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Abstract 

 

This paper presents the results from a number of studies conducted in an effort 

to gain insight into how to control bubble size during gas injection through a porous 

media into a liquid cross-flow, what effect bubble size has on the spray characteristics 

from an effervescent atomizer, and to provide input for future effervescent atomizer 

designs and studies.  Experiments were performed in a specially designed atomizer 

which allowed for manipulation of the air injector geometry in order to vary bubble size 

from sizes much smaller than the nozzle exit diameter to much larger than the exit 

diameter.   

A parametric study was conducted to examine how three different bubble 

control mechanisms affect the average bubble size, bubble size standard deviation, and 

gas to liquid mass flow ratio (GLR) at the transition point between bubbly flow and slug 

flow.  It was found that changing the channel hydraulic diameter at the air injection site 

had the largest effect while pore size and electrolyte concentration had smaller, though 

still significant, effects.  A dimensional analysis was performed which arrived at a 

similarity parameter which correlates to bubble size for air injected through a porous 

media into a cross-flow. 

Bubble size was seen to have an effect on the stability, spray half cone angle, and Sauter 

mean diameter of the liquid droplets produced by an effervescent atomizer.  The effect 

of bubble size on improving spray characteristics was shown to be optimal for bubble 

sizes on the order of the exit diameter.  The mechanism by which bubble size has an 

affect is suggested to be due to liquid velocity fluctuations at the exit of the nozzle as 

opposed to the often cited mechanism of causing the flow to choke thus allowing gas to 

expand beyond the exit.  A comparison of bubbly and annular flows at identical 

conditions further suggests that effervescent atomizer design and operation may benefit 

from trying to produce annular flow conditions at low GLRs rather than bubbly flow 

conditions at high GLRs.  



   iv 

 

Table of Contents 
List of Tables………………………..………………………………………………………………….vi 

List of Figures………………………………………………………...……………………………….vii 

Nomenclature……………………………………………...…………………………………………..xii 

1 Introduction .............................................................................................................. 1 

1.1 Atomization ....................................................................................................... 1 

1.2 Common Atomization Issues ............................................................................. 4 

1.3 Common Atomization Solutions and Limitations ............................................. 5 

1.4 Effervescent Atomization Background .............................................................. 9 

1.5 Effervescent Atomizer Internal Two-phase Flow Background ....................... 13 

1.6 Motivation ........................................................................................................ 15 

2 Bubble Generation: Literature Review ................................................................... 18 

2.1 Forces Acting on Bubbles ................................................................................ 18 

2.2 Bubble Regimes ............................................................................................... 20 

2.3 Coalescence ..................................................................................................... 22 

2.4 Bubble Effect on Transition ............................................................................. 25 

2.5 Bubble Generation Conclusions ...................................................................... 25 

2.6 Bubble Study Motivation ................................................................................. 27 

3 Impact of Internal Flow on Spray: Literature Review ............................................ 30 

3.1 Aerator Design Influence ................................................................................. 30 

3.2 Flow Regime vs. Spray .................................................................................... 31 

3.3 Effervescent Atomization Bubble Studies ....................................................... 32 

3.4 Effervescent Atomization Similarity Parameters ............................................ 38 

4 Experimental Methods ............................................................................................ 40 

4.1 Effervescent Atomizer ..................................................................................... 40 

4.2 Experimental Apparatus .................................................................................. 44 

4.3 Bubble and spray droplet measurement technique .......................................... 46 

4.4 Spray Stability Measurement Technique ......................................................... 50 

4.5 Spray Cone Half Angle Measurement Technique ........................................... 51 

4.6 Experimental Procedure ................................................................................... 52 

4.7 Experimental Uncertainty ................................................................................ 53 

5 Bubble Studies Results & Discussion .................................................................... 58 

5.1 Parametric Design Background ....................................................................... 58 



   v 

 

5.2 Bubble Size Study Results ............................................................................... 62 

5.3 Bubble Size Distribution Results ..................................................................... 67 

5.4 Flow Transition Study Results ......................................................................... 71 

5.5 Dimensional Analysis of Bubble Size ............................................................. 76 

6 Spray Study Results & Discussion ......................................................................... 80 

6.1 Classification of Bubble Size ........................................................................... 80 

6.2 Case I ............................................................................................................... 82 

6.2.1 Bubble Effect on Near Nozzle Spray Structure ........................................ 82 

6.2.2 Summary of Bubble Size Effect on Near Nozzle Spray Structure ........... 90 

6.2.3 Bubble Effect on Spray Droplet Size ....................................................... 91 

6.3 Case II and Case III ......................................................................................... 95 

6.3.1 Bubble Effect on Near Nozzle Spray Structure ........................................ 96 

6.3.2 Bubble Effect on Droplet Size ................................................................ 103 

6.3.3 Comment on Similarity Parameters ........................................................ 106 

6.4 Mechanism of Droplet Formation in Bubbly Flow ....................................... 107 

6.5 Bubbly Flow vs. Annular Flow...................................................................... 122 

7 Summary and Recommendations ......................................................................... 129 

7.1 Overview of Bubble Studies .......................................................................... 129 

7.2 Overview of Spray Studies ............................................................................ 131 

7.3 Recommendations and Direction for Future Efforts ...................................... 132 

References…………………………………………………………………………………………….135 

Appendix A…………………………………………………………………………………………...146 

 

 

 



   vi 

 

List of Tables 

Table 1.  Operational performance parameters and representative operational limits ..... 7 
Table 2.  Experimental uncertainties .............................................................................. 57 
Table 3.  Parametric study variables ............................................................................... 59 
Table 4.  Parameter values used in lower pressure study (ΔPN = 103 kPa) ................... 61 
Table 5.  Control parameter values used in parametric bubble study ............................ 63 

Table 6.  Factorial analysis results for bubble size experiments .................................... 63 
Table 7.  Experimental conditions of bubble size experiments ...................................... 64 
Table 8.  Factorial analysis results for bubble size distribution ..................................... 67 
Table 9.  Parameter values used in flow regime transition study ................................... 72 

Table 10.  Factorial analysis results of transition study ................................................. 73 
Table 11.  Experimental conditions of flow regime transition experiments .................. 73 
Table 12.  Spray study experimental conditions ............................................................ 81 

Table 13.  Comparison of the bubbly and annular flow cases ...................................... 124 

 

 



   vii 

 

List of Figures 

Figure 1.  Schematic of jet break-up by Rayleigh instability ........................................... 2 
Figure 2.  Various atomizer classifications: (a) Pressure  (b) Pressure-swirl  (c) Rotary  

(d) Ultrasonic  (e) External mixing  (f) Internal mixing  (b-c adapted from[26], d-f from 

[27]) .................................................................................................................................. 5 
Figure 3. Representative upper viscosity and flow rate atomizer limits .......................... 8 

Figure 4.  Basic components of an effervescent atomizer .............................................. 10 
Figure 5.  Effect of pressure and GLR on spray droplet size (de = 1.6 mm [47]) .......... 11 
Figure 6.  Flow regimes within an effervescent atomizer .............................................. 13 
Figure 7.  Bubble formation regimes: a), b) single bubbling, c), d) pulse bubbling, e) 

jetting (adapted from [45]) ............................................................................................. 20 
Figure 8.  Bubbles in water (left) and canola oil (right) under the same conditions ...... 23 
Figure 9.  Internal vs. External flow characteristics in different regimes (de = 1.6 mm 

[52]) ................................................................................................................................ 32 
Figure 10.  Discrete bubble interaction with external liquid jet: (a) smaller bubble; (b) 

larger bubble (dhe = 1.42 mm, adapted from [70]) ......................................................... 34 
Figure 11.  Expansion of a large bubble in converging and exit portion of nozzle (de = 1 

mm [60]) ......................................................................................................................... 35 
Figure 12.  Spray produced with bubble size ~ 8 times greater than de (de = 0.8 mm, 

GLR = 0.0208, Pinj = 410 kPa [104]) .............................................................................. 36 
Figure 13.  Spray produced with bubbles ≈ de (de = 0.8 mm, GLR = 0.0208, Pinj = 410 

kPa [104]) ....................................................................................................................... 37 

Figure 14.  Schematic of Effervescent atomizer layers .................................................. 41 
Figure 15.  Insert spatial relationship to porous plate .................................................... 41 

Figure 16.  Acrylic window with pressure port and recess for porous plate .................. 42 
Figure 17.  Acrylic window with recess for channel modifying inserts ......................... 42 

Figure 18.  Window with insert in place ........................................................................ 43 
Figure 19.  Inserts used throughout current research ..................................................... 43 
Figure 20.  Adjusting atomizer exit diameter ................................................................. 44 

Figure 21.  Experimental Apparatus ............................................................................... 45 
Figure 22.  Measurement of bubbles, a) original image, b) image with brightness 

adjusted and lines drawn, c) measured bubbles .............................................................. 47 
Figure 23.  Processed spray droplet image showing representative in focus droplets that 

were measured and out of focus droplets which were neglected ................................... 48 
Figure 24.  Dependence of average bubble size on number of bubbles measured ......... 49 
Figure 25.  Dependence of spray SMD on number of droplets measured ..................... 50 
Figure 26.  High speed video original image, binary image, and measurement locations

 ........................................................................................................................................ 51 

Figure 27.  Spray half cone angle measurement ............................................................. 52 
Figure 28.  3-D operational domain defined by high and low values for three parameters 

(dp, S, dha) ....................................................................................................................... 60 
Figure 29.  Mean bubble size dependence on hydraulic diameter at air injection site 

(Study 1: dp=10µm, S = 1.5%, ΔPN = 276 kPa, ṁa= 1.6 SLM) ...................................... 65 
Figure 30.  Mean bubble size dependence on water salt concentration (Study 2: 

dp=10µm, dha=6mm, ΔPN = 276 kPa, ṁa = 1.6 SLM) ..................................................... 65 



   viii 

 

Figure 31.  Mean bubble size dependence on pore size (Study 3: S =1.5%, dha=6 mm, 

ΔPN = 276 kPa, ṁa = 1.6 SLM) ...................................................................................... 66 
Figure 32.  Bubble size distributions for varying dha of Study 1 (dp = 10µm, S =1.5%, 

ΔPN =276 kPa, ṁa = 1.6 SLM) ........................................................................................ 68 
Figure 33.  Bubble standard deviation dependence on hydraulic diameter (Study 1: dp = 

10µm, S=1.5%, ΔPN = 276 kPa, ṁa = 1.6 SLM) ............................................................ 69 
Figure 34.  Bubble standard deviation dependence on salinity (Study 2: dp = 10µm, dha= 

6mm, ΔPN=276 kPa, ṁa = 1.6 SLM) .............................................................................. 70 

Figure 35.  Bubble standard deviation dependence on pore size (Study 3: S = 1.5%, dha= 

6 mm, ΔPN= 276 kPa, ṁa = 1.6 SLM) ............................................................................ 70 
Figure 36.  Bubbles at varying pore sizes  a) dp = 1.4 µm, b) dp = 15 µm, c) dp = 40 µm)

 ........................................................................................................................................ 71 
Figure 37.  Bubbly to slug flow transition dependence on hydraulic diameter (Study 4: 

dp= 10 µm, S= 1.5%, ΔPN = 276 kPa) ............................................................................ 74 

Figure 38.  Bubbly to slug flow transition dependence on salinity (Study 5: dp = 10 µm, 

dha= 6 mm, ΔPN= 276 kPa) ............................................................................................. 74 

Figure 39.  Bubbly to slug flow transition dependence on pore size (Study 6: S = 1.5%, 

dha= 6 mm, ΔPN= 276 kPa) ............................................................................................. 75 
Figure 40.  Bubbly to slug flow transition dependence on mixing chamber pressure 

(Study 7: dp=10 µm, S=1.5%, dha=6 mm) ...................................................................... 75 
Figure 41.  Simulation Geometry ................................................................................... 77 

Figure 42.  Dependence of similarity parameters for bubble formation from porous plate 

in cross flow (GLR = 0.07%, S = 1.5%, ΔPN = 276 kPa) .............................................. 78 

Figure 43.  Schematic of bubble with diameter equal to boundary layer thickness ....... 78 
Figure 44.  Correlation of diameter classification for mean bubble size (Case I) .......... 81 

Figure 45.  Bubble conditions for Case I (GLR = 0.25%, de = 1 mm, ΔPN = 345 kPa) . 82 
Figure 46.  Base case for Case I (de = 1 mm, ΔPN = 345 kPa) ........................................ 83 
Figure 47.  Variation of spray structures for Case I, Db43/de =13.96 (GLR = 0.25%, de = 

1 mm, ΔPN=345 kPa) ...................................................................................................... 83 
Figure 48.  Variation of spray structures for Case I, Db43/de =4.59 (GLR = 0.25%, de = 1 

mm, ΔPN=345 kPa) ......................................................................................................... 84 
Figure 49.  Variation of spray structures for Case I, Db43/de =2.85 (GLR = 0.25%, de = 1 

mm, ΔPN=345 kPa) ......................................................................................................... 84 

Figure 50.  Variation of spray structures for Case I, Db43/de = 1.37 (GLR = 0.25%, de = 1 

mm, ΔPN=345 kPa) ......................................................................................................... 84 
Figure 51.  Variation of spray structures for Case I, Db43/de = 0.24 (GLR = 0.25%, de = 1 

mm, ΔPN=345 kPa) ......................................................................................................... 85 
Figure 52.  Effect of bubble size on jet width standard deviation (Case I: GLR = 0.25%, 

de = 1 mm, ΔPN= 345 kPa) ............................................................................................. 86 

Figure 53.  Example images showing: a) an event below the perturbation criterion, b) an 

event above the criterion ................................................................................................ 87 
Figure 54.  Effect of bubble size on the number of perturbation events (Case I: GLR = 

0.25%, de=1mm, ΔPN = 345 kPa) ................................................................................... 88 



   ix 

 

Figure 55.  Bubble size effect on the percent of time in which the jet width was 

perturbed and normalized average jet width at 3 de (Case I: GLR = 0.25%, de = 1mm, 

ΔPN = 345 kPa) ............................................................................................................... 89 

Figure 56.  Dependence of spray cone angle on bubble size (Case I: GLR = 0.25%, de = 

1mm, ΔPN=345 kPa) ....................................................................................................... 90 
Figure 57.  Variation in droplets for Db43/de = 0.24, a) largest SMD b) smallest SMD 

(Case I: GLR=0.25%, de = 1mm, ΔPN = 345 kPa) .......................................................... 91 
Figure 58.  Variation in droplets for Db43/de = 1.37, a) largest SMD b) smallest SMD 

(Case I: GLR=0.25%, de = 1mm, ΔPN = 345 kPa) .......................................................... 92 
Figure 59.  Variation in droplets for Db43/de = 2.85, a) largest SMD b) smallest SMD 

(Case I: GLR=0.25%, de = 1mm, ΔPN = 345 kPa) .......................................................... 92 

Figure 60.  Variation in droplets for Db43/de = 4.59, a) largest SMD b) smallest SMD 

(Case I: GLR=0.25%, de = 1mm, ΔPN = 345 kPa) .......................................................... 92 
Figure 61.  Variation in droplets for Db43/de =13.96, a) largest SMD b) smallest SMD 

(Case I: GLR=0.25%, de = 1mm, ΔPN = 345 kPa) .......................................................... 92 
Figure 62.  Bubble size effect on spray droplet (Case I: GLR = 0.25%, de = 1mm, ΔPN = 

345 kPa) .......................................................................................................................... 93 
Figure 63.  Distribution of spray droplet sizes for Case I (GLR = 0.25%, de = 1mm, ΔPN 

= 345 kPa)....................................................................................................................... 95 

Figure 64.  Bubble conditions for Case II (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) . 96 
Figure 65.  Bubble conditions for Case III (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa) 96 

Figure 66.  Base case for Case II (de = 2mm, ΔPN = 345 kPa) ....................................... 97 

Figure 67.  Variation of spray structures for Case II, Db43/de =6.42 (GLR = 0.25%, de = 

2mm, ΔPN=345 kPa) ....................................................................................................... 97 
Figure 68.  Variation of spray structures for Case II, Db43/de =3.65 (GLR = 0.25%, de = 

2mm, ΔPN=345 kPa) ....................................................................................................... 97 
Figure 69.  Variation of spray structures for Case II, Db43/de =1.03 (GLR = 0.25%, de = 

2mm, ΔPN=345 kPa) ....................................................................................................... 98 

Figure 70.  Variation of spray structures for Case II, Db43/de =0.29 (GLR = 0.25%, de = 

2mm, ΔPN=345 kPa) ....................................................................................................... 98 

Figure 71.  Variation of spray structures for Case II, Db43/de =0.13 (GLR = 0.25%, de = 

2mm, ΔPN=345 kPa) ....................................................................................................... 98 

Figure 72.  Base case for Case III (de = 2mm, ΔPN = 172 kPa) ...................................... 99 

Figure 73.  Variation of spray structures for Case III, Db43/de =7.28 (GLR = 0.25%, de = 

2mm, ΔPnoz=172 kPa) ..................................................................................................... 99 
Figure 74.  Variation of spray structures for Case III, Db43/de =5.10 (GLR = 0.25%, de = 

2mm, ΔPN=172 kPa) ....................................................................................................... 99 
Figure 75.  Variation of spray structures for Case III, Db43/de =2.35 (GLR = 0.25%, de = 

2mm, ΔPN=172 kPa) ..................................................................................................... 100 

Figure 76.  Variation of spray structures for Case III, Db43/de =0.93 (GLR = 0.25%, de = 

2mm, ΔPN=172 kPa) ..................................................................................................... 100 
Figure 77.  Variation of spray structures for Case III, Db43/de =0.16 (GLR = 0.25%, de = 

2mm, ΔPN=172 kPa) ..................................................................................................... 100 
Figure 78.  Effect of bubble size on jet width standard deviation (Cases I-III, error bars 

representative for all data in plot) ................................................................................. 101 



   x 

 

Figure 79.  Bubble size effect on average jet width (Cases I-III, error bars representative 

for all data in plot) ........................................................................................................ 102 
Figure 80.  Dependence of spray cone angle on bubble size (error bars representative for 

all data in plot) .............................................................................................................. 103 
Figure 81.  Case II variation in droplets for Db43/de = 0.13, a) largest droplets b) smallest 

droplets (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) .................................................... 104 
Figure 82.  Case II variation in droplets for Db43/de = 0.29, a) largest droplets b) smallest 

droplets (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) .................................................... 104 

Figure 83.  Case II variation in droplets for Db43/de = 1.03, a) largest droplets b) smallest 

droplets (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) .................................................... 104 
Figure 84.  Case II variation in droplets for Db43/de = 3.65, a) largest droplets b) smallest 

droplets (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) .................................................... 104 
Figure 85.  Case II variation in droplets for Db43/de = 6.42, a) largest droplets b) smallest 

droplets (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa ..................................................... 104 

Figure 86.  Case III variation in droplets for Db43/de =0.16, a) largest droplets b) 

smallest droplets (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa) ...................................... 105 

Figure 87.  Case III variation in droplets for Db43/de =0.93, a) largest droplets b) 

smallest droplets (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa) ...................................... 105 
Figure 88.  Case III variation in droplets for Db43/de =2.35, a) largest droplets b) 

smallest droplets (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa) ...................................... 105 
Figure 89.  Case III variation in droplets for Db43/de =5.10, a) largest droplets b) 

smallest droplets (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa) ...................................... 105 

Figure 90.  Case III variation is droplets for Db43/de =7.28, a) largest droplets b) smallest 

droplets (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa) .................................................... 105 
Figure 91.  Theoretical speed of sound in slug flow and homogenous air-water two-

phase flow at different pressures .................................................................................. 109 
Figure 92.  Explosion-like events at varying Mach numbers for Db ≈ de (ΔPN = 242 kPa, 

de = 2mm, GLR = 0.05%, 0.1%,  and 0.15%) .............................................................. 111 

Figure 93. Explosion-like events at varying Mach numbers for Db << de (ΔPN = 242 kPa, 

de = 2mm, GLR = 0.05%, 0.1%, and 0.15%) ............................................................... 112 

Figure 94.  Close-ups of perturbation events ................................................................ 114 
Figure 95.  Collision of liquid jets [27] ........................................................................ 114 

Figure 96.  Liquid jet appearance with varying levels of axial velocity fluctuations [111]

 ...................................................................................................................................... 115 

Figure 97.  Evidence of velocity fluctuation in high speed video (ΔPN = 172 kPa, de = 

2mm, GLR=0.125%) .................................................................................................... 116 
Figure 98.  Evidence of velocity fluctuations in time series data (ΔPN = 172 kPa, de = 

2mm, GLR=0.125%, Db43/de = 0.49) ............................................................................ 117 
Figure 99.  Variation in perturbation event axial velocity (ΔPN = 172 kPa, de = 2mm, 

GLR= 0.125%, Db43/de = 0.49) ..................................................................................... 118 
Figure 100.  Void fraction variation for different flow regimes [60] ........................... 119 
Figure 101.  Spatial variation in area fraction for different bubble sizes ..................... 120 
Figure 102.  Internal flow conditions for the study of a) bubbly vs. b) annular flow (ΔPN 

= 345 kPa, de = 1mm, GLR = 1%) ................................................................................ 123 



   xi 

 

Figure 103.  Variation of spray structures for bubbly case (ΔPN = 345 kPa, de = 1mm, 

GLR = 1%) ................................................................................................................... 123 
Figure 104.  Variation of spray structures for annular case (ΔPN = 345 kPa, de = 1mm, 

GLR = 1%) ................................................................................................................... 123 
Figure 105.  Variation in droplets for bubbly (a) and annular (b) cases (ΔPN = 345 kPa, 

de = 1mm, GLR = 1%) .................................................................................................. 125 
Figure 106.  Flow regime effect on picture to picture variation in spray SMD (ΔPN = 

345 kPa, de=1mm, GLR = 1%)..................................................................................... 126 

Figure 107.  Distribution of spray droplet sizes for bubbly and annular flow (ΔPN = 345 

kPa, de=1mm, GLR = 1%)............................................................................................ 126 

 

  

  



   xii 

 

Nomenclature 

 
A  Area 

bspace  Bubble spacing 

c  Speed of sound 

C  Chemical concentration 

CD  Drag coefficient 

D  Droplet diameter 

Db  Bubble diameter 

d  Diameter 

expansiveE  Expansive power of gas flow 

F  Force 

g  Gravitational acceleration constant 

GLR  Gas to liquid mass flow ratio 

H  Liquid film thickness 

k  Specific heat ratio 

m   Mass flow rate 

m  Mass 

MW  Molecular weight 

Oh  Ohnesorge number 

P  Pressure 

qr  Gas to liquid volume flow ratio 

Q  Volume flow rate 

R  Gas constant 

Re  Reynolds number 

s  Distance 

SMD   Sauter mean diameter 

T  Temperature 

U  Velocity 

W  Width 

We  Weber number 

Z  Scaling parameter 

 

α  Void fraction 

β  Spray cone half angle 

γ  Surface tension 

λ  Wavelength 

μ  Dynamic viscosity 

ν  Kinematic viscosity 

ρ  Density 

σ  Standard deviation 

τ  Shear stress 

 

 

 



   xiii 

 

 

 

Subscripts 

a  Air 

amb  Ambient 

b  Bubble 

b43  Herdan classification of bubble size 

B  Buoyancy 

D  Drag 

e  Exit 

eff  Effective 

g  Gas 

h  Hydraulic (as in hydraulic diameter) 

ha  Hydraulic at air injection site 

I  Inertia 

inj  Injector 

j  Jet 

l  Liquid 

m  Mixing chamber 

M  Momentum 

N  Nozzle 

p  Pore 

R  Relative 

sg  Superficial gas (in regards to velocity) 

sl  Superficial liquid (in regards to velocity) 

trans  Transition from bubbly to slug flow regime 

w  Wall 

2p  Two-phase 

γ  Surface tension 

 



   1 

 

1 Introduction 
 

This introduction is intended to give the reader a brief background on the field of 

atomization and in particular effervescent atomization.  This section starts by describing 

the process of atomization and some of the mechanisms by which it occurs.  Following 

this, limitations and issues that can arise during atomization are discussed as well as 

common atomization techniques.  It is these issues and limitations which motivate the 

continued research into improvements in terms of spray quality and fundamental 

understanding.  Details are then provided on effervescent atomization, an atomization 

technique which has shown great potential for overcoming some of the problems faced 

by conventional atomizers.  These details include a description of the process of 

effervescent atomization and the relevant variables which impact effervescent 

atomization spray quality.  As effervescent atomization involves a two-phase flow of a 

gas and liquid, background is also provided on the different internal flow regimes and 

the variables which are of importance in determining flow regime.  Finally, the 

motivation for continued study of effervescent atomization is clarified by summarizing 

the potential benefits to be gained using effervescent atomization.     

