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Abstract 

Industrial sprays are common in many operations where liquid application 

to surfaces is required. Simulation of spray characteristics and surround

ing flow conditions is crucial for maximizing spray efficacy. Traditionally, 

droplet modelling has been performed using a Lagrangian approach which re

quires tracking a sufficient number of droplets to form statistical estimates of 

droplet deposition. Alternatively, an Eulerian-based flow and droplet trans

port model using the Direct Quadrature Method of Moments (DQMOM) is 

applied to spray modeling. This model is coupled with the Reynolds Av

eraged N avier Stokes (RANS) equations and Shear Stress Transport (SST) 

turbulence model. The method described uses a novel turbulent diffusion 

coefficient model based on a full parametric study using Lagrangian parti

cle tracking in a uniform, homogeneous and isotropic turbulent flow field. 

The model results are compared to: 1) Lagrangian tracking predictions of a 

log-normal particle size distribution injected into a homogeneous, isotropic 

turbulent flow field, and 2) full-scale experimental wind tunnel measurements 

in the anisotropic, non-homogeneous wake of a hollow cone hydraulic nozzle. 

ii 



Acknowledgements 

The completion of this work would not have been possible without the help 

and support of countless individuals. First, I would like to extend a sincere 

thank you to my academic advisors, Dr. Andrew Gerber and Dr. Gordon 

Holloway, for their continual supervision and for keeping the project on track. 

The guidance of Dr. Gerber not only helped me with code development 

for my research, but enhanced my future coding tool box. Dr. Holloway's 

thorough comprehension of fluid dynamics provided insight which deeply en

hanced the quality of this work. 

I would also like to thank Dr. Joseph Hall, Dr. Philip Garland, Dr. Brian 

Lowry and Dr. Harold Thistle for being part of my examining committee 

and taking the time to review my dissertation providing helpful feedback. 

I am grateful for the financial support that I have received from the N atu

ral Sciences and Engineering Research Council of Canada (NSERC) through 

both their Postgraduate Scholarship - Doctoral (PGS-D) program and their 

iii 



Collaborative Research and Development ( CRD) grant program coupled with 

Forest Protection Limited (FPL). I am also thankful for SERG International 

(SERG-I) who also provided funding through FPL. 

Behind the scenes technical support from Lu Yang, Joey Bernard, Heidi 

Morrill, Vince Boardman, Dennis Carr and Allan Robinson cannot go un

recognized. Their timely solutions to each technical barrier throughout my 

project kept progress rolling. I would also like to give a sincere thank you 

to the support staff in the ME office. Notably Paulette Steever and Debbie 

Basque whose secretarial support and entertaining conversations made my 

undergraduate and graduate studies much smoother and enjoyable. 

I must extend another special thank you to Dr. Gordon Holloway for hiring 

me for a summer term research position in 2008 and sparking my interest in 

the research world of computational and experimental fluid dynamics. 

Last, but not least, I would like to thank my family and friends for all of 

your financial and emotional support throughout my entire academic life. I 

would not have been able to reach this dream without you. 

iv 



Table of Contents 

Abstract 

Acknowledgments 

Table of Contents 

List of Tables 

List of Figures 

Abbreviations 

1 Introduction 

1.1 Liquid Sprays and their Application . 

1.2 Modelling Droplet Transport . 

1.2.1 Overview ....... 

1.2.2 Passive Scalar Transport 

1.2.3 Inertial Particle Transport 

1.3 Existing Eulerian Diffusion Models 

1.4 Research Objectives ...... 

V 

ii 

iii 

viii 

ix 

xxi 

xxii 

1 

1 

3 

3 

10 

14 

24 

27 



2 

3 

Multiphase Fluid Flow Modeling 

2.1 Gas Phase Transport . 

2.2 Gas Phase Turbulence 

2.3 Droplet Phase Velocity Modeling 

2.4 Droplet Phase Transport . . . . . 

2.4.1 Direct Quadrature Method of Moments . 

2.4.2 DQMOM Source Term Normalization . 

2.4.3 Slip Velocity Simplification ...... 

2.4.4 Existing DQMOM Diffusion Models . . 

2.5 Computational Methodology . 

2.5.1 Computing Platform 

2.5.2 Solution Algorithm 

Diffusion Modeling 

3.1 Molecular Diffusion 

3.2 Turbulent Diffusion . 

3.3 Dispersion of a Polydisperse PSD in Isotropic, Homogeneous 

Turbulence ........... . 

3.3.1 No Diffusion or Gravity 

3.3.2 Turbulent Diffusion . . . . 

3.3.3 Turbulent Diffusion and Gravity . 

29 

29 

30 

35 

38 

42 

51 

52 

55 

59 

59 

61 

64 

65 

67 

88 

91 

93 

96 

4 Experimental Validation 99 

4.1 Experimental Test Case . . . . . . . . . . . . . . . . . . . . . 99 

vi 



4.2 Computational Model and Boundary Conditions . 

4.3 Computational Mesh . 

4.4 Computational Results 

4.4.1 Gas Phase ... 

4.4.2 Droplet Phase . . 

4.4.3 Axisymmetric Spray Plume 

4.4.4 Diffusion Model Parameters 

. 107 

. 112 

. 115 

. . 115 

. 120 

. 128 

. 137 

5 Discussion 158 

5.1 Wind Tunnel Flow Comparisons . . 158 

5.2 Particle Diffusion Time . . . . . . . 164 

5.3 The Concept of Diffusion Efficiency . 165 

5.4 Choice of Methods . . . . . . . . . . 166 

6 Turbulence Scales of Aerial Spraying 172 

6.1 Atomizer Wake . 17 4 

6.2 Aircraft Wake . 180 

6.3 Atmosphere . . 186 

6.4 Summary of the 3 Regions of Turbulence Transport . 191 

7 Conclusions and Recommendations 199 

7.1 Conclusions . . . . . . 199 

7.2 Recommendations . . . 202 

Bibliography 220 

vii 



A Determination of DQMOM Parameters 

B Parametric Study Results 

C A Computational Study of Sprays Produced by Rotary 

Cage Atomizers 

D A Computational Study of Spray Dispersal in the Wake of 

an Aircraft 

Vita 

viii 

221 

224 

231 

248 



List of Tables 

2.1 Model constants for the SST turbulence model [108]. 'C1 ' are 

from the original Wilcox k-w model, and 'C2 ' are the revised 

model constants from Menter's transformed k - E model. . . . 32 

3.1 Turbulence and spray droplet property ranges used in para

metric study of droplet dispersion. . . . . . . . . . . . . . . . . 73 

4.1 Geometry and technical specifications for a Spraying System 

Co. SS8W hollow cone hydraulic nozzle [97] ........... 101 

List of Figures 

1.1 Different regimes and model approaches to turbulent multi

phase flows [8]. . . . . . . . . . . . . . . . . . . . . . . . . . . 6 

ix 



1.2 A fluid particle travelling through an isotropic, homogeneous 

turbulence field. (A) Small time limit, t << TA. (B) Large 

time limit, t » TA. . . . . . . . . . . . . . . . . . . . . . . . . 13 

2.1 Typical PSD with corresponding quadrature approximation 

(N = 3). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

2.2 EXN / Aero organization using the Cell Based Mapping Mod-

ule [46]. . . . . . . . . . . . 60 

2.3 Overall Solution Algorithm. 62 

3.1 Gradient in Particle Concentration. . . . . . . . . . . . . . . . 65 

3.2 Computational domain used for diffusion model parametric 

study. . ......... ·. . . . . . . . 69 

3.3 Particle tracks for 100 sample packets. 72 

3.4 Radial profiles of the dispersed phase volume fraction for 3 

different cases at 60R downstream. . . . . . . . . . . . . . . . 75 

3.5 Relationship between the diffusion coefficient and the dimen

sionless parameters (eqns. 3.14 - 3.18) for all 182 parametric 

simulations shown in fig. 3.4. Time and particle time constant 

limits are shown for each curve. . . . . . . . . . . . . . . . . . 79 

3.6 Comparisons of the current model diffusion coefficient to ex

isting Eulerian models. See Chapter 1 for existing model de

scriptions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 

X 



3. 7 The elapsed time ratio plotted against the particle time scale 

ratio for different Reynolds numbers, Ret = 8, 16 and 95. . . . 86 

3.8 Log-normal PSD of the injected water spray droplets (number 

mean diameter of 37.52µm, standard deviation of 19.9µm and 

skewness of l.68µm). . . . . . . . . . . . . . . . . . . . . . . . 89 

3.9 Quadrature approximation of the log-normal inlet distribution. 90 

3.10 Radial profiles of total concentration (µ0 ), number mean di

ameter (d10), area mean diameter (d20) and volume mean di-

ameter (d30 ) at 60R downstream. No diffusion, no gravity. . . 92 

3.11 Volume fraction (A) and weight (B) contours for each quadra-

ture node. Diffusion only. . . . . . . . . . . . . . . . . . . . . 93 

3.12 Radial profiles of total concentration (µ0 ), number mean di

ameter (d10), area mean diameter (d20) and volume mean di

ameter (d30 ) at 60R downstream. Diffusion only. . . . . . . . . 95 

3.13 Volume fraction (A) and weight (B) contours for each quadra-

ture node. With gravity. . . . . . . . . . . . . . . . . . . . . . 96 

3.14 Vertical profiles of total concentration (µ0), number mean di

ameter (d10), area mean diameter (d20) and volume mean di

ameter (d30 ) at 60R downstream (x2 = 0). With diffusion and 

gravity.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 

4.1 Accuair wind tunnel schematic [ 6]. Note the transparent en-

closure through which measurements are made. . ....... 100 

xi 



4.2 Spraying System Co. SS8W hollow cone hydraulic nozzle and 

disk (see Table 4.1 for specifications) ............... 101 

4.3 Experimental measurements of axial gas phase velocity deficit 

at 11 and 20D d downstream of a SS8W hollow cone hydraulic 

nozzle.U1s = 67m/s. Data from Bagherpour [5]. Solid line rep

resents a sixth-order polynomial curve fit of the llDd down

stream data points. . . . . . . . . . . . . . . . . . . . . . . . . 103 

4.4 Experimental measurements of axial gas phase fluctuating ve

locity at 11 and 20Dd downstream of a SS8W hollow cone 

hydraulic nozzle. U1s = 67m/ s. Data from Bagherpour [5]. 

Solid line represents a sixth-order polynomial curve fit of the 

llDd downstream data points ............... · .... 104 

4.5 Experimental PDI measurements of concentration (µ0 ), arith

metic mean diameter ( d10), area mean diameter ( d20 ) and 

volume mean diameter (d30 ) at 11 and 20Dd downstream of 

a SS8W hollow cone hydraulic nozzle. U1s = 67m/s, Q = 

3.6L/min. Data from Bagherpour [5]. Solid line represents a 

sixth-order polynomial curve fit of the llDd downstream data 

points ................................ 106 

4.6 Computational domain with boundary conditions. Note that 

the inlet of the computational domain is located llDd down

stream of the sprayer. . . . . . . . . . . . . . . . . . . . . . . . 108 

xii 



4. 7 Particle size distributions were specified at radial locations at 

the inlet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 

4.8 Computational wind tunnel mesh created using Pointwise V16.04R3 

(280 000 hexahedral elements). . ................ 113 

4.9 Extended computational model of Accuair wind tunnel and 

hydraulic spray nozzle apparatus. Computational mesh: 425 

000 structured, hexahedral elements. . . . . . . . . . . . . . . 114 

4.10 Axial gas phase velocity (A) and turbulent kinetic energy (B) 

contours along the wind tunnel longitudinal plane (x2 = 0). 

U1s = 67m/s. . .......................... 115 

4.11 Axial gas phase velocity deficit and fluctuating velocity plotted 

against downstream position along the center line of the wind 

tunnel (x2 = x3 = 0) for 3 mesh sizes: 35K, 280K and 1.68M 

nodes. U1s = 67m/s. Measured data points from Bagherpour 

are included at 11 and 20Dd downstream for velocity deficit 

(black) and fluctuating velocity (white). . ........... 117 

4.12 Axial gas phase velocity deficit plotted against radial position 

at 11, 20, 35 and 50Dd downstream. U1s = 67m/s. Experi

mental data from Bagherpour [5]. . . . . . . . . . . . . . . . . 118 

4.13 Axial gas phase fluctuating velocity plotted against radial po-

sition at 11, 20, 35 and 50Dd downstream. U1s = 67m/s. 

Experimental data from Bagherpour [5]. . ........... 119 

xiii 



4.14 Contours of (A) volume fraction, c;-0 , and (B) weight, w0 , along 

the wind tunnel longitudinal plane (x2 = 0) for each quadra-

ture node, a. U1s = 67m/s, Q = 3.6L/min ............ 121 

4.15 Total concentration, number mean diameter, area mean diam-

eter and volume mean diameter plotted against downstream 

position along the center line of the wind tunnel (x2 = x 3 = 0) 

for 3 mesh sizes: 35K, 280K and 1.68M nodes. U1s = 67m/s, 

Q = 3.6L/min. Measured concentration and mean diame-

ters from Bagherpour are included at llDd (black) and 20Dd 

(white) downstream. . . . . . . . . . . . . . . . . . . . . . . . 123 

4.16 Total concentration plotted against radial position at 11, 20, 

35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. Ex-

perimental data from Bagherpour [5] ............... 124 

4.1 7 Number mean diameter plotted against radial position at 11, 

20, 35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. 

Experimental data from Bagherpour [5]. . . . . . . . . . . . . 125 

4.18 Area mean diameter plotted against radial position at 11, 20, 

35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. Ex

perimental data from Bagherpour [5]. . . . . . . . . . . . . . . 126 

4.19 Volume mean diameter plotted against radial position at 11, 

20, 35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. 

Experimental data from Bagherpour [5]. . . . . . . . . . . . . 127 

xiv 



4.20 Axial gas phase velocity (A) and turbulent kinetic energy (B) 

contours along the wind tunnel longitudinal plane ( x2 = 0). 

U1 s = 67m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 

4.21 Axial gas phase velocity deficit plotted against radial position 

at 5, 11, 20 and 40Dd downstream. U18 = 67m/s. Experimen-

tal data from Bagherpour [5]. . . . . . . . . . . . . . . . . . . 130 

4.22 Axial gas phase RMS turbulence velocity plotted against ra-

dial position at 5, 11, 20 and 40Dd downstream. U1s = 67m/s. 

Experimental data from Bagherpour [5]. . ........... 131 

4.23 Contours of (A) volume fraction, <;0 , and (B) weight, w0 , along 

the wind tunnel longitudinal plane (x2 = 0) for each quadra-

ture node, a. U1s = 67m/s, Q = 3.6L/min ............ 133 

4.24 Total concentration plotted against radial position at 5, 11, 20 

and 40Dd downstream. U1s = 67m/s, Q = 3.6L/min ...... 135 

4.25 Volume mean diameter plotted against radial position at 5, 

11, 20 and 40Dd downstream. U1s = 67m/s, Q = 3.6L/min. . 136 

4.26 Diffusivity ratio plotted against downstream position along 

the center line of the wind tunnel (x2 = x3 = 0) for each 

quadrature node. Dotted line represents the long-time diffu

sion coefficient of a fluid element (no inertia). U1s = 67m/s, 

Q = 3.6L/min. . ......................... 139 

xv 



4.27 Diffusivity ratio plotted against radial position at 11 and 50Dd 

downstream for each quadrature node. U1s = 67m/s, Q = 

3.6L/min .............................. 140 

4.28 Turbulent kinetic energy and turbulent time scale plotted against 

downstream position along the center line of the wind tunnel 

(x2 = X3 = 0). U1s = 67m/s .................... 142 

4.29 Turbulent kinetic energy plotted against radial position at 11, 

20, 35 and 50Dd downstream. U1s = 67m/s. . ......... 143 

4.30 Turbulent time scale plotted against radial position at 11, 20, 

35 and 50Dd downstream. U1s = 67m/s. . ........... 144 

4.31 Elapsed time and ratio of elapsed time to turbulent time scale 

plotted against downstream position along the center line of 

the wind tunnel (x2 = x 3 = 0). U1s = 67m/s ........... 146 

4.32 Ratio of elapsed time to turbulent time scale plotted against 

radial position at 11, 20, 35 and 50Dd downstream. U1s = 

67m/s ................................ 147 

4.33 Particle diameter and ratio of particle time constant to tur

bulent time scale plotted against downstream position along 

the center line of the wind tunnel (x2 = x3 = 0) for each 

quadrature node. U1s = 67m/s, Q = 3.6L/min. . ....... 149 

4.34 Particle diameter plotted against radial position at 11 and 

50Dd downstream for each quadrature node. U1s = 67m/s, Q 

= 3.6L/min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 

xvi 



4.35 Ratio of particle time constant to turbulent time scale plotted 

against radial position at 11 and 50Dd downstream for each 

quadrature node. U1s = 67m/s, Q = 3.6L/min. . ....... 151 

4.36 Particle Reynolds number plotted against downstream posi-

tion along the center line of the wind tunnel (x2 = x3 = 0) for 

each quadrature node. U1s = 67m/s, Q = 3.6L/min. . .... 153 

4.37 Particle Reynolds number plotted against radial position at 

11 and 50Dd downstream for each quadrature node. U1s = 

67m/s, Q = 3.6L/min. . ..................... 154 

4.38 Inertial constant plotted against downstream position along 

the center line of the wind tunnel (x2 = x3 = 0) for each 

quadrature node. Dotted line represents the cut-off above 

which the particle diffusion coefficient, Dp, is less than that 

of a fluid element, Di. U1s = 67m/s, Q = 3.6L/min. . .... 156 

4.39 Inertia constant plotted against radial position at 11 and 50Dd 

downstream for each quadrature node. U1s = 67m/s, Q = 

3.6L/min. . ............................ 157 

xvii 



5.1 The elapsed time ratio plotted against the particle time scale 

ratio in the wake of a Spraying System Co. SS8W hollow cone 

hydraulic nozzle for each quadrature phase, a. Shaded area 

represents the region where the diffusion rate of the particles 

exceeds that of a fluid element (see eqn. 3.22). U18 = 67m/s, 

Q = 3.6L/min. . . . . . . . . . . . . . . . . . . . . . . . . 161 

6.1 AT-802 air tractor commonly used for forest protection. . . . 173 

6. 2 Micronair AU 4000 atomizer. . . . . . . . . . . . . . . . . . . 173 

6.3 Turbulence kinetic energy in the wake of an AU4000 atomizer. 

U1s = 69m/s, 0 = 8000RPM, Q = 8L/min. . ......... 176 

6.4 Turbulence time scale in the wake of an AU4000 atomizer. U1s 

= 69m/s, 0 = 8000RPM, Q = 8L/min .............. 177 

6.5 Instantaneous image of axial velocity in the wake of an AU4000 

atomizer. U1s = 69m/s, 0 = 8000RPM, Q = 8L/min ...... 177 

6.6 The elapsed time ratio plotted against the particle time scale 

ratio in the wake of an AU 4000 atomizer for different droplet 

diameters: 10, 50 and 150µm. Solid lines represent the lo

cations where the diffusion rate of the particles exceeds and 

approaches the diffusion rate of a fluid element (see eqn. 3.22). 179 

6. 7 Turbulence kinetic energy in the wake of an AT-802 air tractor. 

U1s = 69m/s, 0 = 8457RPM, Q = 4L/min. . ......... 182 

xviii 



6.8 Turbulence time scale in the wake of an AT-802 air tractor. 

U1s = 69m/s, n = 8457RPM, Q = 4L/min. . .... 182 

6.9 Axial velocity in the wake of an AT-802 air tractor. U1s = 

69m/s, n = 8457RPM, Q = 4L/min. . ............. 183 

6.10 The elapsed time ratio plotted against the particle time scale 

ratio in the wake of an AT-802 air tractor for different droplet 

diameters: 10, 50 and 150 µm. Solid lines represent the lo

cations where the diffusion rate of the particles exceeds and 

approaches the diffusion rate of a fluid element (see eqn. 3.22). 185 

6.11 Schematic of atmospheric boundary layer with surface rough-

ness ................................. 188 

6.12 The elapsed time ratio plotted against the particle time scale 

ratio within atmospheric turbulence for different droplet di

ameters: 10, 50 and 150 µm. Solid lines represent the lo

cations where the diffusion rate of the particles exceeds and 

approaches the diffusion rate of a fluid element (see eqn. 3.22). 190 

6.13 The elapsed time ratio plotted against the particle time scale 

ratio for a 10 µm droplet. Solid lines represent the loca-

tions where the diffusion rate of the particles exceeds and ap

proaches the diffusion rate of a fluid element (see eqn. 3.22). . 192 

xix 



6.14 The elapsed time ratio plotted against the particle time scale 

ratio for a 50 µm droplet. Solid lines represent the loca-

tions where the diffusion rate of the particles exceeds and ap

proaches the diffusion rate of a fluid element (see eqn. 3.22). . 193 

6.15 The elapsed time ratio plotted against the particle time scale 

ratio for a 100 µm droplet. Solid lines represent the loca-

tions where the diffusion rate of the particles exceeds and ap

proaches the diffusion rate of a fluid element (see eqn. 3.22). . 194 

6.16 The elapsed time ratio plotted against the particle time scale 

ratio for a 150 µm droplet. Solid lines represent the loca-

tions where the diffusion rate of the particles exceeds and ap

proaches the diffusion rate of a fluid element (see eqn. 3.22). . 195 

B.l The effect of varying droplet diameter on the rate of dis

persion. Parameter values: k = 15m2/s2
, E = 500m2/s3

, 

µ = l.79e - 5Pa · s, p = l.185kg/m2
, Pp = 997kg/m2

, d = ,, 

5, 30, 50, 300, 500µm . . . . . . . . . . . . . . . . . . . . . . . . 225 

B.2 The effect of varying the turbulent kinetic energy on the rate 

of dispersion. Parameter values: d = 50µm, E = 500m2 
/ s3

, 

µ = l.79e - 5Pa · s, p = l.185kg/m2
, Pp = 997kg/m2

, k = 

4.74,15,30m2/s2 
•••••••..••••••..•••••••• 226 

xx 



B.3 The effect of varying turbulent kinetic energy on the rate 

of dispersion. Parameter values: d = 50µm, k = 15m2 
/ 8 2 , 

µ = l.79e - 5Pa · s, p = l.185kg/m2
, Pp = 997kg/m2

, E = 

252, 500, 5000m2 / 8 3 • • • • • • • • • • • • • • • • • • • • • • • • 227 

B. 4 The effect of varying air viscosity on the rate of dispersion. 

Parameter values: d = 50µm, k = 15m2 
/ s2

, E = 500m2 
/ 8

3
, 

p = l.185kg/m2
, Pp = 997kg/m2

, µ = 9.0le - 7, l.79e -

5, l.80e - 4Pa · s . . . . . . . . . . . . . . . . . . . . . . . 228 

B.5 The effect of varying air density on the rate of dispersion. 

