 

retraction) has advantages in terms of mean droplet size and temporal variability (both being 

relatively low), as well as increased injector throughput and reduced slurry backflow, under 
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certain conditions.  A reduced slurry annular thickness showed larger droplets, but the temporal 

droplet size variability reduced; additionally, the throughput was increased.  Slurry backflow 

showed a mixed effect with changes slurry annular thickness depending on the retraction.  

Depending on the goals of the injection system, one metric may be favored over others.  The 

importance of either geometry variable for three-stream has not been quantified until now.  

The predictive power of various modeling frameworks has been assessed for the first 

time.  AS simulations can successfully predict absolute acoustic details, especially pressure drop 

(injector capacity).  Video metrics can be used as directional indicators of spray angle and 

converge in about 1/10
th

 of the computational time.  Remarkably and surprisingly, ten AS 

measures were also found to correlate with the temporally and spatially averaged droplet length 

scales, so AS simulations can also be used for directional indicators of bulk droplet size.  This is 

an especially powerful revelation given the massive reduction in computational requirements for 

AS models.  3-D incompressible wedge models have shown promise in predicting the axial 

trends of temporal mean droplet size, but their compressible equivalents are required for axial 

trends of droplet size temporal variability.  Full 3-D models are required to assess axial functions 

of absolute mean droplet size and variability.   

In regards to turbulence modeling, the SST approach seems to be adequate for predicting 

droplet sizes for three-stream injectors, in which the primary energy source was bulk pulsations.    

Also, the time scales and length scales of the largest turbulent structures were too low to affect 

droplets, neither of which has ever been quantified until this contribution.  For larger two-stream 

systems (atomization energy is sourced in local shear layer instability development), however, a 

state-of-the-art hybrid model (newly implemented for this effort) appeared to be necessary to 

capture the resulting droplet scales.  A relatively small-scale two-stream system was found to be 
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an exception to this and seemed to do well with the SST approach.  Lastly, droplet size and 

characteristic flow length scale predictions for two open literature non-Newtonian liquid 

atomizers were made available.  

9.2. Future Work 

One valuable outcome of this effort is the ability to apply the models developed herein to 

more widely varying nozzle geometries, liquid properties, and flow conditions (with fewer 

constraints than what the sponsor has provided) or to other industrial applications.  In regards to 

nozzle geometry adjustments, more aggressive outer stream meeting angles, larger inner stream 

meeting angles, and much smaller diameters (higher shear) may be considered.  Substantially 

higher inner gas flows and/or greater modulation rates should be pursued.  More total gas 

delivery (higher air-fuel ratios) might be of value; [24] noted that less liquid provided a more 

consistent droplet size distribution.  Similarly, higher Mach numbers might be utilized to create 

shock-augmented droplet shattering.  Well-known liquid property effects, such as the reduction 

of droplet size for lower viscosities (lower Oh, resulting from higher liquid temperatures or 

lower solids content) and lower surface tensions (higher We) could be sought to improve liquid 

disintegration through different slurry formulations.  A higher temperature gas would reduce the 

density and the Mach number.  This may have competing and offsetting effects, but it could be 

explored.   

Perhaps other atomizer designs could be researched, such as a vibrating/oscillator 

atomizer, magnetic field pulsations around the atomizer when a polar liquid is being atomized 

([142]), effervescence (gas injection into slurry before pre-filming [7, 143, 144]), adding a 4
th

 

outer annular stream which counterflows with against three streams discussed here, inclusion of 

a pre-filming gas-side cavity resonator for controlling pulsations, and pintel insertion into the 
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inner gas such that the gas is radially accelerated just before hitting the slurry annulus.  Vastly 

different, but applicable, industrial applications might include instabilities within polymer 

spinning or extrusion operations.     
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