1.1 Atomization 
 

In an atomization process a bulk liquid is transformed into a spray of small 

droplets.  The process is typically considered in two parts: primary atomization in which 

the liquid is turned into small ligaments and droplets, and secondary atomization where 

larger droplets are further broken into smaller droplets.  For this to happen, internal and 

external disruptive forces must overcome the influence of stabilizing forces.  Viscous 

forces act to oppose alterations in liquid geometry while surface tension forces resist the 

formation of new surface area.  Ultimately, surface tension tends to induce the liquid 

into a simple spherical shape which has the minimum surface energy [1].   

The classic view for the primary break-up process of a liquid jet involves the 

growth of wave-like surface disruptions, also referred to as instabilities.  As the seminal 

theoretical development of this idea was done by Lord Rayleigh [2], this form of break-
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up is often referred to as the Rayleigh instability.  By comparing the surface energy of 

an undisturbed liquid column with that of a liquid column with wavy disturbances it 

was shown that the fastest growing disturbance had a wavelength 4.51 times the jet 

diameter.  Assuming that the jet breaks up into liquid cylinders whose length is this 

theoretical wavelength, and whose diameter is the jet diameter, the resulting average 

droplet diameter is ~1.89 times the initial jet diameter (dj).  Weber later broadened 

Rayleigh’s analysis to show that for any disturbance to grow it must have a wavelength 

greater than the jet circumference otherwise it would be damped out by viscous affects 

[3].  Weber also incorporated viscous effects to show that the optimal disturbance 

wavelength (λoptimum) should increase with an increase in liquid viscosity (μl) and 

decrease in surface tension (γ) as shown in Equation 1 [1].  From this it can be 

concluded that an increase in viscosity will ultimately lead to larger droplets. Figure 1 

shows a schematic of how droplets form due to the growth of Rayleigh instabilities.    
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Figure 1.  Schematic of jet break-up by Rayleigh instability 

 

The classic approach to secondary atomization considers a non-viscous droplet 

in flowing air.  The forces acting to disturb the droplet are caused by external drag, or 
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dynamic pressure, while surface tension forces act to hold the droplet together [1].  By 

balancing these forces a critical point can be determined above which increased drag 

will deform the droplet and secondary atomization will occur.  This is often discussed in 

terms of the critical Weber number (Equation 2),  

 

D
critical

Ra

critical
C

DU
We

8
2




















    Equation 2 

 

where UR is the relative velocity between the droplet and air, ρa is the air density, D is 

the droplet diameter and CD is the drag coefficient of the droplet.   

The effect of viscosity is to increase the value of the critical Weber number and is 

often incorporated using the non-dimensional Ohnesorge number (Equation 3) so as to 

have the form shown in Equation 4.  In addition to viscosity, turbulent fluctuations, 

viscous shear forces, and the method by which air flow is supplied (sudden blast vs. 

constant air flow) will also affect the critical Weber number [1].  
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It must be stated that there is not a single mechanism which is accountable for 

atomization in all cases and often a combination of factors is involved.  Many different 

types of atomizers have been developed, each of which promotes or enhances certain 

disruptive mechanisms over others as dictated by the physical properties of the liquid 

being sprayed and the application.  Two common interactions that are used to overcome 

the consolidating forces involve the utilization of turbulence within the liquid and 

generation of aerodynamic shear forces.  Turbulence can impart radial velocity 

components to the liquid issuing from a nozzle thus creating instabilities.  Aerodynamic 

shear forces can create and enhance instabilities of a liquid surface with the ultimate 

effect being to reduce the wavelength of the fastest growing disturbance which leads to 

smaller droplets [1].  
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1.2 Common Atomization Issues 
 

There are many applications for which improvements in atomization, or 

atomizer operational parameters, would be beneficial.  Several fields face the problem 

of atomizing high viscosity liquids including paint applications [4], pharmaceutical 

granulation, coating, and spray drying [5], [6], waste incineration [7], as well as 

combustion of bio-fuels [8], black liquor [9], low grade fuel oils [10], used oil [11], and 

coal slurries [12].  Many of these liquids have solid particles suspended within them, 

either by design or as contaminants, which present the challenges of clogging and 

nozzle erosion.  For adequate atomization many nozzles incorporate a small exit orifice 

diameter which decreases the liquid jet diameter while increasing the liquid velocity 

thereby increasing the shear between the jet and ambient air.  As the exit diameter is 

reduced, clogging becomes more prevalent.  Additionally, reducing the exit diameter 

results in an increased liquid velocity thus enhancing erosion, particularly when solid 

particles are in the liquid.  Both of these problems result in greater maintenance costs or 

replacement rates for the atomizers.   

  Perhaps the largest driving factor for improving atomization processes comes 

from increasingly stringent regulations on pollutant emissions from combustion.  The 

formation of emissions is dependent to a large degree on droplet size [13], air-fuel 

mixing [14], and fuel distribution [15].  These factors further affect the power, wear, 

carbon deposits and efficiency of an engine.   

Although most combustion processes benefit from smaller drop sizes, there are 

applications which are concerned with the range of droplet sizes such as paint spraying 

[4], crop spraying [16] and black liquor combustion [9].  For the spraying applications, 

droplets below a certain size do not reach their intended surface and are lost to the 

environment with potentially negative impacts, while if black liquor droplets are too 

small they are carried away by flue gases into boiler tubes where their deposition can 

cause clogging problems.   
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1.3 Common Atomization Solutions and Limitations 
 

A variety of techniques can be used to deal with the aforementioned problems 

which arise in the atomization process.  These include: preheating [17], internal mixing 

atomizers, external mixing atomizers, high pressure atomizers [18], pressure-swirl 

atomizers [19], flash atomization [20], emulsions [21], [22], rotary atomizers, ultrasonic 

atomizers [23] and electrostatic atomizers [24], [25].  A more detailed discussion of 

many of these atomizers can be found in [1], [26], and [27].  Figure 2 displays some of 

the various classifications.   

 

Figure 2.  Various atomizer classifications: (a) Pressure  (b) Pressure-swirl  (c) Rotary  (d) 

Ultrasonic  (e) External mixing  (f) Internal mixing  (b-c adapted from [1], d-f from [26]) 

 

 

While each of these techniques has found use in a variety of fields with varying 

success they each have drawbacks which limit their widespread use and motivate 

continued research for developing improvements.  Pressure and pressure swirl 

atomizers are similar in that both simply inject liquid at a high pressure through an 

orifice.  Pressure-swirl atomizers however impart a radial acceleration to the liquid 

inside the nozzle in order to help the liquid spread radially upon exit, typically creating 

a hollow spray cone with a wide angle.  The advantage of pressure atomizers is their 

simplicity in design and ease of operation, yet they are typically unable to produce fine 

sprays with viscous liquids.   
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Ultrasonic and electrostatic atomizers do not rely solely on fluid interactions to 

cause liquid break-up.  Ultrasonic atomizers use a mechanically vibrating nozzle to 

produce a fine spray with a narrow size distribution [23].  Electrostatic atomizers 

impregnate the liquid with an electric charge as it flows through a nozzle with a positive 

electric potential (anode).  Once the fluid is carrying a charge, the fluid motion is 

electrically driven towards an electrode at a lower electric potential (cathode) outside of 

the nozzle causing droplets to form.  While both ultrasonic and electrostatic atomizers 

can produce very fine droplets they can only be used for very low flow rates thus 

narrowing their field of utilization.   

Preheating takes advantage of the fact that a liquid’s viscosity is highly 

temperature dependent and can be reduced significantly by heating.  By reducing the 

liquid viscosity, sprays can then be formed using a pressure atomizer which can produce 

fine sprays for low viscosity liquids but not high viscosity.  The shortcomings to 

preheating include the significant amount of energy required as heat and the potential 

for thermal breakdown of the liquid which can cause clogging [28].   

A common solution for improving diesel emissions is to reduce droplet size by 

using higher injection pressures (Pinj) and injectors with smaller exit diameters (de) [29].  

These higher pressures are accompanied by increased parasitic losses and the need for 

high pressure components which are heavier, more expensive and require more 

maintenance.  It has been suggested that the smaller diameters also increase costs as 

they are more difficult to manufacture and increase the likelihood of clogging [30].   

External mixing atomizers, namely airblast and air-assist, are capable of 

atomizing highly viscous liquids and avoid clogging problems by transforming the bulk 

liquid into a sheet or jet and then exposing it to high velocity air.  The name “external 

mixing” comes from the fact that the liquid and gaseous streams first interact external to 

the nozzle exit.  These atomizers require large quantities of high velocity air to transfer 

energy to the liquid through shear effects caused by the relative velocity difference 

between the two fluids.  The typical air velocity for these atomizers is roughly 100 m/s 

and they operate at a gas to liquid mass flow ratio (GLR) of 2-20 [10].  The equation for 
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calculating GLR is given in Equation 5 where am is the air, or gas, mass flow rate and 

lm is the liquid mass flow rate. 

l

a

m

m
GLR




                 Equation 5 

 

Internal mixing atomizers are similar to external mixing with the difference 

being that the contact between the high velocity air and liquid occurs inside of the 

atomizer.  Both internal and external mixing atomizers lose a large amount of the air’s 

kinetic energy to their surroundings.  On top of the inefficient and large energy 

consumption requirements, these designs are relatively expensive to manufacture and 

face erosion problems because of the high velocities if used with liquid suspensions 

such as coal slurries or black liquor. 

Operational and performance parameters for different atomizers vary 

significantly as shown in Table 1 and Figure 3.  (Please note that the values in Table 1 

are meant to give a general idea of the differences in atomizer performance and 

operation and do not represent an exhaustive review of each atomizer classification.)   

 

Atomizer 

Type 

droplet 

size (µm) 

Pinj 

(kPa) 
upper lm  

(kg/min) 

upper 

viscosity 

(cP) 

de 

(mm) 

spray cone 

angle 

GLR 

Internal 

Mixing 

50-500 

[26] 

40-3000 

[31][32] 

28  

[33] 

115 

[27] 

0.2-2 

[27][34] 

up to 80
o
 

[27] 

0.1-10 

[1][33] 

External 

Mixing 

20-140 

[26] 

35-300  

[35] 

6  

[35] 

115 

[27] 

0.6-6  

[27] 

12
o
-130

o 

[27] 

2-20 

[10] 

Pressure 25-250 

[26] 

150-210000 

[26][36] 

17 

[26] 

23 

[27] 

0.05-2.5 

[27] 

4
o
-15

o
  

 [27] 

NA 

Pressure-

Swirl 

20-300 

[26] 

100-7000  

[1] 

67 

[26] 

25 

[27] 

2-6 

 [27] 

15
o
-175

o
 

[1][27] 

NA 

Rotary 10-320 

[26] 

35-690  

[37] 

 

84 

[26] 

130  

[37] 

NA 180
o  

[27]
 

NA 

Ultrasonic 1-200  

[26] 

10-35  

[38] 

0.82  

[38] 

50 

[38] 

0.2-3 

[38][23] 

8
o
-180

o
  

[31] 

NA 

Electrostatic 0.1-1000 

[26] 

20-600 

[39][24] 

0.15 

[25] 

80 

[40] 

0.25-0.7 

[25][41] 

50
o
-120

o
 

[42] 

NA 

Effervescent 5-340 

[26][30] 

69-34000 

[30][43] 

242 

[9] 

970 

[28] 

0.1-5 

[9][44] 

5.8
o
-23

o
 

[44][45] 

0.01-0.4 

[28][45] 

Table 1.  Operational performance parameters and representative operational limits 
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Figure 3. Representative upper viscosity and flow rate atomizer limits 

 

Emulsions and flash atomization are similar to each other in that each uses an 

expansion process to atomize a liquid.  An emulsion uses a mixture of liquids that when 

sprayed into a hot environment results in one component of the emulsion evaporating 

much faster.  This creates an expanding gas/vapor surrounded by a liquid which leads to 

atomization.  The limitation with emulsions, other than requiring a hot environment, is 

that they depend on the diffusion of energy through one liquid into another, a 

potentially slow process [22].   

Alternatively, flash atomization can be broken into two types: dissolved gas [29] 

and superheated (as described in [28]).  In the dissolved gas technique a pressurized 

liquid is saturated with a dissolved gas; as the pressure drops in the nozzle, bubbles will 

nucleate and grow.  The growing bubbles squeeze the liquid into ligaments while 

accelerating it and under certain conditions may continue to expand upon exiting the 

nozzle.  Both of these effects lead to better atomization.  The drawbacks inherent with 

this technique are the energy, and high pressure storage needed to dissolve a gas into a 

liquid as well as the uncontrollable nature of bubble nucleation and growth [1].  Also, 

the solubility of gas into the liquid may restrict either the type or amount of gas that can 

0.1 1 10 100 1000

Pressure

Pressure-Swirl

Rotary

Ultrasonic

Internal Mixing

External …

Electrostatic

Effervescent

upper flow rate (kg/min) upper viscosity limit (cP)



   9 

 

be dissolved.  In the superheat technique the liquid is heated as it flows through the 

atomizer so that a small amount boils to form bubbles.  This brings up the 

aforementioned problems that accompany preheating as well as the fact that there is 

little control over bubble nucleation and growth.   

What has been presented in this section is that a wide variety of atomizers exist,   

each of which induces liquid break-up in a unique manner.  While there are benefits to 

each atomizer there are also many limitations.  Due to the fact that quality atomization 

is of importance in a variety of fields (combustion, pharmaceutical, industrial sprays, 

etc.) improvements in the atomization process have the potential to be of great 

significance.  The following section will expand upon the effervescent atomizer which 

does not face many of the limitations experienced by the aforementioned atomization 

methods. 

 

1.4 Effervescent Atomization Background 
 

In the past two decades there has been much work examining a different type of 

internal mixing nozzle called an effervescent atomizer.  In effervescent atomization, gas 

is injected into the liquid flowing through an atomizer prior to it entering the nozzle 

with the goal of creating a two-phase bubbly mixture.  It should be noted that while 

most of the research uses air as the atomizing gas, one could use another choice of gas 

depending on the circumstances (i.e. natural gas or methane for combustion, exhaust 

gas in a diesel, etc.).  Figure 4 shows the basic components of an effervescent atomizer 

where the liquid to be atomized enters the top of the atomizer, flows through an aerator 

section in which gas is injected then passes through a mixing chamber toward the exit 

orifice.   
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Figure 4.  Basic components of an effervescent atomizer 

 

This process is different from conventional internal mixing atomizers in that the 

velocity of the air is roughly the same as the fluid.  Instead of using large amounts of air 

to disrupt the consolidating forces at the surface of a liquid jet or sheet via transfer of 

kinetic energy, this technique relies on “bubble expansion” and is similar to flash 

atomization.  Because the air can take up a large fraction of the exit orifice diameter, 

larger diameters can be used thus alleviating problems with clogging.  It has also been 

suggested that the gas bubbles squeeze “the liquid into thinner films and ligaments” and 

“explode downstream of the nozzle exit to shatter these ligaments into small drops” 

[46], two effects which aid atomization.   

There has been considerable research over the past two decades which has 

documented the effect of many variables over a wide range of effervescent atomizer 

operating conditions.  As shown by the literature, two variables which have a large 

impact on atomization quality (i.e. reducing spray droplet size) are liquid injection 

pressure and GLR; an increase in either of these results in a decrease in the spray 

droplet size.  Inspection of Figure 5 [47] shows how the spray droplet size, represented 

by the Sauter mean diameter (SMD), is affected by changes in these variables and it is 

seen that GLR has the stronger effect over the range considered here.  Also apparent in 

Figure 5, the effect that increasing GLR has on reducing the spray droplet size is most 

pronounced at low GLRs and flattens out as GLR is increased.  For example, consider 

the liquid injection pressure of 276 kPa, increasing GLR from ~0.01 to 0.03 reduces 
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droplet size by 46% (from ~68 to 37 μm).  Further increasing the GLR from ~0.03 to 

0.05 reduces the droplet size only by 24% (from ~37 μm to 28 μm).   

 

 
Figure 5.  Effect of pressure and GLR on spray droplet size (de = 1.6 mm [47]) 

 

 

It is noted that spray droplet size is typically quantified using the Sauter mean 

diameter which is found using each individual spray droplet (Di) as defined in Equation 

6.  Physically this quantity represents the volume to surface area ratio of the spray.  

 





2

3

i

i

D

D
SMD             Equation 6 

 

Studies have shown that good atomization can be achieved with effervescent 

atomizers at injection pressures lower than those used in conventional atomizers.  This 

lowers parasitic pumping losses and the total amount of energy necessary for 

atomization.  Compared with other twin-fluid atomizers, an effervescent atomizer 

requires much lower gas flow rates as shown in Table 1.   

Through controlled experiments, additional variables have been shown to have 

an effect under certain operating conditions.  These variables include liquid viscosity 

and surface tension [5], [48], [49], [50], [51], [52], [53], [54], atomizing gas molecular 

weight (MWg) [55], exit orifice diameter [44], atomizer internal geometry and ambient 

pressure (Pamb).  Past research has also examined spray cone angle [47], [56], air 
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entrainment [57], [54], spray stability [58], [59], [60], [52], [56], discharge coefficient 

[50], [46], [61] spray patternation [7], [10], [47], [62], combustion effects [11], [63], 

[64], [58], and near nozzle spray structure [9], [53], [65], [66].   

It is interesting to note that not all of the work is in agreement.  While some 

research shows that an increase in liquid viscosity increases droplet size [9] [50] other 

research shows little to no effect of viscosity [28].  The effect of increasing surface 

tension has been shown to decrease spray droplet size [49], yet others find no effect of 

surface tension [48].  The literature also fails to show a consensus on the effect of exit 

diameter on spray quality.  Whereas Wang, Chin & Lefebvre conclude that spray 

quality is insensitive to exit diameter [46], Peterson et al. show that a smaller exit 

diameter produces a better spray [6].      

The physics taking place inside of the atomizer is complex and involves multiple 

phenomena including: bubble formation during gas injection into a liquid cross-flow, 

developing two-phase flow evolution during passage through the mixing chamber, and 

an accelerating two-phase flow in a convergent nozzle.  As discussed in the next 

section, the flow inside of the atomizer can be in one of a number of different regimes 

(bubbly, slug, annular [44]) depending on operating conditions and the liquid and gas 

properties.  These flow regimes affect the stability of the spray and can be strongly 

affected by the bubble dynamics [67].  It is possible that results which do not show 

similar trends when changing fluid properties are operating in different flow regimes 

making it difficult to isolate a given effect.   

To complicate things further, internal two-phase flow regimes will also be 

influenced by atomizer geometry and air injection technique [6], [58], [59], design 

decisions which vary from experiment to experiment.  The parameters relevant to 

effervescent atomization spray droplet size are listed in Equation 7.  

 

  ZRegime, Flow Internal ,,,,,,,,SMD 1 gleambinjla MWdPPmmf       Equation 7  

 

The final term (Z) represents a scaling variable and would be used to compare similar 

geometries, which are vast in scope, including the channel size and shape as well as air 



   13 

 

injector geometries.  A summative review of the work done prior to 2000 is found in 

[44]. 

   

1.5 Effervescent Atomizer Internal Two-phase Flow Background 
 

During operation, three internal flow regimes can potentially be observed: 

bubbly, slug and the annular regime as shown in Figure 6.  The bubbly flow regime is 

distinguished by a mixture of dispersed bubbles.  Increasing the GLR causes larger 

bubbles to form and coalesce creating the slug flow regime.  The slug regime is 

sometimes subdivided into slug, slug-churn, and plug flow regimes though for the 

current study these will all be grouped together and referred to as slug flow as the 

differences between these regimes are small and somewhat subjective.  Further 

increasing GLR leads to the annular flow regime which is characterized by a core flow 

of gas surrounded by a liquid annulus.   

 

 
a. bubbly flow  b. slug flow  c. annular flow 

 

Figure 6.  Flow regimes within an effervescent atomizer 

 

The internal flow regime in an effervescent atomizer is mostly dependent on 

GLR but transitions from one regime to another may also be affected by injection 

pressure, viscosity, surface tension, exit orifice diameter, and internal geometry.  These 

regimes are similar to those found in classic two-phase flow maps which document 

where transitions between regimes occur (for example [68]), though using such flow 
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maps to predict flow inside of an atomizer would violate the fully developed flow 

condition for which the maps are intended [58], [60].     

While much of the literature reports on the flow regime in the mixing chamber 

upstream of the nozzle, little is said about the regime in the nozzle contraction and at 

the exit, which could potentially vary from that in the mixing chamber.  It is the regime 

within the atomizer exit that determines the exact mechanism of droplet formation as 

well as spray stability [65].  In particular, studies cite an instability in atomizer 

performance which can exhibit an audible pulsating sound [47], [69], as well as a 

pulsating spray behavior and internal pressure [58], [59], which occurs when operating 

in the slug regime due to the intermittent passing of large gas voids followed by liquid 

slugs [70].   

As this instability generates typically undesirable spray behavior it is worth 

noting some factors which influence the conditions at which it occurs so that it can be 

avoided.  Transitions between flow regimes in effervescent atomizers have been found 

to occur at a higher GLR for more viscous liquids as compared with less viscous liquids 

[28], [54].  Also, higher pressures have been shown to delay the transition from bubbly 

to slug flow to a higher GLR [43], an effect which may relate to smaller bubbles and 

decreased coalescence at higher pressure.   Decreasing surface tension further promotes 

bubbly flow, but to a lesser degree than changes in viscosity or pressure [54], [71].  

Finally it should be noted that the flow regime inside an effervescent atomizer will 

depend not only on operating conditions, but also on aerator and mixing chamber design 

[58].  The variables affecting internal flow regime are: 

 

 norientatio channel  Z,,,,,,,Regime Flow Internal 2 gPmmf linjla 
         

Equation 8  

 

where g is gravitational acceleration, and channel orientation refers to whether the 

channel is aligned vertically, horizontally, or inclined.  Comparison of Equation 8 and 

Equation 7 shows that many of the variables which determine the internal flow regime 

also affect the spray quality from an effervescent atomizer.  The fact that spray quality 

is also affected by the internal flow regime in the atomizer reveals one of the major 

complicating factors in the study of effervescent atomizers.  Changing a variable in an 
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effervescent atomizer may have an effect in more than one way.  A change in any of the 

shared variables between Equation 7 and Equation 8 could change the spray by altering 

the internal flow regime, by altering the physics which take place outside of the nozzle, 

or both.  This means that isolating the effect of a variable is difficult, though possible so 

long as the internal flow regime stays constant when the variable is altered.  

 

1.6  Motivation 
 

The potential benefits to effervescent atomization are many.  There is evidence 

showing that combustion emissions can be reduced with effervescent atomization when 

air is used as the atomizing gas due to increased air/fuel mixing in the core of the spray 

[63], [64], [58].  Effervescent atomizers have additionally been shown capable of 

atomizing very viscous liquids, and liquids with a large range of viscosity under certain 

operating conditions [28].  The lower injection pressures and larger diameters of the 

design also reduce manufacturing costs. 

To summarize, an effervescent atomizer can potentially reduce the problems of 

clogging, erosion, high injection pressure, pollutant emissions, droplet size control, and 

manufacturing cost while improving efficiency.  They have shown promise for a wide 

spectrum of applications including: paint sprays, agricultural sprays, gas turbines, diesel 

engines, boilers, furnaces, waste incinerators, consumer products, pharmaceutical 

sprays and scramjet combustors [72].  The main deficiencies of effervescent 

atomization relate to the need for a supply of pressurized gas and the challenges of 

introducing gas into a flow, as well as a lack of fundamental understanding of the 

governing parameters and their interactions.   

The primary aim of this research is to examine the unresolved issue of what 

effect bubble size has on spray quality in an effervescent atomizer operating at low 

pressures and low GLRs.  As will be discussed (Section 3), very few studies have even 

considered bubble size as a variable and of the few studies which did, bubble size was 

poorly controlled.  Though it is known that the inclusion of bubbles improves 

atomization, the exact mechanism through which it has an effect on the liquid issuing 

from the atomizer has been difficult to define likely due to the fact that systematically 
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controlling bubble size is a non-trivial problem.  Consequently, the effect of bubble size 

has been largely a topic of speculation having few details clarified with experimental 

evidence.  An effect is expected to be most apparent at lower pressures and GLRs 

(typical of the bubbly flow regime) as the expansive power of the air will be less for 

these conditions.  Should the expansive power be too great, variables of secondary 

importance (e.g. de, γ, μl) may be shown to have no effect [12], [45], [53].   

An estimate of the expansive power available is obtained by considering the rate 

of work done in an internally reversible polytropic process involving the expansion of a 

mass flow of air modeled as an ideal gas with constant specific heat ratio (k), gas 

constant (Ra), and temperature (Ta) from some pressure (Pa) to ambient pressure (Pamb).  

As shown in Equation 9, an increase in the air mass flow (i.e higher GLR) and channel 

pressure (i.e. Pa) result in a higher expansive power available due to the increase in 

energy of having more gas expanding from a higher pressure. 
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                         Equation 9

  

 

Motivation for conducting this study at lower GLRs and pressures also comes 

from the fact that the flow will be in the bubbly regime where atomizer design has been 

shown to impact spray quality.  The reasons why the different designs impact spray 

quality are somewhat unresolved and it is believed to be related to the onset of a spray 

instability which develops as a flow transitions from the bubbly flow regime to the slug 

flow regime.  Previous work in this area has been unable to produce bubble sizes 

smaller than the atomizer exit orifice and have suggested that doing so may optimize the 

performance of the atomizer [43], [45] by delaying the transition to slug flow.    