Parameter values: d = 50µm, k = 15m2 
/ s2

, E = 500m2 
/ 8 3 , 

µ = 9.0le - 7, l.79e - 5, l.80e - 4Pa · s, Pp= 997kg/m2
, µ = 

9.0le-7, l.79e-5, l.80e-4Pa·s, p = 0.1183, 1.185, 2.353kg/m2 229 

B.6 The effect of varying droplet density on the rate of dispersion. 

Parameter values: d = 50µm, k = 15m2/s2
, E = 500m2

/83 , 

µ = 9.0le - 7, l.79e - 5, l.80e- 4Pa · s, p = l.185kg/m2
, µ = 

9.0le - 7, l.79e - 5, l.80e - 4Pa · s, Pp= 997, 5000, 10000kg/m2 230 

xxi 



Nomenclature 

Roman Letters 

a1 
a0 ,b0 

A1, A2, A3 
A,A1,A2,A3 
C1, C2, C1€, C2€, Cµ, CT 
Cc 
ck 
Ca: 
CDkw 
C,y,z 
d 
D 
D 
do 
Dd 
Fdrag, Fgravity, Fst,drag, Fdiffusion 

F1,F2 
gi 
hr 
J 
k 
K 
kb 

Empirical coefficient 
DQMOM source terms 
Empirical coefficients 
DQMOM matrices 
Model constants 
Cunningham correction factor 
DQM OM diffusion term array 
DQMOM diffusion term 
Empirical coefficient 
DQMOM matrices 
Particle diameter 
Diffusion coefficient 
Diffusion coefficient ratio 
Forest canopy height offset 
Disk diameter of hydraulic nozzle 
Forces acting on the particles 
Blending functions 
Acceleration of gravity 
Forest canopy height 
Particle flux 
Turbulent kinetic energy 
Natural logarithm of inertial constant 
Boltzmann constant 

xxii 



r 
R 
Re 
St 
SMi 

Sii 
sk 
Se 
t 
T 
TL 
TA 
u* 
u' 
u,s 
ui 
Upi 

Ur 
Uwind 

V 
v' 
Vr 
x, 
Xi 

Xp 

y 
y 
Z1 

Zo 

Turbulence mixing length scale 
Lagrangian integral length scale 
Mass of particle 
Number of quadrature levels 
Pressure 
Osmotic pressure 
Production of turbulent kinetic energy 
Liquid flow rate 
Radial position 
Radius of injection area 
Reynolds number 
Stokes number 
Momentum source term component 
Strain tensor 
DQMOM source term array 
DQMOM source term 
Time 
Temperature 
Turbulence mixing time scale 
Lagrangian integral time scale 
Friction velocity 
Turbulence velocity scale 
Free stream velocity 
Velocity component 
Particle velocity component 
Relative velocity 
Wind velocity 
Interface velocity 
Lagrangian turbulence velocity scale 
Terminal velocity 
Position of fluid element 
Position component 
Position of inertial particle 
Wall distance 
Source term array for weights and weighted abscissas. 
Aircraft height 
Forest friction length 

xxiii 



Greek Letters 

a 
(3 
(3', (3*, /31, /32 
'Y 
r 
"'/1, "'/2 
8 
8ij 

E 

rJ 
K, 

A 
A 
µ 
µk 
µt 
V 

Vt 

~ 
~Ct. 

~avg 

p 
p 
PP 
O"k, O"f., O"w, O"w,l, O"w,2 

<;"a 

Tk 

Tp 

Tt; 

<I>m, <I>v 
w 

Wtotal 

Wa 

n 

Quadrature node index 
DQMOM source matrix 
Model constants 
drift ratio 
Molecular diffusion coefficient 
Model constants 
Direc delta function 
Kronecker delta function 
Turbulent eddy dissipation 
Kolmogorov length scale 
Von Karmen constant 
Mean free path of particles 
Normally distributed random number 
Dynamic viscosity 
kth moment of PSD 
Turbulent dynamic viscosity 
Kinematic viscosity 
Turbulent kinematic viscosity 
LES smallest resolved length scale 
Quadrature node abscissa 
Average quadrature node abscissa 
Density 
Mixture density 
Particle density 
Model constants 
Quadrature node weighted abscissa 
Kolmogorov time scale 
Particle time constant 
LES smallest resolved time scale 
Mass and volume loading 
Turbulent eddy frequency 
Total droplet concentration 
Quadrature node weight 
Atomizer rotational speed 

xxiv 



Subscripts 

0 Initial condition 
f Fluid element 
i,j Directional indices 
k Kolmogorov scale 
0 Gas phase 
m Molecular 
p Particle 
r Relative 
t Turbulent 
a,/3 Quadrature node index 
A Integral scale 

XXV 



Chapter 1 

Introduction 

1.1 Liquid Sprays and their Application 

A liquid spray is a dynamic collection of liquid droplets having a range of sizes 

dispersed within a gas carrier phase. A variety of spray nozzle devices may 

be used for the spray formation and atomization process, with the purpose 

of increasing the liquid surface area or distributing material over a particular 

area or both, depending on the application. Since there are many differ

ent industrial spray applications, it is important to know the required spray 

characteristics to properly choose the spray nozzle. Examples of spray appli

cations include fuel injectors, sprays to wash or coat surfaces with adhesives, 

lubricants, cleaners, paints and for cooling. Another important spraying ap

plication is sprinklers used in fire suppression. 
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The current research pertains to agricultural spray applications and in par

ticular, aerial spraying. In this application, herbicide or insecticide is re

leased from aircraft-mounted liquid atomizers into the atmosphere at acer

tain height above a forest or cropland with the purpose of dispersing the 

product amongst the plant foliage or soil. Knowledge and control of the 

spray characteristics (i.e. droplet material and size distribution) and the at

mospheric conditions (i.e. wind speed, humidity, temperature) are crucial 

to ensure effective coverage and minimize off-target drifting of the spray to 

adjacent areas. 

The reason for focusing on one particular spraying application is due to the 

vast range of spray characteristics and conditions associated with all indus

trial spraying applications. In aerial spraying, the carrier phase is air at 

roughly atmospheric pressure and temperature and can have a range of hu

midities and turbulence levels. The aerial spray droplets can range between 

10 and 150 microns in diameter and are generally water-based. 

Between the aircraft and the spray target, the droplets will interact with 

a complex flow field consisting of a large range of turbulent motions from 

the sprayers, the aircraft and the atmosphere. The interaction between the 

spectrum of droplet sizes and the range of turbulent eddies is complicated 

in nature, and the resulting droplet dispersion is difficult to predict. The 

focus of this thesis is to model the dispersion of droplets by turbulence using 
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an Eulerian field method as opposed to particle tracking. The model pro

posed must be able to accurately predict the statistical measures of turbulent 

dispersion within the range of spray characteristics, atmospheric conditions 

and spatial dimensions appropriate to aerial spraying. It must also be com

putationally efficient and compatible with Reynolds Averaged N avier Stokes 

(RANS) and Large Eddy Simulation (LES) formulations of Computational 

Fluid Dynamics (CFD). This Eulerian model will utilize the Direct Quadra

ture Method of Moments (DQMOM) to represent polydisperse sprays in an 

efficient computational manner. 

1.2 Modelling Droplet Transport 

1.2.1 Overview 

Even the simplest of real turbulent multiphase flows are complex in nature. 

The inherently stochastic make-up of the carrier phase turbulence and the 

random distribution of the dispersed phase makes these problems difficult to 

model. However, many 'classification systems have been created to focus on 

certain areas of multiphase flows where appropriate simplifications can be 

used. 

For example, the volume, <I>v, and mass fractions or loading, <I>m, of the dis

persed phase are very important parameters which may be used to determine 
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the level of interaction between phases and to select an appropriate modeling 

technique. When <I>m « 1, the motion of the carrier phase alters the motion 

of the dispersed phase without significant effects on the carrier phase. This 

is considered one-way coupling which reduces the problem's complexity [8]. 

When <I>m rv 0.5, the two-way coupling effects cannot be ignored. When 

<l>v > 10-3
, the particles interact with each other through collisions. This is 

considered four-way coupling (see fig. 1.1) [31], [86]. For <l>v rv 1 the carrier 

phase becomes less important and this is known as the granular flow regime. 

In aerial spraying, droplet mass fractions are large near the sprayer surface 

but do not exceed rv 10-3 at any downstream location [91]; therefore, one

way coupled 'dilute' flows will be the focus of this paper. 

Dilute flows can be further categorized by the Stokes number Stk which is 

defined as the ratio of the particle time constant Tp to the Kolmogorov time 

scale Tk and by the ratio of the particle diameter d to the Kolmogorov length 

scale 'T/, as defined below [7], [86], [31]. 

(1.1) 

(1.2) 

(1.3) 
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In the previous section, the Stokes number, StA, was based on turbulence 

integral time scale. That is, the largest energy-containing turbulent motions 

were used as a reference. Here, the smallest turbulent motions are used, and 

the Stokes number, Stk, is based on the Kolmogorov time scale. The two 

time scales are linked by the Reynolds number, Re, based on the large scale 

flow features. : TA rv Re1!2rk, and so, StA rv Re-1l2Stk. For typical engi

neering flows, the Reynolds numbers are very large ( St A « Stk), and unless 

the turbulent motions are resolved down to the Kolmogorov scale, the Stokes 

limits in the following analysis are very conservative. 

At small Stokes numbers, the particles will have less relative inertia. There

fore, they will follow the gas phase more closely than particles with larger 

Stokes numbers which need more time to relax to the carrier phase velocity. 

Due to this phenomenon, further model simplifications can be made when 

approximating smaller particles' response to fluid motions meaning increased 

computational efficiency. These simplifications lead to 5 classes of compu

tational methods which are each appropriate to a particular range of Stokes 

numbers: Dusty gas, Equilibrium Eulerian, Eulerian-Eulerian, Lagrangian 

tracking, or Fully-resolved. Note that for Large Eddy Simulations (LES), the 

particle time constant and diameter are compared to the smallest resolved 

eddy timescale T(. and length scale ~, respectively ( as shown in fig. 1.1) rather 

than Tk and 'r/ as in the case of DNS. 
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The dusty gas approach was developed by Carrier [15] and Marble [63]. It 

may be employed when the particles are sufficiently small (Stk < 10-3 ) such 

that they can be assumed to perfectly follow the local carrier fluid [ 8]. In this 

approach, conservation equations of mass and momentum may be developed 

for the mixture phase whose local density is dependent on the local solid or 

liquid mass fraction. A particle concentration equation is the only additional 

equation needed to solve dusty gas flow which makes it very simple and com

putationally efficient. 

When the particles are slightly larger (10-3 < Stk < 0.2), the Equilibrium 

Eulerian method may be employed [8]. In this method, the dispersed phase 

and carrier velocities will differ slightly but can be algebraically related. 

Like the Dusty Gas method, additional transport equations for the dispersed 

phase velocity field are not needed. 

When the particles are larger still (0.2 < Stk ;S 1), a full Eulerian-Eulerian 

approach must be employed where the carrier and dispersed phases are each 

given field representation requiring mass and momentum transport equations 

for both phases [22], [29], [37]. The additional equations lead to an increase 

in computing costs but provide certain advantages. Besides having a more 

relaxed restriction on Stokes number, the full two-fluid Eulerian approach 

can handle situations where the equilibrium assumption is violated such as 

when particles are injected normal to a flow or downstream of a shockwave [8]. 
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In these first three approaches, the droplets are given an Eulerian frame 

of reference and are defined by values of velocity and concentration at a 

given position and time [34]. However, in reality multiple droplets may pass 

through the same location with different velocities leading to the need for 

a probabilistic description of the velocity field. Therefore, the Eulerian ap

proach is most relevant when the PDF of the particle velocity cluster nears 

a single value [34]. However, if the governing Eulerian equations are derived 

consistently using the PDF approach, it is possible to handle polydispersity 

by including particle size as one of the phase space variables ( see the follow

ing chapter) [39], [78]. 

The fourth method is perhaps the most straight forward multiphase com

putational approach: Lagrangian point-particle tracking [31], [66], [83], [58] 

which uses Lagrangian equations of the particle motion to track their posi

tion, mass and momentum. Advantages of the Lagrangian approach is that 

there is no limitation of Stokes number and poly dispersed particle distribu

tions are easily handled since each particle is independent. This method is 

most convenient when the number of droplets is small; although, this is rarely 

the case in practice. Instead to economize, particle packets ( each contain

ing a large number of droplets with identical diameters) are tracked through 

the domain. The two-way coupling effects of the particles are adjusted to 

represent the entire spray cloud [34], [35], [92] and distributed over the local 
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control volume. 

The dusty gas, equilibrium Eulerian, Eulerian and Lagrangian methods either 

implicitly or explicitly make a point-particle approximation thus restricting 

particle sizes to less than the Kolmogorov scale ( or smallest resolved eddy 

when LES is employed). This approximation is clear with the Lagrangian 

approach; however, the Eulerian approaches indirectly make this approxima

tion by using force and heat-transfer laws based on the assumption that the 

particles are much smaller than the flow scales. For particles on the order of 

the flow scales, the fully resolved approach is more appropriate. Here, the 

flow scales introduced by the particles and surrounding fluid would also be 

resolved making this method very computationally demanding. Today's com

puting resources make this approach unreasonable for any typical engineering 

problem; however, studies have been performed on up to 1000 particles in 

turbulent flow [57], [61], [74], [16], [106]. 

When tackling a turbulent multifluid engineering problem, the appropriate 

method should be chosen. Increased accuracy of an approach often means an 

increase in computing cost and is therefore only desirable when needed. In 

aerial pesticide spraying, virtually all droplets will maintain Stokes numbers 

less than 0.2. For example, during strong crosswinds ( l"',J 6 m/ s) at release 

heights (l"',J 40 m), atmospheric turbulence length (Lr l"',J 15 m) and veloc

ity ( u' l"',J l. 7 m/ s) scales ensure a Stokes number Stk ;S 0.2 for all droplet 
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sizes found in typical aerial sprays. In fact, the Stokes number will remain 

less than 0.2 as the droplets descend for diameters less than 120 µm (upper 

limit for aerial sprays) if the following ratio is maintained: L:}2 /u' 3
/

2 ~ 1.8. 

For this reason, the Equilibrium Eulerian method will be used to compute 

droplet velocities in this study. The following sections explain the transport 

of particles through a turbulent flow field. 

1.2.2 Passive Scalar Transport 

Turbulent motions of a fluid have the ability to greatly increase the diffusion 

of scalar quantities such as heat, humidity and particles with inertia which do 

not necessarily follow the turbulent velocity fluctuations identically. Prop

erly predicting the turbulent dispersion of particle-laden flows is crucial for 

spray applications. 

Even the turbulent diffusion of a passive scalar quantity ( without inertia) is a 

complicated, random, time-dependent process. The probability density func

tion describing a particle's Lagrangian position can be treated as an Eulerian 

field variable for homogeneous turbulence [49] with a diffusion coefficient, Dt, 

given by: 

l dx2 

Dt = _--1!. 
2 dt 

10 
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where, x~, is the variance of the particle trajectory. The first theory on 

continuous turbulent diffusion of passive particles in isotropic turbulence 

was derived by Taylor [101] in a frame of reference attached to the parti

cle (Lagrangian frame). Corrsin [21] further developed the analysis of par

ticle motion in the Lagrangian frame to include non-isotropic, homogeneous 

turbulence. However, measurements in the Lagrangian frame are not easily 

achieved by most stationary laboratory equipment which measure particles 

from a fixed (Eulerian) laboratory frame. In practice, the measured Eulerian 

statistics often must be equated to the Lagrangian quantities required for 

the theories. Early examples of theories relating Eulerian and Lagrangian 

statistics include the work of Corrsin [85] who expressed the Lagrangian ve

locity autocorrelation of fluid elements in terms of the two-point two-time 

correlation of Eulerian velocities, and Lumley [54] who was able to equate 

the single-point moments of the Lagrangian and Eulerian probability density 

functions (PDF). 

At small diffusion times, t, compared to the Lagrangian integral time scale, 

TA, a fluid particle (or passive quantity) will only encounter a small segment 

of one turbulent eddy and travel in a single, random direction ( as illustrated 

in fig. 1.2A). In this limit (t << TA), the mean square particle displacement 

(position variance), x~, grows quadratically with time and is dependent on 

the Eulerian turbulent velocity scale, u' [49], [42]: 

11 



x2 = u'2t2 p (1.5) 

The diffusion coefficient in this short-time limit, Dt = u'2t, depends on time. 

At large times, t, compared to the Lagrangian turbulence time scale, TA, 

( t » TA), a passive quantity will encounter a large number of turbulent eddies 

(as illustrated in fig. 1.2B). In this situation, Hinze [49] and Fuchs [42] show 

that the mean square particle displacement, x~, becomes a linear function 

of time and depends on the Lagrangian turbulence velocity scale, v', and its 

integral time scale, TA. 

(1.6) 

In the long-time limit, the diffusion coefficient, Dt = v'2TA, is independent 

of time. 

At intermediate times (t rv TA), x~ presumably varies between eqns 1.5 

and 1.6, but exact details of x~ at intermediate times depends on the La

grangian velocity autocorrelation function which must be acquired from ex

periments [88] or computed in DNS [113]. Each of the studies identified is for 

homogeneous turbulence, and the results suggest that an exponential transi

tion rv et/TA between variance limits gives a reasonable approximation [11]. 
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(A) 

0 

(B) 

Figure 1.2: A fluid particle travelling through an isotropic , homogeneous 

turbulence field. (A) Small time limit , t « TA. (B) Large time limit , t » TA. 
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1.2.3 Inertial Particle Transport 

The theories for transport in isotropic turbulence by Taylor [101] and exten

sions to homogeneous turbulence by Batchelor [10] and Corrsin [20] are only 

applicable to neutrally buoyant small particles. The dispersion of particles 

heavier than the carrier phase is more complicated because their paths do 

not coincide with the fluid streamlines. Tchen [102] offered the first theoret

ical attempt to address this problem by linearizing the equation of motion 

of a sphere in turbulent flow to obtain the relationship between the turbu

lent diffusivities of heavy particles to that of the surrounding fluid elements. 

However, Tchen made restrictive assumptions when solving the equation of 

motion making the results rather limited for engineering applications [58]. 

The equation of motion for heavy particles was further studied by Lum

ley [62] who concluded that the problem was best addressed probabilistically. 

The governing equation of particle motion can be simplified for many en

gineering applications involving small 'heavy' particles under the following 

circumstances: 1) the particle density is much greater than the carrier fluid 

making the drag force the dominant term in the particle equation of mo

tion, 2) the particle is small compared to the Kolmogorov turbulence scale 

making the relative motion seen by the particle essentially uniform, and 3) 

the particles are in the Stokes law regime making drag linear with respect to 

relative velocity. Using these assumptions, the equation of motion for many 

engineering pro bl ems thus reduces to an inertial term, a linear drag term and 
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a body force ( typically gravity). 

Over the past 40 years, there have been many attempts at quantifying the 

effects of particle inertia and drift ( due to a body force) on turbulent dis

persion using experimental, analytical and computational methods. When 

quantifying inertial particle diffusion, it is helpful to define a diffusion ratio, 

D, of the particle diffusion rate, Dp, to the diffusion rate, D1, of a fluid 

element ( or passive scalar). 

(1. 7) 

The effects of inertia on particle diffusion in steady, homogeneous, isotropic 

turbulence can be classified by 4 key features: 1) Stokes number effects, 2) 

inertia limit behaviour, 3) crossing trajectories effects, and 4) continuity ef

fects. The first 2 features are direct effects of particle inertia, and the latter 

2 are indirectly caused by gravity. 

The first feature is the effect of Stokes number, StA, which is sometimes 

defined as the ratio of the particle time constant, Tp, to the local turbulent 

integral time scale, TA: 

(1.8) 

where, 
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d2p 
(1.9) T. - p 

P - 18µ¢ (Rep) 

and, 

Rep= 
plURld (1.10) 

µ 

where Pp is the particle density, dis the particle diameter, µ is the dynamic 

viscosity of the gas phase and ¢(Rep) = 1 + 0.15Re~·687 is the general Stokes 

correction function to account for nonlinear drag at larger particle Reynolds 

numbers ( Rep > 1). The particle Reynolds number is based on the local 

relative velocity, UR, between the particle and carrier phase. 

Stokes number is important because it dictates how readily a particle can 

follow the turbulent fluctuations in a flow field. For small Stokes numbers 

(StA « 1), the particle acts similar to a passive scalar and the diffusivity 

ratio approaches unity (D -+ 1). At large Stokes numbers ((StA » 1), the 

particle no longer responds to the turbulent fluctuations yielding small dif

fusion rates (D rv 0). At intermediate Stokes numbers, the diffusion rate 

may be bounded by these extremes, although exact quantification has been 

the subject of much debate. The difficulty arises from the dependence of the 

particle diffusivity on the mean square velocity and velocity autocorrelation. 

The mean square fluctuations decrease with increasing inertia, but the mem

ory of the previous velocity is increased and so too is the integral scale. 
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The second feature is the inertia-limit behaviour which pertains to particles 

with very large response times (StA » 1) in the absence of gravity. In this 

situation, the long-time limit (t » TA) of particle diffusion is finite (non-zero) 

for isotropic homogeneous turbulence [82], [100]. In this limit, D is propor

tional to the ratio of the Lagrangian to the moving-Eulerian integral time 

scales (TA/TA,mE). However, this ratio has been an active area of research 

having many conflicting results [59], [111], [60], [89]. 

The third inertial feature is the crossing trajectory effect which was intro

duced by Yudine [114] and Csanady [24]. This feature describes the decrease 

in diffusion when a particle maintains a drift velocity relative to the turbulent 

flow field. Most commonly, drift velocities occur due to gravity, and so the 

crossing trajectories effect is generally characterized by the ratio, , = ~, 

of the particle's terminal (drift) velocity in a gravitational field, Vr, to the 

turbulent fluctuating gas phase velocity, u'. Particle diffusion is unaffected 

by gravity for , « 1, but D -+ 0 for , » 1. Similar to the Stokes number 

effect, particle diffusion at intermediate , is still an active topic of research. 

The fourth feature is the continuity effect which arises during particle drift [24]. 

As a particle traverses an eddy with a drift velocity, Vr, the eddy lifetime 

seen by the particle depends on whether diffusion is considered in the di

rection, or normal to the direction, of drift. This phenomenon results in an 
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anisotropic decrease in particle diffusion. 

Combined, these four inertia features of particle diffusivity make for a compli

cated description that poses several challenges to analytical, computational, 

and experimental studies trying to quantify their effects. The results of these 

studies are described in the following. 

Firstly, there have been many analytical attempts at quantifying particle 

dispersion in turbulent fields. Reeks (82] found that the particle diffusion 

coefficient increased with particle inertia in the absence of drift within a 

homogeneous, isotropic, stationary turbulent field of zero mean. Nir (73] 

came to similar conclusions in a comprehensive study based on the theory 

of Corrsin (85]. Maxey (66] and Fung and Perkins (43] independently exam

ined particle behaviour in turbulent flow fields comprised of random Fourier 

modes. Maxey found the gravitational settling velocity of inertial particles in 

a turbulent flow field was larger than without turbulence. Fung and Perkins 

also found that the diffusivity of heavy particles was greater than fluid par

ticles in the absence of particle drift. 

Due to the large number of uncertainties and factors that influence particle 

dispersion, there have been few attempts to develop a unified quantitative 

turbulent dispersion model. However, Hunt [52] attempted to quantify the 

difference between the displacement, Xp, of an inertial particle and the dis-
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placement, x1, of a massless fluid element in non-isotropic turbulence. Hunt 

showed that the early investigations of Soo [95) and Hinze [55) had falsely 

concluded that Xp = x I by assuming that the Lagrangian autocorrelation of 

fluid velocity at Xp was the same as the Lagrangian velocity correlation at 

x 1. This would only be true if the same fluid elements, starting from the 

same position as the particle, surrounded the particle for its entire trajectory 

which is untrue for even low inertia particles. 

The theory of Hunt was expanded in a more recent paper by Fung [45) who 

used kinematic simulations to find significant variations in the dependence of 

the diffusivity ratio, D, on St A for different kinds of turbulence. Fung used 

his analyitical approach to help explain previous computational, theoretical 

and experimental results considering three simple cases: 1) the dispersion of 

particles in a 'frozen' velocity field in the absence of a body force. 2) particles 

in a time varying velocity field in the absence of a body force. 3) particles in 

the presence of a body force in both a frozen and time-varying velocity field. 

Although a general analytic solution of particle diffusivities can't possibly be 

derived for an arbitrary turbulent velocity field, relationships between par

ticle and fluid diffusivities (Dp and D1) can be quantified in some limiting 

cases. 

In the first case, using frozen turbulence, Fung [45) found that the diffusiv

ity difference between particles and fluid elements increases with 'P at small 
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values of Tp, decreases at larger values of Tp, but always remains positive. 

In real turbulent flows (not frozen), small scale eddies are advected by large 

scale motions, and the eddy velocities vary in time [18], [103], [44]. Note that 

the latter of these is the only effect considered in some well-known models of 

particle turbulent dispersion [12]. In Fung's study, it was found that the ad

vection of smaller eddies by larger eddies tended to increase the particle-fluid 

diffusivity ratio over all Tp, As turbulent eddies change in strength however, 

the resulting effects on particle diffusivity were greatly depended on StA, 

When there is a body force acting on the particle, turbulent motion effects be

come more complicated. At low Tp and high VT, the difference between fluid 

and inertial particle diffusivities may increase proportionally to Vr. How

ever, at higher Tp the particle diffusivity becomes less than that of a fluid 

element. It was shown that the concept of "trajectory crossing" does not 

fully describe diffusion phenomena in a gravitational field, especially when 

the particle terminal velocity is small compared to the turbulence velocity 

scale. This conclusion was also reached by Fung [45], Wang and Stock [110] 

and Spelt and Biesheuvel [96]. 

Although they offer a starting point, caution must be taken with theoretical 

approaches which often rely on over-simplifying assumptions. An alternative 

approach which has become increasingly popular with the advances in com-
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putational power is Direct Numerical Simulation (DNS). This method solves 

the N avier-Stokes equations without having to rely on turbulence modelling. 

The results of DNS may be very accurate and have the ability to extract de

tailed time dependent properties including Lagrangian statistical information 

at any location. Although DNS addresses the previously mentioned short

comings of experimental and theoretical approaches, it is to date limited to 

low Reynolds numbers. Riley and Patterson [83] were the first to investigate 

particle dispersion using DNS. They used a relatively coarse grid to measure 

the particle dispersion, particle energies and velocity autocorrelations of a 

small number of particles in decaying turbulence and concluded that the ve

locity autocorrelation at large times increased with particle inertia. Squires 

and Eaton [98] also used DNS to study particle response to turbulence as 

well as the modification of turbulence by particles. Squires and Eaton [99] 

continued their study of heavy particles by examining the time histories of 

particle energies, relative velocities, particle dispersion, velocity autocorre

lations, and diffusivities using DNS of both decaying and forced isotropic 

turbulence. They found that in the absence of particle drift, particle inertia 

acts to increase the particle diffusivity between 2 and 16 percent which was in 

reasonable agreement with the theoretical studies of Reeks [82] and Nir and 

Pismen [73]. Crowe [23] found similar results but noted that diffusion rates 

peak at Stokes numbers close to unity and then decrease with increasing Tp· 

The particle diffusivity was shown to increase with particle inertia in both 

decaying and isotropic turbulence. In the presence of gravitational drift, the 
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dispersion was shown to decrease unequally in both normal and parallel di

rections agreeing with the predictions of Csanady [24] and the experimental 

results of Wells and Stock [111]. 

A problem with experiments is that they often contain measurement uncer

tainties and have difficulties in isolating the effects of inertia and particle 

drift. Snyder and Lumley [94] directly measured the Lagrangian velocity 

autocorrelations of individual particles in grid-generated turbulence using 

a photographic technique. They showed that the velocity correlations de

creased more quickly for larger particles than smaller ones. However, the 

results from their experiments were likely influenced by gravity effects. Wells 

and Stock [111] performed a similar experiment using an electric field within 

their wind tunnel to cancel or enhance the gravity effects. They found that 

diffusivity was weakly, albeit directly, affected by particle inertia. Loth and 

Stedl [60] concluded similar results, whereas the experiments of Sato and Ya

mamoto [89] concluded the Lagrangian correlation time scales can be as small 

as 30-60% of the Eulerian scales. Due to the wide range of possible experi

mental errors and the difficulty of controlling important parameters, experi

ments also lead to contradictory or counter-intuitive findings. For example, 

the measurements of Calabrese and Middleman [14] showed that inertial par

ticles had larger fluctuating velocities than the carrier fluid within turbulent 

pipe flow. The measurements of Stock [100] concluded that the perpendicu

lar correlation length scale of particles with drift was 50% of the length scale 
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in the direction of drift. This conclusion demonstrates the continuity effect 

and was also reached numerically by Elghobashi and Truesdell [87]. 

In an experimental wind tunnel environment, Bagherpour [5] used Phase 

Doppler Interferometry to measure droplet sizes and velocities in the ax

isymmetric spray plume in the wake of a circular disk. The downstream dis

tributions were used to relate the dispersion of the droplets to the turbulence 

characteristics of the gas phase. The results from his study are explained in 

more detail in Chapter 4 and are compared to full scale computational results 

using the proposed droplet dispersion model in this paper. 

The complexity of turbulent flows leads to several influential effects on par

ticle motions. The interdependence of these effects makes them difficult to 

quantify or to create a unified model of turbulent dispersion of inertial parti

cles. However, it has become clear over the past several decades that inertial 

particles do not disperse at the same rate as fluid elements, and therefore, 

shouldn't be treated as if they did. In the following section, we examine 

existing diffusion models which try to quantify particle diffusion by incorpo

rating the effects of inertia and drift. 
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1.3 Existing Eulerian Diffusion Models 

The time-limit and inertia effects of particle diffusion described in Section 1.2 

can be inherently captured by using a stochastic Lagrangian representation 

of the droplet phase [59]. However, an Eulerian droplet phase representation 

is often desirable for computational efficiency and consistency between phase 

solutions. Using an Eulerian approach requires a diffusion model to capture 

the time-limit and inertia effects and retain the predictive performance of 

Lagrangian techniques. 

A simple approach to model diffusion uses D = 1 [4] assuming that all par

ticles diffuse at the same rate as a passive scalar, which is incorrect for even 

small amounts of inertia. Vaidya [72] suggested the opposite limit, D = 0, 

which would only be appropriate for massive particles (StA » 1) or extreme 

drift (, » 1). 

More advanced models often include certain inertia features but ignore the 

effects of drift. For example, Wu and Liu [3] included the Stokes number 

dependence by using: 

- 1 
D=--

1 +Stx 
(1.11) 

Or, Shirolkar et al. [56] who used: 
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- 1 D=--
l + StA 

(1.12) 

Other diffusion models include the crossing trajectories and continuity effects 

of drift but ignore Stokes number dependencies. For example, Wang and 

Stock [110] developed an anisotropic diffusion model based on the work of 

Reeks [82] which gives the diffusivity ratios, Dii, perpendicular (i = 1, 2) and 

parallel ( i = 3) to the direction of gravity: 

(1.13) 

(1.14) 

Similarly, Loth [59] created an anisotropic diffusion model based on the cross

ing trajectories study of Csanady [24]: 

(1.15) 

where "'/ij = U R/u~uJ is the anisotropic drift parameter based on the local 

relative velocity and fluctuating gas phase velocity, Cc,i = 1 + UR,d IURI, 
and Cn CA and Cµ are empirical coefficients equal to 0.27, 1.6 and 0.09, 

respectively. 

A more complete model by Mols and Oliemans [71] included Stokes number 
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effects ( along with inertia limit behaviour) and crossing trajectories effects 

(ignoring the anisotropy from the continuity effect): 

(1.16) 

where, 

C- - 1 
inert - ,vl + StA (1.17) 

is the inertia contribution, and, 

(1.18) 

is the crossing trajectories contribution. Here, g is the acceleration due to 

gravity and TA and LA are the integral time and length scales of turbulence 

which Mols and Oliemans approximated based on the flow geometry. 

In each of these diffusion models, it is assumed that the long-time (t » TA) 

diffusion limit has been achieved, and the diffusion coefficient no longer de

pends on time. However, most practical engineering two-phase flow problems 

involve diffusion at small and intermediate times where the diffusion rate re

mains time dependent. For example, the elapsed time, t, of aerial spray 

droplets released into the atmosphere remains t < IOTA for distances up to 

200m behind the spray aircraft [91]. 
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Another limitation of the diffusion models described above is the inability to 

predict diffusion peaking which has been shown to occur at Stokes numbers 

close to unity (StA rv 1). However, the computational results of Elghobashi 

and Truedell [87] suggest that this phenomenon only occurs at intermediate 

times and not at long times where these models become more relevant. When 

modeling practical 2-phase engineering problems with an Eulerian droplet 

phase, increased accuracy can be obtained by using a diffusion coefficient 

which incorporates the short- and intermediate-time limit effects. 

1.4 Research Objectives 

The following list outlines the research objectives associated with the current 

dissertation: 

1. A new particle diffusion model is developed which accounts for inertia 

effects and the short- and intermediate-time limits of particle diffusion. 

2. The Direct Quadrature Method of Moments (DQMOM), an Eulerian 

dispersed-phase representation technique, is applied to spray dispersal 

within the fluid characteristic and property range associated with aerial 

spraying. 

3. The new diffusion model is validated against experimental wind tunnel 
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measurements of spray dispersal in the wake of a hydraulic spray nozzle. 

4. The time scales associated with aerial spraying are examined to analyse 

the capability and importance of the new diffusion modelling technique. 

Chapter 2 outlines all of the multifluid modeling techniques used in this 

study. Chapter 3 focuses on the development of a new time-dependent tur

bulent diffusion model. In Chapter 4, the model predictions are compared 

to experimental wind tunnel measurements of droplet dispersion, and the 

comparisons are discussed in Chapter 5. In Chapter 6, the turbulence scales 

associated with aerial spraying are examined based on the computational 

studies of Ryan [84], [91]. Chapter 7 gives some concluding remarks and 

future recommendations relating to the current research. 
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Chapter 2 

Multiphase Fluid Flow 

Modeling 

2.1 Gas Phase Transport 

The airflow in this work is modeled using an Eulerian frame of reference with 

constant properties and is governed by the Reynolds Averaged form of the 

Na vier Stokes equations which conserve mass and momentum in all three 

coordinate directions [108] ( a conservative form of these equations is used in 

support of the finite volume discretization applied in the development of the 

CFD model): 

(2.1) 
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(2.2) 

where Ui and Pare Reynolds averaged velocity and pressure. The two terms 

on the left-hand-side of these equations represent the temporal acceleration 

and convective (spatial acceleration) terms, respectively. The first term on 

the right-hand-side of eqn. 2.2 represents the pressure gradient followed by 

the diffusion of momentum. The third terms represent the Reynolds stresses 

arising from turbulence transport of momentum and lastly momentum source 

terms which could be used to represent drag effects from particles if two-way 

coupling is considered. The Reynolds stresses are modeled using a k-w based 

Shear-Stress-Transport (SST) turbulence model which will be explained in 

the following section. 

2.2 Gas Phase Turbulence 

In this work, the Shear-Stress-Transport (SST) turbulence model is used to 

model the Reynolds stress terms. The SST model is a hybrid method that 

takes advantage of the ability of k - w transport to more accurately model 

the boundary layer separation near walls and the ability of k - E transport 

to model free shear flow dynamics. Blending functions F1 and F2 are used to 
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transition between models [40], [69], [68], [32]. Models based on k - w have 

been shown to give better predictions of the onset and the amount of flow 

separation under adverse pressure gradients. The performance of this model 

has been demonstrated in a large number of validation studies [9]. 

Eqns. 2.3 and 2.4 represent the transport of turbulent kinetic energy, k, and 

turbulent frequency, w: 

a (pw) u a (pw) 
at + i 8xj 

(2.3) 

where (J'k, (J'w,I, (J'w,2 , , 2 , /32 and /3* are model constants defined in Table 2.1. 

The two terms on the left hand side of eqns. 2.3 and 2.4 represent the tempo

ral and spatial acceleration of k and w, respectively. In order, the terms on 

the right hand side of eqn. 2.3 represent the transport of k by diffusion, the 

rate of production of k, and the rate of dissipation of k. In order, the terms 

on the right hand side of eqn. 2.4 represent the transport of w by diffusion, 

the rate of production of w, the rate of dissipation of w and an additional 

cross-diffusion term which arises during the substitution of E = kw into the 
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E equation: 

(2.5) 

where Cµ = 0.09, <7k = 1.00, <7€ = 1.30, 0 1€ = 1.44, and 0 2€ = 1.92 are 

empirical constants. Modifications to optimize the performance of the SST 

model are summarized by Menter et al. [70]. They include revised model 

constants which are summarized in Table 2.1: 

Table 2.1: Model constants for the SST turbulence model [108]. 'C1 ' are from 
the original Wilcox k - w model, and 'C2 ' are the revised model constants 
from Menter's transformed k - E model. 

'C1' 'C2' 

(jk 2.0 (jk 1.0 

<7w 2.0 <7w,1 2.0 

<7w,2 1.17 

"Yl 0.553 "Y2 0.44 

/31 0.075 /32 0.083 

/3* 0.09 /3* 0.09 
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The blending function, F1 , alleviates discontinuities in turbulent viscosity as 

the model transitions between k - w and k - E models through the cross

diffusion term in eqn 2.4. The blending function, F1 , is also used to modify 

the model constants, 'C', based on the model constants, 'C1 ', from the Wilcox 

k-w model and the model constants, 'C2', from Menter's transformed k- E 

model. 

(2.6) 

The blending function F1 is computed using the local turbulence levels ( k 

and w) and distance from the wall, y. 

F1 = tanh (argf) (2.7) 

where, 

. ( ( v'k 50011) 4pk ) arg1 = min max -
13

, , - 2 - , CD 2 wy y W kwaw2Y 
(2.8) 

and, 

( 
1 8k aw -10) 

CDkw = max 2p---a -a , 1.0 x 10 
aw2W Xj Xj 

(2.9) 

Note that F1 equals one at the wall, tends to zero in the far field and is 

designed to produce a smooth transition at approximately half the boundary 

layer thickness. 
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Another feature of the SST model is the limited turbulent viscosity which 

gives improved performance in flows with adverse pressure gradients and 

wake regions. µt limiting is controlled by F2 : 

where, 

and, 

a1pk 
µt=-----

max (a 1w, SF2) 

F2 = tanh (arg~) 

(
2v'k 500v) arg2 = max -
13

, , -
2 

-
wy y w 

where a1 is another model constant. 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

Turbulent kinetic energy production is also limited to prevent the build-up 

of turbulence in stagnation regions [108]. 

Rk = min (10{3*pkw 2µtS- · · S· · - ~pk aui 8. ·) 
' 1,J 1,J 3 ax · 1,J 

J 

(2.14) 

Accurate modeling of the gas phase turbulence is essential for estimating 
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the turbulent dispersion of droplets. The models used to predict the droplet 

phase motions are described in the following sections. 

2.3 Droplet Phase Velocity Modeling 

As mentioned in Chapter 1, the Equilibrium Eulerian model is used to com

pute the droplet phase velocities algebraically based on the gas phase motion. 

The motion of a spherical particle is given in a Lagrangian frame of reference, 

under the influence of Stokes drag and gravity for each direction, i = 1, 2, 3. 

dUpi 
dt 

dxpi _ ~. 
dt - pi 

1 
- - (Fdrag,i + Fgravity,i) 

mp 

- ~P ( 3w (U; (xp, t) - Upi) µd + id3 (pp - p) g;) 
1 

- (Ui (xp, t) - upi + Tpgi) 
Tp 

(2.15) 

(2.16) 

where Upi and Ui(xp, t) are the particle velocity and the carrier phase velocity 

at the particle position Xp and time t, and 9i is the i-component of the 

acceleration due to gravity. Also, µ and p are the dynamic viscosity and 

density of the gas phase, Pp is the particle density, mp is the particle mass, 

and Tp is the particle time constant. 
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(2.17) 

(2.18) 

It should be reiterated that gravity and Stokes drag are assumed to be the 

only forces acting on the droplets. Although Stokes drag is only appropriate 

when the particle Reynolds number based on relative velocity is significantly 

less than one ( Rep « l), the same derivation can be performed for larger 

droplets using the Schiller Naumann drag correlation [34]. Additional forces 

such as pressure gradient, buoyancy, added mass and Bassett history force 

have been neglected because the density ratio e: is large (roughly rv 1000). 

This assumption has been verified by Armenio and Fiorotto [2]. 

Provided the particle Stokes number is small, the equations of motion ( eqn. 2.15 

and eqn. 2.16) can be formulated as a nonlinear integral equation for Xpi, ex

panded using integration-by-parts, and expressed in an Eulerian frame [66], 

[92], as shown: 

(2.19) 

where ~i is the substantial derivative of the carrier phase fluid element given 

by: 
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DUi _ dUi U dUi - -+ ·-
Dt - dt J dxi 

(2.20) 

Note that eqn. 2.19 is first-order with respect to Tp, and higher-order terms 

( which are computationally demanding) are ignored which has been shown 

to have no effect on the predictive capability of the equilibrium Eulerian ap

proach for small droplets [92]. 

There are two important phenomena which occur in multiphase flows. The 

first phenomenon is known as preferential concentration which occurs be

cause particles tend to migrate towards regions of high vorticity and low 

strain rate [66]. An example of preferential concentration is when droplets 

inside a vortex are forced outwards by inertia. The second phenomenon is 

known as turbophoresis [81] where heavier-than-fluid particles in turbulent 

pipe flows tend to migrate toward the walls whereas lighter-than-fluid parti

cles tend to migrate away from the walls. Many studies on the equilibrium 

Eulerian approach have shown that it accurately predicts preferential con

centration and turbophoresis with first-order accuracy ( 0 ( Tp)) [81 ]. In fact, 

the equilibrium approximation has been tested in a variety of turbulent flows 

giving accurate results provided St ;S 0.2 [34], [35], [92]. 

The Equilibrium Eulerian method is used in this work to compute the dis

persed phase velocity field without the need for additional momentum trans-
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port equations. However, an additional transport equation is needed to com

pute the concentration levels of the dispersed liquid phase. For a monodis

perse spray, one additional concentration equation will suffice, but for poly

disperse sprays, further transport equations are required to track the droplet 

size distribution. Due to the polydisperse nature of aerial sprays, the bal

ance of this discussion focuses on the Direct Quadrature Method of Moments 

(DQM OM). This method allows modeling of a broad droplet size range using 

minimal degrees of freedom, as explained in the following section. 

2.4 Droplet Phase Transport 

The implementation of a Population Balance Equation (PBE) to account for 

conservation of droplet mass in CFD is an important element in the simu

lation of polydisperse multiphase flows. The PBE is a continuity equation 

written in terms of the "internal coordinate(s)" such as particle diameter d 

or particle volume ~ = id3• In other words, it is a conservation equation for 

the particle size distribution (PSD) /(~, x, t) shown in eqn. 2.21. Note that 

the spatial and temporal dependencies are not included explicitly to simplify 

the equation. 

(2.21) 

where D ( ~) is the diffusion coefficient and S{ ( ~) represents all source terms 
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of the liquid phase stemming from nucleation, molecular growth, evaporation, 

aggregation or break up, all of which are common in practical industrial sit

uations (but not necessarily aerial spraying). The mean conditional velocity, 

Upi (~), represents the relationship between the particle velocity and the in

ternal coordinate. This velocity comes directly from the slip approximation 

given by eqn. 2.19 if an Equilibrium Eulerian method is employed. 

Coupling the PBE solution to the CFD solution has been an active area of 

research because of the large computational costs associated with the PSD 

transport equations. Traditional numerical techniques for the coupling such 

as the Monte Carlo method [67] and sectional methods [50] offer generality 

and flexibility in describing the evolution of aerosols but have also proven 

to be quite computationally demanding because their accuracy is directly 

related to the number of discretization sections ( size bins) that are used. 

An alternative approach is the Method of Moments (MOM), introduced by 

Hulburt [51]. This method is based on transporting the moments µk of the 

PSD f ( ~) instead of discrete size bins of the PSD itself. 

(2.22) 

Moment-based models are particularly powerful for situations where the ag

gregate behaviour (i.e. quantities such as total number, mean diameter, area 

39 



and volume density) of the particle distribution is of primary concern rather 

than predicting its exact shape. 

Although the MOM is less computationally expensive, there is a closure 

problem when writing the transport equations of the particle size distribu

tion (PSD) in terms of lower order moments [41]. That is, the moment 

transport equations (including source terms) may only involve functions of 

the moments themselves, and thus MOM is unable to accurately represent 

most realistic flow situations. 

The Quadrature Method of Moments (QMOM) was introduced by McGraw [80] 

to resolve the closure problem. In QMOM, n-point Gaussian quadrature is 

used to approximate the moments of the PSD. 

N 

µk = j f.k I (f.) df. ,;:; L, t.!w,, 
o=l 

(2.23) 

Using quadrature-based closure, the abscissas ( droplet volumes) ~a and weights 

( droplet concentrations) w0 may be entirely specified in terms of lower order 

moments of the PSD. Fig. 2.1 shows a typical particle size distribution f (~) 

along with the corresponding quadrature approximation with N = 3 quadra

ture nodes. The quadrature approximation will have the same moments as 

the underlying PSD but does not explicitly encode the real shape of the PSD. 
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Figure 2.1: Typical PSD with corresponding quadrature approximation (N = 
3). 
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Although QMOM has been shown to be accurate and efficient, it has two 

main limitations: 1) it becomes difficult to treat situations in which the dis

persed phase velocity is strongly dependent on its internal coordinates (e.g., 

droplet diameter) because the transport equations deal with the moments 

of the PSD rather than the weights and abscissa of the PBE's quadrature 

representation. 2) it becomes very complex when dealing with a bi-variate 

PBE (2 independent internal coordinates) [64]. 