Detailed information on the effect of bubble size is required to improve upon 

atomizer design and shed light onto inconsistencies in the literature.  The main 

objectives of this study were: 
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1. Develop a method to control bubble size from very small (Db  ≈ 0.1*de) to 

relatively large (Db > de) 

2. Investigate how bubble size affects spray characteristics 

3. Develop conclusions which will aid future effervescent atomizer design 

 

By producing bubbles many times smaller than the exit diameter this study 

sheds light onto 20 years of conjecture on the effect very small bubbles will have on an 

effervescent spray.  By producing a range of bubble sizes a better understanding can be 

gained over how various spray characteristics such as droplet size, spray cone angle, 

and stability are affected by a change in bubble size.  In so doing the mechanisms 

through which the bubbles affect the spray can also be clarified.  Furthermore, the 

results of this research may help to illuminate the relative importance that should be 

placed on air injector and internal geometry considerations for effervescent atomizers.  
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2 Bubble Generation: Literature Review 
 

Given that bubble size is the primary variable of the current research, methods were 

required to control this variable.  This section provides background information relating 

to the forces that act on bubbles during formation, the different regimes of bubble 

formation, the effect of coalescence, and discusses how bubble size can also affect the 

transition from bubbly to slug flow.  Using this background information, it is explained 

that bubble size predictions in many cases are infeasible and a more practical approach 

is required for adequately controlling bubble size.  It is concluded that in order to 

produce bubbles of a certain size one is better served by reviewing the literature and 

implementing experimental techniques used.  Previous research reveals a number of 

ways in which bubble size has been controlled and these different parameters are 

discussed.  Finally, the motivations behind experiments on controlling bubble size are 

discussed.  These experiments were required in order to define experimental conditions 

and control bubble size in the later spray studies. 

 

2.1 Forces Acting on Bubbles 
 

In so far as internal flow regime (i.e. bubbly, slug or annular flow) is determined 

by bubble generation and bubble dynamics one may hope to design an atomizer around 

the physics of bubble generation.  In the simple case of a single bubble being injected 

into a liquid cross flow the balance of buoyancy, surface tension, gas momentum flux, 

inertial forces, and liquid drag combine to determine bubble size [73], [74].  These 

individual forces are defined by Kim et al. as: 

Buoyancy Force:   gDF albB 


 3

6
  Equation 10 

 

Surface Tension Force:    ninj fdF    Equation 11 

 

Momentum Flux:  
2
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    Equation 12 
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Bubble Inertia:  









dt

ds
m

dt

d
F bI    Equation 13 

 

Liquid Drag Force:  effefflDD AUCF 2

2

1
   Equation 14 

 

In Equation 11 dinj represents the diameter of the hole through which the air is injected 

and fn(ϕ) is a term accounting for the fact that the bubble center forms an angle with the 

injection hole as the bubble grows and is dragged downstream.   

During the production of small bubbles one can see that the effect of buoyancy 

and inertia will become negligible as they depend on the bubble volume or mass.  Due 

to this fact, theoretical bubble formation models differ largely based on the detail with 

which they develop fn(ϕ), as well as the bubble drag coefficient, effective relative 

velocity Ueff and effective projected bubble area Aeff.  These details often include 

assumptions about bubble shape during formation and empirical relationships reported 

in the literature as a means of providing a complete description of the forces and 

providing closure so that bubble diameter can be predicted based on a force balance.  

 Two noteworthy studies have also considered that the liquid velocity profile 

near the wall will be of importance.  Al-Hayes & Winterton  [75] calculated Ueff, the 

effective velocity between the liquid and bubble as it forms near a wall, using a 

turbulent velocity profile and finding the velocity at a distance “equal to one half the 

distance the bubble projects from the wall,” which was roughly equal to the bubble 

radius.  This model matched experimental data quite well when freshwater was used, 

but did not match when surfactant solutions were used, an effect which may be related 

to dynamic surface tension.  Alternatively, in creating a device capable of making 

bubbles with diameters from 30-200 μm in seawater Johnson et al. [76] developed a 

theoretical model of bubble formation in which only drag and surface tension forces 

were considered significant.  To determine 
2

effU the square of the velocity was integrated 

and area averaged across the projected bubble area.  The velocity profile used in the 

integration was found by assuming that the liquid flow at the air injection site was 

laminar and fully developed.  While their experimental results matched the model 
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reasonably well it was noted that the model would be unable to account for the increase 

in bubble size that would be experienced at higher gas flow rates. 

     

2.2 Bubble Regimes 
 

Theoretical bubble models often have an inherent assumption that as a bubble 

forms it develops into a roughly spherical shape before breaking off.  Upon breaking off 

the process repeats and thus bubbles will be produced with a certain frequency.  In 

reality when gas is injected into a liquid cross-flow, bubbles could be formed in the 

bubbling, pulse bubbling, or jetting regime as displayed in Figure 7.  In the bubbling 

regime single bubbles are ejected from an orifice one after another as described above 

and have a relatively narrow size distribution.   

 

Figure 7.  Bubble formation regimes: a), b) single bubbling, c), d) pulse bubbling, e) jetting 

(adapted from [45]) 

 

When the bubbling regime is present it could be operating in a constant pressure 

or constant flow rate mode [45].  The constant pressure mode is created by having a 

large gas chamber just upstream of the injection site whose pressure remains unchanged 

as the pressure inside a forming bubble is slightly altered by surface tension effects. 

When the chamber volume is decreased small pressure fluctuations may be present 

within the small gas chamber while the gas flow rate is constant.  The occurrence of 

either mode is to a large degree determined by the experimental set-up and can affect 

bubble size and frequency.  

As the volume flow rate of gas increases the formation process cannot remain in 

the bubbling regime and will occur in the pulse bubbling regime which is a transitional 
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regime between bubbling and jetting.   Further increasing the volume flow rate of gas 

eventually leads to the jetting regime which involves a continuous jet of gas leaving an 

orifice that eventually breaks up into bubbles.  Silberman [77] has proposed that the gas 

jet breaks up according to the Rayleigh mode of disturbance amplification resulting in a 

maximum bubble size which depends on the volume flow of air (Qa) and the liquid 

velocity: 

l

a
b

U

Q
D 4.2         Equation 15 

 

In regards to the jetting regime, Forrester & Rielly [78] report that the bubble 

size and shapes are “highly irregular” and can have “a five-fold variation in detached 

bubble diameters.”   These authors further state “it is not possible to predict which 

regime of bubble formation will predominate in a given system, without experimental 

evidence.”  This result is further supported by Ruzicka et al. in a study that examined 

the intermittent character on the transition between the bubbling and jetting regime [79]. 

A final confounding factor that relates to the bubble regime is that variables which 

affect bubble size in one regime may have little to no effect in other regimes as can be 

the case with surface tension in the jetting regime [80].     

 Upon injection, turbulent forces in the liquid flow can also affect bubble break-

up or coalescence.  To distinguish this effect Taitel et al. [81] and Chen et al. [82] 

separate bubbly flows into two sub-regimes: “finely dispersed bubbly flow” and 

“bubbly flow.”  In the finely dispersed bubbly flow regime the turbulent liquid forces 

overwhelm bubble surface tension forces so that a balance between turbulent energy 

and surface free energy is reached.  For a fully developed turbulent flow this results in 

an average bubble diameter defined for the finely dispersed regime as: 
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In Equation 16 Usg and Usl represent the superficial gas and liquid velocities 

respectively, νl is the liquid kinematic viscosity, and dh the channel hydraulic diameter.  
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To calculate the superficial velocity of a given phase one divides the volume flow rate 

of that phase by the total cross-sectional area of the channel.  An important point in 

regards to the finely dispersed regime is that because liquid turbulence ultimately 

controls the bubble size, the manner in which the bubble is formed is of little 

consequence.   

As opposed to the finely dispersed bubbly flow regime, in the “bubbly flow” 

regime the air injection process determines bubble size.  The transition between the 

regimes is defined as: 
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    Equation 17 

 

Above this transition the turbulent forces will be strong enough to break bubbles up and 

Chen et al. report good agreement between this model and experiments run with 

multiple fluids of different properties and multiple channel diameters [82]. 

   

2.3 Coalescence 
 

Though not present in the force balance which determines bubble size at break-

off, coalescence ultimately affects the final bubble size and bubble size distribution.  

Coalescence effects are hard to predict as they depend on many conditions such as 

turbulence, residence time within a mixing chamber, and presence of interface altering 

chemicals such as surfactants and electrolytes.  Coalescence models approach the 

process as that of liquid draining from between two bubbles as they come into contact.  

Bubbles can come into contact during formation as the number density will be very 

high, and turbulent velocity fluctuations can also bring bubbles into contact as they flow 

through a channel.   

While the process of coalescence is not completely understood there are two 

inhibiting effects which seem to find agreement in the literature.  It is reported that an 

electric potential establishes at a gas-water interface due to a decrease in ion 

concentration at the interface relative to the concentration found in the liquid [83].  Due 
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to this, the bubbles receive a net electric charge which will repel other bubbles thus 

reducing coalescence [84].  The other effect involves surface elasticity and the 

Marangoni effect.  For electrolyte and surfactant mixtures the elasticity has been 

defined as [85]: 
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          Equation 18 

 

In Equation 18 C represents chemical concentration and H represents the liquid film 

thickness at the interface.  The amount of time it takes the liquid to drain depends 

largely on whether the interface is deformable as explained in [86] and [87].  As 

elasticity increases, bubbles can deform when approaching each other and their 

originally curved surfaces become flattened at the interface resulting in a slower 

draining time.  Bubble deformation can create surface tension gradients at the interface 

if the bubble expands or contracts.  As the liquid adjusts to these gradients by moving 

ions along the interface, liquid is also dragged along.  This movement of liquid due to 

surface tension gradients, referred to as the Marangoni effect, effectively slows the 

draining time and inhibits coalescence.  The choice of electrolyte or surfactant for 

inhibiting coalescence is important as some have no effect while others vary in the 

strength of their effect [88], [89].   

Liquids with increased viscosity are typically considered to support coalescence, 

though it has been shown to be possible to reduce coalescence in viscous liquids 

(saccharose/water solutions with viscosities up to 54 cP) with the addition of aliphatic 

alcohols [90], [91].  The impact of increased viscosity on coalescence is apparent in 

Figure 8 which shows a picture of bubbles generated in a cross flow of water and canola 

oil. 

 

 
Figure 8.  Bubbles in water (left) and canola oil (right) under the same conditions 
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For these images the relevant flow rates, channel pressure, and geometries were 

constant with the only difference being the liquid properties.  From a force balance 

standpoint the bubbles formed in the canola oil should be smaller due to the higher 

viscosity (50 cP vs. 1 cP) which would increase the drag on the bubbles causing them to 

detach earlier.  Despite this fact it is shown that the bubbles in the freshwater are 

smaller, presumably because they have not coalesced to the same extent as those in the 

canola oil. 

Another detail which makes predictions of bubble size so difficult is the nature of 

surface tension.  Whereas most reported values of surface tension relate to the 

equilibrium surface tension of a liquid or mixture there is strong evidence that the 

dynamic surface tension is of greater predictive value [80], [89], [92], [93].  This is 

especially true when using a surfactant solution to lower surface tension and dynamic 

surface tension will depend on the concentration and species of the surfactant [89].  

Dynamic surface tension differs from equilibrium in a pure liquid in that surfactants 

will migrate to an interface until equilibrium is reached, a process that inherently takes 

time.  Changes to the interface such as expansion or break up require the surfactant to 

re-orient until a new equilibrium is reached.  The surface tension acting at the interface 

is related to the amount of surfactant present at the interface and will thus be changing, 

hence dynamic, as the surfactant migrates to form this equilibrium.  

Perhaps related to this phenomenon is the conclusion by Machon et al. [86] that 

for turbulent flow conditions involving electrolyte or surfactant solutions, bubble size 

cannot be correlated with surface tension.  This result suggests that the model used by 

Chen et al. [82] in which the turbulent kinetic energy of the flow is equated with the 

total surface free energy of the bubbles may not be applicable to electrolyte and 

surfactant solutions or may require additional terms to account for dynamic surface 

tension. 
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2.4 Bubble Effect on Transition 
 

Research has further shown that the transition between bubbly flow and the slug 

flow regime depends on bubble size.  When flow goes from the bubbly regime to the 

slug regime it does so because the smaller bubbles coalesce and grow into large slugs of 

gas.  Multiple studies report that slug flow is more likely to develop when larger 

bubbles are generated and that as bubble size decreases a stable bubbly flow will 

develop throughout a channel [67], [94].  From a spray stability standpoint this suggests 

that effervescent atomization may be improved by operating in the bubbly regime with 

smaller bubbles.  This would allow an atomizer to operate at a higher GLR which 

improves atomization, as shown in Figure 5, while still avoiding the creation of an 

unstable spray.   

The transition between flow regimes has further been shown to depend on the 

diameter of the channel in which the two-phase flow occurs [95], [96].  Smaller 

diameter channels experienced the transition at lower air flow rates than larger diameter 

channels for a given liquid flow rate.  This is because for a given initial bubble size, a 

small diameter channel will require less coalescence for the initial bubble to grow to a 

diameter on the order of the channel.  These results expose a limitation in flow regime 

maps that do not acknowledge these effects.  One can conclude from this that, insofar as 

bubble size is difficult to predict, two-phase flow regime can also be difficult to predict 

a priori.  

  

2.5 Bubble Generation Conclusions  
 

Upon consideration of the above information it can be concluded that even with 

knowledge of the liquid properties, operating conditions and relevant geometries for an 

experiment one cannot accurately predict bubble size except under some relatively 

restrictive conditions.  The forces acting on the gas as it is injected through a specific 

geometry, combined with turbulent stresses in the liquid and coalescence effects will 

ultimately determine if the two-phase flow is in the bubbly regime, and if so what size 

and distribution of bubbles are present.  Currently there is no theoretical model which 
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incorporates all of these phenomena.  Accordingly, it is not surprising that previous 

research relating to bubble size effect in effervescent atomizers is somewhat 

inconclusive.  The parameters which are germane to bubble size formed for gas 

injection into a liquid cross flow are listed in Equation 19: 
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Equation 19
 
 

 

Comparison of Equation 19 with Equation 7 shows that many of the variables that 

affect the spray from an effervescent atomizer also affect the size of bubbles produced 

within the atomizer.  Due to this fact, some results present in the literature may be 

biased by a bubble size effect that has gone unrecognized. 

Ultimately, to examine the performance of effervescent atomization in the current 

study requires that one first control the size and distribution of bubbles delivered to the 

atomizer nozzle. One interested in generating bubbles of a predetermined size and/or 

controlling the bubble size will likely be better served by taking a more pragmatic 

approach and replicating the generation methods found in the literature.  For air 

injection into a liquid cross-flow there are a few general methods for changing bubble 

size.  These methods include: injecting the air through different pore or hole sizes; 

altering the velocity and shear rate of the liquid cross-flow at the air injection site; using 

surfactant or electrolyte solutions.   

These different controls affect bubble size in different ways.  Increasing the liquid 

velocity will increase the drag on the forming bubble causing it to shear off earlier 

producing smaller bubbles with a narrower size distribution [97].  Decreasing pore size 

will decrease the surface tension force which resists bubble detachment and also 

produces smaller bubbles with a narrower size distribution as shown by Parthasarathy & 

Ahmed [98].  In this study air was injected into stagnant water through different porous 

materials with pore size ranging from 5-15 μm to 150-250 μm.  By varying pore size 

over this range, average bubble size and standard deviation were seen to decrease by 

roughly a factor of 4 and it was concluded that there was a minimum pore size below 
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which changes in pore size would not have a large effect.  This suggests that there is a 

limit to how well bubble size can be controlled via changes in pore size alone. 

Use of surfactant or electrolyte solutions may potentially affect the surface 

tension force during formation but will have its largest impact in limiting coalescence of 

bubbles downstream from the injector.  The use of surfactants and electrolytes has been 

shown to suppress bubble coalescence and produce smaller bubbles and bubble size 

distributions as compared to freshwater [99].  In the study by Winkel et al. [100] air was 

injected into different flowing liquids including freshwater, saltwater at different 

salinities, and surfactant solutions at different concentrations.  By increasing the salt 

content from 0 to 38 parts per thousand (ppt) the mean bubble diameter was decreased 

from 491 μm to 113 μm.  It was also shown that the effect of salt concentration on 

bubble diameter was nonlinear suggesting that further increasing salinity above 38 ppt 

would produce little reduction in mean bubble diameter.  Surfactant addition also 

reduced mean bubble size, but to a smaller degree than salt, cutting the diameter in half 

as compared to freshwater when 20 parts per million of Triton-X-100 was added.  The 

results of this study suggest that there is a limit to how well bubble size can be 

controlled via changes in electrolyte or surfactant concentration alone. 

 

2.6 Bubble Study Motivation 
 

Since most studies typically rely on a single control parameter to generate bubbles 

of different size one can get a sense for the level of control possible when varying a 

single mechanism (i.e. varying pore size alone).  Unfortunately, the level of control 

experienced in a given study will be dependent on the geometry and operating 

conditions of that study.  For example, if decreasing pore size from 200 µm to 20 µm 

caused bubble size to decrease 50% when air is injected into a liquid cross flow of 

freshwater with a bulk velocity of 1 m/s it would be pure conjecture to assume the same 

decrease in pore size would cause the same decrease in bubble size if air was injected 

into saltwater flowing at 1 m/s.  Due to this, the relative strength of the different control 

mechanisms in terms of their effect on bubble size as compared to one another is not 

well understood.  Moreover, there have not been any studies which have systematically 
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varied multiple bubble size control methods to quantify the strength of their effects on 

bubble size relative to each other.       

From a practical standpoint, knowledge of the strength of the different bubble size 

control parameters (varying pore size, varying salinity/surfactant concentration, varying 

velocity/shear) would benefit experimental design.  By knowing the relative effects of 

the different control parameters one would have guidelines to use when determining 

which control to use, and the degree to which that control must be varied to produce a 

desired effect.  This information would be valuable for any experiment in which bubble 

size is to be considered a variable that must be controlled over a range of sizes; without 

it one would have to rely on a guess and check approach to varying the bubble size.   

Synthesizing all of the information presented in Section 2 provides motivation for 

the experimental study on bubble control parameters that precedes the experiments on 

sprays.  This motivation is clarified in the following way: First, consider the fact that 

bubble size is the primary variable of the current research and must be varied over a 

range of sizes.  Second, it was determined after a review of the literature on bubble 

formation that reasonable predictions of bubble size are not available due to the 

complicated interactions between the various forces and coalescence which determine 

bubble size.  Though models for bubble size exist and can produce reasonable results, 

they are limited to experimental conditions which fit the original model assumptions.  

This means that one cannot use a model to determine how to alter the conditions of air 

injection into a liquid cross flow to produce bubbles of a certain size even when the 

flow conditions and geometries are known, except under some limited cases. Third, 

three different methods for controlling bubble size that have been proven to work by 

previous research are known.  These methods include changing pore size, changing 

electrolyte or surfactant concentration, and changing the liquid velocity or shear rate at 

the air injection site.   

While it is known that these methods can change the bubble size, it is not clear 

how much each method must be varied to generate bubbles of a different size.  This 

means that in order to change bubble size one could either iteratively alter the separate 

controls until a desired bubble size is generated, or one could experimentally quantify 
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the strength of the controls and use that information in setting the different controls.  

The latter approach sums up the motivation for the bubble studies presented in Section 5 

which were conducted prior to embarking on the primary objective to understand the 

role bubble size plays in the dynamics of effervescent atomization. 
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3 Impact of Internal Flow on Spray: Literature Review 
 

This section reviews results from the literature on the role that internal flow 

characteristics in an effervescent atomizer have on spray.  Studies in which internal 

atomizer geometries are altered are discussed revealing that changes to the internal flow 

can affect spray quality.  Results from past research on the effects that internal two-

phase flow regime have on sprays is considered and the effect of spray instability is 

clarified.  Finally, this section reviews what is known about bubble size effect on liquid 

spray as presented in previously published work and disserts what has remained 

unknown.    

 

3.1 Aerator Design Influence 
 

 A review of the research on effervescent atomization reveals a dearth of 

information relating directly to the role of bubble size on spray characteristics, but much 

of the work has examined the impact of different air injection geometries (pore size, 

hole diameter, number of holes, distance of holes from exit, etc.).  Interestingly, while 

some research suggests that air injector geometry has little effect on atomization [46], 

[101] there are many reports that show there is an effect [9], [30], [50], [52], [60], [69], 

[102].  Commonly the effect is shown to be most prevalent at lower GLRs typical of the 

bubbly flow regime.  The research of Jedelsky & Jicha [59] concludes that there is a 

“strong effect of the atomizer internal design on the spray steadiness and, in case of low 

GLR, the capability to obtain steady spray.”  This means that changes to an atomizer’s 

internal geometry will result in different atomization characteristics when experimental 

operating conditions (GLR, pressure, liquid properties) are held constant.   

The key internal geometric details that could be altered include: mixing chamber 

length, mixing chamber diameter, nozzle convergence angle, exit orifice length, exit 

orifice diameter, exit orifice shape, and the aforementioned air injection geometries.  

Petersen et al. [6] studied the influence of different design parameters including nozzle 

exit orifice diameter, nozzle exit orifice length, separation distance between air injection 

and exit orifice, total area of air injection holes, and mixing chamber diameter and 
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found that design considerations were most important at lower GLRs.  Specifically, it 

was noted that increasing the exit diameter increased the spray SMD at their lowest 

GLR (0.1) but this effect diminished at higher GLRs.   

One study which varied pore size to no effect [43] postulated that since changing 

pore size should change bubble size, that bubble size may not have an effect.  This 

conclusion is a simplification of a much more complicated problem and requires 

measurements of bubble size in order to be justified.  In turbulent flows, bubble size is 

not always affected by pore size [103].  Additionally, the trend found by Parthasarathy 

& Ahmed [98] showed a minimum pore size below which decreasing pore size had only 

a small effect on bubble size.  If this trend translates to air injection into a liquid cross 

flow, then one might not expect bubble size to change with pore size regardless of 

turbulence, when using very small pore sizes.  But the fact that changing aerator 

geometry affects the spray shows that bubble size, bubble dynamics, and/or the mixing 

of the two-phase mixture can affect atomization.  This argument provides strong 

motivation for research which can provide insight into these effects.  

3.2 Flow Regime vs. Spray 
 

There have been a number of studies that have compared the internal flow 

regime of an effervescent atomizer with the spray structure exiting the nozzle by 

constructing atomizers with optical access to the flow upstream of the nozzle exit.  The 

images presented by Kim & Lee [52] give a good representation of how the spray 

appears under different flow regimes (Figure 9).  What can be seen in these pictures is 

that for a relatively small amount of air (GLR = 0.003, Figure 9a) the internal flow 

regime is clearly bubbly and the spray has intermittent disruptions which the authors 

attribute to “a group of bubbles and liquid slugs (discharging) alternately through the 

nozzle orifice.  During the bubbly discharge, many tiny droplets are formed by bubble 

expansion due to the pressure difference between the mixing chamber and the 

environment.”   When the internal flow is annular, due to the large amount of gas (GLR 

= 0.111), the spray breaks up relatively close to the nozzle exit as evident in Figure 9b.  

At GLRs in between the bubbly and annular flow regimes there is an internally 

intermittent flow regime, i.e. slug flow, and hence the spray characteristics fluctuate 
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according to the regime present.  This effectively produces the spectrum of spray 

characteristics, shown in Figure 9c, demonstrating the instability of the spray. 

 

 
Figure 9.  Internal vs. External flow characteristics in different regimes (de = 1.6 mm [52]) 

 

 

3.3 Effervescent Atomization Bubble Studies 
 

There has been little mention of the impact of bubble size in the literature on 

effervescent atomization and to this author’s knowledge only a few studies have 

considered it as a variable.  The first of these studies is by Roesler [43] which used an 

atomizer whose internal and exit diameters could be varied as well as the porosity at the 
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air injection site.  All of the spray data were taken in the bubbly regime before the 

instabilities associated with slug flow were created.  Control over bubble size was poor 

in this study as decreasing aerator porosity did not always have the expected effect of 

decreasing bubble size.  For this reason any conclusions based on differences in bubble 

size while at identical operating conditions are limited.  In lieu of bubble size, bubble 

spacing was concluded to have an impact on spray quality.  Bubble spacing was defined 

as: 
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    Equation 20 

 

where qr is the volume flow ratio of gas to liquid.  Spray droplet size was found to 

decrease as bubble spacing decreased suggesting that smaller bubbles will decrease the 

liquid spray droplet diameters.  It was stated that this effect was present due to the 

reduction in size of liquid slugs as the space between bubbles decreased.  The smallest 

bubbles generated by Roesler were only half of the exit diameter (de = 0.5-2.5 mm, Db = 

0.6-1.8 mm) and it was postulated that smaller bubbles with tighter spacing could 

improve atomizer performance.   