To avoid the limitations of the QMOM, an alternative approach was formu

lated by Marchisio [64]: the Direct Quadrature Method of Moments (DQ

MOM). In DQMOM, the quadrature weights w0 and abscissas ~0 (a= 1, 2, 3) 

become the transported variables instead of the moments µk. This method 

retains the computational efficiency of the QMOM and produces adequate 

results in many situations [64], [107], [19], [28], [13], [109], [17], [33], [30], 

[38], [93]. Due to its robustness and increasing popularity in modeling poly

disperse flows, the DQMOM approach is the main focus of this work. The 

following sections discuss the theory and derivation of the DQM OM and 

performance/stability enhancing techniques. 

2.4.1 Direct Quadrature Method of Moments 

Although DQMOM can be used to compute bi-variate ( and even multi

variate) systems, the present work will focus on the mono-variate case for 

simplicity. A mono-variate particle system describes the PBE in terms of 
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one internal coordinate such as particle diameter ( or volume) which is suf

fi.cient when the particles remain spherical. A bi-variate system would use 

two internal coordinates (i.e. particle volume and surface area) which would 

be important in cases where particles change shape. Derivation of the multi

variate DQMOM equations is shown by Marchisio [64]. 

The particle size distribution is represented by a summation of N Dirac delta 

functions ( see fig. 2.1): 

N 

f(~,x,t) = Lw0 (x,t)8[~-~0 (x,t)] (2.24) 
a=l 

where ~a (x, t) and w0 (x, t) are the property vector (abscissa) and weight of 

Dirac delta node, a, respectively. Each delta function can be associated to 

a particular phase in the flow. By using this quadrature approximation, any 

integral expression involving the distribution f (~, x, t) becomes a summation 

and the PBE closure problem becomes trivial. Substituting the quadrature 

approximation ( eqn. 2.24) into the PBE ( eqn. 2.21) the following is obtained 

for each term: 
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Transient term: 

8/ (~) 
at 

Advection term: 

- ! [twa8 (€ - €a)] (2.25) 

-t[ 8
;

0

8(€-€a)-wa
8
Jto'(€-€a)] 

a~i [Upi (M (€)] - a~i [t upiaWa8 (€ - €a)] (2.26) 

-t [ aUV:t" 8 (€ - €a) - Upi 0 Wa 
8!" 8' (€ - €a)] 

Diffusion term: 
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Now, the PBE can be rewritten in terms of the quadrature approximation: 

Note that a new variable known as the weighted abscissa <;0 = w0 ~ 0 was 

introduced which is equal to the product of the quadrature node weight and 

abscissa value. Since the abscissa is the droplet volume, the weighted abscissa 

is actually the volume fraction of the dispersed phase quadrature phase a if 

the flow is incompressible [93]. Also, UPia = Upi (~=~a), Da - D (~=~a), 

and 8' and 8" are the first and second derivatives of the generalized delta 

function, 8 ( ~ - ~a). 

The heart of the DQMOM derivation comes from introducing the following 

terms: aa, b0 , and C0 which will be substituted back into eqn. 2.28: 

(2.29) 
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(2.30) 

(2.31) 

By doing this, we created the DQMOM transport equations (eqns. 2.29 and 

2.30) for the weights Wo: and weighted abscissas (volume fractions) (o:, re

spectively. The terms ao: and bo: become the source terms for the DQM OM 

transport equations of Wo: and (o:, respectively. The diffusion term Co: will 

equal zero for all a in homogeneous systems (i.e. no spatial gradient in the 

PSD) because ea would only depend on time but not position. However, Co: 

is an important term that forces the weights and abscissas to exactly corre

spond to their moments for inhomogeneous systems ( where spatial diffusion 

is important). 

By substituting ao:, ba, and Co: into eqn. 2.28, it reduces to: 

N N N 

L [8 (e - eo:) + 8' (e - eo:) eo:] ao:-L 8' (e - eo:) bo: = L 8" (e - ea) Ca+S{ (e) 
o:=1 o:=1 o:=1 

(2.32) 

which can be used to determine the unknown 'sources' ao: and bo: by applying 

a moment transformation. The integer moments of the PSD are defined 

as (51]: 

46 



(2.33) 

which allow the following substitutions to be made: 

(2.34) 

(2.35) 

(2.36) 

Note that DQMOM can be applied to any independent set of moments (zero-, 

first-, or even fractional-order moments). The moment transform of eqn 2.32 

produces the following system of equations. 

N N 

(1- k) L€!aa + k L€!-1ba =st)+ ck (2.37) 
o=l o=l 

-(N) -
In eqn. 2.37, the moment source terms Sk and Ck are approximated by 

eqns. 2.38 and 2.39, respectively. 

(2.38) 

N 

ck = L (€)!-2 
Ca (2.39) 

o=l 
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In most applications, the accuracy of SkN) controls the accuracy of the DQ

M OM solution. Therefore, the number of quadrature levels N must be set 

large enough to obtain a desired accuracy. It has been shown for systems in

volving aggregation, breakage and growth that N = 3 is sufficiently large to 

maintain accuracy at low computational costs [65]. Using eqns. 2.38 and 2.39, 

the source terms ( a0 and b0 ) of the DQMOM transport equations ( eqns. 2.29 

and 2.30) can be found. To do so, one must solve the 2N x 2N linear system 

( eqn. 2.37) involving the first 2N integer moments. The linear system may 

take the form, Ay = z, as shown below. 

Ay = z or y = A - 1z (2.40) 

where, 

(2.41) 

0 

1 

-~Jv (2.42) 

2 (1 - N) ~;N-l 2 (1 - N) (2tf- 1 
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and, 

and, 

1 

0 

26 

(2N - 1) ~;N-2 (2N - 1) ~Jr-2 

where A 3 and C represent the additional diffusion term. 
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(2.43) 

(2.45) 

(2.46) 



0 

0 

2 

66 

0 

0 

2 

6~N 

2 (2N - 1) (N - 1) ~iN-3 2 (2N - 1) (N - 1) ~;f-3 

and, /3, the source term vector: 

_ -(N) -(N) 

( )

T 

/3 - So · · · S2N-1 

(2.47) 

(2.48) 

In summary, the linear system of equations ( eqn. 2.37) is solved to find the 

source terms, a 1 , ... ,aN and b1 , ... ,bN, for the transport equations (eqns. 2.29 

and 2.30) of w1-wN and <;1-c;N, respectively. Boundary conditions for DQMOM 

require w1 -w N and <;1-c;N to represent the particle size distribution along the 

multifluid inlet. Outlets and wall surfaces are generally treated as zero flux 

boundaries. For outlets, this assumes that the two phase mixture has become 

spatially homogeneous, and for walls, it allows for droplet accumulation if 

the flow is perpendicular to the surface. 

It should be noted that certain procedures must be taken if A is not full rank. 

These situations and correction methods are explained by Marchissio [64]. An 
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additional technique used to improve the solvability of A is described in the 

following section. 

2.4.2 DQMOM Source Term Normalization 

The A matrix ( shown in the previous section) contains terms ranging from 

rv 1 to rv (;Y-1
. These terms become many orders of magnitude apart when 

dealing with small droplet sizes which makes the A matrix difficult to invert. 

In order to increase the invertibility of A, certain preliminary steps are taken 

to normalize the droplet sizes and weights, as shown in eqns. 2.49 and 2.50. 

~a-normalized = ~o. / ~avg . . . for a = 1, .. , N (2.49) 

Wo._normalized = Wa/Wtotal ··· for a= 1, .. , N (2.50) 

where ~avg = L ~0 /N is the average droplet volume of the N quadrature 

nodes, and Wtotal = L w0 is the total droplet weight of the N quadrature 

nodes. Note that Wtotal is equal to the zeroth moment of the PSD which 

is the particle concentration. This procedure increases the invertibility of 

the matrix A making it more computationally friendly, but it will produce 

DQMOM source terms ( a0 and b0 ) based on normalized values of ~o. and w0 • 

Therefore, the source terms must be readjusted before they are used to solve 

the DQMOM transport equations (eqns 2.29 and 2.30). Eqn. 2.51 shows the 
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system of equations ( eqn. 2.37) rewritten using the normalizations in order 

to demonstrate how the source terms must be readjusted. 

(2.51) 

Here we see that normalizing the droplet volumes and weights results in a 

division of each term by a unique combination of ~avg and Wtotal. In order 

to restore the original system of equations, the terms a0 and b0 must be 

readjusted by a factor of (;:-v~Wtotal and f:;v~Wtotal, respectively. Additional 

moment source terms s(,;) coming from droplet growth, evaporation, phase 

space diffusion, nucleation, or breakup must be examined separately under 

the same procedure. 

2.4.3 Slip Velocity Simplification 

This section describes two techniques used to simplify and harmonize the DQ

MOM transport equations with momentum and turbulence transport equa

tions described in previous sections. The following equation represents a 

generic version of the DQMOM transport equations shown in eqns 2.29 and 

2.30 where ¢0 represents either volume fraction c:;0 or weight w0 and Yo: rep

resents the appropriate DQM OM source term. 
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(2.52) 

The combined density (p) term was added to each term in these transport 

equations in order to make them consistent with the gas phase transport 

equations. The combined density is assumed to be constant (incompressible) 

and equal to the gas phase density due to low liquid volume fractions as 

shown in eqn. 2.53. If this assumption changes, eqns. 2.29 and 2.30 will have 

to be revisited. 

N 

P = <;oPo + L c;iPi ~ Po (2.53) 
i=l 

where <;0 is the carrier phase and c;i is the ith droplet phase volume fraction, 

respectively. As mentioned, UPia is the velocity of the dispersed phase a 

which comes from the equilibrium approximation ( explained in Section 2.3) 

It should be noted that each quadrature node a has its own slip velocity, 

UPia - Ui, due to its unique size ~a, and so the PSD at each position will 

contain N = 3 degrees of slip. 

For further consistency with the gas phase equations, the advection term 

must contain the bulk mass flux (pu). Therefore, it is necessary to relate the 

droplet velocity of node a to the bulk fluid velocity: 
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N 

UPa = u + ~oUro + E ~.Bur.fl 
,8=1,,8=/;a 

(2.54) 

where Uro is the relative velocity of the droplet phase a with the carrier 

phase and Ur.fl is the relative velocity of the droplet phase a with the ad

ditional N - l droplet phases, respectively. It should be noted the carrier 

phase volume fraction is related to the droplet volume fractions through the 

following equation. 

(2.55) 

Therefore, 

N N 

UPa = u + Uro - E ~.BUro + E ~.Bur.fl (2.56) 
.B=l ,8=1,,8=/;a 

Eqn. 2.52 can be rewritten in order to include the velocity substitution [93]. 

(2.57) 

- PYa - div (pUro<Pa) + div (tp<;r,V,o<Pc,) - div ( t fi<;r,V,r,</>a) 
~1 ~1~~ 

Note that the convection term on the left side now uses the mixture /bulk 

velocity and all of the relative velocity terms are moved to the right hand 

side and treated like source terms. Since the volume fraction of the droplets 
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is assumed to be very small c;13 < < l the first relative velocity source term is 

much larger than the last two which can both be ignored for simplicity. 

opi" + div (pU </>a) - div ( D 0 grad (P</>a)) = P'Ya - div (pV ro</>a) ( 2. 58) 

The relative velocity source term is calculated explicitly and approximated 

using the gradient at the previous time step. 

2.4.4 Existing DQMOM Diffusion Models 

Over the past decade, there have been several studies performed in which the 

Direct Quadrature Method of Moments was used to solve practical problems 

involving particle diffusion processes. However, the treatment of dispersed 

phase diffusion, and particularly turbulent dispersion, in these studies has 

been poor. Certain studies have completely ignored dispersion ( [33], [30], 

[38], [93], [13]), others have included dispersion but have failed to mention 

the dispersion models used ( [19], [28], [109]), and others have used over

simplified dispersion models ( [107], [17]). 

Fan [33] uses DQMOM to simulate particle aggregation and breakage of a 

polydisperse solid phase in a fluidized-bed reactor. Dutta [30] applied the 

DQMOM to improve simulations of an industrial-scale Fluid Catalytic Crack-
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ing riser. A bivariate DQMOM approach was used by Fox [38] to model 

simultaneous coagulation and sintering of particle populations. Silva [93] 

implemented the DQMOM into the open-source OpenFOAM code and com

pared results of a backward facing step simulation to the original OpenFOAM 

two-phase flow solver. Buffo [13] used DQMOM to simulate the multidimen

sional PBE of turbulent gas-liquid systems in stirred tank reactors. However, 

neither of these studies ( [33], [30], [38], [93], [13]) included the effects of 

diffusion and therefore were unable to properly deal with transport due to 

gradients in particle concentration or size. 

Chittipotula [19] uses DQMOM to solve the monovariate PBEs and model 

the evolution of soot particles accounting for nucleation, surface growth, ag

gregation, oxidation and diffiusion. Donde [28] uses a combination of LES 

and DQMOM to model supersonic combustion. Donde also formulates a 

Semi-discrete Quadrature Method of Moments (SeQMOM) and compares 

the results against DQMOM. Walter [109] uses the DQMOM and the Inter

action by Exchange with the Mean micromixing model (DQMOM-IEM) in 

combination with LES to study the turbulent reacting mixing of liquids in a 

coaxial jet mixer. Although each of the models ( [19], [28], [109]) includes the 

effects of particle diffusion, neither explained how they chose their particu

lar diffusion coefficient or whether turbulent particle diffusion was considered. 

Upadhyay [107] studies I-dimensional laminar diffusion and gravitational set-
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tling of aerosols using QMOM and DQMOM and compares the results to 

analytical solutions. Upadhyay shows that the molecular diffusion coefficient 

D is dependent on the particle diameter d and is given by: 

D(d) = kbT 
31rµd 

(2.59) 

where kb is the Boltzmann constant, Tis the temperature, andµ is the dy

namic viscosity. This equation represents the molecular diffusion of particles 

due to Brownian motion, but ignores any correction factor for when the par

ticle size approaches the mean free path length of the gas. U padhyay [107] 

does not include the effects of turbulent dispersion which are much more 

significant in practical applications. 

Chan [17] uses the DQMOM in combination with LES to study the ex

haust formation and evolution in the wake of a ground vehicle. Like Upad

hyay [107], Chan [17] also includes molecular diffusion based on Brownian 

motion. However, he includes an additional term to model turbulent disper

sion which is obtained by multiplying the molecular diffusion coefficient by 

the ratio of turbulent viscosity µt to dynamic viscosityµ. 

(2.60) 

And, 
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(2.61) 

where Cc is the Cunningham correction factor to account for the effects as 

the particle size approaches the fluid mean free path. It should be noted 

that this method of modelling turbulent dispersion lacks any physical basis 

because the physical mechanisms of turbulent dispersion are unrelated to 

Brownian motion and are strongly dependent on position. 

In many industrial applications, including aerial spraying, the turbulent dis

persion of particles is the primary mode of transport and therefore must be 

modeled accurately. After reviewing the latest turbulent multifluid studies 

employing DQMOM, it has become evident that there is a need for an im

proved method to model particle diffusion which incorporates the inertial and 

temporal features described in Chapter 1. The development of a new turbu

lent diffusion model that will be appropriate for, but not limited to, the range 

of fluid properties associated with aerial spraying is discussed in Chapter 3. 

The model is integrated with the EXN / Aero (Envenio Inc., Fredericton, NB) 

CFD program which uses the computing platform and algorithm described 

in the following chapter. 
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2.5 Computational Methodology 

2.5.1 Computing Platform 

The multifluid DQMOM simulations were performed using the EXN/ Aero 

CFD program which is capable of solving unsteady problems with complex 

multiphysics and geometries. It can handle structured, unstructured and 

hybrid meshes with mixed, single and double precision; although the mesh 

used in the current study is strictly structured due to its simple geometry. 

EXN / Aero is designed for high performance computing (HPC) by taking full 

advantage of new hybrid multicore-manycore computing architectures [46]. 

Exn/ Aero is an object oriented code design using Fortran 2003 features and 

employs a combination of OpenMP and manycore programming models such 

as CUDA. The code applies a sophisticated Cell Based Mapping Module 

(CBMM) to detect available computing resources and load balance the ap

plication tasks amongst the CPUs and GPUs, as shown in fig. 2.2. 

In general, the domain interface calculations are handled by the CPUs and 

the domain cell calculations are handle by the CPUs and GPUs when avail

able (see fig. 4.8 for cell and interface identification). The GPU executed 

tasks use the CUDA parallel programming model to transfer data and per

form tasks [46]. For further increases in performance, EXN / Aero takes ad

vantage of multigrid acceleration using the additive correction methodol-
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Figure 2.2: EXN/ Aero organization using the Cell Based Mapping Mod
ule [46]. 
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ogy (53]. An overview of the computing algorithm used by EXN/ Aero is 

given in the following section. 

2.5.2 Solution Algorithm 

A complete description of the discretization and solution equations used by 

EXN / Aero would be lengthy and beyond the scope of this dissertation. In

stead, a brief overview of the solver's algorithm is described and related to 

the theory introduced in previous chapters. First, it should be noted that 

EXN / Aero solves implicitly in time and employs the Rhie-Chow method (36] 

to enable a collocated primitive variable solution (46]. Fig. 2.3 shows the 

computational algorithm. 

In step 1, the Navier-Stokes equations are solved in their Reynolds-Averaged 

(SST) form, as described in Section 2.1. It should be noted that each dis

cretized equation uses the upwind biased TVD (Van Leer) scheme [25] and 

the second order backwards Euler scheme (36] for second order advection 

and transient behaviour, respectively. Pressure-velocity coupling is achieved 

using the SIMPLE approach [108] to correct the pressures and velocities in 

steps 2 and 3. The SST turbulence values are solved in step 4 using the dis

cretized k-w equations shown in Section 2.2. The following steps are taken 

to solve the DQMOM equations in step 5: 

61 



I Start time step I 
Initial values 

I Step 1 : Solve discretized momentl.m equa1ions I 
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Figure 2.3: Overall Solution Algorithm. 
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a) The velocity of each droplet phase is computed (based on the equilibrium 

approximation explained in Section 2.3). 

b) The diffusion coefficient, D, is computed (as described in Chapter 3). 

c) The DQMOM source terms a0 and b0 are computed by solving the system 

of equations given by eqn 2.37. 

d) The DQMOM transport equations are solved for volume fractions c;;-0 and 

weights w0 ( eqns. 2.29 and 2.30). 

e) The droplet volumes ~a and diameters d0 are computed from the volume 

fractions and weights. 

The diffusion coefficient, which is computed in step 5b, contains molecular 

and turbulent contributions and is described in the following chapter. In 

step 6, any remaining transported variables are solved (i.e. energy) if they 

are important to the particular simulation. At desired time step intervals, 

the solution variables are printed in a CGNS standard file format which can 

be easily viewed/processed in various open source software such as Paraview 

(Kitware Inc., Clifton Park, NY). 
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Chapter 3 

Diffusion Modeling 

The diffusion coefficient D of particles (introduced in the previous chapter) 

can be split into two parts: molecular diffusion and turbulent diffusion. 

(3.1) 

In general, the turbulent diffusion coefficient is several orders of magnitude 

larger than the molecular diffusion coefficient for practical aerosol applica

tions, including aerial spraying. In the current model, the molecular dif

fusion coefficient is derived from well-established Brownian motion theory 

( described in Section 3.1). However, a model for turbulent diffusion is de

veloped using a parametric Lagrangian tracking study combined with k - w 

RANS simulations, as described in Section 3.2. 
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3.1 Molecular Diffusion 

The molecular diffusion coefficient Dm is approximated using Brownian mo

tion theory which describes the random drifting of particles suspended in a 

fluid. Fig. 3.1 shows an arbitrary gradient in particle concentration Ne. 

-- --
-
••• -

e 

e 
e --- - --_.. ... 

dx 

Figure 3.1: Gradient in Particle Concentration. 

Fick's Law states that the particle flux, J, across the interface is proportional 

to the concentration gradient, ~' by some diffusion coefficient, Dm. 

]= -Dm dNc 
dx 

(3.2) 

It is assumed that the energy of the particles is equal to the energy of the 

gas phase molecules ( = ~kbT), and so the osmotic pressure, p0 , on each side 

of the interface is given by the following equation. 
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(3.3) 

where kb is the Boltzmann constant (= l.23e - 23 J/K for air), T is the 

temperature, and Ne is the particle concentration on each respective side. 

Thus, the force Fdif fusion wanting to push the interface from high to low 

concentration is given by: 

(3.4) 

The force Fst,drag opposing the motion of the interface comes from Stokes 

drag of the particles. 

31rµVd 
F St,drag = Cc (3.5) 

where V is the velocity of the interface, Cc is the Cunningham correction 

factor ( defined below) which is used to account for noncontinuum effects 

when calculating the drag on small particles, and dis the particle diameter. 

(3.6) 

where,\ is the mean free path of the particles and A1 , A2 and A3 are empir

ical coefficients equal to 1.257, 0.400 and 0.55, respectively by Davies [26]. 

By equating the pushing force (eqn. 3.4) with the opposing force (eqn. 3.5) 

66 



and rearranging, we obtain the following equation. 

(3.7) 

Which by the definition of Fick's Law, defines the molecular diffusion coeffi

cient as: 

(3.8) 

As mentioned above, molecular diffusion of particles is generally negligible 

compared to turbulent diffusion which will be explored in the following sec

tion. 

3.2 Turbulent Diffusion 

The development of a turbulent diffusion coefficient for use in the present DQ

M OM study was based on the stochastic approach of Lagrangian tracking 

through a RANS-computed velocity field. Lagrangian tracking [48] has been 

shown to closely match experimental results of droplet dispersion within the 

physical property range of aerial spraying [84] and is able to capture history 

effects, Stokes number and crossing trajectories effects described in Chap

ter 1. 
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Fig. 3.2 shows the computational domain which represents one quarter of the 

full fluid domain with axisymmetry about the x1 axis. The domain's coordi

nate origin is located at the center of the injection region with x1 extending 

downstream, x2 extending horizontally and x3 extending vertically (positive 

up). At each downstream ( x1 ) location, a radial position, r is defined by: 

r = Jx~ + x~. The domain extends a length, 80R, in x1 and has a lOR by 

lOR cross section. 

In the center of the inlet, there was a circular disk injection region of radius, 

R, where droplets were injected. The inlet was given a constant and uniform 

gas phase velocity, U, turbulent kinetic energy, k, and turbulent dissipation, 

E. The outlet was kept at a constant pressure, and the outer boundaries were 

modeled as free slip surfaces. The gas phase was modeled in an Eulerian 

frame and had a constant and uniform velocity, U, and turbulence proper

ties k and E ensuring the turbulent flow field was isotropic and homogeneous. 

A uniform distribution of droplets was injected at random positions over 

the injection region and tracked until they exited the domain either through 

the side walls or exit plane. The motion of the droplets was governed by 

aerodynamic drag, and in this phase of the study, gravity was ignored in 

order to isolate the history effects and inertia effects of turbulent dispersion. 

The equation of motion of the droplets was: 
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walls 

injection region 

Figure 3.2: Computational domain used for diffusion model parametric study. 
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(3.9) 

where mp is the mass of the particle, d~t is the particle acceleration in the 

i-direction and Fdrag,i is the drag force given by: 

(3.10) 

where pis the air density, A is the projected area of the particle, Ui and Upi are 

the gas phase and particle velocities at the particle location and CD is the par

ticle's drag coefficient based on the Schiller-Naumann drag model [90]. This 

model equates to Stokes drag at small particle Reynolds numbers ( Rep « l) 

and limits the drag coefficient to 0.44 at larger Rep > 1000. The model 

assumes the droplets are dilute and small enough to be considered spherical 

( a valid assumption within the property range of aerial spraying). 

Turbulent dispersion acts through the interface drag term to transport droplets 

from regions of high to low concentrations [48]. The fluctuating velocity com

ponents are obtained from the turbulent kinetic energy: 

I - (2k)0.5 
Ui-Ai 3 (3.11) 

where Ai is a normally distributed random number with zero mean and unit 

variance used to account for the randomness of turbulence. Each component 

of fluid velocity in eqn. 3.10 is computed using the mean velocity component 
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Ui plus the fluctuating component u~ given by eqn. 3.11. A droplet interacts 

with an eddy for a time duration equal to the eddy time scale, TL, or the 

time needed to traverse the characteristic size (mixing length), LT, of the 

eddy which are determined from the following equations: 

k3/2 
Lr= c3/4_ 

µ E 

(3.12) 

(3.13) 

The term, Cµ, is an empirical turbulence constant equal to 0.09, and the 

factor c!14 is the proportionality constant between Lr and the dissipation 

length scale [55]. The direction of each random turbulent motion in this 

model is not correlated with the direction of the previous motion. In this 

situation, Taylor [101] shows that the long-time diffusion limit of a fluid ele

ment (without inertia) equals 0.5u' Lr. This is different from actual turbulent 

transport where each small displacement, dxp, of a particle traveling around 

an eddy is correlated with its previous displacement, and the long-time diffu

sion limit equals u' LA, Therefore, this model assumes that the characteristic 

length scale, LT, is twice the integral length scale of turbulence, LA, for con

sistency in long-time diffusion. 

Tracking the billions of droplets that are present in actual sprays is not com

putationally feasible. Therefore, ANSYS CFX injects a smaller number of 
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droplet packets into the domain with each packet representing a random sub

section of the complete droplet size spectrum with a mean diameter, d. This 

method assumes that all droplets in the packet, having the same diameter, 

follow the same flow path. Statistical convergence of the solution is achieved 

by increasing the number of packets released, although this also increases 

computing costs. A similar study showed that 50, 000 droplet packets were 

sufficient to converge the average rate of diffusion in a wind tunnel environ

ment (84]. Fig. 3.3 shows the particle tracks of 100 sample packets ( of a total 

of 50, 000). 
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Figure 3.3: Particle tracks for 100 sample packets. 

The rate at which particles disperse in homogeneous turbulence depends on 
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the particle diameter, d, particle density, Pp, gas phase density, p, and vis

cosity, µ. It also depends on the turbulence scales, Lr, TL and u', which 

are functions of the turbulent kinetic energy, k, and turbulent dissipation, 

€. A full parametric study consisting of 182 different cases was performed in 

order to determine how each of these parameters affects the rate of droplet 

diffusion. The baseline spray parameters for this study were chosen to match 

those of a typical sprayer used in aerial spraying, for example a Micronair 

AU4000 atomizer, and gas phase velocity of aerial spray vehicles. The base

line, minimum and maximum parameter values are shown in Table 3.1. 

Table 3.1: Turbulence and spray droplet property ranges used in parametric 
study of droplet dispersion. 

Minimum Baseline Maximum 

Diameter, d 5µm 50µm lOOOµm 

TKE, k 4.74m2 /s2 15m2/s2 30m2 
/ s2 

Dissipation, € 100m2/s3 500m2 
/ s3 8900m2/s3 

Viscosity, µ 7.61e - 7Pa · s l.79e - 5Pa · s l.84e - 5Pa · s 

Density, p O.lkg/m3 l.185kg/m3 2.35kg/m3 

Density, Pp 100kg/m3 997kg/m3 10000kg/m3 

For each scenario, droplets enter the domain through the injection region with 

a constant and uniform volume fraction, ~, and mass flow rate. The droplets 

are tracked until they exit the domain or until a particle termination control 

limit is met. Termination controls are: a maximum tracking time of 100s, 
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maximum tracking distance of 100m, or maximum number of integration 

steps of 10000 ( the solver performs 10 integration steps per control volume). 

Without turbulent diffusion, the volume fraction, c:;, would persist at radii, 

r ~ R, and be zero at larger radii for all downstream positions (assuming 

molecular diffusion is negligible). However, turbulent diffusion spreads the 

cross-sectional volume fraction profiles as the droplets travel downstream. 

Fig. 3.4 shows the volume fraction profiles for 3 different parametric cases at 

a distance 60R downstream with each case containing an increasing amount 

of turbulent diffusion. The volume fraction is normalized by the inlet vol

ume fraction, <:;inlet, and the radial position is normalized by the diameter, 

2R, of the injection surface. Additional volume fraction profiles shown in 

Appendix B show the effects of varying individual parameters. 
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Figure 3.4: Radial profiles of the dispersed phase volume fraction for 3 dif
ferent cases at 60R downstream. 
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The Eulerian-based DQMOM multifluid method was also used to solve tur

bulent particle diffusion using the same computational domain. A single 

quadrature level was sufficient to represent a mono-disperse distribution of 

spray droplets. For each case, the DQMOM turbulent diffusion coefficient Dt 

was adjusted so that the downstream volume fraction profiles aligned with 

the Lagrangian tracking results ( see fig. 3.4). In order to generalize the ef

fects that each parameter had on the rate of diffusion, dimensional analysis 

was used to reduce the problem to 5 dimensionless terms: 

y'2/3pklf2d 
Ret=----

µ 

~p Pp -p 

p p 

t y'2/3tE 
TL c!f4k 

Tp y'2/3ppd2
E 

-
TL l8C!14µk 

(3.14) 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

The diffusivity ratio, 121., is the ratio of the turbulent diffusion coefficient of 
lit 

the particles to the gas phase turbulent viscosity. It is the inverse of the 

turbulent Schmidt number and defines the relationship between the diffusion 
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of matter and momentum in a turbulent flow field. Ret is the turbulent par

ticle Reynolds number and is the ratio of inertial to viscous effects on the 

particle. Ret ranges between 0.02-208 in this parametric study. 7' is the 

density ratio between the density difference and the gas phase density and 

determines the magnitude and direction that a particle will react to a gas 

phase acceleration. Here, this ratio ranges between 83-9970. The remaining 

two ratios relate the elapsed time, t, and particle time constant, Tp, to the 

characteristic turbulence time scale, TL. In this study, these ratios range be

tween 5-330 and 0.005-817, respectively. The elapsed time ratio is important 

because, according to theory, the diffusion rate only becomes independent of 

time at large diffusion times, t » TL, as described in Chapter 1. The particle 

time constant ratio is a Stokes number, StL, based on the mixing length time 

scale. Since the mixing length, Lr, is a model variable, and not a measur

able quantity such as the integral length scale, LA, the relationship between 

St L and St A is dependent on the particular flow. In the current Lagrangian 

tracking method, Lr = 2LA (explained above), and so StL = 0.5StA. It 

is interesting to note that some of these dimensionless parameters can be 

combined. For example, the Stokes number is often modified to include the 

effects of large particle Reynolds numbers, but StL and Ret are seperated in 

the current study. Also, the ratio of ,J.L and ¥;: gives the ratio of elapsed time 

to the droplet time scale, and studies have shown that long-time diffusion is 

not achieved until the elapsed time is much larger than the turbulent time 

scale and the particle time constant (t » max(TL, Tp)) [59]. 
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As mentioned above, the effects of gravity were not included in the current 

parametric study in order to isolate the time limit and Stokes number effects. 

With gravity, an additional dimensionless parameter, , = ~, becomes im

portant to relate the particle's terminal velocity to the fluctuating turbulent 

velocity. In this study, 1 = 0, and so the crossing trajectories effect which 

acts to anisotropically dampen turbulent diffusion (explained in Chapter 1), 

is not present. 

By analyzing how !2.t was affected by each of the other dimensionless terms, 
Vt 

a relationship was developed for !2.t as a function of Ret, ~, _.1_ and .:.:e...Tr. • The 
Vt p Tp L 

data for all 182 simulations was aggregated as shown in fig. 3.5 including 

best fit lines for each portion of the curve. 
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Figure 3.5: Relationship between the diffusion coefficient and the dimension
less parameters (eqns. 3.14 - 3.18) for all 182 parametric simulations shown 
in fig. 3.4. Time and particle time constant limits are shown for each curve. 
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The curve fits produced the following relationship from the parametric study: 

0. 7 4 + 0.5K1.33 , if ln(K) < -0.8 

-0.271 ln(K) + 0.639, if - 0.8 < ln(K) < 2 

2.80 (ln(K))-4
.
85

, if ln(K) > 2 

where K is the inertial parameter, given by: 

(3.19) 

(3.20) 

where t ~ 100T£. With their larger exponents, it is noted that a change in 

,J.L or fr will have a greater influence on the turbulent diffusion coefficient 

than the other dimensionless terms. An increase in elapsed time ( t t), or a 

decrease in particle mass ( Tp .!-) , indicates a shift to the left on the ~ curve 

(and vice versa). 

When the inertial parameter, K > 7.4 (ln(K) ~ 2), ~ is reduced and be

gins to asymptotically approach zero. This region represents the short-time 

limit of particle diffusion (t « TL) where the diffusion coefficient, Dt = u'2t, 

becomes directly proportional to the elapsed time, t, for a particle without 

inertia [11]. This limit can also be reached if the mass of a particle is very 

large (¥z:- » 1). 
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At intermediate K values, 0.45 ;S K ;S 7.4 (-0.8 ;S ln(K) ;S 2), the diffusion 

rate increases as K decreases. This region of the curve represents intermedi

ate times (t rv TL) and particle time constants ( Tp rv TL) which are common 

in many practical two-phase flows. In this region, an increase in time, or 

a decrease in particle mass, will increase the diffusion rate. An increase in 

particle mass will have the opposite effect. 

For K rv 0.45 (ln(K) rv -0.8), the diffusion ratio, ~' reaches its maximum 

value of 0.86. For K ;S 0.45, the diffusion rate approaches a constant 

value, 121. = 0. 7 4. This region of the curve represents the long-time limit of 
Vt 

diffusion (t » TL), making Dt time independent, and ~ a linear function 

of Tp. This finding is consistent with the analytical work of Fung [45] who 

shows that an inertial particle will always take longer than a fluid element to 

traverse a series of frozen turbulent eddies, no matter the size, direction or 

space between the turbulent fluctuations. As a result, Fung states that the 

difference in diffusivities between a particle and fluid element will increases 

linearly with Tp at large times and small Tp « TL. Squires and Eaton [98] 

confirmed this observation using D NS to show that the particle diffusion 

rate can increase up to 16% from particle inertia in the absence of drift. As 

Tp becomes very small ( Tp ~ 0), the particle becomes massless and should 

diffuse at the same rate as a fluid element. In this limit, K ~ 0, and the 

diffusion ratio, 121., approaches a value of 0. 7 4 which is the expected long-time 
Vt 
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( t >> TL) diffusion rate of a fluid element [11]: 

Dt rv 0.74Vt 
k2 

rv 0.74Cµ-
€ 

rv 0.5u'2TL (3.21) 

The complexity and large number of influencing factors on Dt prove the im

portance of a comprehensive approach to describing the diffusion of inertial 

particles in turbulence. It is clear that a constant diffusion coefficient based 

solely on background turbulence levels or on the assumption of equal particle 

and fluid element diffusion (Dt rv 0.5u'2TL) does not adequately quantify dif

fusion in the Eulerian sense. Fig. 3.6 compares the current diffusion model to 

the existing Eulerian particle turbulent diffusion models described in Chap

ter 1. The comparisons are made for each of the 182 parametric study simu

lations by plotting the diffusion coefficient that would be predicted by each 

of the models based on each particular set of study parameters. Models that 

include gravity drift effects appear as solid data points and others as hollow. 

The diffusion coefficient for each case is normalized by the long-time limit 

diffusion coefficient of a fluid element. 
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Figure 3.6: Comparisons of the current model diffusion coefficient to existing 
Eulerian models. See Chapter 1 for existing model descriptions. 
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The data points for each model appear as scattered data clusters shifted 

relative to the present because they do not consider all the contributing pa

rameters of the inertia parameter, K, when calculating Dp. The diffusion 

models of Wu and Liu [3] and Shirolkar [56] are solely dependant on Stokes 

number and underpredict diffusion for all simulation cases considered. The 

diffusion models of Wang and Stock [110] and Loth [59] only depend on 1· 

Although gravity wasn't present in this parametric study, a terminal veloc

ity based on Stokes drag and a gravitational acceleration of 9.81m/ s2 was 

added to their models for comparison purposes. Without gravitational drift, 

these models would show particle diffusion rates equal to those of a fluid 

element and would appear as horizontal lines at Dp/ D 1 = l. However, using 

an approximated 1 shows that these models over predict diffusion for large 

particles and under predict in the 'diffusion peaking' region. The diffusion 

model of Mols [71] is shown with and without the drift correction factor, 

Ccross, which has little effect for smaller particles but reduces diffusion rates 

as particles become large. Since each model assumes a long-time diffusion 

limit, they are consistent with the current model showing that Dp-+ D1 at 

small Stokes numbers. Furthermore, each model predicts a diffusion coeffi

cient that approaches zero as the particles become large, although the rate 

at which the diffusion coefficient decreases between limits is different for each 

model. Finally, neither of the existing models predict diffusion peaking at 

Stokes numbers close to unity, a phenomenon thought to occur at intermedi

ate diffusion times, as explained in Chapter 1. This is an important aspect 
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of the current diffusion model and will be examined more closely in the fol

lowing. 

Two important locations on the curve in fig. 3.5 should be highlighted. First, 

for K > 0.68 (ln(K) > -0.39), the diffusion ratio, 13;-, is less than 0.74, and 

so the particle rate of diffusion, Dp, will be less than the rate of diffusion, 

D 1, of a fluid element. The second location of interest is where Dp rv DI at 

K < 0.042 (ln(K) > -3.17). In between 0.042 < K < 0.68, Dp > D1. We 

now identify each of these 3 regions on a plane of ,).L and ff by assuming a 

constant density ratio 7" rv 840 (water-air) as: 

0.042 < K < 0.68 

0.042 < ( 7t5 (?r:t
2 

< 0.68 
1/6 ( t ) 7 /12 

(Ret) TL 

13.3 ( Tp) 9/
7 

t 
Re;l1 TL < TL 

< 1552 ( Tp) 9/
7 

Re;l1 TL 
(3.22) 

Fig. 3. 7 plots the inequality shown in eqn. 3.22 on a log-log scale for Reynolds 

numbers, Ret = 8, 16, 95. 
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Figure 3. 7: The elapsed time ratio plotted against the particle time scale 
ratio for different Reynolds numbers, Ret = 8, 16 and 95. 
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If the point ( ¥i, ;L) falls on the lower right (white) side of the curve, the 

particle will diffuse slower than a fluid element which means diffusion would 

be over predicted by the theory of Tchen [102] and current Eulerian com

putational models which assume equal diffusion rates (Dp = D1 ). In the 

central shaded region, the particles diffuse more quickly, and these models 

would under predict the amount of diffusion. In fact, these models will only 

accurately predict diffusion rates if the point (-fr, ;L) falls on the upper left 

(white) portion of the curve; although this diffusion limit is only achievable 

for small particles (Tp « TL) at larger diffusion times (t >> TL). It should be 

remembered that real sprays are polydisperse, and that in practise, a limited 

model using a constant diffusion coefficient will give a range of diffusion er

rors spanning the range of droplet sizes. 

Fig. 3. 7 will be used to analyze the diffusion coefficient for the spray droplets 

within the atmosphere, aircraft and atomizer wakes associated with aerial 

spraying in Chapter 6. But first, this diffusion modeling technique will be 

com pared against Lagrangian tracking for spray dispersal predictions of a 

non-uniform droplet size distribution in isotropic, homogeneous turbulence 

with and without the presence of gravity in the following section. 
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3.3 Dispersion of a Polydisperse PSD in Isotropic, 

Homogeneous Turbulence 

The computational mesh described in Section 3.2 was used to ensure the ca

pability of the DQMOM and diffusion modeling techniques for a non-uniform 

particle size distribution. A modified version of the mesh was also used to test 

the equilibrium and slip approximations by including the effects of gravity. 

With gravity, half of the full domain was needed because the computational 

symmetry in the vertical direction was lost. In each case, an air speed of 

67m/s and a liquid (water) mass flow rate of 0.063kg/s was used (common 

aerial spraying conditions). The water droplets had a log-normal PSD (shown 

in fig. 3.8) and were injected evenly and randomly over the injection region. 
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Figure 3.8: Log-normal PSD of the injected water spray droplets (number 
mean diameter of 37.52µm, standard deviation of 19.9µm and skewness of 
l.68µm). 
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The PSD had a number mean diameter of 37.52µm, a standard deviation of 

19.9µm and a skewness of l.68µm. A quadrature representation of the PSD 

is shown in fig. 3.9. 

3.25e8 

::;-i 
I 
~ L87e8 
a 

6.00e6 

a=l 

a=2 

a=3 

23.6 58.5 137.5 
d[µm] 

Figure 3.9: Quadrature approximation of the log-normal inlet distribution. 

The quadrature approximation shares 6 equivalent fractional moments µ0 - µ 5 

found using eqn. 3.23: 

(3.23) 

The simulations were performed using the Lagrangian tracking approach de-
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scribed in Section 3.2 using 50 000 representative droplet packets and the 

DQMOM approach described in Chapter 2 for the following 3 cases: 1) no 

diffusion or gravity, 2) diffusion without gravity, and 3) diffusion with gravity. 

3.3.1 No Diffusion or Gravity 

Without diffusion or gravity, the inlet distribution remains unaltered as it is 

advected downstream. Fig. 3.10 shows the zeroth moment, µ0 , (total con

centration) along with the number mean diameter, d10 , area mean diameter, 

d20 and volume mean diameter, d30 . These values are plotted against radial 

position which is normalized by the injection nozzle diameter, 2R, at 60R 

downstream. Note that there is a small amount of numerical diffusion present 

in the DQMOM predictions, and the individual Lagrangian data points are 

slightly dependent on the number of droplet packets within each particular 

spatial bin. 
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Figure 3.10: Radial profiles of total concentration (µ0 ), number mean diam
eter (d10 ), area mean diameter (d20 ) and volume mean diameter (d30 ) at 60R 
downstream. No diffusion, no gravity. 
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3.3.2 Turbulent Diffusion 

The next case incorporated the effects of turbulent dispersion in the absence 

of gravity. Fig. 3.11 shows the volume fraction and weights of each quadra

ture node as they are transported downstream. 
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Figure 3.11: Volume fraction (A) and weight (B) contours for each quadra
ture node. Diffusion only. 

The first quadrature node ( a = 1) had the smallest droplet size ( ~a) but 

the largest number of droplets per unit volume (wa). Having the smallest 

droplets, this phase diffused quickest but contributed less to the overall vol-
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ume of droplets. Fig. 3.12 shows µ0 , d10 , d20 and d30 plotted against radial 

position, r, at 60R downstream for the DQMOM and Lagrangian predic

tions. The smaller droplets diffuse outwards at a quicker rate causing the 

mean droplet diameters to increase in the central plume and decrease in the 

outer plume. This phenomenon is captured by both approaches. 
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Figure 3.12: Radial profiles of total concentration (µ0 ), number mean diam
eter (d10), area mean diameter (d20) and volume mean diameter (d30) at 60R 
downstream. Diffusion only. 
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3.3.3 Turbulent Diffusion and Gravity 

The next case incorporated a gravitational field. Fig. 3.13 shows the volume 

fractions and weights of each quadrature node as they are transported down

stream. An exaggerated gravitational force field of 29.4m/ s2 was used in the 

downward direction to amplify its effects. 
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Figure 3.13: Volume fraction (A) and weight (B) contours for each quadra
ture node. With gravity. 

The first quadrature node had smaller droplets and dispersed at a higher 

rate, whereas the third node had larger droplets which fell at a higher rate. 
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Fig. 3.14 shows µ0, d10 , d20 and d30 plotted against vertical position, x3 at 

60R downstream. The gravitational field acts in the negative vertical direc

tion (leftwards on the horizontal axis). 
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Figure 3.14: Vertical profiles of total concentration (µ0 ), number mean di
ameter (d10 ), area mean diameter (d20 ) and volume mean diameter (d30) at 
60R downstream (x2 = 0). With diffusion and gravity. 
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In the DQM OM simulation, the gravitational force acting on the particles 

was included, but the diffusion model did not include the crossing trajecto

ries effect which is inherently captured by the Lagrangian tracking method. 

The scatter in the Lagrangian tracking predictions results from the limited 

number of droplets passing through the downstream plane along the vertical 

axis. // 

It is concluded that the DQMOM approach, combined with the current dif

fusion model, agrees closely with Lagrangian tracking predictions of particle 

dispersion inside isotropic, homogeneous turbulence with and without the 

presence of a gravitational field. In the next chapter, predictions of the 

current diffusion model are compared to full-scale experimental wind tun

nel measurements of droplet dispersion in the anisotropic, non-homogeneous 

wake turbulence behind a hydraulic spray nozzle. These comparisons will 

demonstrate the implications of ignoring the anisotropic, non-homogeneous, 

transient and drift effects of turbulent diffusion during model development, 

and they will be further discussed in Chapter 5. 
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Chapter 4 

Experimental Validation 

4.1 Experimental Test Case 

A study of water droplet dispersion in the wake of a disk by Bagherpour [5] 

was used to evaluate the turbulent diffusion model developed in this work. 

The experimental studies were conducted at the Accuair Wind Tunnel facil

ity in Burpee, New Brunswick using a wind speed of 67m/s and spray droplet 

liquid flow rate, Q, of 3.6L/min. The wind tunnel test section was circular 

with a diameter of lm and length of 5m [6]. The wind tunnel is powered by a 

185kW electric motor allowing it to reach speeds between 11 and 81m/s [6]. 