The second report which studied bubble size comes from the work of Sovani et 

al. [45] on the development of an effervescent diesel injector.  The atomizer was 

designed to have a variable geometry allowing for changes in exit orifice diameter, 

aerator width and the size, number, and location of gas injection orifices.  This research 

was also carried out under conditions of a bubbly flow within the mixing chamber.  

Despite this fact, the smallest bubbles produced (0.6 mm) were twice as large as the 

biggest exit orifice (0.33 mm) meaning that flow at the exit was presumably not bubbly.  

It was concluded that for a bubbly flow to exist inside the exit orifice, and for improved 

atomizer optimization, bubbles should have a diameter of roughly 5-10 times smaller 

than the exit diameter.  Additionally, it was postulated that mixing chamber geometry 

may significantly affect spray drop size for GLR < 0.001.  

From pictures taken by Catlin & Swithenbank [70] one can get a sense of what 

effect bubble size has when its diameter is roughly the same size as the exit diameter.  
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Time sequence images of a smaller bubble (Figure 10a) and bigger bubble (Figure 10b) 

are shown with the bubble approaching and entering the exit nozzle in the top three 

images where the time goes from 0.00 msec to 0.50 msec.  The later images (0.75 msec 

and 1 msec) show “explosion-like” events in which the liquid jet experiences a 

significant disruption and appears to spread as labeled in the 0.75 msec image of Figure 

10a.   The mechanism for these explosion-like events is described by the authors as 

caused by “the stagnation and buildup of gas within the external liquid jet.”  Comparing 

the 0.75 msec pictures, one can see that the larger bubble produces a slightly larger 

disruption to the liquid jet than the smaller bubble.  This is demonstrated by the larger 

spreading distance as displayed by the larger vertical arrow in the 0.75 msec image of 

Figure 10b as compared to Figure 10a.  What is suggested here is that, at least for 

discrete bubbles exiting a nozzle, changing the bubble size will have an impact on the 

resulting spray.   

 
Figure 10.  Discrete bubble interaction with external liquid jet: (a) smaller bubble; (b) larger 

bubble (dhe = 1.42 mm, adapted from [70]) 

 

 When a bubble approaches the nozzle exit it will expand as the liquid 

accelerates and pressure decreases.  If the diameter or length of the bubble is much 
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larger than the nozzle exit diameter it will deform when the front of the bubble 

experiences the lower pressure before the back of the bubble, thus resulting in an 

elongation of the bubble.  Deformation occurs as shown by the time series of pictures in 

Figure 11 [60].  If the nozzle exit length is large compared to the exit diameter the 

larger bubble may deform into smaller bubbles as it stretched by the decreasing 

pressure.  This will create variations in void fraction within the nozzle exit which will 

potentially promote spray instability and demonstrates another role channel geometry 

can play in affecting the spray. 

 

 
Figure 11.  Expansion of a large bubble in converging and exit portion of nozzle (de = 1 mm [60]) 

     

 The final study to consider the effect of bubble size on spray performance in 

effervescent atomization created bubbles of different sizes by using two different air 

injectors [104].  Large bubbles were generated by injecting air through 27 holes with a 

0.5 mm diameter, while small bubbles were generated by air injection through a 0.5 

grade porous plate.  The large bubbles had diameters of roughly 6.4 mm and the small 

bubbles had diameters roughly the same as the nozzle exit diameter of 0.8 mm.  The 

images shown in Figure 12 represent the range of spray quality at the exit when the 

atomizer was operated with the larger bubbles.  These images are quite similar to those 

shown in Figure 9c showing the instability indicative of the slug regime. 
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Figure 12.  Spray produced with bubble size ~ 8 times greater than de (de = 0.8 mm, GLR = 0.0208, 

Pinj = 410 kPa [104]) 

 

 

It is seen that the spray experiences moments of quite good atomization with 

many droplets forming close to the nozzle exit (Figure 12a and Figure 12f) and the 

liquid jet experiencing significant break-up.  The liquid also demonstrates periods with 

poor atomization as noted by the liquid jet remaining intact for longer distances and less 

droplet formation overall (Figure 12c and Figure 12e).  Intermediate cases of 

atomization quality are also present in which part of the liquid jet shows large 

disruptions or break-up while parts of the jet remain intact (Figure 12b and Figure 12d).  

In these intermediate cases droplet formation is present, but to a lesser degree than in 

Figure 12a and Figure 12f.  It is this wide spectrum of spray conditions that defines the 

high level of spray instability which can result when bubbles ~ 8 times larger than the 

nozzle exit diameter are generated in an effervescent atomizer. 

Figure 13 displays the spray produced under the same operating conditions as 

Figure 12 except using bubbles that are approximately the same size as the nozzle exit 
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diameter, as opposed to 8 times larger.  The images displayed are representative of an 

entire set of images taken and it was concluded that reducing the bubble size creates a 

more stable spray with little variation in spray structure at the nozzle exit.  It is 

suggested that with the smaller bubbles there would be “a relatively constant 

instantaneous GLR at the exit orifice” while the large bubbles would produce a “high 

variation of the instantaneous GLR at the exit plane” due to the distance between 

bubbles [104].   

 
Figure 13.  Spray produced with bubbles ≈ de (de = 0.8 mm, GLR = 0.0208, Pinj = 410 kPa [104]) 

 

 

It is further noted that the liquid structures in Figure 13 show improved liquid 

break-up characteristics (shorter break-up length, more droplet formation) than Figure 

12c and Figure 12e.  The effect of these different bubble sizes on the spray droplets 

showed that the frequency of drops smaller than 200 µm was marginally higher when 

smaller bubbles were generated and that the frequency of droplets higher than 200 µm 

was higher when larger bubbles were generated.  The smaller bubbles of this study 

resulted in not only a more stable spray but one with an overall smaller spray droplet 

SMD.  It was ultimately concluded that “bubbles on the order of the exit diameter or 

smaller are more desirable for an effervescent nozzle design operating at low GLR.”   

While the evidence supports the claim that bubbles on the order of the exit diameter 

are preferable to bubbles that are many times larger than the exit diameter it does this 

based on only two sizes.  It is perhaps not a stretch to expect the trend of increased 

spray stability and a decrease in large droplets to continue when decreasing the bubble 

size from very large to roughly the size of the exit diameter.  Extending that conclusion 

to include bubbles smaller than the exit diameter has not been supported by any 
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evidence and up to this current work has been pure conjecture.  The reason for this is 

due to inadequate control over bubble size in past research, a deficit which is amended 

by the experimental methods of this work.   

 

3.4 Effervescent Atomization Similarity Parameters 
 

In an effort to reduce the number of variables involved in the current study, a 

dimensional analysis was performed.  To simplify the analysis the list of variables was 

reduced to capture the variables which are believed to play the largest role as well as 

variables that would be altered in the current study.  The governing parameters which 

affect spray from an effervescent atomizer originally listed in Equation 7 were given as: 

 

  ZRegime, Flow Internal ,,,,,,,,SMD 1 gleambinjla MWdPPmmf 
 

 

To address the internal geometry and air injector geometry (Z) it is noted that 

these were also pertinent to the bubble size generated in a liquid cross flow as shown in 
        

Equation 19: 

 additives ecoalescenc  Z,g, , ,,,,, g3 MWPmmfD lalab   

 

As the air injector geometry and channel internal geometry are not directly relevant to 

the liquid break-up process, bubble size alone and the internal flow regime will 

collectively capture their effects.  It is noted that the current spray studies took place 

largely in the bubbly flow regime, as opposed to annular, further simplifying the list of 

variables.  As reported by Lund et al. [55] the influence of atomizing gas molecular 

weight is relatively small; consequently it is ignored in the current analysis.  Finally, it 

is noted that it is not the injection pressure alone which plays a role in determining the 

liquid flow rate and the expansive energy of the gas but rather the difference in pressure 

between the interior of the nozzle and the ambient.  Due to this it is believed that the 

main effect of the injection pressure and ambient pressure can be captured by 

considering just the pressure drop across the nozzle (ΔPN).  Through this reasoning the 
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list of pertinent variables for an effervescent atomizer operating in the bubbly flow 

regime can be simplified to: 

 

 bleNla DdPmmfSMD ,,,,,,3            Equation 21 

 

Performing a dimensional analysis using the variables in Equation 21 produces the 

following similarity parameters: 
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                 Equation 22 

 

 The first term on the right side of Equation 22 is recognized as the GLR which 

provides a measure of the potential expansive energy of the gas within the atomizer. 

This expansive energy is considered the main force driving effervescent atomization.  

The second term on the right side can be represented as the liquid Reynolds number at 

the atomizer exit.  The Reynolds number is commonly recognized in fluid mechanics as 

the ratio of destabilizing inertial forces to viscous forces.   

The similarity parameter which includes the pressure drop across the nozzle is 

an un-named dimensionless group which represents the ratio of the driving pressure 

force to the surface tension force.  Not only does this pressure drop determine the flow 

rate from the nozzle, it also affects the potential expansive energy of the gas.  As 

atomizer pressure has been shown to also have a large impact on spray quality it is 

expected that this similarity parameter will be of importance to effervescent atomizers 

operating in the bubbly regime.   

 The final dimensionless group represents the non-dimensional bubble diameter.  

It is this variable that sets the current project apart from any others in that greater 

attention will be paid to controlling bubble size.  No previous study has isolated this 

parameter and systematically varied it by creating bubble sizes ranging from much 

smaller than the nozzle exit to larger than the nozzle exit.  As will be discussed in the 

following section, the atomizer was constructed to allow for changes in geometry that 

could affect bubble size and a coalescence suppressing electrolyte solution was also 

used towards this end.   
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4 Experimental Methods  
 

In this section the various components of the experimental apparatus are discussed 

including the effervescent atomizer, air and liquid delivery systems, and optical 

measurement components.  The experimental procedures and data processing 

techniques are reviewed for measuring the bubble and droplet sizes as well as the near 

nozzle spray stability and spray cone half angle.  Finally, measurement uncertainties are 

discussed. 

 

4.1 Effervescent Atomizer 
 

 The primary aim of the present study was to clarify what effect bubble size has on 

the spray emitting from an effervescent atomizer.  This required an experimental set-up 

and procedures which allowed the size of the bubbles generated to be controlled and 

quantified.  To do so an effervescent atomizer was constructed which allowed optical 

access for bubble measurements.  The atomizer was also constructed in a way to allow 

the conditions at the air injection site to be modified independently of pressure and GLR 

in order to control bubble size.  

The atomizer used in the present study was constructed of three layers as shown 

in Figure 14. The middle layer, machined from aluminum, defined the side walls of the 

internal channel of the effervescent atomizer.  Two acrylic windows allowed optical 

access and defined the top and bottom walls of the internal channel.  A thin gasket 

provided a seal between the different layers and 10 bolts were used to hold the layers 

together.  The dimensions of the atomizer internal channel were 162 mm long x 12 mm 

wide x 8 mm high.  The acrylic windows had recesses machined in them to allow 

different inserts and porous plates to be used.  The porous plate and inserts were aligned 

directly across from each other as shown in Figure 15.  
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Figure 14.  Schematic of Effervescent atomizer layers 

 

 

 
Figure 15.  Insert spatial relationship to porous plate 

 

 

Figure 16 shows the acrylic window in which a porous plate would be inset.  The 

porous plate sits on a shoulder which was milled into the channel.  The porous plate was 

positioned atop a passage which allowed air to flow in from the back of the window 

through the porous and into the effervescent atomizer.  By constructing the air injection 

method in such a way, different porous plates could be used as a means of controlling 

bubble size.  The porous plates used were sintered stainless steel (Mott Co.) whose 

listed pore size represents a mean flow pore size as determined with a porometer 

according to ISO 4003.  For simplicity, porous plate mean flow pore size will be 

referred to as pore size throughout this study.  This section of the atomizer also had a 

small pressure port drilled into the wall which allowed pressure measurements in the 

mixing chamber of the atomizer 38 mm downstream from the porous plate and 25 mm 

upstream from the nozzle exit orifice.   
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Figure 16.  Acrylic window with pressure port and recess for porous plate 

 

The other acrylic window had a recess milled into it (Figure 17) to allow 

different inserts to be used to modify the internal geometry of the atomizer at the air 

injection site.  Figure 18 shows the window with an insert placed into the recess.  The 

insert creates a convergent section in the channel which decreases the channel hydraulic 

diameter at the porous plate (dha) followed by a divergent section which returns the 

channel to its original cross-sectional dimensions and hydraulic diameter.  The function 

of this was to alter the liquid velocity and wall shear stress at the air injection site while 

keeping the pressure and GLR in the mixing chamber constant.  This provided an 

additional means of controlling the size of the bubbles generated.     

  

 

Figure 17.  Acrylic window with recess for channel modifying inserts 

 



   43 

 

 

Figure 18.  Window with insert in place 

 

The different inserts, shown in Figure 19, were made to occupy the entire width 

of the channel and keep the channel height constant over the length of the porous plate.  

They protruded into the channel allowing the channel height at the air injector to be set 

to 8 mm, 4 mm, 2.1 mm, or 0.8mm.   

 

 

Figure 19.  Inserts used throughout current research 

 

Downstream from the porous plate was a 55 mm long mixing chamber section 

in which the two-phase air-liquid mixture flowed before the channel converged at 45 

degrees to a 2 mm diameter orifice and was ejected.  The length of this exit orifice was 

3 mm.  In order to study the effect of exit diameter on the sprays a 0.8 mm thick plate of 

aluminum with a 1mm hole could be bolted onto the exit of atomizer as shown in Figure 

20.  Detailed drawings of the various atomizer components are provided in Appendix A. 
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Figure 20.  Adjusting atomizer exit diameter 

 

4.2 Experimental Apparatus 
 

The test facility shown in Figure 21 was used throughout the various experiments.  

The liquids used included distilled water and two saltwater solutions.  The saltwater 

solutions were made by mixing distilled water and non-iodized salt (NaCl) into 

solutions which were 1.5% and 3% salt by weight.   This corresponds to 20 ppt and 40 

ppt salt solutions as measured with a refractometer (National Industrial Supply RHS-

10ATC).  Liquid was pumped from a 4 gallon supply reservoir and entered the 

effervescent atomizer which was oriented to produce a vertical downward spray.  

Pressure fluctuations caused by the liquid pumps were reduced with a pulse dampener 

placed in-line between the pump and atomizer.  The use of a high pressure and low 

pressure pumps in combination with adjustable valves and a bypass line allowed liquid 

flow rates and pressure in the channel to be varied, though not independently.  Liquid 

flow rates were measured by a turbine flow meter (SeaMetric SPX-075).  The liquid 

spray was captured in a collection reservoir and a recirculation pump returned it to the 

supply reservoir.  A pressure transducer (Omega Px-209) was used to measure the static 

pressure in the mixing chamber of the atomizer.  
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Figure 21.  Experimental Apparatus 

 

 

Air flow was provided by compressed house air at ~687 kPa and was controlled in 

one of two ways.  For the bubble size control studies air flow was controlled by a 

pressure regulator and measured by a mass flow meter (Alicat Scientific M-20SLPM-

D/SM).  To simplify the data collection procedure during the spray studies, air flow was 

adjusted using a mass flow controller (Alicat Scientific MC-50SLPM-D).  The mass 

flow controller served the same purpose as the air pressure regulator and flow meter, 

but could be directly set to a desired air flow rate.   

To visualize the bubbles inside the atomizer as well as the spray, a single-

pulsed Nd:Yag laser (Continuum Surelite 532 nm, 20 ns pulse) was used.  A laser pulse 

was expanded by a 10x objective lens and then scattered by a diffuser to back light the 

channel.  The diffuser was made of a sandblasted piece of glass with a single layer of 

tracing paper on the back side.  A digital SLR camera (Nikon D-70) fitted with a 12x 

zoom lens (Navitar) was used to capture digital images.  When taking pictures the lab 

was dark and the camera shutter was opened to allow a single laser pulse to illuminate 



   46 

 

the flow.  In so doing the exposure time of an image was equal to the 20 ns pulse width 

of the laser pulse effectively preventing any blurring due to bubble or droplet motion.  

The atomizer was attached to a traverse allowing it to move vertically.  This allowed the 

atomizer to be lowered into place to take images of the bubbles, raised to capture 

images of the spray conditions at the atomizer exit, or raised even higher for imaging 

the spray droplets.  It is noted that simultaneous bubble and spray data were not taken, 

but rather each data set was taken during separate experimental runs at identical 

conditions. 

Experimental data were also gathered with use of a high speed video camera 

(Kodak ektapro 4540mx Imager and HS Motion Analyzer).  Videos were taken of the 

spray near the nozzle exit using a frame rate of 18,000 frames per second (fps).  A DC 

light source was used for illumination while capturing high speed videos due to the fact 

that an AC lamp produces light which dims and brightens with a 120 Hz frequency.  

This fluctuating brightness was noticeable in videos captured at such a high frame rate.   

 

4.3 Bubble and spray droplet measurement technique 
 

The measurement of bubble and spray droplet sizes was accomplished by 

manually drawing lines on the images taken of the bubbles and sprays.  This was 

necessitated by a number of problems.  First, it was found that the amount of light that 

registered at the camera depended greatly on the size and number of bubbles in the 

effervescent atomizer.  A large number of small bubbles scattered much more light than 

a smaller number of large bubbles ultimately creating much darker images.  To counter 

this effect the laser intensity and the camera ISO could be adjusted.  As there was a 

limit to how high these could be adjusted there was a limit to how bright the images of 

the smallest bubbles could be.  This dependence of image brightness on flow conditions 

ultimately meant that lighting conditions could not be kept constant.  Second, there was 

a large number of overlapping bubbles in an image.   

The issues of varying light conditions and overlapping structures simply cannot 

be robustly handled by any current digital image processing algorithm.  Yet, the human 

eye is quite capable of recognizing overlapping structures and adapting to various 
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lighting conditions making it ideal for identifying the boundary of bubbles or spray 

droplets in a picture.  The obvious draw-back to measuring bubble and droplet size by 

hand drawing lines is the time consumed in processing data.  It is noted that this method 

of bubble measurement was also used by Winkel et al. [100].   

The first step in measuring the bubble and droplet sizes in the digital images was 

to slightly increase the image brightness using Paint.Net.  The purpose of this was to 

alter the intensity of each pixel so that none of them would be registered as true black.  

Black lines were then manually drawn in Paint.Net corresponding to the diameter of any 

droplet or bubble that appeared in focus in a given image.  A MatLab program was then 

used to measure the length of these black lines.  Had the brightness not been increased 

prior to drawing the lines any portion of a picture which was black would have been 

identified as a bubble or droplet by the Matlab program.   

A representative image processing example is displayed below showing the 

original image (Figure 22a), the image after having its brightness adjusted and black 

lines drawn (Figure 22b) and what the measured bubbles would look like (Figure 22c).  

As shown in Figure 22c many bubbles are measured which are overlapping.  Also, the 

use of a straight line to represent a bubble diameter produces measured bubbles which 

overlap well with the original bubbles.    

 

a. b.  c. 

Figure 22.  Measurement of bubbles, a) original image, b) image with brightness adjusted and lines 

drawn, c) measured bubbles 
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 In capturing images of the bubbles and sprays the camera zoom was set so that 

the largest structures at a given operating condition would be captured.  In cases where 

there was a wide range of bubble or droplet sizes this would mean that the smallest 

structures had the potential to not be captured very well as they would appear very 

small in an image.  By zooming in during the digital image processing structures down 

to ~15 pixels wide could be measured, though anything smaller than this would not 

have been recorded.  Figure 23 shows a representative processed spray image 

displaying both in focus and out of focus droplets.  It can be seen that small droplets 

have been measured as noted by very short black lines which were drawn while 

digitally zooming in on the picture during the image processing.  All spray droplet 

images were taken 200 mm downstream from the nozzle exit at the centerline of the 

spray.   

  

 

Figure 23.  Processed spray droplet image showing representative in focus droplets that were 

measured and out of focus droplets which were neglected 

 

To convert distances from pixels to mm a scaling was determined for each of the 

different zoom levels used throughout this research.  At each zoom level an image was 
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taken of a small drill bit whose diameter was accurately measured with a micrometer.  

The diameter of the drill bit was then measured in pixels in the digital image of the drill 

bit and the relation between the measured distance in mm and measured distance in 

pixels determined the scaling. 

When taking bubble measurements a population size on the order of 1000 bubbles 

was measured.  By plotting the average bubble diameter versus the number of bubbles 

measured it was judged that this size population would correctly capture the population 

characteristics.  It can be seen in Figure 24 that the average bubble size remains roughly 

constant once 600 bubbles were measured.  This figure shows a single experiment, but 

represents the trend seen in every experiment in which bubble size was measured. 

 

 

Figure 24.  Dependence of average bubble size on number of bubbles measured 

 

 

Similarly, when measuring the spray droplet SMD a population size on the order 

of 2000 droplets was measured.  By plotting the spray SMD versus the number of 

droplets measured it was judged that this size population would correctly capture the 

population characteristics.  It can be seen in Figure 25 that the SMD remains roughly 

constant once roughly 1500 droplets were measured.  This figure shows a single 

experiment, but represents the trend seen in every experiment in which droplet sizes 

were measured. 
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Figure 25.  Dependence of spray SMD on number of droplets measured 

 

 

4.4 Spray Stability Measurement Technique 
 

To capture the stability of the spray high speed video was taken of the spray 

issuing from the nozzle.  A stable spray will be steady with time whereas an unsteady 

spray will experience fluctuations at the nozzle exit.  The high speed videos were taken 

near the nozzle exit and then binarized in MatLab by setting a threshold based on the 

background intensity.  In the binary image the jet width at a given location downstream 

of the exit is easily carried out in MatLab allowing a time trace of the jet width to be 

measured at various locations.  Figure 26 displays a single frame from the high speed 

video, the binary form of that image, and demonstrates where jet width measurements 

were located.     
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Figure 26.  High speed video original image, binary image, and measurement locations 

 

 Each measurement location can be visualized as a horizontal line cutting across 

the binary image.  These were sited from a distance of a single exit diameter 

downstream of the exit out to 6 exit diameters downstream from the exit with a spacing 

of one exit diameter.  The jet width at each location was determined by summing the 

white pixels along the measurement line in a single image and measurements were 

taken at multiple locations to allow for a comparison of different locations during data 

analysis.  Each data set consisted of 18,000 images and the spray stability was 

quantified by the standard deviation of the jet width measured 3 exit diameters 

downstream of the nozzle exit.  This distance was chosen so as to allow space for an 

instability to widen the jet, while still being close enough to the exit so that the jet 

would not be breaking into ligaments or droplets.  Three data sets were taken at each 

operating condition to ensure the repeatability of the results. 

 

4.5 Spray Cone Half Angle Measurement Technique 
 

To determine the effect that bubble size has on spray cone half angle, the binary 

high speed movie images were also used.  The spray cone half angle (β) was measured 

at a distance of 5 exit diameters downstream of the nozzle exit.  To do so, the average 
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jet width at that location was determined from the 18,000 images in the high speed 

movie.  With knowledge of the average downstream jet width the determination of the 

average spray cone half angle becomes a simple geometry problem as seen in Figure 27. 

 

Figure 27.  Spray half cone angle measurement 

 

4.6 Experimental Procedure 
 

For each experiment in this study six different variables were set including: 

mixing chamber pressure, air mass flow rate, gas injector plate pore/hole size, channel 

hydraulic diameter at air injection site, nozzle exit diameter, and liquid solution salt 

concentration.  To set the channel hydraulic diameter at the air injection site one of the 

three inserts would be selected or the channel wall would simply be flat where an insert 

would be placed.  To set the gas injector plate pore/hole size one of the different grade 

porous plates would be chosen.  Once the porous plate and insert were selected the 

effervescent atomizer could be assembled.  The nozzle exit diameter was controlled by 

either using the default 2 mm orifice with which the atomizer was originally constructed 

or by bolting on a plate with a 1 mm hole at the exit.   

Different salt solutions or freshwater could be used by using different supply 

reservoirs each filled with one of the liquids.  Whenever freshwater was used following 

a saltwater experiment, the liquid feed lines and atomizer would be flushed by operating 

the atomizer using warm tap water for roughly 3 minutes.  The spray collection bucket 



   53 

 

and return lines were also cleaned.  The purpose of this was to remove salt left behind 

prior to operating with freshwater.  

To start each experiment the air supply was turned on first.  Before the liquid 

supply was started valves were adjusted so that the bulk of the liquid was returned to the 

supply reservoir.  When the liquid pumps were turned on the valves were slowly 

adjusted to allow more and more liquid into the atomizer.  The reason for turning the air 

on first followed by slowly increasing the liquid was to maintain a flow of gas through 

the porous plate.  Had the liquid been turned on first, or had an initially high injection 

pressure, it could start to travel through the porous plate and up the air lines.  Once the 

liquid and air were both flowing the valves controlling the liquid supply were adjusted 

to create a bubbly two-phase flow within the atomizer.  Upon creating bubbly flow 

conditions the mixing chamber pressure and air flow rate were adjusted to the desired 

values.  The air flow rate could be controlled by adjusting the air pressure regulator (for 

the bubble control experiments) or by changing the setting on the air mass flow 

controller (used in the spray studies).  It is noted that any change in air flow rate also 

caused a change in mixing chamber pressure.  Consequently, setting the air flow rate 

and mixing chamber pressure required simultaneous adjustments to the air flow and the 

valves controlling the liquid supply. 

Once the experimental conditions were set, they were monitored to verify that 

they remained steady for 30 seconds before data were taken.  After verifying that 

conditions were steady the air flow rate, liquid flow rate, mixing chamber pressure, and 

GLR were recorded by a data acquisition system and images of the flow were taken for 

the next ~ 2 minutes.  The experimental conditions (mixing chamber pressure, air flow 

rate, GLR) were again checked once the pictures were taken to confirm that they had 

remained constant throughout the data collection period.         

 

 

4.7 Experimental Uncertainty 
 

Throughout the many experiments multiple variables were quantified including 

mixing chamber pressure, liquid volume flow rate, air mass flow rate, bubble diameter, 
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spray droplet diameter, jet width downstream of the exit, and spray half cone angle.  

Each of these quantities has an inherent experimental uncertainty.  The sources of the 

uncertainty for each measurement are explained and values are listed below.  The 

individual uncertainties in a given measurement are root-sum-squared and rounded to 

the nearest integer in determining the uncertainty at 95% confidence.  Quantities that 

result from a calculation using measured values have their final uncertainty determined 

using the partial derivative method of error propagation.      

 The uncertainty in pressure drop across the nozzle results from the accuracy of 

the pressure transducer and the repeatability in keeping flow conditions constant during 

an experiment.  During a given experiment the pressure was considered constant if it 

varied by less than ± 3.5 kPa.  The listed accuracy of the pressure transducer was also ± 

3.5 kPa.  Using the root-sum-square method of combining uncertainty results in a total 

uncertainty of ± 5 kPa.  This results in an average uncertainty for pressure 

measurements of ± 2% for all experiments. 

 Similarly, the uncertainty in air flow rate was determined from the accuracy of 

the flow meter used and the amount of variation permitted in an experiment.  Air flow 

rate was considered constant if it varied by less than 3% during an experiment.  The air 

flow meters used had an accuracy of ± 0.2% full scale range and ± 0.3% of reading.  

The average uncertainty in air flow for all experiments was ± 4%. 

 While liquid volume flow rate was measured for each experiment it was not 

directly monitored for variation throughout a given experiment.  Consequently, the 

accuracy of the flow meter determines the uncertainty in flow rate as provided by the 

manufacturer, or ± 2%.  GLR was monitored during experiments by the data acquisition 

system using the real time measured air and liquid flow rates and performing a 

calculation.  It was considered constant if it varied by less than ± 2%.  In calculating 

GLR the standard air density was taken to be 1.186 kg/m
3
 using Pa = 14.696 psia and Ta 

= 25 
o
C as listed by the air flow meter manufacturer.  The density of the fresh water and 

salt water solutions were measured by weighing a known volume of the liquid.  The 

uncertainty in liquid density was ± 2%.  The combined effect of all these different 

uncertainties resulted in an average uncertainty in GLR of ± 4%. 
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 To determine the uncertainty in bubble size it was judged that the largest sources 

of uncertainty would be caused by the ability to repeatedly produce bubbles with the 

same statistical description (mean and standard deviation) on different days as well as a 

human factor in selecting bubbles to be measured.  In quantifying the former, 

experiments were run at the same operating conditions and channel set-up on separate 

days.  This was done for multiple operating conditions each of which was run three 

times.  For each run a population of at least 700 bubbles was measured and the mean 

bubble size for a given operating conditions was shown to vary ± 5% and the standard 

deviation varied by ± 3% on average.   

Bubble measurement also required judgment from the person drawing the lines 

on the digital images.  The person had to determine if the bubble was in focus and if 

they could see enough of its border to confidently draw a line that would capture the 

diameter.  For highly overlapping structures one would need a minimum of half the 

structure to be visible in order to capture its diameter accurately.  The decision of what 

was in focus or capable of being measured was largely a judgment call by whomever 

was drawing the lines on the bubbles and thus a degree of uncertainty arose because 

different people might not agree as to what constituted a measurable bubble.  In an 

effort to quantify this human uncertainty, six people were chosen to measure the 

bubbles in a group of images.  The six people included engineering undergraduates, an 

engineering post-doc, an engineering graduate student, a non-engineering undergraduate 

and a non-engineering college graduate.  These six people were used because they were 

kind enough to offer their help in processing the bubble data.  The instruction that each 

person was given was to only draw lines on bubbles that they thought were in focus, 

draw lines on bubbles that were overlapping but in which they felt confident the visible 

portion allowed measurement of the entire bubble, and draw lines on every bubble 

which fits this criteria in every image.  A comparison of the six different people showed 

that the average bubble size could vary by 5% and standard deviation could vary by 3% 

based on personal judgment (minimum of 600 bubbles measured).  Combining this 

result with the repeatability uncertainty gives a total uncertainty in average bubble size 

of ± 8% and bubble size standard deviation of 5%.  
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A similar analysis was done to determine spray droplet size uncertainty.  To 

determine the repeatability uncertainty, sprays were generated under the same operating 

conditions on different days.  This was done for three different operating conditions on 

three different days.  The uncertainty due to human judgment in processing the spray 

droplet images was also determined in the same manner as done for bubble size, though 

only four people were included.  These four people each processed a group of spray 

images measuring a minimum of 1500 droplets each and their results compared.  From 

this analysis it was determined that the uncertainty in spray droplet SMD is ± 4%. 

The uncertainty in the average jet width and jet width standard deviation as 

measured at locations downstream from the nozzle exit in the high speed images 

depended on the resolution of the camera and the effect that the threshold criteria had 

on jet width.  Any statistical uncertainty was minimized by the large number of 

measurements taken for a given operating condition.  To determine the impact of the 

threshold criteria a sensitivity analysis was done.  In this sensitivity analysis a set of 

images from the high speed video was processed multiple times while the threshold 

level for making the images binary was varied.  By comparing the average jet widths 

and standard deviations at different threshold values the impact of threshold choice was 

determined to introduce an uncertainty of ± 5% for the average jet width and ± 5% for 

the jet width standard deviation.   

The uncertainty in the spray cone half angle was due to the repeatability of the 

spray as well as uncertainty in the measurement of average jet width and jet exit 

diameter.  The repeatability of spray cone half angle was determined by using three 

different operating conditions which were each repeated on three different days.  

Additionally, for each different experiment 3 measurements of spray cone angle were 

taken.  This analysis showed the spray cone half angle to have an average uncertainty of 

± 7% which was largely due to the uncertainty in the average jet width caused by its 

sensitivity to the threshold criteria.  

The results of the various uncertainty analyses are summarized in Table 2. 
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 Uncertainty 

Mixing Chamber Pressure (ΔPN) ± 2% 

GLR ± 4% 

Average Bubble Diameter ( bD ) ± 8% 

Bubble Size Standard Deviation (σb) ± 5% 

Spray Droplet SMD ± 4% 

Average Jet Width ( jW ) ± 5% 

Jet Width Standard Deviation (σj) ± 5% 

Spray Cone Half Angle (β) ± 7% 

Table 2.  Experimental uncertainties 
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5 Bubble Studies Results & Discussion 
 

 

Considerable effort was needed to understand how best bubble size could be 

controlled for the current study.  The following section presents the results from various 

studies done to determine how different bubble size control parameters affect bubble 

size and size distribution.  The primary control parameters considered were the pore 

size through which the air was injected, the salinity of the electrolyte solution into 

which air was injected, and the channel hydraulic diameter at the air injection site.  To 

determine the relative strength of the different control parameters a parametric study 

was undertaken.  Studies were also done to demonstrate the various control effects by 

varying a single control parameter and holding all other variables constant. 

Additionally, studies were done examining the effects that the different control 

parameters have on the transition from bubbly to slug flow.  These studies also 

consisted of a parametric study as well as experiments in which a single control 

parameter was varied while holding all other variables constant.  The results of the 

various bubble studies were critical in determining the operating conditions at which the 

following spray studies were conducted. 

Prior to examining results, the methodology behind a parametric design is 

explained.  This is followed by results relating the strength of the different control 

parameters on mean bubble size, bubble size distribution as captured by the standard 

deviation of bubble size, and the transition point between bubbly and slug flow.  This 

section concludes with a dimensional analysis based on a simple force balance of 

bubble formation.  

 

5.1 Parametric Design Background 
 

A two-level parametric design, also known as a 2
n
 factorial study, was used to 

distinguish between the strength of the different bubble size controls on the system 

response.  The system responses that were measured in the current experiments were: 

mean bubble size ( bD ), bubble size standard deviation (σb), and the GLR at the 

transition point from bubbly to slug flow (GLRtrans).  This experimental approach 
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examines a system response’s dependence on each parameter as well as potential 

interactive effects.  Each individual system response requires its own parametric study 

so in the current work three parametric studies were conducted.   

Consider for example a single parametric study involving the mean bubble 

diameter.  A single study can examine a single system response to a number of control 

parameters.   In this example the system response would be the mean bubble diameter 

produce and the control parameters would be the experimental variables that are varied 

in order to change the mean bubble diameter such as pore size, salinity, etc. 

The primary parameters that were varied throughout the bubble studies included: 

pore size (dp), channel hydraulic diameter at air injector (dha), and salt concentration (S).  

These three parameters are considered primary due to the fact that they can be varied 

independently of GLR and mixing chamber pressure.  The different system responses 

and control parameters are listed in Table 3. 

 

System Responses Primary Control Parameters Secondary Control Parameters 

bD  dp am  

σb dha ΔPN 

GLRtrans S  

  Table 3.  Parametric study variables 

 

Two secondary parameters that were varied include air mass flow rate ( am ), and 

mixing chamber gage pressure (ΔPN).  These are classified as secondary in that they 

affect bubble size yet flow conditions cannot be held constant while varying them.  

From a practical standpoint, the inclusion of the secondary parameters was done in 

order to expand the operating domain over which the results of the parametric study will 

be applicable.  This information was then used in selecting a pressure and GLR to 

operate at during the subsequent spray studies.  By knowing the relative effects of the 

different controls on bubble size, bubble size standard deviation, and bubbly to slug 

flow transition GLR one has guidelines to use when determining which controls to use 

in an experiment, and the degree to which that parameter must be varied to produce a 

desired effect.   
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In a 2
n
 factorial study the boundaries of an operating domain are established by 

choosing a high and low value for each parameter [105].  Experiments are then run at 

the corners of the operating domain and the data from each experiment are used to 

statistically determine the effect of the different parameters.  Typically data are also 

taken at the mid-point of the operating domain to establish whether an effect varies 

linearly or not across the operating domain.  This approach to experimentation relates a 

system response inside of the operating domain with data captured only at the corners 

and mid-point of the parameter space which provides both an accurate assessment of 

parameter effects, and efficiency in the number of experiments needed. 

The dimensionality of the operating domain will depend on how many 

parameters are being varied in the factorial study.  For example, a factorial study with 

three parameters will have a three dimensional operating domain as shown in Figure 28 

where the three control parameters are dp, S, and dha.  The corners of the operating 

domain are defined by combinations of high and low values for each of the parameters.  

It is at these corners that experiments would be run.  If a fourth parameter were to be 

considered then the operating domain would be 4-dimensional and the number of 

experiments needed would double. 

   

 

Figure 28.  3-D operational domain defined by high and low values for three parameters (dp, S, dha) 
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The parameter effects can be calculated as the average difference in system 

response ( bD , σb, or GLRtrans) caused by a change in that parameter for the entire 

parametric domain.  To calculate this difference the average system response for all 

experiments in which the parameter was at its low value is subtracted from the average 

system response for all experiments in which the parameter was set to its high value.  

This can be made clear with an example taking data from experiments run for the 

conditions in Table 4 and considering bD as the system response and dha as the control 

parameter whose effect will be determined.     

 

Control Parameter Low value High value 

dp (μm) 1.4  40 

S (%) 0 3 

dha (mm) 1.5 9.6 

am  (SLM) 0.27 1 

Table 4.  Parameter values used in lower pressure study (ΔPN = 103 kPa) 

 

In all these experiments dha was set to either 1.5 mm (its low value) or 9.6 mm (its high 

value).  As there were 4 parameters 2
4
 experiments were run.  For each of these 16 

experiments hundreds of bubbles were measured and the mean bubble diameters for all 

the experiments were: 

 

dha = 1.5 mm, bD  (mm) = 0.81, 0.75, 0.68, 0.75, 0.14, 0.15, 0.7, 0.39 

dha = 9.6 mm, bD  (mm) = 1.68, 1.86, 1.92, 2.3, 0.26, 0.44, 0.85, 1.56 

 

The mean of the 8 values of bD when dha was low is 0.55 mm and the mean of the 8 

values of bD  when dha was high is 1.36 mm.  So the effect that changing dha has on 

average bubble size is calculated as 1.36 – 0.55 = 0.81.   This is interpreted as meaning 

that when hydraulic diameter at the air injector is increased from 1.5 mm to 9.6 mm the 
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mean bubble diameter will increase by 0.81 mm on average for the operating domain 

defined by the high and low parameter values listed in Table 4. 

The accuracy of the calculated effect is increased due to the fact that it is based 

on all experiments, though not all effects can be considered significant due to the 

possibility of a system response based purely on experimental uncertainty.  To account 

for this, a minimum significant effect magnitude was found using the t-distribution and 

the pooled standard deviation in each experiment as described by Moffat [105].  For an 

effect to be considered significant it must be greater than this minimum value and all 

effects presented in this study satisfied this criterion at a 95% confidence level. 

 

 

5.2 Bubble Size Study Results 
 

The experimental conditions for determining the effect that different control 

parameters have on mean bubble diameter were set based on a two-level factorial 

design.  The three main parameters of interest were pore size, channel hydraulic 

diameter at the porous plate, and salinity.  In an effort to increase the generality of the 

results, and provide insight for determining operating conditions during the spray 

studies, the operating domain was expanded by including air mass flow rate as a 

parameter in the experimental design.  The low air flow rate was selected so that a small 

bubble number density would exist within the channel while the high air flow rate was 

selected to be below the transition point to slug flow for all the conditions tested.   

Parametric studies on bubble size were carried out at two different pressures to 

expose how the different control parameter effects relate to channel pressure. This 

allowed higher air flow rates to be used during the higher pressure study due to the fact 

that more air could be injected before nearing the transition point to the slug flow 

regime than for lower pressures.  High and low values for the different control 

parameters are shown in Table 5 for the low and high pressure conditions.  Experiments 

were performed at every combination of parameter values resulting in 2
4
 experiments at 

each of the two pressures.  The bubble size data taken during these 32 experiments 

permitted the factorial analysis of control parameter effect on mean bubble size and 
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control parameter effect on bubble size standard deviation.  All bubble studies were 

done with a nozzle exit diameter of 2 mm. 

 

 

 ΔPN = 103 kPa ΔPN = 470 kPa 

Control Parameter Low value High value Low value High value 

dp (μm) 1.4  40 1.4  40 

S (%) 0 3 0 3 

dha (mm) 1.5 9.6 1.5 9.6 

am (SLM) 0.27 1 1.6 5.6 

Table 5.  Control parameter values used in parametric bubble study  

 

 

The results of the factorial analysis on bubble size are presented in Table 6.  The 

values listed can be interpreted as the average change in mean bubble size with a 

change in a given parameter over the given operating domains defined in Table 5.  The 

absolute value of the effect magnitude represents its strength and the sign of the effect 

represents whether mean bubble size is increasing or decreasing with an increase in a 

parameter.  For example, the pore size effect of 0.368 at the lower pressure implies that 

the mean bubble diameter was increased by 0.368 mm when the pore size was increased 

from 1.4–40 μm, while the salinity effect of -0.784 implies that the mean bubble 

diameter decreased by 0.784 mm when salinity was increased from 0–3%.   

  

 Effect on Mean Bubble Size  

(ΔPN = 103 kPa) 

Effect on Mean Bubble Size  

(ΔPN = 470 kPa) 

dp 0.368 0.195 

S -0.784 -0.417 

dha 0.817 0.78 

Table 6.  Factorial analysis results for bubble size experiments 

 

These data show that a change in channel hydraulic diameter at the air injector 

had the largest effect for the three control parameters.  For both pressure conditions, 

increasing the channel hydraulic diameter from 1.5 mm to 9.6 mm produced 

significantly larger bubbles.  This change in dha was accomplished by changing the 

channel height from 0.8 mm to 8 mm at the air injection site with an insert.  Salinity had 
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the next largest effect with an increase in salinity resulting in a decrease in bubble size.  

It is noticed that the effect of salinity is reduced at the higher gage pressure.  This is 

likely due to the increase in liquid flow rate at the higher pressure which would reduce 

the residence time over which the bubbles could coalesce.  Pore size effect is also 

diminished at the higher pressures.  Of the three primary control parameters, changing 

pore size had the smallest effect despite being changed by a factor of almost 30. 

The fact that each of the primary control parameters had a significant effect 

suggests that all experiments were conducted in the “bubbly regime,” as opposed to the 

finely dispersed regime (discussed in Section 2.2).  This is important so that the effects 

of the control parameters can be related to bubble size at formation as opposed to 

turbulence generation.  The mean bubble diameters generated in these experiments 

ranged from 0.085-2.3 mm.  

Experiments were also performed within the parametric space (as opposed to 

just at the boundary corners) to demonstrate the effects of varying a single control 

parameter.  In these studies bubble size was measured while a single control parameter 

was varied and all other variables were held constant.  The operating conditions for 

these experiments on bubble size are given in Table 7 and the data from these three 

studies in presented in Figure 29-Figure 31.  

  

 dp (μm) S (%) dha (mm) ΔPN (kPa) 
am  (SLM) 

Study 1 10 1.5 1.5-9.6 276 1.6 

Study 2 10 0-3 6 276 1.6 

Study 3 1.4-40 1.5 6 276 1.6 

Table 7.  Experimental conditions of bubble size experiments 

 

 

Figure 29 show that decreasing dha from 9.6 mm to 1.5 mm reduced the mean 

bubble size by a factor of 5.2.   The effect of reducing dha is shown to be non-linear with 

its effect diminishing at smaller sizes for the operating conditions of Study 1.  This 

suggests that further reducing dha below 1.5 mm may not significantly reduce the mean 

bubble diameter.   
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Figure 29.  Mean bubble size dependence on hydraulic diameter at air injection site (Study 1: 

dp=10µm, S = 1.5%, ΔPN = 276 kPa, ṁa= 1.6 SLM) 

 

 

A non-linear trend is also suggested by the data produced while varying the 

salinity (Figure 30).  The increase in salinity from 0% to 1.5% reduced the mean bubble 

diameter by a factor of 1.8 while further increasing salinity to 3% only result in a 

reduction factor of 1.3.  This result agrees with research showing that there exists a 

critical electrolyte concentration above which bubble size is no longer affected [100].   

 

 
Figure 30.  Mean bubble size dependence on water salt concentration (Study 2: dp=10µm, dha=6mm, 

ΔPN = 276 kPa, ṁa = 1.6 SLM) 
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The dependence of mean bubble diameter on pore size is shown in Figure 31.  

These results show that, at least for the conditions of Study 3, changing pore size can 

have a significant effect on bubble size.  Interestingly, these data also show bubble size 

continuing to decrease as pore size is reduced.  This result differs from the trend of 

Parthasarathy & Ahmed [98] which concluded that there was a minimum pore size 

below which changes in pore size would not have a large effect, though their study was 

into stagnant liquid while the current study used a liquid cross-flow.  

  

 
 

Figure 31.  Mean bubble size dependence on pore size (Study 3: S =1.5%, dha=6 mm, ΔPN = 276 kPa, 

ṁa = 1.6 SLM) 

 

A few conclusions can be summarized from these experiments on bubble control 

parameters.  First, the factorial analysis showed that varying any of the three primary 

control parameters produces a significant change in mean bubble size.  It was shown 

that changing the channel hydraulic diameter at the air injection site has the strongest 

effect of the three parameters.  It is further concluded that the range of insert sizes used 

to change the hydraulic diameter provides the maximum effect possible and further 

reductions would not continue to significantly reduce the mean bubble size.  The data 

pertaining to the effect of increasing salt content suggest that using a maximum salt 

concentration of 3% is reasonable as further increasing salt content would have a 

limited effect on reducing coalescence.  Finally, it was demonstrated that varying pore 

size affected the mean bubble diameter for the entire range of pore sizes tested. 
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It is believed that this side by side comparison of the strength of these three 

parameters on mean bubble size is the first of its kind.  The significance of these results 

is in providing information which can be used in the design stage of experiments.  If 

researchers were designing an experiment and wanted the largest control over bubble 

size it would behoove them to construct their apparatus in a way that allowed the liquid 

velocity and wall shear stress to be varied.  Controlling bubble size in this way has been 

shown to have a stronger effect than varying pore size or salinity alone, though all three 

controls were shown to have a significant effect.   

   

5.3 Bubble Size Distribution Results 
 

From the same data set used to determine effect on mean bubble size (Studies 1-

3) information was gained on how the primary control parameters affect the distribution 

of bubble sizes as indicated by their standard deviation.  The results of this factorial 

analysis are summarized in Table 8.  It is seen that changing dha had the largest effect on 

size distribution with a decrease in channel height promoting a narrower range of 

bubble sizes.  Increasing salinity and reducing pore size also reduced the bubble size 

standard deviation, though their effects were much smaller.  It is concluded that, for the 

variables and conditions used here, the most effective way to reduce the size 

distribution of the generated bubbles is to increase the velocity and shear rate acting on 

the air during bubble formation. 

 
 Effect on Bubble Standard Deviation  

(ΔPN = 103 kPa) 

Effect on Bubble Standard Deviation  

(ΔPN = 470 kPa) 

dp 0.183 0.043 

S -0.19 -0.098 

dha 0.281 0.337 

Table 8.  Factorial analysis results for bubble size distribution 

 

The effect of dha on size distribution is increased at the higher pressures (0.281 

vs. 0.337).  As the flow is pressure driven, this result is likely due to the increase in 

velocity and wall shear rate that accompanies the larger pressure.  A higher velocity and 

wall shear rate would act to increase the drag force on a bubble causing it to shear off 
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faster when forming, thus generating smaller bubbles.  The higher velocity would also 

cause a reduction in bubble residence time within the mixing chamber.  By having 

smaller bubbles with a lower residence time the effect of coalescence will also be 

reduced perhaps explaining the decrease in the effect salinity has at the higher pressure.  

Interestingly the effect that pore size has on bubble size distribution is also significantly 

reduced for the higher pressure condition.   

Figure 32 shows a histogram of bubble sizes from Study 1.  It can be seen that a 

decrease in dha results in a narrower band of bubble sizes (smaller σb) and a decrease in 

mean bubble size (histogram peaks shift left).  These data support the conclusions from 

the parametric studies regarding the effect that changing the channel hydraulic diameter 

at the air injection site has on bubble size and size distribution.  

 

 
 

Figure 32.  Bubble size distributions for varying dha of Study 1 (dp = 10µm, S =1.5%, ΔPN =276 kPa, 

ṁa = 1.6 SLM) 

   

As was done for mean bubble diameter, data on bubble size distribution were 

also analyzed within the parametric space (as opposed to just at the boundary corners) 

to demonstrate the effects of varying a single control parameter.  In these studies bubble 

size standard deviation was determined while a single control parameter was varied and 

all other variables were held constant.  The operating conditions for these experiments 
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on bubble size are defined in Table 7.  In Figure 33  one can see the large effect that dha 

has, as suggested by the factorial analysis, decreasing the bubble standard deviation by 

a factor of 7.3 when decreased from 9.6 mm to 1.5 mm.    It is also seen that when the 

bubble standard deviation is normalized by the average bubble size, its value remains 

relatively constant but does decrease at the smallest channel height. 

 

Figure 33.  Bubble standard deviation dependence on hydraulic diameter (Study 1: dp = 10µm, 

S=1.5%, ΔPN = 276 kPa, ṁa = 1.6 SLM) 

 

As seen in Figure 34 the effect of increasing salinity is much smaller than that 

for dha with an increase in salinity causing a decrease in bubble size standard deviation.  

This effect has also been shown in Winkel et al. [100].  While the standard deviation 

decreases in absolute terms it is shown that the normalized standard deviation actually 

increases with an increase in salinity demonstrating that a change in salinity has a larger 

impact on bubble size than standard deviation.       
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Figure 34.  Bubble standard deviation dependence on salinity (Study 2: dp = 10µm, dha= 6mm, 

ΔPN=276 kPa, ṁa = 1.6 SLM) 

 

 

 

Figure 35.  Bubble standard deviation dependence on pore size (Study 3: S = 1.5%, dha= 6 mm, 

ΔPN= 276 kPa, ṁa = 1.6 SLM) 
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were taken.   For a pore size of 1.4 µm only small bubbles are present while for a pore 

size of 40 µm predominately large bubbles were generated.  In contrast, for a pore size 

of 15 µm there is a combination of small and larger bubbles.   