It has an open jet test section with optical access for visualization and mea

surements. Fig. 4.1 shows a schematic of the wind tunnel. The nozzle was 

placed at the desired distance upstream of the optical port. In the current 

work, the spray was formed by a Spraying System Co. SS8W hollow cone 
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hydraulic nozzle, shown in fig. 4.2. The length and orifice diameter of the 

nozzle are 5.31cm and 0.152cm, respectively. Additional nozzle dimensions 

and flow specifications are shown in Table 4.1. A disk (diameter, Dd = 14cm) 

was mounted upstream of the nozzle in order to produce a turbulent wake 

with known length and time scales. 

Diffuser 
Screen 

Test Section 

Atomizer Mount 

Honeycomb 
and Screens 

Figure 4.1: Accuair wind tunnel schematic [6]. Note the transparent enclo
sure through which measurements are made. 
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Figure 4.2: Spraying System Co. SS8W hollow cone hydraulic nozzle and 
disk ( see Table 4.1 for specifications). 

Table 4.1: Geometry and technical specifications for a Spraying System Co. 
SS8W hollow cone hydraulic nozzle [97]. 

Nozzle type SS8W 

Inlet conn. (in.) 1/4 

Length (in.) 2.092 

Body hex. (in.) 13/16 

Cap hex. (in.) 5/8 

Net weight (oz.) 3.3 

Orifice diameter (in.) 0.060 
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The wind tunnel was equipped with a 3-component Artium Technologies 

Phase Doppler Interferometer (PDI) which was used to obtain all measure

ments reported here. 

Data was gathered at llDd and 20Dd downstream of the hydraulic nozzle. 

Figs. 4.3 and 4.4 show measured radial profiles of axial gas phase velocity 

deficit, !l.U, and fluctuating axial velocity, u', at these downstream locations. 

Error bars are included in the figures to show the uncertainty of the measure

ments. The gas phase measurements were taken using condensation droplets 

which homogeneously seeded the flow with a fine (~ lOµm) mist. The axial 

velocity deficit and fluctuating velocity behind the disk are normalized by 

the free stream velocity, U1s, and the radial position, r, is normalized by 

the disk diameter, Dd. A sixth-order polynomial curve fit of velocity deficit 

and fluctuating velocity are included at llDd downstream and was used as 

an inlet boundary profile for the computations, as explained in the following 

section. 
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Figure 4.3: Experimental measurements of axial gas phase velocity deficit 
at 11 and 20Dd downstream of a SS8W hollow cone hydraulic nozzle.Ufs 

= 67m/ s. Data from Bagherpour [5]. Solid line represents a sixth-order 
polynomial curve fit of the llDd downstream data points. 
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Figure 4.4: Experimental measurements of axial gas phase fluctuating ve
locity at 11 and 20Dd downstream of a SS8W hollow cone hydraulic nozzle. 
U1s = 67m/s. Data from Bagherpour [5]. Solid line represents a sixth-order 
polynomial curve fit of the llDd downstream data points. 
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Fig. 4.5 shows the radial profiles of the droplet concentration (zeroth mo

ment), µ0 , number mean diameter, d10 , area mean diameter, d20 and vol

ume mean diameter, d30 , measured at the downstream locations from the 

disk. Error bars are included to show the uncertainty of the mean droplet 

size measurements, but the uncertainty of the concentration measurements, 

which was reported to be ±25%, is excluded for clarity. Again, sixth-order 

polynomial curve fits of the droplet phase concentration and mean diameter 

profiles at llDd are used as inlet boundary conditions and are included in 

fig. 4.5. 
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Figure 4.5: Experimental PDI measurements of concentration (µ0), arith
metic mean diameter (d10 ), area mean diameter (d20 ) and volume mean di
ameter (d30 ) at 11 and 20Dd downstream of a SS8W hollow cone hydraulic 
nozzle. U1s = 67m/s, Q = 3.6L/min. Data from Bagherpour [5]. Solid line 
represents a sixth-order polynomial curve fit of the llDd downstream data 
points. 
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The EXN / Aero solver algorithm, explained in Chapter 2, is used to compare 

the proposed turbulent diffusion model against experimental wind tunnel 

measurements using the computational domain and boundary conditions de

scribed in the following section. 

4.2 Computational Model and Boundary Con

ditions 

A three-dimensional, full-scale model of the Accuair wind tunnel ( described 

in Section 4.1) was created using Pointwise (ver. 16.04R3, Pointwise, Fort 

Worth, Tx) and is shown in fig 4.6. The model contains a large portion of 

the wind tunnel test section and extends past the actual measuring plane 

for computational simplicity. The domain's coordinate origin is located in 

the radial center of the wind tunnel at the sprayer with x1 extending down

stream, x2 extending horizontally and x3 extending vertically (positive up). 

A radial position, r = Jx~ + x~, is defined at each downstream location, x1 . 
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Figure 4.6: Computational domain with boundary conditions. Note that 
the inlet of the computational domain is located llDd downstream of the 
sprayer. 
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The simulation parameters and boundary conditions were assigned using 

CGNS View (Version 3.0). The wind tunnel walls were modeled as no-slip 

smooth surfaces and the outlet was given a zero-gradient boundary condition 

which assumes that it is sufficiently far downstream that the flow has fully

developed. The inlet plane is located inside the physical test section at 

llDd downstream of the experimental sprayer. Wind tunnel measurements 

of axial velocity U, axial fluctuating velocity u' and particle size distributions 

f ( d), shown in the previous section, were used to create the CFD boundary 

conditions. The axial velocity U is equal to the experimental profile and the 

normal velocity components, V and W, are equated to zero at the inlet. The 

turbulence kinetic energy, k, and turbulent dissipation, E, boundary profiles 

are derived from the measured radial profile of fluctuating axial velocity using 

the following equations: 

k = ~ (u') 2 

2 

C k3/2 
€= __ µ __ _ 

fi/3 Lr 

(4.1) 

(4.2) 

where Cµ is an empirical constant equal to 0.09 [36], and Lr is the turbu

lence mixing length which was approximated based on the measured Eule

rian integral length scales, LA,E, from Bagherpour. Although there is no 

theoretical relationship between the integral and k-E mixing length scales, 

approximations suggest Lr rv ! L A,E [105], [77], and experiments have shown 
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them to be of the same order (27], (49]. In the current study, a mixing length, 

Lr f'.J ! LA,E, gave the best predictions of turbulent viscosity and downstream 

velocity profiles. 

The measured droplet size distributions, f(d), and number fluxes at llDd 

at each radial position were converted into quadrature approximations and 

used as DQMOM boundary values, as displayed in fig 4. 7. In order to do 

this conversion, a 2 step method was applied to the first 6 moments of the 

droplet size distribution, µ0 , µ 1, µ 2 , µ3 , µ4 and µ5 at each location. The 

first step was to construct a 3 x 3 tridiagonal matrix whose diagonal ele

ments { a 1, a2 , a3 } and off-diagonal elements {b1 , b2} were derived from the 

moments using the product-difference (PD) algorithm (4 7]. The second step 

was to diagonalize the tridiagonal matrix by conventional methods to obtain 

the three abscissas ~a and three weights w0 • These steps are explained in 

more detail in Appendix A. 
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Figure 4. 7: Particle size distributions were specified at radial locations at the 
inlet. 

111 



Additional experimental wind tunnel measurements of U, u', and f ( d) were 

available at 20Dd downstream of the sprayer and are compared to the RANS

DQMOM predictions in Section 4.4. 

4.3 Computational Mesh 

The computational domain was meshed using Pointwise (ver. 16.04R3) and 

is shown in fig 4.8. The mesh contains 280 000 structured, hexahedral el

ements and was split into 5 cells for computing parallelism. A 'butterfly' 

mesh splitting technique was used to avoid undesirable element face angles 

at cell interfaces. The mesh is refined near the wind tunnel walls to accu

rately capture the boundary layer and also within the spray plume where the 

flow is more important and has larger gradients. A mesh sensitivity study 

was performed to ensure the DQMOM predictions are independent of the 

computational grid size, and the results are included in Section 4.4. 
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Figure 4.8: Computational wind tunnel mesh created using Pointwise 
V16.04R3 (280 000 hexahedral elements). 
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The base mesh, shown above, was used for model validation; however, an 

extended mesh was also created to introduce additional, more realistic condi

tions and assist with diffusion model interpretation. In the extended study, 

the Accuair wind tunnel is modeled from the entrance of the test section 

and includes a simplified hydraulic spray nozzle apparatus. The computa

tional mesh contains 425 000 structured, hexahedral elements and is shown 

in fig. 4.9. The mesh is refined near the wind tunnel walls and spray nozzle 

to increase the accuracy of capturing the wind tunnel boundary layer and 

wake regions, respectively. The hydraulic spray nozzle apparatus geometry 

is simplified to include only the nozzle disk (see fig. 4.2) which predominately 

controls the wake characteristics. The results from the extended mesh study 

are presented after the base mesh study results in Section 4.4. 

- outlet 

20X 
0.5 1.5 

nozzle disk 

Figure 4.9: Extended computational model of Accuair wind tunnel and hy
draulic spray nozzle apparatus. Computational mesh: 425 000 structured, 
hexahedral elements. 
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4.4 Computational Results 

4.4.1 Gas Phase 

Figs. 4.10A and B show contours of axial gas phase velocity and turbulent 

kinetic energy along the longitudinal plane of the wind tunnel at x2 = 0 as 

predicted by RANS using the SST turbulence model. The velocity deficit 

and turbulence level decrease with downstream position, x1 , and appear to 

diminish by 35D d downstream. 
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Figure 4.10: Axial gas phase velocity (A) and turbulent kinetic energy (B) 
contours along the wind tunnel longitudinal plane (x2 = 0). Ufs = 67m/s. 
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Fig. 4.11 shows the predicted axial gas phase velocity deficit, ~U, and fluc

tuating velocity, u', plotted against downstream position, x1 , along the wind 

tunnel centerline (x2 = x3 = 0). The velocity deficit decreases with down

stream position and approaches rv 0, whereas the fluctuating velocity also 

decreases but approaches some finite value of unobstructed wind tunnel tur

bulence. Predictions of ~U, and u' using a 35K node and a 1.68M node mesh 

are also included in fig. 4.11 to show the grid size independency of the current 

solutions. Centerline PDI data points from Bagherpour are also included in 

fig. 4.11 at 11 and 20Dd downstream. 

Figs. 4.12 and 4.13 show radial profiles of axial gas phase velocity deficit 

and fluctuating velocity at 11, 20, 35 and 50Dd downstream as predicted 

by the RANS-SST simulations. PD I measurements from Bagherpour [5] are 

also included at 11 and 20Dd downstream. The RANS predictions match 

the experimental velocity deficit but over predict the turbulence levels in 

the center of the wake. Although the turbulence intensity is important for 

accurately predicting the diffusion model components (Ret, ~' and ,J.J, it 

is more important to match the turbulent viscosity, lit, which is obtained 

through accurate predictions of the downstream velocity profile. Note that 

the predicted and measured wind tunnel boundary layer sizes do not coin

cide because of the difference in measuring techniques. During experiments, 

the spray nozzle is shifted within the wind tunnel test section, whereas the 

measurement plane remains fixed. In the simulations, the sprayer remains 
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Figure 4.11: Axial gas phase velocity deficit and fluctuating velocity plot
ted against downstream position along the center line of the wind tunnel 
(x2 = x3 = 0) for 3 mesh sizes: 35K, 280K and 1.68M nodes. U1s = 67m/s. 
Measured data points from Bagherpour are included at 11 and 20Dd down
stream for velocity deficit (black) and fluctuating velocity (white). 
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fixed and the measurement plane is shifted downstream. 
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Figure 4.12: Axial gas phase velocity deficit plotted against radial position 
at 11, 20, 35 and 50Dd downstream. U1s = 67m/s. Experimental data from 
Bagherpour [5]. 
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Figure 4.13: Axial gas phase fluctuating velocity plotted against radial posi
tion at 11, 20, 35 and 50Dd downstream. U1s = 67m/s. Experimental data 
from Bagherpour [5]. 
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4.4.2 Droplet Phase 

Fig. 4.14A and B show the predicted volume fraction and weight contours 

along the wind tunnel's longitudinal plane for each quadrature level. The 

first quadrature phase, a = l, has the largest concentration of droplets but 

contributes less to the overall liquid volume fraction due to its small size, d0 • 

Fig. 4.14 shows that this phase disperses at a higher rate within the wind 

tunnel range. 
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Figure 4.14: Contours of (A) volume fraction , ( a, and (B) weight , Wa , along 

the wind tunnel longitudinal plane (x2 = 0) for each quadrature node , a . 
Uts = 67m/s, Q = 3.61/min. 
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Fig. 4.15 shows the total concentration (zeroth moment), µ0 , number mean 

diameter, d10 , area mean diameter, d20 , and volume mean diameter, d30 of 

the PSD along the centerline of the wind tunnel. The centerline concentra

tion reduces with downstream position as the droplets disperse outwards. 

The centerline droplet diameters also change quickly close to the sprayer. 

Predictions of µ 0 , d10 , d20 , and d30 using 35K- and l.68M-node grids are in

cluded in fig. 4.15 to show the grid size independence of the current solutions. 

Measured data points from Bagherpour at 11 and 20Dd downstream are also 

included in fig. 4.15. 

122 



7 

2
x10 

130 

'v 35K nodes 

1.8 -280Knodes 
120 

A 1.68M nodes 

1.6 
110 

1.4 
100 C. 

€"' 
..... 

E 1.2 q - 90 C. 
~ t,J 

q 

-E 
1 

C. 
80 

(,) 
0 

0.8 ,="' 

70 2. 
0.6 

0.4 
60 

0.2 50 

00 10 20 30 40 5040 

x/Dd 

Figure 4.15: Total concentration, number mean diameter, area mean diam
eter and volume mean diameter plotted against downstream position along 
the center line of the wind tunnel ( x2 = x 3 = 0) for 3 mesh sizes: 35K, 
280K and 1.68M nodes. U1s = 67m/s, Q = 3.6L/min. Measured concentra
tion and mean diameters from Bagherpour are included at llDd (black) and 
20Dd (white) downstream. 
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Figs. 4.16-4.19 show µ0 , d10 , d20 , and d30 plotted against radial position at 11, 

20, 35 and 50Dd downstream. Experimental measurements of Bagherpour [5] 

are included at 11 and 20Dd downstream. Although the PDI measurements 

are quite scattered, the concentration profile appears to be comparable. The 

predicted mean droplet diameters in the outer spray plume match the ex

periments; however, the PDI results show smaller mean droplet sizes in the 

center of the spray plume at 20Dd downstream. 
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Figure 4.16: Total concentration plotted against radial position at 11, 20, 
35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. Experimental data 
from Bagherpour [5]. 
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Figure 4.17: Number mean diameter plotted against radial position at 11, 
20, 35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. Experimental 
data from Bagherpour [5]. 
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Figure 4.18: Area mean diameter plotted against radial position at 11, 20, 
35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. Experimental data 
from Bagherpour [5]. 
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Figure 4.19: Volume mean diameter plotted against radial position at 11, 20, 
35 and 50Dd downstream. U1s = 67m/s, Q = 3.6L/min. Experimental data 
from Bagherpour [5]. 
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4.4.3 Axisymmetric Spray Plume 

The extended mesh, shown in fig. 4.9, is used to simulate more realistic flow 

conditions and examine diffusion model parameters closer to the sprayer. The 

domain inlet velocity is uniform and equal to 67m/ s matching typical spray 

conditions and the experimental measurements of Bagherpour [5]. The 5m

downstream droplet size distribution from the previous study ( see Chapter 4) 

is spatially averaged and applied as a nozzle exit boundary condition evenly 

over the downstream face of the disk. The reason for injecting droplets in 

this manner is to avoid larger volume fractions ( rv 1) located near the phys

ical nozzle's 0.24mm outlet. 

Figs. 4.20A and B show contours of axial gas phase velocity and turbulence 

kinetic energy along the longitudinal plane of the wind tunnel at x 2 = 0 as 

predicted by the RANS-SST turbulence model. 
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Figure 4.20: Axial gas phase velocity (A) and turbulent kinetic energy (B) 
contours along the wind tunnel longitudinal plane (x2 = 0). U1s = 67m/s. 
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As predicted in the previous section, the velocity deficit and turbulence ki

netic energy decrease with downstream position. Figs. 4.21 and 4.22 show 

radial profiles of the axial velocity deficit and fluctuating velocity at 5, 11, 

20 and 40Dd downstream. PDI measurements from Bagherpour [5] are also 

included in the figure. 
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Figure 4.21: Axial gas phase velocity deficit plotted against radial position 
at 5, 11, 20 and 40Dd downstream. U1s = 67m/s. Experimental data from 
Bagherpour [5]. 
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Figure 4.22: Axial gas phase RMS turbulence velocity plotted against radial 
position at 5, 11, 20 and 40Dd downstream. U18 = 67m/s. Experimental 
data from Bagherpour [5]. 
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The RANS-SST simulation accurately predicts the velocity deficit in the wake 

of the disk but over estimates the turbulence intensity. In order to improve 

the turbulent viscosity predictions in the disk wake, the SST empirical model 

constants, /31 and /32, were changed from their original values (see Table 2.1) 

to 0.25. This alteration directly affected the turbulent eddy frequency to 

produce wake dissipation rates found experimentally. 

Figs. 4.23A and B show contours of volume fraction and weights of each 

quadrature node along the longitudinal plane of the spray plume at x 2 = 0 

as predicted by DQMOM. 
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The uniform distribution released from the disk surface becomes non-uniform 

downstream because each quadrature level diffuses at a different rate. Figs. 4.24 

and 4.25 show radial profiles of the total concentration, µ0 , and volume av

eraged mean droplet diameter, d30 , at 5, 11, 20 and 40Dd downstream. The 

smaller droplets diffuse quicker which results in smaller mean droplet sizes in 

the outer plume and a mean size increase in the central plume. Because the 

droplets were injected with a uniform distribution, this droplet size segrega

tion begins to form immediately. In the physical system, the hydraulic nozzle 

releases the droplets with radial momentum creating an initial size segrega

tion of larger droplets in the outer plume and smaller central droplets. In 

the previous study, this size segregation persisted until 50Dd downstream at 

which point the droplets would begin to sort oppositely, as seen in this study. 

The elapsed time, needed for the diffusion model, was approximated based 

on the downstream position and local gas phase velocity. 
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Figure 4.24: Total concentration plotted against radial position at 5, 11, 20 
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Figure 4.25: Volume mean diameter plotted against radial position at 5, 11, 
20 and 40Dd downstream. U1s = 67m/s, Q = 3.61/min. 
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An alternative method to model the spray release would be to use source/sink 

terms to represent the sprayers. Momentum sinks and turbulence sources can 

be used to replicate the sprayer effects on the gas phase without modeling the 

geometry. The downstream droplet phase distribution can be implemented as 

source terms of volume fractions and weights maintaining the measured dis

tribution. This approach is recommended for future studies that will model 

the entire aerial spraying process because it will eliminate the need of model 

alteration if the desired sprayer positions change. 

4.4.4 Diffusion Model Parameters 

This section decomposes the turbulent diffusion model examining its indi

vidual parameters that lead to the predicted rates of diffusion. The focus 

here is on the validation mesh study values, but extensions to the extended 

mesh study are made when appropriate. Also, a full discussion of the simi

larities and discrepancies between the RANS-DQMOM predictions and PDI 

measurements is given in Chapter 5. 

The most common parameter to a CFO user would be the ratio, Dt,a , of 
Vt 

turbulent diffusivity to turbulent viscosity. Figs. 4.26 and 4.27 show the 

diffusivity ratio, D~;0
, (based on eqn. 3.19) for each quadrature node plot

ted along the wind tunnel centerline and along radial lines at 11 and 50Dd 

downstream of the sprayer. 12.t.. increases quickly close to the sprayer and con-
Vt 
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tinues increasing moderately past 50Dd. A dotted line is included in fig. 4.26 

to show the long-time turbulent diffusion limit, Dt = 0.5u'2TL of a passive 

quantity ( or fluid element). The discontinuity in the largest droplet phase 

(a = 3) at rv 13Dd downstream comes from the leap from the short-time 

limit to the intermediate-time limit in the diffusion model at ln(K) = 2. 

The curves will also see additional discontinuities at ln(K) = -0.8 when the 

model's long-time limit is reached. Fig. 4.27 shows that the diffusivity ratio 

becomes more uniform across the spray plume farther downstream. Again, 

the discontinuity in the a = 3 curve comes from the particles in the center of 

the wake leaving the small time limit sooner than the particles in the outer 

plume due to lower turbulent time scales and higher elapsed times seen by 

the inner particles. 

The diffusion rate of each quadrature phase in the extended mesh study be

gins at D~t:t = 0 at the sprayer outlet (x1 = 0, t = 0). At further downstream 

locations, the diffusion rates become comparable to those in this study due 

to their common droplet sizes and turbulence levels. 
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Figure 4.26: Diffusivity ratio plotted against downstream position along the 
center line of the wind tunnel ( x2 = x 3 = 0) for each quadrature node. 
Dotted line represents the long-time diffusion coefficient of a fluid element 
(no inertia). U1s = 67m/s, Q = 3.6L/min. 
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Figure 4.27: Diffusivity ratio plotted against radial position at 11 and 50Dd 
downstream for each quadrature node. U1s = 67m/s, Q = 3.6L/min. 
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The focus is now turned to the individual model parameters which lead to 

the predicted rates of diffusion. The fluctuating axial velocity component, u', 

is a measured quantity in the experiments, whereas computationally, it was 

calculated from the isotropic SST turbulence model ( u' = ,{fj). Fig. 4.28 

shows the turbulent kinetic energy, k, and turbulent timescale, TL, along 

the wind tunnel centerline. Figs. 4.29 and 4.30 show the radial profiles of 

these quantities at several downstream positions. The turbulence time scale 

increases linearly behind the sprayer which is expected within the wake of a 

3D object [105], and it begins to steady farther downstream. At each down

stream plane, TL is roughly uniform within the wake. 
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Figure 4.28: Turbulent kinetic energy and turbulent time scale plotted 
against downstream position along the center line of the wind tunnel (x2 = 
X3 = 0). U1s = 67m/s. 
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Figure 4.29: Turbulent kinetic energy plotted against radial position at 11, 
20, 35 and 50Dd downstream. U1s = 67m/s. 
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Figure 4.30: Turbulent time scale plotted against radial position at 11, 20, 
35 and 50Dd downstream. U1s = 67m/s. 
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In order to apply the diffusion model, a time of flight, t, is required for 

the droplets at each position. In the current simulation, t = xi/U1 , is ap

proximated by the downstream position and local gas phase axial velocity, 

but other methods to approximate t are discussed in the following chapter. 

Figs. 4.31 and 4.32 show the approximated elapsed time, t, of flight of the 

droplets from injection and the ratio of elapsed time to turbulent timescale, 

TL, along the wind tunnel centerline and along radial lines at several down

stream positions, respectively. The elapsed time equals zero at the sprayer 

outlet and increases almost linearly with downstream position ( t scales faster 

with x1 closer to the sprayer due to the larger velocity deficit). For the same 

reason, the elapsed time is roughly constant over each downstream plane 

but larger toward the center of the wake where the velocity deficit is larger. 

Fig. 4.31 shows that the resulting time ratio, iv increases with downstream 

position and will continue to increase linearly with x1 once TL steadies. This 

means that the inertial constant, K, will decrease with /"v x?12 far down

stream. Fig. 4.32 shows that the small turbulence time scale inside the wind 

tunnel boundary layer greatly increases ,J.L and thus decreases K. 
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Figure 4.31: Elapsed time and ratio of elapsed time to turbulent time scale 
plotted against downstream position along the center line of the wind tunnel 
(x2 = X3 = 0). U1s = 67m/s. 
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Figure 4.32: Ratio of elapsed time to turbulent time scale plotted against 
radial position at 11, 20, 35 and 50Dd downstream. U1s = 67m/s. 
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As mentioned in Chapter 2, each quadrature node, a, of the PSD approxima

tion can be treated as a separate phase and is linked to the others through 

source terms. Each node has a droplet size, d0 = ( !c;0 ), which is contin

uously adjusted with the changing PSD as the distribution is transported 

downstream. Figs. 4.33-4.35 show the droplet diameter and ratio of the par

ticle time constant, Tp,a = prs~' to the turbulent time scale, TL, along the 

wind tunnel centerline and along radial lines at 11 and 50Dd downstream of 

the sprayer for each quadrature node, a. Diffusion acts to smooth the dis

tribution across the entire spray plume, and so the droplet diameters of each 

node will eventually steady. f1z will also reach a constant value for each node 

because TL will eventually become constant within the free stream. There

fore, at some downstream location, f]; rv 50, the contribution of f1z to K will 

become constant. Fig. 4.35 also shows that f1z becomes uniform across the 

whole spray plume 50Dd downstream except within the wind tunnel bound

ary layer where TL is small. 
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Figure 4.33: Particle diameter and ratio of particle time constant to turbulent 
time scale plotted against downstream position along the center line of the 
wind tunnel (x2 = x3 = 0) for each quadrature node. U1s = 67m/s, Q = 

3.6L/min. 
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Figure 4.34: Particle diameter plotted against radial position at 11 and 50Dd 
downstream for each quadrature node. U1s = 67m/s, Q = 3.6L/min. 
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Figure 4.35: Ratio of particle time constant to turbulent time scale plotted 
against radial position at 11 and 50Dd downstream for each quadrature node. 
U1s = 67m/s, Q = 3.6L/min. 
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Figs. 4.36 and 4.37 show the turbulent particle Reynolds number Ret,a of 

each quadrature node along the wind tunnel centerline and along 11 and 

50Dd downstream radial lines, respectively. As the diameters and turbulent 

velocity fluctuations approach constant uniform values, so does Ret. There

fore, at far downstream locations (x1 ~ 50Dd), the contribution of Ret to 

K will also become constant. Furthermore, the gas phase and droplet phase 

densities remain constant, and so the contribution of 7' on K will also be 

constant. 
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Figure 4.36: Particle Reynolds number plotted against downstream position 
along the center line of the wind tunnel ( x2 = x3 = 0) for each quadrature 
node. U1s = 67m/s, Q = 3.6L/min. 
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Figure 4.37: Particle Reynolds number plotted against radial position at 
11 and 50Dd downstream for each quadrature node. U1s = 67m/s, Q = 

3.6L/min. 
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Figs. 4.38 and 4.39 show the inertial constant, Ka, (based on eqn. 3.20) for 

each quadrature node plotted along the wind tunnel centerline and along 

radial lines at 11 and 50Dd downstream of the sprayer. The alterations of 

,J.L, Ret and fr with downstream position results in a reduction of the iner

tial constant which decreases rapidly close to the sprayer (x1 ~ 20Dd) but 

begins to reduce proportional to t7112 farther downstream when Ret and ft 
become constant. Fig. 4.39 shows that the inertial constant becomes uni

form across the spray plume by 50Dd downstream for each of the droplet 

phases. A dotted line is included in fig. 4.38 at K = 0.68 (ln(K) = -0.39) 

to show where droplets diffuse quicker/slower than a fluid element. The 

smallest quadrature phase ( a = 1) diffuses at a similar rate to the fluid el

ement at distances, x1 ~ 30Dd, but diffuses quicker as time increases. The 

larger nodes (a = 2, 3) diffuse slower due to their mass and small elapsed 

time but will continue to increase with x1 . For this PSD, the diffusion rate 

of the largest quadrature node will not surpass that of a fluid element until 

very far downstream (x1 rv 130m) based on the wind tunnel turbulence levels. 

The extended mesh study includes particle diffusion very close to the sprayer 

(t --+ 0). At these locations,, the inertial constant, Ka, for each quadrature 

phase approaches infinity. This corresponds to the very small time limit of 

particle diffusion where Dt,a --+ 0. 
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Figure 4.38: Inertial constant plotted against downstream position along the 
center line of the wind tunnel (x2 = x 3 = 0) for each quadrature node. Dotted 
line represents the cut-off above which the particle diffusion coefficient, Dp, 
is less than that of a fluid element, D1. U1s = 67m/s, Q = 3.6L/min. 
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Figure 4.39: Inertia constant plotted against radial position at 11 and 50Dd 
downstream for each quadrature node. U1s = 67m/s, Q = 3.6L/min. 
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Chapter 5 

Discussion 

5.1 Wind Tunnel Flow Comparisons 

In Chapter 4, the RANS-DQMOM turbulent dispersion model was com

pared to PDI measurements in a wind tunnel environment using realistic 

flow conditions of aerial spraying where the turbulence is neither isotropic 

nor homogeneous. 

The RANS predictions of the axial gas phase velocity deficit in the wake 

of the sprayer fell within the experimental measurements as was shown in 

fig. 4.12. The accurate prediction of gas phase velocity has three important 

implications: 1) it proves the accurate prediction of turbulent viscosity in 

the sprayer wake, 2) the velocity dictates the amount of time in which dis

persion can occur before the droplets reach the downstream plane, and 3) 
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the residence time of the droplets in a turbulent flow field dictates their rate 

of diffusion as explained in previous chapters. 

The SST turbulence model used in the RANS predictions over estimated the 

turbulence levels in the sprayer wake as was shown in fig. 4.13. The SST tur

bulence model is isotropic and unable to accurately capture the anisotropic 

turbulent motions within a 3D wake. In future studies, the Large Eddy Sim

ulation (LES) turbulence modeling technique could be implemented which 

may improve turbulence predictions. 

The over predictions of turbulence intensities in the sprayer wake had a di

rect impact on the droplet dispersion predictions of DQMOM. By predicting 

higher turbulence levels in the central wake, the model produced larger rates 

of diffusion than were seen experimentally. This resulted in more inward tur

bulent mixing of larger outer-located droplets and a more spatially even size 

distribution across the plume predicted by the model, as shown in figs. 4.17-

4.19. 

The Stokes number of the droplets at the llDd downstream plane (the most 

turbulent plane in the study) range between 0.2 and 750 based on the Kol

mogorov time scales but decrease with downstream distance, x1. The turbu

lent Reynolds numbers range between 0.5 and 50 which also decrease with 

x1. Using the same analysis described in Chapter 6, it is concluded that 
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the use of Stokes drag is valid for most of the spray plume where St ;S 1. 

However, it is recommended that the Schiller Naumann drag correlation [90] 

be implemented in future studies to improve accuracy. The Equilibrium ap

proximation is also valid for this RANS modeling approach. 

Fig. 5.1 shows the elapsed time ratio plotted against the particle time ra

tio for each quadrature phase, a, at llDd downstream. Many of the spray 

droplets in this simulation fall below both cut-off lines which means that 

they are still diffusing at intermediate times (t"' TL and Tp "'TL), and their 

diffusion rates are still changing in time. In this simulation, the elapsed time, 

t = xi/ U1 was approximated by the distance downstream of the sprayer and 

the local axial velocity. This approximation is good but slightly under es

timates the elapsed time within a wake leading to small predictive errors. 

However, it should be noted that if a simple time independent diffusion co

efficient was used, the model would have predicted more diffusion increasing 

the discrepancies with the experiments. 
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Figure 5.1: The elapsed time ratio plotted against the particle time scale ratio 
in the wake of a Spraying System Co. SS8W hollow cone hydraulic nozzle 
for each quadrature phase, a. Shaded area represents the region where the 
diffusion rate of the particles exceeds that of a fluid element (see eqn. 3.22) . 
Ufs = 67m/s, Q = 3.6L/min. 
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Although the current diffusion model includes the Stokes number and physi

cal time-limit effects of turbulent diffusion, it was derived from steady simu

lations using isotropic and homogeneous turbulence in the absence of gravity. 

Therefore, there are two important features that are missing from the model: 

1. The transient effects of turbulence caused by the random advection of 

smaller eddies by larger eddies and the changing strength of individual 

eddies ( as described in Chapter 1). 

2. 'Crossing trajectories' effects which occur when the particles maintain 

a drift velocity relative to the gas phase due to an applied body force 

( typically gravity). 

Based on theoretical and experimental literature, these effects have been 

shown to increase or decrease the rate of diffusion of particles up to 20%. 

Ignoring each of these effects is believed to be a main source of error with 

the computations. 

Although the 'crossing trajectories' effect is not present in the current dif

fusion model, it is important to clarify that gravity was included in the 

computational simulations. This means that the droplets experienced small 

downward drift velocities as they traveled downstream. In reality, the drift 

velocities would result in a reduced time spent by the particles inside each 

turbulent eddy: a phenomenon shown to alter the rate of diffusion anisotropi-
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cally, as explained in Chapter 1. By ignoring the 'crossing trajectories' effect, 

the droplets were still pulled downward by gravity, but their diffusion rates 

were unaltered. 

Experimental error associated with the wind tunnel measurements also con

tributed to the discrepancies in the predictions. For example, the experi

mental pump had a flow rate uncertainty of ±0. lL/min. A shift in liquid 

flow could not only alter the spray droplet concentration but also change the 

shape of the PSD. The allowable droplet size range of the PDI system was 

4 - 600µm. Although all of the spray droplets were assumed to fall within 

this range, the larger droplets had a higher chance of being seen which would 

skew the results. The PDI probe area which was approximated by the PDI 

software did not have a clearly defined boundary, and the droplet rejection 

rate was between 5 and 10%. Each of these would contribute to measurement 

errors in droplet flux. The uncertainty of the mean velocity measurements 

ranged between 0.1-1.6% with an average uncertainty of 0.4%. The uncer

tainty of the fluctuating velocity measurements was larger ranging between 

2.4-15.8% with a mean of 4.6%. The uncertainty of the concentration mea

surements was reported to be 25%, and the droplet size measurement un

certainties ranged between 1.4-5.4% with a mean of 2.3%. A more complete 

description of errors associated with PDI measurements can be found in the 

references [5], [112], [1]. 
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A final point is that the experimental spray plume was assumed to be sym

metric, and circumferentially-averaged values were used to create curve fits 

for computational boundary conditions. However, the experimental sprayer 

boom located in the wind tunnel could significantly remove the flow symme

try if not perfectly aerodynamic and aligned with the flow direction. A slight 

angle between the sprayer and wind tunnel axis has been shown to remove 

symmetry from the wake and plume shape [84]. This phenomenon could also 

explain discrepancies between the experimental measurements and DQM OM 

predictions at 20D d downstream. 

5.2 Particle Diffusion Time 

It is clear that the elapsed time, t plays an important role in the diffusion 

of inertial particles. It has been shown in this dissertation that the inertial 

( )

-7/12 
constant, K, is proportional to r).L decreasing with time until a long-

time limit, t » lOOTL, has been reached. 

In aerial spraying, small droplets ("" lOµm) may stay aloft for large times 

r).L ~ 3000, whereas larger droplets (~ 60µm) will reach the forest canopy 

at times, t < lOOTL. That is, the time effects of diffusion only account 

for a portion of the descent of smaller droplets but for the entire descent 

of the larger droplets which actually contain most of the pesticide volume. 

Therefore, it is important to track the residence time of the dispersed phase 
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when studying an aerial spray problem to maximize diffusion prediction ac

curacy, and this can be achieved using one of two methods. Firstly, time 

could be a transported variable tracked through the computational domain 

with boundary conditions, t = 0, at the sprayer outlet surfaces. Although 

this method accurately resolves the elapsed time at all locations in the do

main, it requires solving an additional scalar transport equation increasing 

computational costs. The second method is to approximate the elapsed time 

which was the method used in each of the current DQMOM simulations. In 

aerial spraying, the aircraft speed is much larger than any turbulent fluctua

tions and so estimating the elapsed time, t ~ (x -xo)/Uaircraft, based on the 

aircraft speed and downstream position is a very good approximation and 

removes the need of an extra transport equation. It is recommended that 

this method be used in future studies. 

5.3 The Concept of Diffusion Efficiency 

As discussed in Chapter 1, there are many industrial spray applications, 

and many require highly dispersed and homogeneous particle distributions 

to maximize the quality of the application. Many of these applications can 

be modeled using the proposed spray dispersal model as long as the spray 

characteristics are closely related to aerial spray characteristics. 
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Along with increasing the accuracy of CFD spray simulations, this diffusion 

model has an additional benefit. The turbulent diffusion equation can also be 

used in the initial design process to determine the ideal inertial constant, K, 

that will maximize the efficiency of turbulent dispersion for a particular ap

plication. That is, an inertial constant that will maximize the ratio between 

the turbulent particle diffusion coefficient, Dt, and the turbulent kinematic 

viscosity, Vt. By maximizing this ratio, the maximum turbulent mixing will 

be achieved for a given input level of turbulence energy; thus increasing the 

diffusion efficiency. 

5.4 Choice of Methods 

Over the past few decades, Computational Fluid Dynamics has been growing 

in popularity in the fluid research community due to its ability to obtain rel

atively cheap, feasible and complete descriptions of flow problems compared 

to experimental methods. For that reason, it is no surprise that it is a chosen 

tool to study the aerial spraying procedure for researchers at the University 

of New Brunswick. 

The Reynolds Averaged N avier Stokes Equations approach to CFD model

ing, explained in Section 2.1, is based on Reynolds decomposition whereby 

an instantaneous velocity is decomposed into its time-averaged and fluctuat

ing components. This method gives a time-averaged solution to the Navier 
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Stokes equations opposed to the full resolution offered by Direct Numeri

cal Simulations (DNS) or partial resolution offered by Large-Eddy Simula

tions (LES) or Detached Eddy Simulations (DES). For this reason, only the 

mean diffusion, which characterizes the overall mean (time-averaged) spread 

of particles caused by the mean statistical turbulence properties, is mod

eled. Alternatively, DNS (or LES) would completely (or partially) capture 

structural dispersion, which includes the details of the non-uniform particle 

concentration generated by the local instantaneous structural features in the 

flow. However, this level of detail requires an enormous number of compu

tational nodes leading to computing times of the order rv Re3 [77]. In most 

practical engineering problems, such as aerial spraying where Re ~ 80M, the 

computational costs of DNS are unreasonable. Consequently, the relatively 

low computational cost of RANS makes it a popular method to solve general 

engineering problems and has been implemented into the EXN / Aero solver. 

Likewise, the SST turbulence model has been implemented into EXN / Aero 

due to its computational efficiency and success in modeling practical engi

neering problems. The LES approach to solving the NS equations, whose 

computational costs fall between those of RANS and DNS, is currently being 

implemented/tested in the EXN / Aero solver and will offer greater accuracy 

in modeling turbulent flows, although it was not available for the current 

research. 

Implementation of liquid phase modeling is where control was gained for this 
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multifluid research. The relatively low computational cost of moment meth

ods for PSD transport was the reason for choosing the increasingly popular 

Direct Quadrature Method of Moments, as explained in Section 2.4. Due to 

the low volume fractions and Stokes numbers associated with aerial sprays, 

further computing speed gains were made by implementing the Equilibrium 

Eulerian method which algebraically calculates the droplet phase velocities 

based on the background flow field, as described in Chapters 1 and 2. The 

solution time required for the current RANS-DQMOM wind tunnel simula

tions, which used a 280K node mesh and 3 levels of quadrature to model 

droplet transport, is 5.3 hours using the EXN/ Aero solver and partitioning 

the computational domain between 2 CPUs. The alternative full Eulerian 

method would be feasible but would significantly increase the computational 

cost by adding additional transport equations for each component of droplet 

phase velocity as well as for volume fraction conservation. To complete the 

same simulations using the Lagrangian tracking method on the ANSYS CFX 

solver would take approximately 2 x longer for 50000 representative droplet 

packets, which has been shown to be a sufficient amount of statistical conver

gence in a wind tunnel environment [84). Furthermore, the number of droplet 

packets needed for convergence considering the physical scale of the atmo

sphere would be extremely large and unsolvable given the available comput

ing power. The computational times associated with full scale aerial spray 

modeling using DQMOM are expected to be much larger than 5.3 hours 

because the computational domain will be much larger and encompass the 
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spray vehicle and atmosphere extending down to the forest canopy. How

ever, these longer computing times will decrease as computing power and 

techniques ( described in Section 2.5.1) advance in the future. 

It is also interesting to note that the experimental measurements of Bagher

pour [5] take approximately 4 hours to gather rv 80 point measurements at 

one planar location. Although less time is required, the experiments only pro

vide information at particular and limited measurement locations, whereas 

CFD is capable of providing information everywhere within the domain and 

even beyond the wind tunnel's physical dimensions. Due to the physical lim

its of experimental testing, it remains a tool for validation, but the DQMOM 

computational method will be needed to study droplet dispersion in the air

craft wake and atmosphere. 

Although the cost savings of the Equilibrium Eulerian approach are high, 

there is one drawback with this method. The large relative velocities close 

to the hydraulic spray devices, which are caused by the device, and not the 

surrounding flow field, cannot be modeled by the Equilibrium Eulerian ap

proach, as explained in Chapter 2. For this reason, the computational wind 

tunnel domain, used in the PDI comparisons, began at llDd downstream 

(the closest downstream plane where PDI measurements were available) and 

did not include the sprayer geometry. Future studies will examine methods to 

resolve this issue but are not within the scope of this dissertation. It should 
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be noted that this near sprayer issue only accounts for a small fraction of 

the overall aerial spraying process, and so it should be handled separately to 

take advantage of the computational cost savings of the equilibrium approx

imation. 

The development of a turbulent diffusion model in combination with the 

multifluid techniques described above was the main focus of this disserta

tion. For model development, a parametric study was performed using the 

stochastic approach of Lagrangian tracking which has been shown to ac

curately model the turbulent dispersion of spray droplets in a wind tunnel 

environment [84) and compare well with industry standard computational 

methods in the wake of a spray vehicle [91). This method allowed for a full 

parametric study to be performed cheaply providing the opportunity to ex

amine the attributes of each droplet property and turbulence characteristic 

on droplet dispersion. Therefore, a concrete turbulent diffusion model for use 

in DQMOM was produced which is capable of studying more than simply 

the droplet and turbulence property ranges associated with aerial spraying 

which are broad in their own right. 

Model validation was performed at 2 stages: 1) against Lagrangian tracking 

with a log-normal PSD in an isotropic, homogeneous flow field in the pres

ence of gravity, and 2) against experimental wind tunnel measurements in 

the anisotropic, non-homogeneous wake of a hydraulic spray nozzle. The first 
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case tested the functionality of the overall multifluid approach and diffusion 

model without the presence of experimental error. The latter case compared 

the model against a realistic spray scenario in which all fluid phenomena oc

cur. The completion of both validation studies provided a sufficient level of 

confidence in the modeling technique for future use in full scale aerial spray

ing simulations. Chapter 6 examines the droplet sizes and turbulence scales 

associated with aerial spraying and evaluates the current diffusion modeling 

technique for this application. 

171 



Chapter 6 

Turbulence Scales of Aerial 

Spraying 

Aerial spraying is an effective method of protecting forests from pests or 

unwanted plant growth. The accurate prediction of pesticide transport be

tween the aircraft and the forest canopy is crucial to ensuring effective doses 

and minimizing off-target drift. Aerial spray droplets, generated for forestry 

insecticide spraying, generally range between 10-150µm and are often water

based (pp rv lOOOkg/ m 3). The sprays are released into the atmosphere (p rv 

l.2kg/m3
, µ rv l.8e-5Pa·s) in crosswinds up to 6 m/s at a height between 

30-40m above the ground and 10-20m above the forest canopy. A common 

spray vehicle and atomizer arrangement used in North America for forest 

protection is an AT-802 air tractor ( shown in fig. 6.1) equipped with 5 Mi

cronair AU4000 atomizers (shown in fig. 6.2) per wing. 
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Figure 6.1: AT-802 air tractor commonly used for forest protection. 

Figure 6.2: Micronair AU4000 atomizer. 

This chapter examines the applicability of the particle transport and <lisper-
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sion modeling techniques described in Chapters 2 and 3 when being used for 

the simulation of droplet transport during aerial spraying. These techniques 

are evaluated for the 3 different turbulence fields: 1) the atomizer wake, 2) 

the aircraft wake and 3) the atmosphere outside the wakes. Each of which 

has its own set of turbulence scales. 

In each phase of the problem, the turbulent particle Reynolds number, Ret, of 

the particles is used to verify the appropriateness of the Stokes drag model, 

and the particle Stokes number, StL, and volume fraction, <;, are used to 

verify the Equilibrium Eulerian model assumptions. The inequality plotted 

in fig. 3. 7 is used to determine whether different droplet sizes will diffuse 

quicker or slower than a fluid element based on the turbulence levels in each 

phase of the aerial spraying problem. 

6.1 Atomizer Wake 

Liquid is injected into the center of the rotating AU4000 atomizer and is 

reduced to a fine spray which exits the outer gauze surface in a radial direc

tion. The larger droplets contain more momentum than the smaller droplets 

and are therefore flung farther outwards. However, drag forces halt the ra

dial motion and direct the droplets downstream into the turbulent atomizer 

wake which disperses the droplets and reduces the initial size segregation. 

Ryan [84] performed full-scale three-dimensional CFD predictions of the wake 
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and spray plume of a Micronair AU4000 atomizer at an airspeed of 69m/s 

and an atomizer rotational speed, n, of 8600RPM, which are common oper

ational parameters. These predictions were made using a RANS-solver and 

will be used to examine the turbulence scales within the atomizer wake. The 

full publication on these RANS predictions is located in Appendix C. 

Figs. 6.3-6.4 show the turbulence kinetic energy, k, characteristic turbulence 

time scale, TL, based on a mixing length and the mean axial velocity, U, in 

the AU4000 atomizer wake. The maximum fluctuating velocity, u', within 

the wake is 9.6m/s which corresponds to Ret = 95 for a 150µm droplet as

suming that any size droplet could potentially be located anywhere within 

the wake. Since Ret > 1, the Stokes drag model is inappropriate for the 

largest droplets for this scale of the problem, and the Schiller Naumann drag 

correlation [90] would be more suitable. 