 

 

a.  

b. c. 
Figure 36.  Bubbles at varying pore sizes  a) dp = 1.4 µm, b) dp = 15 µm, c) dp = 40 µm) 

 

What can be concluded is that for research in which a narrow range of bubble 

sizes is desirable increasing the cross flow velocity, at least at the air injection site, will 

have a large impact.  Increasing salinity and decreasing pore size were also shown to 

have significant, though smaller, effects for the operating conditions studied.  Thus, 

results suggest that if reducing bubble size distribution is of importance, and increasing 

liquid velocity is not an option, one could potentially do so by decreasing pore size as 

much as possible or increasing the salt concentration above 3%.       

 

5.4 Flow Transition Study Results 
 

In order to determine the effect that the different control parameters had on the 

transition from bubbly to slug flow a parametric study was performed in similar fashion 

as described above for bubble size.  In these experiments the three primary control 

parameters were set to a high or low value and mixing chamber pressure was chosen as 

an additional parameter (Table 9).  The main motivation for this study was to help 
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define the operating conditions at which the spray studies would be conducted.  As the 

spray studies were intended to examine a range of bubble sizes in the bubbly flow 

regime it was necessary to determine the operating conditions at which the facility 

would transition to the slug flow regime.    

 

 

Parameter Low value High value 

dp (μm) 1.4  40 

S (%) 0 3 

dha (mm) 1.5 9.6 

ΔPN (kPa) 103 470 
Table 9.  Parameter values used in flow regime transition study 

 

For a given set of control parameters, the air flow to the channel was increased 

while keeping the mixing chamber pressure constant.  To do this the liquid flow rate 

had to be adjusted concurrently with air flow adjustments as a change in either liquid or 

air flow altered the channel pressure.  As this set of experiments had varying pressures 

and flow rates it would be misleading to determine the transition point between the 

regimes based on just the air flow rate.  Since higher pressures have higher liquid flow 

rates it is intuitive to expect that more air could be introduced before a transition 

occurred.  To account for this, transition results are presented as a ratio of gas to liquid 

mass flow rates (i.e. GLR) as has been done in previous studies on effervescent 

atomization.  Each experiment for this study was repeated 4 times. During experiments 

on transition an abrupt change in flow conditions was noted as air flow was increased.  

As opposed to slugs of gas gradually forming as air flow was increased the flow would 

remain bubbly and then suddenly transition above a critical flow rate.  This abrupt 

transition has also been noted by Song et al. [95] and Cheng et al. [96].   

 The results of the parametric study on transition from bubbly to slug flow are 

presented in Table 10 which shows that increasing mixing chamber pressure had the 

largest effect among the parameters tested.   An increase in mixing chamber pressure 

from 103 kPa to 470 kPa was shown to increase the GLR at transition by an average 

0.309% over the operating domain.  This result is likely due to the greater pressure 
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compressing the gas so that a larger gas mass will occupy a smaller volume than at 

lower pressures thus limiting coalescence of smaller bubbles into slugs of gas.   

 

 

Table 10.  Factorial analysis results of transition study 

  

Interestingly, the ranking of the primary parameter effects on transition GLR is 

different than for their effects on bubble size.  The effect of pore size is almost as large 

as dha and larger than salinity. Also noteworthy is the fact that salinity had a weaker 

effect than the other mechanisms.  When flow goes from the bubbly regime to the slug 

regime it does so because the smaller bubbles coalesce and grow into large slugs of gas.  

The effect of increasing salinity is to limit coalescence and accordingly one might 

expect it to have the largest effect in delaying the transition.  The results here do show 

that the parameters which reduce bubble size also delay the transition in flow regime 

suggesting that by producing smaller bubbles conditions are created which reduce, or 

perhaps delay, coalescence.  This result is in agreement with multiple studies [67], [94].    

As was done in the bubble size study, experiments were also performed within 

the parametric space to demonstrate the effects of each control parameter.  In these 

studies the GLR at the transition point between the bubbly and slug flow regime was 

measured while a single control parameter was varied and all other variables were held 

constant.  The operating conditions for these experiments on flow regime transition are 

given in Table 11 and each of these experiments was also repeated 4 times. 

 

 dp (μm) S (%) dha (mm) ΔPN (kPa) 

Study 4 10 1.5 1.5-9.6 276 

Study 5 10 0-3 6 276 

Study 6 1.4-40 1.5 6 276 

Study 7 10 1.5 6 103-470 
Table 11.  Experimental conditions of flow regime transition experiments 

 Effect on GLRtrans 

dp -0.179 

S 0.126 

dha -0.183 

ΔPN 0.309 
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Figure 37 displays the results from Study 4 where decreasing dha from 9.6mm to 

1.5 mm changed the GLR at the transition from bubbly to slug from 0.1% to 0.5%.  

This demonstrates that a significant difference in the transition can be achieved by 

varying the geometry at the air injection site and agrees with the trend determined by 

the parametric study.  The cumulative effect of the data points on the plot is to display 

the line below which flow will be in the bubbly regime and above which flow will have 

transitioned to the slug flow regime. 

 

 
 
Figure 37.  Bubbly to slug flow transition dependence on hydraulic diameter (Study 4: dp= 10 µm, 

S= 1.5%, ΔPN = 276 kPa) 

 

 

 
Figure 38.  Bubbly to slug flow transition dependence on salinity (Study 5: dp = 10 µm, dha= 6 mm, 

ΔPN= 276 kPa) 
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Figure 39.  Bubbly to slug flow transition dependence on pore size (Study 6: S = 1.5%, dha= 6 mm, 

ΔPN= 276 kPa) 

 

 

 
Figure 40.  Bubbly to slug flow transition dependence on mixing chamber pressure (Study 7: dp=10 

µm, S=1.5%, dha=6 mm) 
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the flow transitions to slug flow for a given liquid flow rate.  As these flows were in a 

developing region, as opposed to fully developed, the transition GLRs are specific to 

the experimental set-up and conditions.  Ultimately it is suggested that by controlling 

the size of bubbles within a flow, control can also be gained over which flow regime is 
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present, despite all other variables being constant.  This conclusion is based on the fact 

that decreasing dha, decreasing pore size, and decreasing salinity were all shown to 

decrease bubble size, as well as to increase the GLR at the flow regime transition. 

 

5.5 Dimensional Analysis of Bubble Size 
 

One further analysis was performed to tie together the effects of changing both 

pore size and the channel hydraulic diameter at the air injection site.  As done by 

Johnson et al. [76] the bubble formation process was simplified to consider only a 

balance between surface tension and drag forces on a bubble as it forms.  A dimensional 

analysis was performed using the wall shear stress (τw) as opposed to the average liquid 

velocity.  This choice was made based on the work of Al-Hayes Winterton [93] and 

Johnson et al. [76] in which the velocity profile near the wall was considered of 

importance.  The dimensional analysis produced the following relationship: 
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The wall shear stress is defined as:   
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Equation 24 

  

 To check the form of this non-dimensional relationship, experimental data 

were taken while using a 1.5% salt solution, a mixing chamber gage pressure of 276 

kPa, and GLR of 0.07%.  A number of experiments were run varying both pore size 

(1.4–40 µm) and dha (1.5–6 mm) while measuring bubble size.  The surface tension and 

viscosity of the solution were taken as 0.0734 N/m and 0.00116 Ns/m
2
, respectively.   

 To determine the wall shear stress at the air injection site two-dimensional 

simulations were carried out using CFX in ANSYS 12.1. The geometries used for the 

simulation are shown in Figure 41, which displays the different inserts used, though 

only a single insert was used for a given simulation. Each mesh used had a minimum of 

100,000 elements and to ensure adequate mesh size each was refined to include 80% 

more elements with the result that wall shear rate varied by less than 0.5%.  
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Figure 41.  Simulation Geometry 
 

  

 In simulating the flow only the liquid approaching the air injection site was 

considered (i.e. single phase).  The boundary condition at the inlet was a uniform 

velocity profile whose velocity matched that of experimental conditions.  To ensure that 

the inlet profile was not biasing results, cases were also run with a fully developed inlet 

profile.  The results were shown to be largely independent of the inlet profile for all 

cases in which an insert was modifying the channel, but not so when no insert was in 

place.  For this reason results are only presented for cases in which one of the channel 

modifying inserts was present.  Boundary layer thickness and wall shear rate were 

determined at the upstream edge of the porous plate location where air would first be 

injected into the flow.  

 The results of this dimensional analysis are shown in Figure 42.  The data 

appear to follow a clear trend which is significant due to the fact that the non-

dimensional variable was varied using both different porous plate (different dp) as well 

as different inserts (different τw).    
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Figure 42.  Dependence of similarity parameters for bubble formation from porous plate in cross 

flow (GLR = 0.07%, S = 1.5%, ΔPN = 276 kPa) 

  

 The computational analysis of the flow allowed for a determination of the 

boundary layer thickness at the air injection site for the different channel geometries of 

this study.  Upon inspection of the computational and experimental results it was found 

that the average bubble size produced in the experiments was on the order of the 

boundary layer thickness as shown in Figure 43.  The average ratio of mean bubble 

diameter to boundary layer thickness was 0.99 with a range of 0.45-2.2.  Due to the fact 

that a significant portion of the bubble, if not the entire bubble, could fit within the 

boundary layer the choice to use the wall shear rate as opposed to the average liquid 

velocity in the dimensional analysis seems justified.  

 

 

Figure 43.  Schematic of bubble with diameter equal to boundary layer thickness 
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 To the author’s knowledge, this type of dimensional analysis for bubble size 

formation by gas injection through a porous plate into a liquid cross is the first of its 

kind.  Though further investigation will be needed, these results suggest a new and 

useful way for presenting, and even predicting bubble sizes generated with porous 

media.    
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6 Spray Study Results & Discussion 
 

This section presents experimental data demonstrating the effect that Db/de has on 

the spray from an effervescent atomizer.  Experiments were conducted at a low GLR 

where bubbly flow could be maintained while still varying bubble size.  To isolate the 

effect of Db/de the other relevant variables (GLR, Rel, ΔPNde/γ) could be held constant 

while bubble size was varied by adjusting the bubble control parameters as discussed in 

Section 5.  A complete analysis of how bubble size affects the near nozzle structure of 

the spray, stability, half cone angle, and droplet size at a single operating condition (i.e. 

single GLR, Rel, ΔPNde/γ ) is first presented.  Subsequently, two additional operating 

conditions are presented which help to broaden the conclusions.  The physical 

mechanism through which bubble size affects the spray is then discussed followed by a 

comparison of bubbly and annular flows. 

 

6.1 Classification of Bubble Size 
 

As bubble size is the key variable of interest in the spray studies care must be 

taken in how it is represented.  Simply using average bubble size would not 

acknowledge the variation in bubble size, while keeping both the average and standard 

deviation of bubble sizes would be cumbersome.  When there is a mix of very small and 

very large bubbles one would expect that there to be an instability in the spray.  Also, 

when there are only very large bubbles one would still expect the instability to be 

present.  The proper choice of how to characterize bubble size should capture this 

behavior and be relatively unaffected by the presence of small bubbles when there are 

large bubbles.   Classifying bubble size as the Herdan diameter (Db43) will accomplish 

this and has been suggested by Sovani [45].  The Herdan diameter is defined as: 
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As shown in Figure 44 this classification correlates with the average bubble size 

for the different operating conditions in this work.  As it is the bubble size relative to the 
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exit diameter which is of importance the bubble size is non-dimensionalized by the 

nozzle exit diameter.  The benefit to this size classification is that the non-dimensional 

bubble Herdan diameter (Db43/de) is much larger for slug flow conditions than the non-

dimensional average bubble diameter and thus better able represent the presence of 

large bubbles.  

  

 
Figure 44.  Correlation of diameter classification for mean bubble size (Case I) 

 

 

Spray studies were undertaken by varying the bubble diameter while using three 

different operating cases all at the same GLR as listed in Table 12. 

 

 GLR (%) de (mm) ΔPN (kPa) Rel ΔPNde/γ Db43/de 

Case I 0.25 1 345 9170 4690 0.24-13.96 

Case II 0.25 2 345 18950 9385 0.13-6.42 

Case III 0.25 2 172 12140 4710 0.16-7.28 

Table 12.  Spray study experimental conditions 
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of experiments.  In the following sections the results for these three different cases are 

presented. 

 

6.2 Case I 
 

Figure 45 show images representative of the different bubble conditions generated 

in Case I.  It is clear that the conditions range from very small bubbles up to large slugs 

of air.  The different bubble sizes were controlled by using porous plates with varying 

pore size and through use of inserts to modify the wall shear rate at the air injection site.  

While 80% of the spray experiments were done in the bubbly regime, slug flow was 

included so as to span the entire range of bubble sizes from extremely small, up to the 

limiting case of large air slugs.  To create slug flow air was simply injected through a 2 

mm diameter hole into the channel with no insert.  Fresh water was used for slug flow 

conditions whereas the bubbly flows were in a 3 % saltwater solution.  It is noted that in 

Figure 45 the two leftmost images are at a higher zoom level than the others as to 

adequately capture the small bubbles and the non-dimensional bubble Herdan diameter 

for each condition is listed below each image. 

 

 

     
     Db43/de = 0.24         Db43/de  = 1.37        Db43/de  = 2.85        Db43/de = 4.59       Db43/de =13.96 

Figure 45.  Bubble conditions for Case I (GLR = 0.25%, de = 1 mm, ΔPN = 345 kPa)  

 
 

6.2.1 Bubble Effect on Near Nozzle Spray Structure 
 

Using a 20 ns pulse of laser light a set of 74 pictures were taken of the near 

nozzle spray structures for the varying bubble size conditions of Case I.  For 
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comparison purposes, images were also taken of a liquid flow utilizing identical 

pressure and exit diameter conditions as Case I.  This image represents the base case 

where GLR = 0 and shows a liquid jet which does not experience significant break-up 

in the near nozzle region (Figure 46).    

 

 
Figure 46.  Base case for Case I (de = 1 mm, ΔPN = 345 kPa) 

 

The sequence of images in Figure 47-Figure 51 depicts the range of spray 

structures captured for the bubble conditions of Case I.  In each figure multiple pictures 

are shown which display the spectrum of spray structures for a single bubble condition.  

The left most image in a figure represents the best spray structures while the right most 

image represents the poorest spray structures chosen from the set of 74 images taken at 

each condition.  The best spray structures for a condition display the highest amount of 

disturbance to the liquid, display the highest amount of droplet formation, and typically 

show the spray breaking up closer to the nozzle exit.  The poorest spray structures 

display the smallest amount of liquid disturbance, a minimal amount of droplet 

formation and typically show the liquid jet remaining intact for considerable distances.   

 
Figure 47.  Variation of spray structures for Case I, Db43/de =13.96 (GLR = 0.25%, de = 1 mm, 

ΔPN=345 kPa)  
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Figure 48.  Variation of spray structures for Case I, Db43/de =4.59 (GLR = 0.25%, de = 1 mm, 

ΔPN=345 kPa) 

 

 

 
Figure 49.  Variation of spray structures for Case I, Db43/de =2.85 (GLR = 0.25%, de = 1 mm, 

ΔPN=345 kPa) 

 

 
Figure 50.  Variation of spray structures for Case I, Db43/de = 1.37 (GLR = 0.25%, de = 1 mm, 

ΔPN=345 kPa) 
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Figure 51.  Variation of spray structures for Case I, Db43/de = 0.24 (GLR = 0.25%, de = 1 mm, 

ΔPN=345 kPa) 
 

The most apparent conclusion from these sequences of images is that decreasing 

bubble size leads to a more consistent spray from image to image and as bubble size is 

increased the spectrum of spray structures experienced at the nozzle exit increases.  

Figure 51, the smallest bubble condition, shows very little variation in the disturbance 

levels in the spray between its three images whereas Figure 47, the largest bubble 

condition, shows a large range of spray conditions between its four images.  

For the largest bubble case the atomizer exit is truly in the slug flow regime and 

experiencing intermittent passage of large slugs composed entirely of liquid.  This 

means that the GLR at the exit drops to 0 when a liquid slug is present and jumps up to 

a relatively large value when an air slug is passing explaining the large spectrum of 

spray structures.  On the other hand, when the smallest bubbles are present the GLR at 

the exit will be almost constant with time and the spectrum of spray structures shown in 

the pictures is almost constant.  These pictures provide evidence that the instability in 

the spray is due to changes in the GLR at the exit.  The fact that the spectrum of spray 

structures increases with an increase in bubble size shows that the stability of the spray 

decreases with an increase in bubble size and suggests that the fluctuations in GLR at 

the exit will also increase with bubble size.  These results are consistent with the work 

of Ghaemi et al. [104].   
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To develop a sense for the differences in spray stability caused by variation in 

bubble size one may consider a few metrics which can be determined from the high 

speed videos taken of the spray at the exit.  The high speed videos reveal irregular 

undulations in the liquid jet width near the nozzle exit (see Figure 26) and the instability 

can be characterized using the standard deviation of the jet width.   Figure 52 displays 

the standard deviation of the jet width non-dimensionalized by the average jet width 

(Wj).  These data were measured 3 exit diameters downstream of the nozzle exit.  It is 

evident that as bubble size is decreased the standard deviation declines significantly 

demonstrating that the spray is behaving in a more stable manner. 

 

  

Figure 52.  Effect of bubble size on jet width standard deviation (Case I: GLR = 0.25%, de = 1 mm, 

ΔPN= 345 kPa) 

 

  

The time series data for the jet width were analyzed in an additional way to 

present a more complete picture of the effect of bubble size.  Past research has shown 

that when a bubble exits the nozzle an “explosion-like event” can occur in which the 

liquid jet is perturbed and spreads in the radial direction [70].  In section 6.4 the case 

will be made that these events are not directly caused by an expanding gas as implied by 

the word “explosion.”   Hence the more general moniker of “perturbation event” will be 

used to describe the periodic increases in the radial spreading of the liquid jet.  One 

would expect that as the number of bubbles increases, the number of perturbation events 

should increase.  In order to make an actual count of these events, a quantifiable 
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definition of an event is required.  For the current study the occurrence of a perturbation 

event was defined as the liquid jet width spreading in the radial direction to become 

2.25 times larger than the exit diameter at a distance of 3 diameters downstream from 

the exit.  Figure 53a displays an image with spreading that is below the quantification 

criterion whereas in Figure 53b the liquid jet is perturbed strongly enough to satisfy the 

criterion. 

    

a.   b. 

Figure 53.  Example images showing: a) an event below the perturbation criterion, b) an event 

above the criterion 

 

 An algorithm was written in MatLab which would count the number of events 

that occurred and the total time the jet spent perturbed past this level in an 18,000 image 

data set from the high speed video.  Figure 54 shows that the number of perturbation 

events increases as the bubble size decreases as expected.   
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Figure 54.  Effect of bubble size on the number of perturbation events (Case I: GLR = 0.25%, 

de=1mm, ΔPN = 345 kPa) 

 

Interestingly, when one examines the effect bubble size has on the percent of 

time which the liquid jet spends perturbed to a width greater than 2.25 times the exit 

diameter it is seen that the smallest bubbles do not result in the highest amount of time 

for the jet to be perturbed.  Figure 55, in conjunction with Figure 54, demonstrate that 

when the smallest bubbles are present there are a large number of very brief 

perturbation events and when the largest bubbles are present there are a small number of 

relatively long perturbation events.  The cumulative effect of both of these conditions is 

for the jet to spend less time perturbed than when intermediate bubble sizes are present.  

When the non-dimensional bubble Herdan diameter is 1.37 the liquid jet was seen to 

spend the largest amount of time perturbed which was more than double the amount of 

time found for the smallest bubbles.  The net effect of the number of events which occur 

and the time spent perturbed can be captured simply by the average jet width and is also 

shown in Figure 55.  The trends displayed are similar showing that a non-dimensional 

bubble Herdan diameter of roughly 1.37-2.85 produces, on average, the most perturbed 

spray for the conditions in Case I.  It may also be concluded that averaged over time, 

the smallest bubbles in Case I cause roughly an equal amount of perturbation to the 

liquid jet near the nozzle exit as slug flow conditions. 

 

0

500

1000

1500

2000

2500

3000

0 5 10 15

# 
o

f 
e

ve
n

ts

Db43/de

← Bubbly Flows

Slug Flow →



   89 

 

 

Figure 55.  Bubble size effect on the percent of time in which the jet width was perturbed and 

normalized average jet width at 3 de (Case I: GLR = 0.25%, de = 1mm, ΔPN = 345 kPa) 

 

To study the effect of bubble size on spray cone half angle data was taken for 

each of the different bubble sizes in Case I using the high speed video images and 

measuring the average jet width 5 exit diameters downstream from the exit.  The trend 

demonstrated in Figure 56 is that the spray cone angle increases with an increase in 

non-dimensional bubble Herdan diameter to a maximum value and then decreases as the 

non-dimensional bubble Herdan diameter is increased further.  The plot also shows that 

bubble size can have a large effect on the spray angle as changing this single parameter 

resulted in a range of angles which varies by a factor of 2.7. 
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Figure 56.  Dependence of spray cone angle on bubble size (Case I: GLR = 0.25%, de = 1mm, 

ΔPN=345 kPa) 

 

The reduced cone angle which results when the smallest bubbles are present is 

due to the fact that these small bubbles do not appear to perturb the liquid in a strong 

way as demonstrated in Figure 51.  The small cone angle which results when the largest 

bubbles are present occurs for a different reason.  While the presence of a large bubble 

at the exit acts to produce a wide spray angle and good break up characteristics, this is 

accompanied by periods of poor break-up when little or no air is exiting the nozzle.  In 

fact, for the largest bubble condition  in Figure 47 the jet is seen at times to closely 

resemble the base case when no air was present (Figure 46).     

 

6.2.2 Summary of Bubble Size Effect on Near Nozzle Spray Structure 
 

A number of important conclusions were demonstrated in the previous section 

and will be summarized here.  First, it is noted that the decrease in stability as non-

dimensional bubble Herdan diameter is increased from very small to roughly 2.85 does 

not necessarily have a negative impact on the near nozzle liquid jet characteristics.  

Over this range it appears that the instability acts to only increase the overall liquid 

deformation. This is seen by comparing Figure 49 with Figure 51.  The images in 

Figure 49 show more droplet formation, a wider spray cone angle and shorter break-up 

length than the images in Figure 51.  It is also made apparent by the larger spray cone 
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half angle, longer percent of time in which the jet is perturbed, and larger average jet 

width as demonstrated in Figure 55-Figure 56.  Once the non-dimensional bubble 

Herdan diameter is increased beyond 2.85 the instability level is increased not only by 

periods of further enhanced liquid deformation but also by periods in which the spray 

quality diminishes.  It is only when the instability starts including significant periods  of 

very low exit GLR that its overall effect on the liquid deformation becomes negative. 

 

6.2.3 Bubble Effect on Spray Droplet Size 
 

To determine what affect bubble size has on spray droplets a set of 74 pictures 

were taken of the spray 200 mm downstream of the nozzle exit at the centerline of the 

spray for each of the different bubble size conditions.  Figure 57-Figure 61 display 

images pairs showing the largest droplets (left) and smallest droplets (right) captured for 

each bubble size condition of Case I.  For a given bubble condition, the SMD was 

determined for each of the 74 individual pictures, as well as for the entire population of 

droplets measured at that condition.  The large droplet pictures (Figure 57a-Figure 61a) 

represent the largest SMD measured in a single picture whereas the small droplet 

pictures (Figure 57b-Figure 61b) represent the smallest SMD measured in a single 

picture for a given set of 74 pictures.   

 

a. b. 
Figure 57.  Variation in droplets for Db43/de = 0.24, a) largest SMD b) smallest SMD (Case I: 

GLR=0.25%, de = 1mm, ΔPN = 345 kPa) 
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a. b. 
Figure 58.  Variation in droplets for Db43/de = 1.37, a) largest SMD b) smallest SMD (Case I: 

GLR=0.25%, de = 1mm, ΔPN = 345 kPa) 

 

a. b. 
Figure 59.  Variation in droplets for Db43/de = 2.85, a) largest SMD b) smallest SMD (Case I: 

GLR=0.25%, de = 1mm, ΔPN = 345 kPa) 

 

a. b. 
Figure 60.  Variation in droplets for Db43/de = 4.59, a) largest SMD b) smallest SMD (Case I: 

GLR=0.25%, de = 1mm, ΔPN = 345 kPa) 

 

a. b. 
Figure 61.  Variation in droplets for Db43/de =13.96, a) largest SMD b) smallest SMD (Case I: 

GLR=0.25%, de = 1mm, ΔPN = 345 kPa) 

 

 

Examination of Figure 57a-Figure 61a reveals that the size of the largest 

droplets remains quite consistent as bubble size is increased.  This result is surprising as 

the exit GLR, which is believed to correlate to spray quality, will be quite steady when 



   93 

 

the smallest bubbles are present but will fluctuate greatly with large bubble size and will 

even periodically drop to zero.  This suggests that the smallest bubbles will at times be 

ineffective at disrupting the liquid into small droplets despite the increased near nozzle 

stability.  Examination of Figure 57b-Figure 61b shows that the smallest droplets 

produced tend to decrease as bubble size increases.  Due to the fact that the largest 

bubbles correspond to a less stable spray with periods of large exit GLR this behavior is 

to be expected as increasing exit GLR is known to significantly reduce droplet size. 

Figure 62 demonstrates how bubble size affects the spray Sauter mean diameter 

for Case I.  It is seen that both the smallest and largest bubbles produced a relatively 

large SMD and there appears to be an optimal bubble size, or perhaps bubble size range, 

for producing the finest spray.  The results that decreasing bubble size from very large 

to roughly the order of the exit diameter decreases the spray SMD are consistent with 

the work of Ghaemi et al. [104].  These are the first results showing that SMD also 

decreases when bubble size is increased from very small sizes up to a non-dimensional 

bubble Herdan diameter of roughly 2.85.  It is past this bubble size that the spray 

instability started showing the negative effect of poor quality break-up which 

corresponds with the sharp rise in spray SMD.  The effect that bubble size has is 

significant with a difference between the largest SMD and smallest SMD under these 

conditions of 47%.   

  

 
Figure 62.  Bubble size effect on spray droplet (Case I: GLR = 0.25%, de = 1mm, ΔPN = 345 kPa) 
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It is noted that the SMDs in this study are much larger than those seen in Figure 

5 largely due to the fact that the GLR used is this study (0.0025) is very low.  

Additionally, the experimental methods used in the current study allowed for the 

measurement of droplets with diameters above 1mm, while the instrumentation of 

Whitlow and Lefebvre [47] could only measure a maximum diameter of 0.564 mm.  It 

is further noted that the trend shown in Figure 62 is in disagreement with the 

conclusions of Roesler which related a smaller bubble spacing (Equation 20), and hence 

smaller bubble diameter, to a decrease in spray SMD.  This disagreement is likely due 

to the fact that the range of bubble sizes in the current study was much larger than those 

examined by Roesler [43].    

To better understand how bubble size affects the spray SMD the droplet size 

distributions for Case I are presented in Figure 63.  Note that due to measurement 

limitations droplets with diameters less than 10 µm were difficult to capture and thus 

the size distributions are limited to larger sizes.  As is seen in the distributions, when 

bubble size is small (Db43/de = 0.24) or large (Db43/de = 13.96) there is a higher 

frequency of droplets with diameters greater than 0.9 mm than for the intermediate 

bubble sizes.  The Sauter mean diameter is weighted more heavily by the presence of 

large droplets as their volume to surface area ratio is large.  Hence, the total SMD will 

depend highly on the frequency of large droplets thus explaining the trend shown in 

Figure 62.  
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Figure 63.  Distribution of spray droplet sizes for Case I (GLR = 0.25%, de = 1mm, ΔPN = 345 kPa) 

 

 

 

6.3 Case II and Case III 
 

To determine the effect bubble size has at a different mixing chamber pressure 

and exit diameter two additional cases were examined.  Figure 64 and Figure 65 show 

representative images of the different bubble conditions generated in Case II and Case 

III.  It is noted that the two leftmost images in these figures were taken at a higher zoom 

level than the others.  While the range of bubble sizes is roughly the same as Case I, 

these cases have smaller non-dimensional Herdan diameters due to the larger exit 

diameter (2 mm vs. 1 mm).  As a convenience for the reader, the conditions for the 

different cases were: 

 

 GLR (%) de (mm) ΔPN (kPa) Rel ΔPNde/γ Db43/de 

Case I 0.25 1 345 9170 4690 0.24-13.96 

Case II 0.25 2 345 18950 9385 0.13-6.42 

Case III 0.25 2 172 12140 4710 0.16-7.28 
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           Db43/de = 0.13          Db43/de  = 0.29        Db43/de  = 1.03         Db43/de = 3.65       Db43/de =6.42  

Figure 64.  Bubble conditions for Case II (GLR = 0.25%, de = 2mm, ΔPN = 345 kPa)   

 

 

      
          Db43/de = 0.16           Db43/de  = 0.93        Db43/de  = 2.35        Db43/de = 5.10          Db43/de =7.28 

Figure 65.  Bubble conditions for Case III (GLR = 0.25%, de = 2mm, ΔPN = 172 kPa)   

 

 

6.3.1 Bubble Effect on Near Nozzle Spray Structure 
 

Sets of 74 images were taken of the spray near the nozzle exit for Case II and 

Case III.  As was done for Case I, the pictures were examined and a range of spray 

structures was seen.  Corresponding images for Case II and Case III, including their 

base cases, are presented in Figure 66-Figure 71 and Figure 72-Figure 77 respectively 

followed by a discussion of trends.  Each series of pictures represents the full spectrum 

of spray conditions seen at each bubble condition.  
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Figure 66.  Base case for Case II (de = 2mm, ΔPN = 345 kPa) 

 

 

 
Figure 67.  Variation of spray structures for Case II, Db43/de =6.42 (GLR = 0.25%, de = 2mm, 

ΔPN=345 kPa) 

 

 

 

 
Figure 68.  Variation of spray structures for Case II, Db43/de =3.65 (GLR = 0.25%, de = 2mm, 

ΔPN=345 kPa) 
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Figure 69.  Variation of spray structures for Case II, Db43/de =1.03 (GLR = 0.25%, de = 2mm, 

ΔPN=345 kPa) 

 

 

     

 
Figure 70.  Variation of spray structures for Case II, Db43/de =0.29 (GLR = 0.25%, de = 2mm, 

ΔPN=345 kPa) 

 

 

     

 
Figure 71.  Variation of spray structures for Case II, Db43/de =0.13 (GLR = 0.25%, de = 2mm, 

ΔPN=345 kPa) 
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Figure 72.  Base case for Case III (de = 2mm, ΔPN = 172 kPa)   

 

 

    

 
Figure 73.  Variation of spray structures for Case III, Db43/de =7.28 (GLR = 0.25%, de = 2mm, 

ΔPnoz=172 kPa)   

 

 

    

 
Figure 74.  Variation of spray structures for Case III, Db43/de =5.10 (GLR = 0.25%, de = 2mm, 

ΔPN=172 kPa)   
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Figure 75.  Variation of spray structures for Case III, Db43/de =2.35 (GLR = 0.25%, de = 2mm, 

ΔPN=172 kPa)   

 

 

     

 
Figure 76.  Variation of spray structures for Case III, Db43/de =0.93 (GLR = 0.25%, de = 2mm, 

ΔPN=172 kPa)   

 

 

     

 
Figure 77.  Variation of spray structures for Case III, Db43/de =0.16 (GLR = 0.25%, de = 2mm, 

ΔPN=172 kPa)   
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It is shown that both Case II and Case III follow the same qualitative trends as 

Case I in terms of how changing bubble size affects the near nozzle spray structure.  

The smallest bubble conditions for Case II and Case III (Figure 71, Figure 77) show 

very little variation in the spray structures at the exit demonstrating that the presence of 

very small bubbles creates a more stable spray condition with smaller fluctuations.  

Additionally, when slug flow was present (Figure 67, Figure 73) the spray experiences 

periods of good atomization with many droplets formed near the nozzle exit as well as 

periods which closely resemble the base case in which no air is present. These 

conclusions remain valid for each of the three spray cases showing that a bubble size 

effect is not limited to a single operating condition.    

To examine how the stability changed for the different cases the average jet 

width and standard deviation were measured 3 exit diameters downstream from the exit 

as done in Case I.  Figure 78 compares the stability of all three experimental conditions 

and confirms the aforementioned conclusion that spray stability decreases as bubble 

size increases.  A comparison of the different cases shows that the lower pressure 

condition (Case III) is generally more stable than the higher pressure conditions (Case I 

and II).    

  

 

Figure 78.  Effect of bubble size on jet width standard deviation (Cases I-III, error bars 

representative for all data in plot) 
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Figure 79 displays how the average jet width is affected by variation in bubble 

size under the three different operational conditions.  It is noted that each case follows a 

similar trend wherein there is an optimal bubble size for increasing the average jet 

width.  In comparing the different cases it is shown that there is a small effect of 

pressure whereby a higher pressure (Case II) produces on average a wider liquid jet than 

a lower pressure (Case III).  A stronger affect shown is seen by comparing Case I and 

Case II where the only difference is the exit diameter.  The data reveal that the smaller 

exit diameter acts to produce a spray which is perturbed more widely near the nozzle 

exit.   

 

 

Figure 79.  Bubble size effect on average jet width (Cases I-III, error bars representative for all 

data in plot) 

 

As was done for Case I, the spray cone half angles for the additional cases were 

examined.  The spray cone half angle data for all three cases is plotted in Figure 80.  All 

three cases demonstrate the same trend of spray angle increasing with non-dimensional 

bubble Herdan diameter up to a point beyond which the spray angle starts to decrease 

with further increases in bubble size. The maximum spray angles occur when the bubble 

Herdan diameter is roughly 2-4 times the nozzle exit diameter.  The data show that 

when the mixing chamber pressure was higher, the spray cone angle was larger (Case II 

vs. Case III).  At an increased pressure, varying bubble size is also shown to have a 
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stronger affect on the spray angle causing it to vary over a larger range than at low 

pressure.   The spray angles in Case II (higher pressure) vary by a factor of 2.3 whereas 

for Case III (lower pressure) they vary by a factor of 1.6.  Finally, decreasing the exit 

diameter also produces a larger spray angle (Case I vs. Case II).  This difference is most 

pronounced when the smallest bubbles are present.  

 
Figure 80.  Dependence of spray cone angle on bubble size (error bars representative for all data in 

plot) 

 

6.3.2 Bubble Effect on Droplet Size 
 

Pictures of the spray were also taken for Case II and Case III.  As was done for 

Case I, from the 74 images taken for each spray pictures showing the largest and 

smallest droplets were selected for each bubble condition.  These image pairs are shown 

in Figure 85 and Figure 90 with the left image representing the largest droplets and the 

right image representing the smallest droplets.  Examination of these figures reveals the 

same trend as for Case I.  The large droplets remain large for each bubble size while the 

small droplet images show a decreasing droplet size as bubble size increases.  Despite 

the increase in near nozzle stability present during Case II and Case III when bubbles 

much smaller than the exit diameter are present, the spray images reveal that these 

bubbles will at times be ineffective at breaking the liquid into small droplets.  This 

provides further evidence that, for the operating conditions of this study, effervescent 

atomization can suffer if the bubbles are too small, as well as too big.     
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a. b. 
Figure 81.  Case II variation in droplets for Db43/de = 0.13, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) 

a. b. 
Figure 82.  Case II variation in droplets for Db43/de = 0.29, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) 

a. b. 
Figure 83.  Case II variation in droplets for Db43/de = 1.03, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) 

a. b. 
Figure 84.  Case II variation in droplets for Db43/de = 3.65, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 345 kPa) 

a. b. 
Figure 85.  Case II variation in droplets for Db43/de = 6.42, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 345 kPa 
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a. b. 
Figure 86.  Case III variation in droplets for Db43/de =0.16, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 172 kPa)   

a. b. 
Figure 87.  Case III variation in droplets for Db43/de =0.93, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 172 kPa)   

a. b. 
Figure 88.  Case III variation in droplets for Db43/de =2.35, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 172 kPa)   

a. b. 
Figure 89.  Case III variation in droplets for Db43/de =5.10, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 172 kPa)   

a. b. 
Figure 90.  Case III variation is droplets for Db43/de =7.28, a) largest droplets b) smallest droplets 

(GLR = 0.25%, de = 2mm, ΔPN = 172 kPa)   
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Due to the presence of liquid ligaments in the spray pictures for Case II and Case 

III the droplet size could not be adequately quantified.  The method of droplet 

measurement works for spherical droplets for which the area displayed on the image 

correlates well to the volume of the droplet.  As the geometries become complex, which 

is the case when ligaments are still deforming, the area captured in a two-dimensional 

image will not correlate well with the volume of liquid contained within the ligament.  

Qualitatively, in comparison with Case I (de = 1 mm) the largest droplets appear larger 

for Case II and Case III (de = 2 mm).  For the conditions used in these studies it may be 

concluded that a smaller exit diameter produces a finer spray.  Further evidence for this 

is shown by the relatively larger increase in liquid spreading (i.e. average jet width and 

spray cone half angle) for the smaller exit diameter (Figure 79, Figure 80) than the 

larger diameter.   

 

6.3.3 Comment on Similarity Parameters 
 

In section 3.4 a dimensional analysis was undertaken which reduced the physics 

of effervescent atomization for the current study to a small number of non-dimensional 

variables: 
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Of these variables some were to be held constant during the current work (GLR), while 

some were to be varied (Db43/de) with the goal of determining their effects on spray 

quality as captured by SMD/de.  The liquid Reynolds number at the exit and the 

similarity parameter of ΔPNde/γ were held constant while bubble size was varied during 

a given spray case, though their values were different between the cases.  Table 12 

shows that while the non-dimensional pressure term was very similar for Case I and 

Case III the liquid Reynolds number was different.  Due to this, one might expect that 
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any difference seen between spray quality for Case I and Case III while at the same 

bubble size may be due to differences in the liquid Reynolds number at the nozzle exit. 

As the SMD for the spray in Case III was not directly determined a direct 

correlation between differences in the spray in Case I and Case III is not possible.  

Though one may speculate about the spray quality between Case I and Case III based 

on other evidence such as the average jet width, spray cone half angle, or images of the 

spray droplets, all of which suggest that the spray in Case I has better liquid break-up 

characteristics.  This would seem contrary to what might be expected as the liquid 

Reynolds number is higher in Case III which suggests that the liquid inertial forces 

would be higher thus promoting an enhanced liquid disruption.  Though somewhat 

unsatisfying, the correct interpretation of this result will likely require future 

investigation.  Though, it can be concluded with certainty that the non-dimensional 

variable Db43/de does have an effect on spray quality.         

 

6.4 Mechanism of Droplet Formation in Bubbly Flow 
 

Past research on effervescent atomization has proposed different causes for the 

driving force of the break-up when operating in the bubbly flow regime.  The most 

often cited cause relates to the decreased speed of sound in two-phase flows.  It is 

suggested that with a lower speed of sound the flow will be choked and hence there will 

be a pressure jump at the exit which will cause bubbles to expand upon exiting the 

nozzle (i.e. the gas will be under-expanded at the exit).  Often there is language citing 

“bubbles exploding” after they exit which “rips” or “shatters” the liquid into droplets 

[28][52][53][56][58][46][65][71][106] [107][108].  Though this explanation is often 

given, there is little evidence presented to verify this claim.   

Another proposed mechanism by which bubbles assist liquid break-up is the 

build-up of gas which is stagnating as it exits thus leading to “explosion-like events” 

[70].  While this cause is not expanded on, one interpretation of it would be that as a jet 

of air exits the core of the spray at a high velocity it will stagnate upon hitting a slower 

moving liquid slug due to the much lower momentum of the air as compared to the 

liquid.  As air cannot flow into a stagnation point it must turn outwards thus disrupting 
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the liquid.  The cause for the air to be moving much faster than the liquid is presumably 

due it being accelerated more at the nozzle contraction as it expands while the pressure 

drops.  This explanation was also not accompanied by any supporting evidence.   

The former of these explanations is appealing though as the speed of sound in 

two-phase flows has been shown to decrease as compared to either single phase speed 

of sound.  The speed of sound (c) is defined as: 

5.0
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c        Equation 26 

 

The density of a two-phase mixture is defined as: 

  lap   12     Equation 27 

 

In Equation 27 α represents the void fraction of the mixture which is defined as: 
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Using the above definitions it has been shown that the theoretical speed of sound in a 

homogenous mixture can be defined as [109]: 
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   Equation 29 

 

where ca and cl represent the speed of sound in pure air and pure liquid, respectively. 

A homogenous two-phase flow is one in which the gas is finely dispersed 

throughout the liquid and there is no relative motion between the two-phases.  This is 

one end of the gas/liquid two-phase spectrum with completely separated flows of the 

two-phases at the other end.  In Equation 29 it can be seen that as the void fraction 

approaches unity (only air present) the speed of sound will approach that of air and as 

the void fraction approaches zero (only liquid present) the speed of sound will approach 

that of the liquid.  Figure 91 shows a plot of the theoretical two-phase speed of sound 

determined from Equation 29 for conditions where the gas is at an absolute pressure of 
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101 kPa (i.e. atmospheric pressure) as well as the mixing chamber absolute pressure of 

460 kPa (present in Case I and Case II).  Values of 344 m/s and 1560 m/s were used as 

the speed of sound for air and saltwater, respectively.  It is clearly shown that the speed 

of sound can be greatly reduced in a two-phase mixture as compared to either single 

phase.  The pressure affects the density of the gas with the result that an increase in 

pressure causes an increase in the minimum speed of sound (23.76 m/s vs. 49.73 m/s).  

The two-phase speed of sound is also seen to have a minimum when the void fraction is 

0.5. 

 

 

Figure 91.  Theoretical speed of sound in slug flow and homogenous air-water two-phase flow at 

different pressures 

 

 If the flow is in the slug regime then the speed of sound can be defined as [110]: 
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Equation 30 shows that for slug flow the speed of sound will vary between that 

for pure air (i.e. extremely long gas slugs) and that for pure liquid (i.e. extremely long 

liquid slugs).  A plot of the speed of sound for slug flow in an air-saltwater two-phase 
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flow is included in Figure 91.  In comparison to the homogenous two-phase flow speed 

of sound the slug flow is significantly higher except at extremely high or low void 

fractions where both slug flow and homogenous flow models approach the speed of 

sound of a single phase. 

For annular flow there is no formulation for a two-phase speed of sound.  

Instead Nguyen [110] concludes that for the stratified flow arrangement a pressure pulse 

will travel at the speed of sound of the phase in which the pulse is imposed.  In other 

words, to choke the liquid it must exceed the speed of sound for the liquid and to choke 

the gas its velocity must exceed the speed of sound for the gas when the flow is annular.  

It can be concluded that annular flows, much like slug flows, will have a speed of sound 

that is much higher than that predicted for homogenous flows, except at very large void 

fractions.  For this reason if one endeavors to take advantage of the potentially 

significant decrease in the speed of sound in a two-phase flow it must ensured that the 

air is evenly distributed throughout the liquid to create a homogenous flow.  Attention 

must also be paid to the pressure insomuch as it alters the gas density, which when 

increased causes the magnitude of sonic velocity reduction to decrease.   

 Sovani [45] has suggested that for there to be a homogenous bubbly flow at the 

exit of an effervescent atomizer the size of the bubbles must be many times smaller than 

the nozzle exit diameter.  This is because when bubbles are roughly the size of the exit 

diameter or larger it would not be possible to have the air evenly dispersed throughout 

the liquid in the exit section of the nozzle meaning that the flow could not be 

homogenous.  In this situation the flow can still be choked, but at much higher 

velocities than would be predicted using a homogenous flow model.  This reason alone 

is enough to call into question claims of bubbles expanding outside of the nozzle in 

previous research as the cited bubble sizes are typically on the order of the exit diameter 

or larger.   

Perhaps one reason that post-exit air expansion has been suggested has to do 

with the appearance of the spray upon exiting and in fact many articles show schematics 

speaking to this.  Consider the images in Figure 92 which appear to show expansion 

events.  These images were taken at different GLRs, and thus different Mach numbers, 
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as noted.  The Mach number for each condition was calculated by assuming 

homogenous flow and atmospheric conditions at the exit.  These assumptions relate to 

the best possible conditions for which the flow could choke as they lead to the smallest 

speed of sound for the two-phase flow.  It is noted that any Mach number above one in 

the calculation will be an over-estimate as the assumed density of the gas at the exit 

would increase under choked conditions.  Though the Mach number may be 

quantitatively off when its value is greater than one, qualitatively it still represents the 

physical condition of choked flow. 

 

 
Figure 92.  Explosion-like events at varying Mach numbers for Db ≈ de (ΔPN = 242 kPa, de = 2mm, 

GLR = 0.05%, 0.1%,  and 0.15%) 

 

In Figure 92 one can see “explosion-like” events which could potentially be 

interpreted as bubbles expanding after they exit the nozzle.  These disruptions occur 

both when the flow is subsonic and choked.  As the physical argument for air expanding 

after the exit is only applicable when the flow is choked, one would expect only flows 

with a Mach number above one to experience explosion-like events.  As the “explosion-

like” events occur with both choked and un-choked it seems that their occurrence is not 

dependent on the flow being choked. This reveals that “explosion-like” events can occur 

when the flow is not choked.   

An additional argument against choked flow being the cause of the appearance 

in Figure 92 corresponds to the size of the bubbles present for the flows presented. In all 

three of the cases shown, the bubbles are roughly 0.5-1 times the size of the exit 



   112 

 

diameter.  This means that it is very unlikely the flow would be homogenous at the exit 

and thus a slug flow model for the two-phase speed of sound would be more 

appropriate.  Using this model, rather than the homogenous model would result in all 

three cases being subsonic further suggesting that the appearance is not due to choking.  

The homogenous flow equation was applied to the flow with large bubbles to illustrate a 

point.  It shows how incorrectly assuming homogenous flow could lead one to conclude 

that the flow was in fact choked and thus still experiencing bubble expansion past the 

exit.   

To examine this point further Figure 93 is shown below with Mach numbers 

calculated assuming homogenous flow. In these images the bubbles in the channel were 

10-20 times smaller than the exit diameter making the homogenous flow model more 

appropriate.  Again, “explosion-like” events are present, despite the fact that the Mach 

number is not always greater than one, providing further evidence that the appearance 

of “explosion-like” events does not necessarily mean that the flow is choked.  It is 

further noted that in comparison to the “explosion-like” events experienced when larger 

bubbles are present (i.e. Figure 92), these ones appear to be weaker in terms of level of 

jet disturbance but occur with a greater frequency as may be expected with a larger 

number of smaller bubbles.  

  

 
Figure 93. Explosion-like events at varying Mach numbers for Db << de (ΔPN = 242 kPa, de = 2mm, 

GLR = 0.05%, 0.1%, and 0.15%)  
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In addition to the “explosion-like” events being present for conditions which are 

predicted to be choked and subsonic, they also are similar in appearance.  For example 

the images in Figure 92 display structures which are very similar in appearance 

regardless of the Mach number.  When the flow is not choked one would expect that the 

gas would have completed expanding by the time it reaches the exit.  If the flow were 

choked the gas could continue to expand, or expand more violently, upon exiting the 

nozzle.  If the mechanism of spray disruption is the expanding gas then one would 

expect a difference in appearance of the spray to occur when the expansion process 

changes significantly.     

The above arguments provide evidence that the flow does not choke based on a 

Mach number calculated using the homogenous flow assumption.  This means that the 

Mach number should be calculated using either a slug or annular flow model even for 

the smallest bubble conditions which would greatly increase the speed of sound in the 

two-phase flow.  This would result in subsonic Mach numbers for all conditions used in 

this study. 

The conclusion that the gas is completely expanded at the exit requires that 

another explanation for the cause of the “explosion-like” events be presented.    Figure 

94 shows multiple close-up images of some typical liquid jet deformations found near 

the nozzle exit.  These deformations demonstrate that the “explosion-like” events have 

an appearance which is not easily explained by a bubble expanding.  If a bubble were 

expanding then the asymmetry in the deformation might be unexpected.  This 

asymmetry is noted by the sharp spreading in the radial direction and more closely 

resembles the deformation caused by the collision of liquid columns.  A schematic of 

colliding liquid jets [27] is provided in Figure 95 which shows the characteristic 

spreading caused by the impact of liquid streams.  As the cause of their appearance does 

not appear to be due to gas expanding this characteristic appearance will be more 

accurately dubbed a perturbation event. 
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Figure 94.  Close-ups of perturbation events 

 

 

 
Figure 95.  Collision of liquid jets [27] 

 

 

Though Figure 95 shows two liquid jets approaching from different directions, 

one must keep in mind that velocity is relative to a frame of reference.  Hence, the same 

appearance could be possible by having liquid streams with different velocities moving 

in the same direction.  One situation in which this would occur would be a liquid jet 

which is experiencing axial velocity fluctuations.  In a study by Meier, Klӧpper and 

Grabitz [111] a liquid jet was forced using a porous piston effectively creating axial 

liquid velocity fluctuations.  Figure 96 shows the appearance of the forced liquid jets 

with varying amounts of forcing (i.e. varying axial liquid velocity fluctuations).  The 

authors used a hot film probe to quantify the level of velocity fluctuation.  What can be 

concluded is that when there is a velocity fluctuation the faster moving liquid will 

overtake the slower moving liquid causing the jet to deform upon impact.  When the 

velocity fluctuation is large the deformation can result in radial spreading of the liquid. 
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Figure 96.  Liquid jet appearance with varying levels of axial velocity fluctuations [111] 

 

Insomuch as velocity fluctuations may be causing the near nozzle spray 

characteristics evidence that velocity fluctuations are present is required.  The most 

straightforward method for accomplishing this is using the high speed video frames.  

Figure 97 shows a 5 image sequence taken from the high speed video.  In this sequence 

two distinct structures are tracked from one image to the next.  Each structure is initially 

a small bulge in the liquid jet which then grows as it propagates downstream.  As 

discussed, the cause for this bulge is likely due to a velocity fluctuation.  It is seen that 

the leading edge of the second bulge (white line) gets closer to the structure which had 

immediately preceded it (gray line) as the images progress.  This demonstrates that the 

later structure is convecting downstream faster than the earlier structure proving that 

axial liquid velocity fluctuations are present.  To be clear, the cause of the liquid 

structures is due to a velocity fluctuation which is experienced at the nozzle exit, and 

the fact that one structure is moving faster than the other is due to the fact that it was 

formed by a stronger velocity fluctuation. 
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Figure 97.  Evidence of velocity fluctuation in high speed video (ΔPN = 172 kPa, de = 2mm, 

GLR=0.125%)  

 

 

Further evidence of velocity fluctuations can be found in the time series data 

gathered from the binary high speed videos.  Figure 98 displays how the jet width 

changes with time (image number) at a location 1 exit diameter downstream from the 

nozzle exit and 5 diameters downstream.  In comparing the data series it is shown that 

an initial spreading event which occurs at the upstream location is seen to grow in width 

and arrive at the downstream location a number of frames later in the movie.  By 

comparing the number of frames it takes a spreading event to travel the distance of 4 

exit diameters it is possible to determine if all spreading events travel downstream with 

the same speed.  Figure 98 shows a small sample of a signal which demonstrates that 

the number of images it takes a spreading even to arrive downstream can vary. 
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Figure 98.  Evidence of velocity fluctuations in time series data (ΔPN = 172 kPa, de = 2mm, 

GLR=0.125%, Db43/de = 0.49)  

 

 

This difference in the number of frames it takes to arrive downstream represents 

different convective velocities for the different events again showing that velocity 

fluctuations are present.  To get a sense for the level of velocity fluctuations the time 

series data was analyzed and the axial velocity of 100 perturbation events were hand 

counted using the method shown in Figure 98.  A cross correlation was also done 

between the full 18,000 data points of the time series at each location for comparison 

with the hand counted velocities; the results of both analyses are shown in Figure 99.  It 

is seen that both analyses show agreement on the average axial velocity of the 

perturbation events as well as demonstrating that a range of velocities is present at the 

exit.  
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Figure 99.  Variation in perturbation event axial velocity (ΔPN = 172 kPa, de = 2mm, GLR= 0.125%, 

Db43/de = 0.49)  

 

 

It now remains to explain why there should be a fluctuating liquid velocity 

exiting an effervescent atomizer.  Past studies have documented that pressure 

fluctuations upstream of the nozzle exit can exist ([47],[58],[59],[112]) which have been 

related to spray instability and depend largely on internal two-phase flow regime.  A 

connection has been made between these pressure fluctuations and void fraction, and 

hence GLR, fluctuations within the atomizer.  The time varying void fraction for 

different regimes was measured by Lӧrcher, Schmidt and Mewes and is displayed in 

Figure 100.  It was found that annular flow demonstrates a relatively steady void 

fraction which relates to a stable spray and small pressure fluctuations.  Slug flow and 

bubbly flow on the other hand experience significant variation in void fraction. 
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Figure 100.  Void fraction variation for different flow regimes [60] 

 

Additionally, the literature has examples wherein the pressure fluctuations have 

been related to void fraction fluctuations as well as velocity fluctuations.  In a paper by 

Jedelsky and Jicha [58] it is stated: “we assume that in the case of time variations of 

void fraction at the exit orifice, the mixture velocity also changes and thus influences 

the velocity and the pressure field near the nozzle exit.”  In a later paper these authors 

reiterate this correlation [59], though in neither paper is physical evidence of a velocity 

fluctuation presented.  Maldonado et al. [113] have shown that these pressure 

fluctuations originate near the nozzle exit and travel upstream in the atomizer, as 

opposed to being caused by an upstream phenomenon and propagating to the nozzle 

exit.  This suggests that the pressure fluctuations are not caused by events which occur 

during bubble formation, but by events which occur as the bubbles exit the nozzle.   

The reason why a variation in void fraction at the exit will cause a fluctuation in 

liquid velocity at the exit relates to the expansion of the gas as it experiences a pressure 

drop flowing through the nozzle.  As gas flows downstream in the nozzle and 

experiences a decreasing pressure its volume will grow.  In order for the volume to 

grow in space, the liquid which had been occupying that space must be displaced.  This 

requires that liquid accelerate to accommodate the increase in volume flow.  On a rate 

basis, if the amount of gas flowing is constant with time then the additional 

displacement of liquid will be constant with time and there will be no cause for a liquid 
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velocity fluctuation at the exit.  If the amount of air flowing fluctuates with time then 

the amount of liquid which is displaced by the expansion of the air will also fluctuate 

with time thus resulting in a liquid velocity fluctuation.   

Relating this line of thought back to bubble size one can arrive at an explanation 

for why varying bubble size has an effect on the spray.  The argument can be boiled 

down to the fact that with smaller bubbles there will be less variation in the void 

fraction and GLR at the nozzle exit.  Less variation in void fraction results in weaker 

liquid velocity fluctuations which act to deform the liquid jet and promote liquid break-

up.   

To illustrate how smaller bubbles result in a more consistent void fraction 

consider Figure 101 which shows two schematics of a bubbly flow which contains the 

same area fraction of bubbles, but at different bubble sizes.  Area fraction is used as a 

corollary to void fraction in these 2-D images.  By analyzing the area fraction at each 

cross section of the schematics it is possible to show how the area fraction will vary in 

the two different scenarios.    It is shown that the variation in area fraction is much 

larger when larger bubbles are present. 

 

 

Figure 101.  Spatial variation in area fraction for different bubble sizes 

 

Larger fluctuations in void fraction should result in a greater fluctuation in the 

velocity of the liquid exiting the nozzle.   Consequently, larger fluctuations in void 
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fraction should also result in even larger liquid deformations as the liquid will collide 

with a greater relative velocity.  The fluctuations in void fraction are directly related to 

the stability of the spray.  Hence when small bubbles are present and the spray is 

relatively stable the liquid deformations near the nozzle exit should be relatively small 

because the axial liquid velocity fluctuations will be small.  As bubble size is increased 

the flow becomes less stable and the fluctuations in the void fraction become larger with 

the result that larger bubbles should produce relatively larger deformations to the spray 

as the axial liquid velocity fluctuations will be larger.   

This is exactly the case as shown in the still images near the nozzle exit at 

varying bubble conditions (Figure 47-Figure 51 for example).  It was noted that the 

small bubble sprays demonstrated weaker perturbation events but in larger numbers 

while the larger bubble sprays demonstrated stronger perturbation events but in lower 

numbers.  Though a larger instability in void fraction will cause larger deformations to 

the spray, the net effect of spray quality is not necessarily positive as the break-up of the 

spray will also fluctuate between large liquid deformations and continuous liquid jets 

with virtually no deformation.       

It is concluded that for the experimental conditions of this study the perturbation 

events witnessed in the effervescent spray images are likely due to a variation in liquid 

exit velocity as opposed to gas expanding after exiting the nozzle.  It is further 

concluded that the smallest bubbles produced in this study produce smaller disruptions 

to the liquid jet upon exit due to the fact that they produce the most stable void fraction 

at the nozzle exit.  When the bubble diameter is many times smaller than the exit 

diameter many bubbles will constantly enter the nozzle exit and coalescence will be 

minimized as the packing efficiency is improved as bubble size is reduced.  Both of 

these effects are believed to be responsible for maintaining a relatively constant void 

fraction and GLR at the nozzle exit.  As bubble size increases fewer bubbles will 

simultaneously enter the nozzle exit and coalescence will increase causing a fluctuation 

in the void fraction and instantaneous GLR at the nozzle exit.  For very large bubbles 

the spray is very unstable and large liquid deformations are produced as well as 

significant periods in which a continuous liquid jet exits with a GLR of 0.  While the 
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large deformations lead to fine droplet break-up, the periods with a continuous liquid jet 

result in large liquid droplets.  The presence of these large droplets causes the spray 

SMD to be large.  At the optimal bubble size the fluctuations in void fraction exist to 

create conditions for good spray deformation, though the spray is not so unstable as to 

have significant periods of a continuous liquid jet emerging.     

 

6.5 Bubbly Flow vs. Annular Flow 
 

A comparison of bubbly and annular flows was possible when using an exit 

diameter of 1 mm and mixing chamber gage pressure of 345 kPa while operating at a 

GLR of 1%.  In order to keep the flow in the bubbly regime, as opposed to the slug 

regime, air was injected through a porous plate with very small pores (dp = 1.4 μm) 

while the largest insert was installed (dha = 1.5 mm) to increase drag on the bubbles and 

a 3% salinity solution was used to inhibit coalescence.  Of all the different bubble 

generation configurations tested only this one kept flow in the bubbly regime at such a 

high GLR as it produced the smallest bubbles.  In addition to the air injection geometry 

the rate at which air flow was increased while reaching the GLR of 1% affected the 

flow regime.  If the air flow rate was increased too quickly it was noticed that the flow 

would transition to slug flow.  To keep the flow bubbly at these conditions the flow was 

started at a very low GLR and then the air flow rate was slowly increased over roughly 

1-2 minutes until a GLR of 1% was reached.  The bubbles generated for this study had 

an average diameter of 0.36 mm and a Herdan diameter of 1.12 mm and a 

representative image is shown in Figure 102a.  To create an annular flow air was 

injected through a single 2 mm hole into freshwater and no insert was used (dha = 8mm).  

As shown in Figure 102b, the annular flow was confirmed for all 84 images taken of the 

internal flow by noting the continuous connection between the gas core and nozzle exit.     
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a.  b. 

Figure 102.  Internal flow conditions for the study of a) bubbly vs. b) annular flow (ΔPN = 345 kPa, 

de = 1mm, GLR = 1%) 

 

  Comparison of the two cases shows a similar range of spray quality for each 

case as depicted in Figure 103 and Figure 104.  The images in these figures were chosen 

from 84 pictures taken for each case as representing the finest (left), poorest (right) and 

intermediate (middle) spray structures.  

 

 

 
Figure 103.  Variation of spray structures for bubbly case (ΔPN = 345 kPa, de = 1mm, GLR = 1%) 

 

 

 
Figure 104.  Variation of spray structures for annular case (ΔPN = 345 kPa, de = 1mm, GLR = 1%) 
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Data gathered from high speed video taken of these two flows revealed that they 

were also quite similar in terms of spray half cone angle, jet width, and jet stability.  

These data are displayed in Table 13. 

   

 Bubbly Flow Annular Flow 

γ (degrees) 16.5 16.8 

Wj/de 3.03 3.14 

σj/Wj 0.126 0.131 

Table 13.  Comparison of the bubbly and annular flow cases 

 

 

Despite the similarity between the two cases in terms of jet width standard 

deviation, and the implied near nozzle stability, differences were seen in the shot to shot 

droplets produced.  This behavior was also seen in Cases I-III where it was shown that 

even stable conditions near the nozzle exit can result in a large range of droplet sizes 

downstream.  This range of droplet sizes is displayed in Figure 105 which shows the 

largest and smallest droplets produced for the bubbly and annular flow condition.  

While each case produces small droplets of a similar size the bubbly flow produces 

larger droplets than the annular flow.   
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 a.   

 b. 
Figure 105.  Variation in droplets for bubbly (a) and annular (b) cases (ΔPN = 345 kPa, de = 1mm, 

GLR = 1%) 

 

As a method for demonstrating the consistency in droplet size throughout an 

image set the spray Sauter mean diameter was calculated using all of the droplets in an 

individual image.  Figure 106 displays the spray SMD for all of the images taken for 

both flow regimes.  It is shown that when the flow is annular the SMD is relatively 

stable with only a handful of images showing a significantly raised SMD.  

Comparatively the bubbly flow demonstrates a larger variation in spray SMD 

suggesting that the annular flow produces smaller droplets with a greater consistency 

than the bubbly flow for the operational conditions tested.    
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Figure 106.  Flow regime effect on picture to picture variation in spray SMD (ΔPN = 345 kPa, 

de=1mm, GLR = 1%) 

 

 

The droplet size distribution for each case is shown in Figure 107.  The chart 

clearly demonstrates that the frequency of large droplets is higher when the flow is 

bubbly while the frequency of small droplets is higher for the annular flow.  The Sauter 

mean diameters for the bubbly flow and annular flow were 500 µm and 307µm 

respectively.  It is concluded that the annular flow produced better spray characteristics 

both in terms of consistency in droplet size produced and finer spray quality than 

bubbly flow under the conditions used in this study.  

 

 
Figure 107.  Distribution of spray droplet sizes for bubbly and annular flow (ΔPN = 345 kPa, 

de=1mm, GLR = 1%) 
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The results of this study comparing annular to bubbly flow are potentially quite 

significant.  It was shown that bubbly flow or annular flow was able to be produced 

under the exact same operating conditions by making a big change in how the air was 

injected into the channel.  The sprays produced had similar spray cone angles and near 

nozzle stability, though they differed substantially in terms of droplet SMD with the 

annular flow creating more fine droplets and less big droplets than the bubbly flow.  It 

can be concluded, at least for the operational conditions used, that the annular flow 

regime produces better sprays than the bubbly flow regime.  This is important because 

the annular flow was much easier to produce.  The geometry of the air injector was 

much simpler, the air injection pressure was only slightly higher than the mixing 

chamber, and the air flow rate could be started at the required level.  For the bubbly 

case in which air was injected through tiny pores in a porous plate the air injection 

pressure needed to produce the required flow rate was over 300 kPa higher than the 

mixing chamber pressure, and the air flow rate had to slowly be increased over a period 

of a couple minutes to avoid transitioning to slug flow.  This means that not only did the 

annular flow have the benefit of a simpler and less expensive design, but it would be 

easier and costs less to operate than a design which promotes bubbly flow while 

producing a better spray.  Should these results prove to be independent of operating 

condition they may provide a starting point for significant improvements in effervescent 

atomizer design and operational considerations.  

The cause of these results may be explained by considering the forces which 

promote the liquid break-up.  When the flow is annular the liquid exits as a hollow 

cylinder thus exposing as much of the liquid as possible to the ambient air.  The outside 

surface of the liquid annulus exposed to ambient conditions experiences a significant 

shear due to the high liquid velocity.  As discussed in the introduction, increased shear 

acts to magnify disturbances causing earlier and better atomization.  So when the flow 

is annular the maximum amount of liquid is exposed to the highest shear forces creating 

the best conditions for decreased droplet size for a given GLR.   

On the other hand, when the flow is bubbly the core of the flow can contain 

liquid ligaments and droplets which form as the small bubbles expand and coalesce.  
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These ligaments and droplets which are in the core of the flow will be surrounded by an 

annular liquid sheath.  This means that the shear stresses which result from the velocity 

difference between the liquid sheath and ambient air will not be experienced by the 

ligaments and droplets in the core.  Nor will these ligaments and droplets experience 

significant shear caused by the air in the core as they will be traveling at nominally the 

same velocity.  This means that the ligaments and droplets in the core will either not 

break-up further, or alternatively, break-up further due to weaker and slower acting 

Rayleigh-type mechanisms and ultimately have a larger size than those generated at the 

periphery.   For this reason the decreased SMD for the annular flow spray might be 

expected as compared to bubbly flow. 
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7 Summary and Recommendations 
 

This dissertation has presented experimental results and analysis on the methods for 

controlling bubble size in a liquid cross flow and the effect of bubble size on 

effervescent atomization operating at a low GLR.  The main objectives of this study 

were: 

1.  Develop a method to control bubble size from very small (Db  ≈ 0.1*de) to    

relatively large (Db > de) 

2.  Investigate how bubble size affects spray characteristics 

3.  Develop conclusions which will aid future effervescent atomizer design 

In order to meet these objectives an experimental set-up was created which allowed for 

manipulation of the air injector geometry to control bubble size.  Optical diagnostics 

were then used to allow observations and measurements of various phenomena both 

internal and external to the effervescent atomizer in an effort to address the main 

objectives of the study.  In this section the main conclusions from the various studies 

are summarized and the contributions to the literature are discussed.  Based on these 

conclusions, recommendations for future efforts on effervescent atomization are 

outlined. 

 

 

7.1 Overview of Bubble Studies 
 

In order to address the first of the main objectives a number of studies were 

carried out examining the effect of different control parameters on air injection through 

a porous medium into a liquid cross flow.  While the primary goal of these studies was 

to develop a strategy by which bubble size could be controlled and define operating 

conditions for the spray studies, the methodology with which the studies were done also 

allowed for unique contributions to the literature on air/liquid two-phase flows.    

 The parametric study approach allowed for the effects of pore size, salinity, and 

changes in liquid shear rate via channel geometry modification to be quantitatively 

compared.  Though studies in the past have varied a single one of these parameters this 
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is the first study to simultaneously and systematically compare these three parameters in 

terms of their effect on average bubble size, bubble size distribution and transition from 

bubbly flow to slug flow.   

 Experimental results revealed that all three parameters did have an effect on 

varying the bubble size, with a change in channel hydraulic diameter at the air injection 

site having the largest effect.  The strength of each parameter effect was shown to 

depend on flow conditions and an increase in mixing chamber pressure (and thus liquid 

flow rate) was shown to weaken the effect that pore size and salinity had over bubble 

size.  The current results further suggest that the effect decreasing dha may be limited as 

dha becomes too small.  Through the bubble studies it was found that by using different 

porous plates, channel modifying inserts, and solutions of various salt concentrations a 

large range of mean bubble diameters (0.085-2.5 mm) was able to be produced.  

The parametric study on bubble size distribution revealed that all three parameters 

did have an effect with dha having a stronger effect than pore size or salinity.  The 

strength of these effects was dependent on flow conditions with an increase in mixing 

chamber pressure reducing the effect that pore size and salinity had while enhancing the 

effect that dha had on varying the bubble size distribution.  

    The final parametric study demonstrated that pore size, salinity and dha each 

had an effect on the GLR at which the internal two-phase flow transitioned from bubbly 

to slug flow.  It was shown that by adjusting these control parameters in a way that 

would produce smaller bubbles significantly more gas could be injected before slug 

flow occurred.  Increasing the channel pressure was shown to have the largest effect on 

delaying the transition point. 

Finally, a dimensional analysis on the relevant variables which act on a bubble 

during formation arrived at the relation:   













 pw

p

b
d

d

D
2 .  Experimental results 

revealed that data plotted using these non-dimensional variables collapsed onto a single 

trend line when using multiple porous plates and dha.  This approach for non-

dimensionalizing the process of bubble formation from porous plates in a liquid cross 

flow is unique, though its use is likely limited to flows in which the diameters of the 
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bubbles formed are on the order of the liquid boundary layer thickness at the gas 

injection site. 

7.2 Overview of Spray Studies 
 

Starting from the earliest studies on effervescent atomization there has been very 

little research devoted to the effect that bubble size has on spray quality.  The few past 

studies which considered bubble size as a variable have been limited by poor control 

over bubble size and ultimately could not systematically vary bubble size from 

diameters much smaller than the exit, to bubbles much larger than the exit.  Due to the 

level of control over bubble size gained by using three separate control parameters the 

current study has been able to overcome these limitations. 

By holding all operating conditions constant and varying just the bubble size its 

effect on the liquid issuing from the nozzle was determined.  It was shown that when 

bubbles were much smaller than the nozzle exit the near nozzle spray structures were 

quite stable, but that the small bubbles were ineffective at perturbing the liquid jet as 

evidenced by the still images and data captured from high speed videos.  The effect that 

bubbles of this small size have has not been seen in the literature before, and past 

speculation was that smaller bubbles would result in better sprays.  Experiments also 

showed that using bubbles much larger than the nozzle exit diameter resulted in poor 

spray quality due to a large instability which results in significant periods during which 

a pure liquid jet would exit the nozzle.  Ultimately, these studies revealed that there was 

an optimal bubble size, or perhaps bubble size range (Db43/de ≈ 1-3), for which spray 

characteristics will be improved.  This conclusion held true for the three separate 

operating conditions of this study.  Evidence from experiments also suggests that a 

small nozzle exit diameter will improve spray characteristics when operating in the 

bubbly regime at such a low GLR. 

The mechanism by which bubble size effects effervescent atomizer performance 

has often been related to the decrease in two-phase flow speed of sound for 

homogenous flows which would allow an effervescent atomizer to be choked at the exit 

thus resulting in bubbles expanding upon exiting and bursting the liquid jet into 

droplets.  The current study suggests that care must be taken when using this argument 
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largely because the homogenous flow assumption is difficult to justify at the atomizer 

exit.  Evidence is presented that an effervescent atomizer may not actually be choked 

under the conditions predicted by theory, and an alternative explanation for the 

appearance of explosion-like events is presented suggesting that the cause is most likely 

due to an axial liquid velocity fluctuation at the nozzle exit.  The liquid velocity 

fluctuations are caused by a time varying void fraction at the nozzle exit which is 

increased as bubble size increases.  The liquid velocity fluctuations cause faster moving 

liquid to collide with slower moving liquid near the nozzle exit which results in liquid 

spreading and deformation of the jet which improves droplet formation.  The existence 

of liquid velocity fluctuations is demonstrated both by a time series sequence of images 

and by correlating the jet width at multiple locations in the high speed video.   

A comparison of spray characteristics issuing from the atomizer in the bubbly 

flow and annular flow conditions was performed at a GLR of 1%.  To the author’s 

knowledge this is the first direct comparison of these two different flow regimes at the 

same operating conditions.  Though both sprays behaved similarly in the near nozzle 

region the annular flow produced finer droplets.  It is believed that this is due to the 

annular flow maximizing the contact between fast moving liquid with the ambient air 

upon exiting thus maximizing the shear forces acting on the liquid.      

 

7.3 Recommendations and Direction for Future Efforts 
 

The final aim of this study was to arrive at conclusions which could assist in the 

development of effervescent atomizer improvements.  Based on the current evidence 

that the two-phase flow is not choked, and the lack of evidence of actual choking in the 

literature on effervescent atomizers, it seems premature to try to design an atomizer to 

take advantage of this phenomenon. 

Instead, the results from the comparison of the bubbly and annular flows seem to 

provide an indication for a direction of future study.  These results, though based on few 

data points, demonstrated one case in which a design which would be much easier and 

less expensive to manufacture and operate produced a better spray than a design which 

would cost more and be more difficult to manufacture and operate.  Past researchers 
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have suggested trying to increase the GLR at which bubbly flow could be maintained as 

a means for improving effervescent atomizers.  This speculation was based on the fact 

that bubbly flows are more stable and the presumption of choked flow occurring.  As 

the current study has demonstrated that increased stability does not always improve the 

spray and that the flow does not appear to be choked the reasoning behind pursuing 

bubbly flows would seem incomplete.  Alternatively, the current study does show that 

annular flows are more stable in terms of consistency of droplet sizes produced and 

produce a finer spray than bubbly flow while at identical operating conditions.  Due to 

this it is speculated that a more fruitful direction of research on effervescent atomizers 

would be one in which designs try to produce a choked annular flow at the lowest GLRs 

possible.  Doing so would still allow for expanding gas at the exit to perturb the liquid 

jet, while taking advantage of the additional benefits that annular flows have over 

bubbly flows.   

For atomizers which are restricted to operate in the bubbly flow regime the 

current study suggests that attention should be given to the bubble size produced.  The 

experimental evidence has shown that an optimal bubble size does exist for the 

conditions in this study, and it is speculated that this conclusion will hold for other 

operating conditions (ΔPN, GLR, de) so long as the atomizer is operating in the bubbly 

flow regime.  It is also concluded that near nozzle jet stability alone should not be used 

as a metric by which to judge spray quality.  This is due to the fact that the optimal 

bubble sizes in this study did not produce the most stable near nozzle conditions though 

they did produce the smallest spray SMD. 

Only if evidence arises that effervescent atomizers are choking due to the lower 

speed of sound in two-phase flows, thus resulting in post-exit bubble expansion, would 

there be an impetus to design an atomizer which would take advantage of this.  To do so 

one would want to generate the smallest bubbles possible and operate at the highest 

GLR possible for which the internal flow remained in the bubbly regime.  To do so the 

current study suggests that the atomizer should inject air through a porous material with 

an extremely small pore size (dp < 5 µm).  The creation of small bubbles would also 

benefit from the highest possible wall shear stress at the air injection site.  This may be 
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accomplished by incorporating a convergent section in the atomizer just upstream from 

the air injector to accelerate the liquid and suppress the boundary layer.  Finally, the 

effervescent atomizer should be operated at a large mixing chamber pressure as higher 

GLRs will be possible while maintaining bubbly flow.   
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