The turbulent time scale corresponds to a maximum Stokes number, StL, 

of 2522. Therefore, the equilibrium assumption is invalid for the largest 

droplets in the highest turbulent regions of the atomizer wake. However, the 

Stokes numbers for the majority of droplets in the spray are much smaller 

for most turbulence levels in the atomizer wake which decrease quickly with 

downstream distance. Furthermore, Ryan [84] shows that the largest spray 

droplets are located at the outer most regions of the spray plume where the 

turbulence time scales are smaller. 
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Figure 6.3: Turbulence kinetic energy in the wake of an AU4000 atomizer. 
U1s = 69m/s, D = 8000RPM, Q = 81/min. 
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Figure 6.4: Turbulence time scale in the wake of an AU4000 atomizer. Ufs 

= 69m/s, D = 8000RPM, Q = 81/min. 
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Figure 6.5: Instantaneous image of axial velocity in the wake of an AU4000 
atomizer. Ufs = 69m/s, D = 8000RPM, Q = 81/min. 

177 



In this analysis, the residence time, t, of the particles is approximated by the 

downstream position, x - x0 , and the local axial velocity, U. 

X-Xo 
t=---u (6.1) 

The maximum residence time at each downstream plane is located at the 

wake center where the axial velocity is lowest, whereas the maximum turbu

lence time scale occurs at the high shear outer regions of the wake. 

Assuming every droplet size could potentially be located anywhere within 

the wake, a full range of ,.J.L versus l can be plotted at each downstream 

location for a given particle size, as shown in fig. 6.6. The downstream loca

tions range between 0.3-4m for this analysis. 

Each particle diameter represents a cluster of data points on the graph and as 

the particle size increases (rp t), the data cluster shifts to the right. Within 

each downstream plane, a decrease in turbulence time scale corresponds to 

a shift in the upper left direction within the data cluster. As the particle 

travels farther downstream, the data points shift horizontally leftwards, but 

not vertically because t and TL both scale linearly with downstream position, 

x-x0 , in the wake of a 3D object. Note the lower portions of the clusters are 

outside the 3D wake and sot increases while TL remains constant (shifting 

the points upwards with downstream position). 
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Figure 6.6: The elapsed time ratio plotted against the particle time scale 
ratio in the wake of an AU4000 atomizer for different droplet diameters: 10, 
50 and 150µm. Solid lines represent the locations where the diffusion rate 
of the particles exceeds and approaches the diffusion rate of a fluid element 
(see eqn. 3.22). 
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Completely situated between the cut-off curves, lOµm droplets will diffuse 

quicker than a fluid element for all levels of turbulence within the atomizer 

wake. Oppositely, 150µm droplets will always diffuse slower than a fluid ele

ment within the atomizer wake. The 50µm droplets will diffuse slower than a 

fluid element close to the atomizer and quicker further downstream (x ,2:: 2.5m 

or t ,2:: 36ms). Since K is only slightly less than 0. 68 for 50 µm droplets, they 

will actually diffuse much quicker than a fluid element at these downstream 

locations (x ,2:: 2.5m). It should be noted that at extremely small times (very 

close to the atomizer), ,J.L -+ 0, and all droplets will diffuse at a rate rv 0, 

but this analysis starts 0.3m downstream past the initial recirculation zone. 

6.2 Aircraft Wake 

Although the droplets are released into the wake of the aircraft, the turbu

lent motions within the individual atomizer wakes are smaller and dominate 

the initial diffusion process. However, as the atomizer wakes diffuse, the air

craft wake becomes the main source of turbulent dispersion. For the aircraft 

wake analysis, a full-scale three-dimensional CFD prediction of an AT-802 

air tractor flying at 69m/ s was used [91]. The full publication of this compu

tational study is located in Appendix D. The turbulence kinetic energy, k, 

turbulence time scale, TL, and the mean axial velocity, U, within the wake of 
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the AT-802 air tractor are shown in figs. 6.7-6.9. Using the same procedure 

described for the atomizer wake, the maximum particle Reynolds number 

and Stokes number for a 150 µm droplet in the aircraft wake are 15.9 and 

1 77, respectively. Again, the Schiller-Naumann drag correlation would be 

more appropriate for the larger droplets since they exceed the Stokes drag 

regime (Ret > 1). The maximum Stokes number is greater than 0.2 for a 

150 µm droplet in the highest turbulent region of the aircraft wake and so 

the equilibrium assumption is invalid. However, this highly turbulent zone is 

located directly behind the aircraft fuselage where few droplets travel before 

10m downstream, as shown by Ryan [91]. At this point, the actual Stokes 

numbers within the spray plume are much lower. 
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Figure 6. 7: Turbulence kinetic energy in the wake of an AT-802 air tractor. 
Ufs = 69m/s, D = 8457RPM, Q = 41/min. 
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Figure 6.8: Turbulence time scale in the wake of an AT-802 air tractor. Ufs 

= 69m/s, D = 8457RPM, Q = 41/ min. 
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Figure 6.9: Axial velocity in the wake of an AT-802 air tractor. Ufs = 69m/s, 
D = 8457RPM, Q = 41/min. 
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Like the atomizer case, the residence time, t, of the particles was approxi

mated by (x - x0 ) /U and is largest in slow-moving regions, whereas TL is 

minimum in regions of maximum shear. Fig. 6.10 plots A against if for 10, 

50 and 150 µm droplets within the aircraft wake. 
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Figure 6.10: The elapsed time ratio plotted against the particle time scale 
ratio in the wake of an AT-802 air tractor for different droplet diameters: 10, 
50 and 150 µm. Solid lines represent the locations where the diffusion rate 
of the particles exceeds and approaches the diffusion rate of a fluid element 
(see eqn. 3.22). 
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The shape of the data clusters for each droplet size is similar within the 

aircraft wake to that within the atomizer wake. However, the aircraft wake 

has a larger range of turbulence and larger turbulence timescales (i.e. larger 

turbulent motions). Over most of the AT-802 wake turbulence range, the 

10 µm droplets will diffuse at the same rate as a fluid element, but the 

larger droplets (50-150 µm) will diffuse quicker. In the highest turbulent 

regions directly behind the aircraft, the 150 µm droplets would disperse at 

a slower rate, but very few droplets exist in this region [91]. It is important 

to note that this analysis extends to 200m downstream of the aircraft, and 

the elapsed time, t, remains on the order of the turbulent timescale, t rv TL. 

Therefore, assuming a long-time limit diffusion rate would be inaccurate for 

the entire aircraft wake analysis. 

6.3 Atmosphere 

Aerial spraying is often performed in the presence of crosswinds because the 

boundary layer over the rough terrain ( such as a forest) produces turbu

lence that is known to have a favorable effect on the downward convection 

of droplets into the forest canopy [76]. Generally, a crosswind speed of 6m / s 

is considered the upper limit for practical spray conditions and will be the 

value used in this discussion. As the aircraft wake dissipates, the large scale 

motions of the atmospheric turbulence caused by winds become the main 
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contributor to droplet dispersion. 

Although CFD results of atmospheric turbulence were unavailable, well

known analytical models will be used to examine these large scale turbulent 

motions. Eqn. 6.2 describes the horizontal velocity profile, Uwind(z), which is 

logarithmic above the forest canopy, with an offset, d0 , and a friction length, 

z0 , both of which depend on the canopy height, hr, and density, as shown in 

fig. 6.11. 

u* (z - do) Uwind(z) = -Zn 
K, Zo 

(6.2) 

where u* is the friction velocity and r., is the von Karman constant (r., '.::::'. 0.41). 

Empirically, it has been shown that, for a forest canopy, d0 '.::::'. 0. 75hr and 

z0 '.::::'. hr/10 [75]. For this analysis, it is assumed that the aircraft flies at a 

height z1 = 40m over a forest canopy height hr= lOm which is common for 

aerial spraying. 

The background atmospheric fluctuating velocity, u', depends on the friction 

velocity, u*, as shown in eqn. 6.3. The mixing length scale, Lr, of atmospheric 

turbulence varies with height, and the characteristic time scale, TL, is a 

function of u' and Lr, as shown in eqns. 6.4 and 6.5, respectively [76]. 
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Figure 6.11: Schematic of atmospheric boundary layer with surface rough
ness. 
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u' = l.93u* (6.3) 

Lr= r;,z (6.4) 

(6.5) 

The maximum particle Reynolds number, Ret, for a 150 µm droplet within 

this atmospheric turbulence is 8.2 which slightly exceeds the Stokes drag 

regime. The maximum Stokes number for a 150 µm droplet within this at

mospheric turbulence is 12.8 which occurs close to the forest canopy surface. 

The Stokes number is otherwise much lower for the rest of the particles' de

scent. 

For the atomizer and aircraft scales, the elapsed time t was approximated 

based on downstream distance behind the atomizer. However, the elapsed 

time for the analytic atmosphere model is approximated based on the de

crease in height ( 40m - z) and the particles' terminal velocity, Vr. 

~ = Pp - Pgd2 
T 18µ 

40m-z 
t=---

Vr 
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Fig. 6.12 shows relationship between the elapsed time ratio, i,L, and the par

ticle time scale ratio, ir,, for 10, 50 and 150 µm droplets from the release 

height z = 40m to the canopy top z = l Om. 
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0 .001 ,___ __ __._ __ _.__ _ ___ '---....._ ____ _..._ ____ ___.___, 

0.000001 0 .0001 0.01 1 100 

Figure 6.12: The elapsed time ratio plotted against the particle time scale 
ratio within atmospheric turbulence for different droplet diameters: 10, 50 
and 150 µm. Solid lines represent the locations where the diffusion rate of 
the particles exceeds and approaches the diffusion rate of a fluid element (see 
eqn. 3.22). 

190 



As the particles descend, the elapsed (suspended) time increases, but the 

turbulence time scale decreases. This corresponds to a climb upwards on 

the curves. The curve extends further upwards for smaller droplets be

cause they have slower fall speeds and a larger descent time. Each curve 

will eventually extend downwards past the lower cut-off line as the parti

cles approach their release height ( t -+ 0). The intersection occurs at a 

height, z = 39.98m (t = 29.5ms), for the 150µm droplets and a height, 

z = 39.9999m (t = l.3ms), for the 50µm droplets. Each curve also crosses 

the upper line corresponding to the location where the particles begin to 

diffuse at rates similar to those of a fluid element. This intersection occurs 

at heights, z = 39.97m (t = 0.40s) and z = 35m (t = 7.37s), for the 50 and 

150 µm droplets, respectively. The 10 µm curve surpasses both cut-off lines 

almost instantaneously. 

6.4 Summary of the 3 Regions of Turbulence 

Transport 

As discussed, droplets will encounter many scales of turbulence between the 

aircraft mounted atomizers and the forest canopy. The effect of these turbu

lence scales on the droplet diffusion further depends on the droplet properties. 

Figs. 6.13 - 6.16 show the entire time scale ratio range for 10, 50, 100 and 

150 µm droplets. 
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Figure 6.13: The elapsed time ratio plotted against the particle time scale 
ratio for a 10 µm droplet. Solid lines represent the locations where the 
diffusion rate of the particles exceeds and approaches the diffusion rate of a 
fluid element (see eqn. 3.22). 

For smaller droplets ( d ('..J lOµm) the diffusion coefficient Dt initially exceeds 

that of a fluid element, but is similar within the aircraft wake and descent 

through the atmosphere. On the other hand, larger droplets (d ('..J 150µm) dif

fuse slower than a fluid element in the atomizer wake, quicker in the aircraft 

wake, and at a similar rate for the remainder of their descent. Intermedi-
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Figure 6.14: The elapsed time ratio plotted against the particle time scale 
ratio for a 50 µm droplet. Solid lines represent the locations where the 
diffusion rate of the particles exceeds and approaches the diffusion rate of a 
fluid element (see eqn. 3.22). 
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Figure 6.15: The elapsed time ratio plotted against the particle time scale 
ratio for a 100 µm droplet. Solid lines represent the locations where the 
diffusion rate of the particles exceeds and approaches the diffusion rate of a 
fluid element (see eqn. 3.22). 
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Figure 6.16: The elapsed time ratio plotted against the particle time scale 
ratio for a 150 µm droplet. Solid lines represent the locations where the 
diffusion rate of the particles exceeds and approaches the diffusion rate of a 
fluid element (see eqn. 3.22). 
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ate droplet sizes disperse at rates between these two extreme cases. It is 

interesting to examine how scales of the aerial spray problem flow into one 

another. Droplets ( regardless of size) begin in the wake of the atomizer. 

As the turbulence scales in the atomizer wake dissipate, the aircraft wake 

becomes the main contributor to turbulent diffusion. This transition occurs 

when the 'atomizer' data points on figs. 6.13-6.16 reach those of the 'aircraft'. 

The droplets in the central wake of the aircraft appear as data points along 

the top of the cluster and shift leftward with downstream distance because 

t and TL both increase linearly with x. Droplets in the outer aircraft wake 

( or in the free stream) appear as data points on the left side of the cluster 

and shift upwards with downstream position because TL does not change. In 

reality, this vertical line would be in line with the atmospheric turbulence 

data points; however, atmospheric turbulence was not included in Ryan's 

simulations [91]. The particles in the outer wake will continue ascending the 

atmospheric turbulence curve, and so will the particles located in the central 

wake once the wake turbulence dissipates to atmospheric levels (reaches the 

vertical data curve). 

The Stokes drag law, given by eqn. 3.5, is not appropriate for calculating the 

drag forces acting on the largest droplets within the most turbulent regions 

associated with aerial spraying. However, this extreme, where Ret > l, does 

not represent the majority of droplet trajectories which are well represented 

by Stokes drag. For increased accuracy, the Schiller Naumann drag correla-

196 



tion [90] can be easily implemented into the Equilibrium Eulerian method 

for future studies [34]. 

The appropriateness of the Equilibrium Eulerian model is questionable for 

two important reasons: 

1. The Stokes numbers of the larger droplets in the highly turbulent re

gions behind the atomizers and aircraft are much larger than 0.2, hin

dering the accuracy of the equilibrium approximation in these extreme 

regions. However, the Stokes numbers for the majority of droplets re

main less than 0.2 for most of the descent. Furthermore, this restriction 

on Stokes number for the equilibrium approximation is based on DNS 

where all turbulent eddy sizes are resolved. The restriction is relaxed 

when using LES because the Stokes number is defined based on the 

time scale of the smallest resolved eddy [8] and even more relaxed for 

the RANS approach used here. 

2. When the spray droplets exit the atomizer, they are flung outwards 

at high speeds. Although the Equilibrium Eulerian representation can 

capture droplet phase slip velocities caused by accelerations in the car

rier fluid, it cannot handle these large slips caused by the spray device. 

Ryan [91] shows that this radial slip persists until l'V 0.4m downstream 

at which point the Equilibrium Eulerian approach becomes appropri

ate. This region of the flow will be further discussed in Chapter 5. 
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One final point of interest is that the turbulent motions encountered by the 

aerial spray droplets are non-homogeneous and anisotropic, like most natu

rally occurring turbulence. However, the proposed turbulent diffusion coef

ficient Dt was found using Lagrangian particle tracking in isotropic, homo

geneous turbulence as described in Chapter 3. The implications of ignoring 

these effects was shown to have little consequence on predictions at the wind 

tunnel scale, shown in Chapter 4. However, these features may have more 

pronounced effects over larger diffusion times associated with full scale aerial 

spray modeling. Implementation of these effects is beyond the scope of the 

current dissertation but should be investigated in future studies. 
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Chapter 7 

Conclusions and 

Recommendations 

7.1 Conclusions 

The Direct Quadrature Method of Moments was implemented into the EXN / Aero 

CFD solver due to its increasing popularity and computational efficiency 

compared to other multiphase modeling techniques. The Equilibrium Eule

rian method was also employed which is a computationally efficient method 

of analytically predicting droplet phase velocities based on the carrier phase 

flow field and is applicable for small Stokes numbers. The lack of available 

diffusion models able to accurately compute inertia particle diffusion in the 

time limits and physical parameters associated with aerial spraying led to 

the development of a new model which was implemented into the DQMOM. 
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The model uses well-known Brownian motion theory to account for molecu

lar diffusion of spray droplets. However, molecular effects do not account for 

a significant portion of diffusion in most realistic flows which are generally 

dominated by turbulent diffusion. A large number of factors can influence 

the amount of turbulent dispersion including the spray droplet properties 

and the surrounding flow conditions. In order to quantify the effects that 

each property may have, a full-parametric study was performed using La

grangian tracking in an isotropic non-homogeneous turbulent flow field. The 

parametric study concluded that the ratio of the turbulent diffusion coeffi

cient to turbulent viscosity of the gas phase ( ~) depended on the following 

dimensionless quantities: 

1. turbulent particle Reynolds number, Ret 

2. density ratio, ~ 
p 

3. ratio of elapsed time to turbulent time scale, iL 

4. ratio of particle time constant to turbulent time scale, *" 

As J.L increases, or *" decreases, the droplets begin to disperse at the same 

rate as the gas phase in isotropic, homogeneous turbulence. However, when 

iL decreases, or *" increases, the rate of diffusion approaches zero. The 

transient effects ( advection of smaller eddies by larger eddies and strength 

varying eddies) and 'crossing trajectories' effects were not included in the 
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turbulent diffusion model. 

The DQMOM and turbulent diffusion model were used to simulate the dis

persion of a log-normal particle size distribution in isotropic, homogeneous 

turbulence with and without the presence of an amplified gravitational field. 

The results agreed closely with Lagrangian tracking predications performed 

using ANSYS CFX. 

The DQMOM method was also compared to experimental PDI measure

ments of turbulent dispersion in an anisotropic, non-homogeneous turbulent 

flow field in the wake of a hydraulic spray nozzle. The DQM OM predictions 

and PDI measurements compared well although an over prediction of turbu

lence in the central wake region led to an over prediction of inward diffusion 

of larger droplets. This resulted in larger predicted mean droplet diameters 

in the central plume at farther downstream locations. 

A full analysis of the timescales associated with aerial spraying was per

formed in order to evaluate the appropriateness of this modeling technique. 

It was concluded that Stokes drag and the equilibrium approximation are 

inappropriate in the immediate wake of the atomizers and aircraft for the 

larger spray droplets. However, for the majority of the droplets' descent to 

the forest canopy, these models are appropriate and carry large computa

tional benefits. The rate of diffusion was shown to be dependent on time 
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for the majority of the droplets' descent, but can be approximated by the 

aircraft speed and downstream distance. 

The turbulent diffusion model developed in this study along with the Direct 

Quadrature Method of Moments will be a very powerful tool for accurately 

and timely modeling the entire aerial spraying process. 

7 .2 Recommendations 

It was mentioned in the previous chapter that the Equilibrium Eulerian ap

proach is not capable of modeling the high relative droplet velocities produced 

by the spray devices. For this reason, it is recommended that future stud

ies analyze various techniques of dealing with the very near flow field of the 

sprayer. By treating this region separately, the computational cost gains of 

the equilibrium approximation will be saved for the majority of the aerial 

spray simulations. 

The SST turbulence model is a cost efficient tool for many engineering ap

plications when extreme accuracy is not paramount. However, advances in 

computing power are allowing more accurate approaches such as LES to be 

performed in reasonable amounts of time. LES is currently being integrated 

with the EXN / Aero solver and will likely be the main turbulence model mov-
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ing forward. In LES, the turbulence effects of random advection, strength 

changing eddies and body forces are inherently captured by resolving the 

anisotropic, non-homogeneous turbulent motions. Turbulent diffusion mod

eling will only be necessary at the sub-grid scale for the unresolved eddies. 

Unlike the large scale eddies, the small scale ones are mainly isotropic and 

so the anisotropic turbulent dispersion effects do not need to be considered. 

Switching to LES has another important implication. For all analyses in 

this dissertation, the Stokes number has been calculated based on the Kol

mogorov time scales. That is, we have been looking at the limit where the 

largest droplets interact with the smallest microscale eddies. When using 

LES the smallest resolved eddies are used to check the appropriateness of 

models because sub-grid scale eddies are not resolved. This leads to much 

smaller Stokes numbers and the validity of the slip approximation becomes 

very clear [8]. 

Once implemented into EXN / Aero, it is recommended that the combined 

LES-DQM OM code be tested on two different scales: 

1. Wind tunnel scale : The wind tunnel simulation described in Chapter 4 

should be reran using LES-DQMOM and compared with the SST pre

dictions and PDI measurements. Additional experimental wind tunnel 

measurements would also improve confidence in the CFD predictions. 
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2. Aircraft scale : The aerial spraying simulations of Ryan [91] should be 

used to compare the LES-DQMOM predictions in the near wake of an 

AT802 air tractor ( commonly used for aerial spraying). The predic

tions should also be compared against AGDISP which is currently the 

industrial standard for droplet dispersion predictions and uses simple 

analytical models of the gas phase flow field and Lagrangian track

ing for the droplets [91], [104]. The LES-DQMOM predictions can be 

compared against AGDSIP in the near wake and also for the complete 

simulation of droplet deposition onto the forest canopy. 

One final recommendation is the inclusion of evaporation into the DQMOM 

model which was ignored in this study for 2 reasons: 1) to focus the atten

tion on droplet dispersion due to turbulence, and 2) no significant evapora

tion would occur in these small times within the wind tunnel environment. 

However, evaporation of droplets in the wake of the aircraft over large times 

is very important due to its effect in decreasing the droplet sizes and thus 

changing their dispersion characteristics. Evaporation models are easily im

plemented into the DQM OM model through source terms as explained by 

McGraw [80] which will act to reduce the size ( or volume fraction) of the 

quadrature nodes but not the weights. 
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Appendix A 

Determination of DQMOM 

Parameters 

The following algorithm is used to generate the quadrature abscissas and 

weights used in the DQMOM transport equations from the original known 

PSD. The algorithm consists of 2 steps and will be applied to the first six 

moments of the PSD (µ0 - µ 5).The first step is to construct a 3 x 3 tridiag

onal matrix whose diagonal elements { a1, a2 , a3 } and off-diagonal elements 

{b1, b2} are derived from the moments using the product-difference (PD) al

gorithm [ 4 7]. The second step is to diagonalize the tridiagonal matrix by 

conventional methods to obtain the three abscissas and three weights. These 

steps are explained below. 

1. There are several steps to the PD algorithm which begins with setting up 
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a triangular array of elements P ( i, j). 

{

o, 
P(i, 1) = 

1, 

if i -:f l 

if i = 1 

(A.l) 

P( i, 2) = ( -1 /-1 
µi-1 (A.2) 

P(i,j) = P(l,j - l)P(i + l,j - 2) - P(l,j - 2)P(i + 1,j - 1) (A.3) 

It is important to note that the first moment µ0 = l for a normalized distri

bution. 

Next the elements of P(i,j) are used to create a new vector a. 

{

o, 
a(n) = 

P (l, n + l) / [P (1, n) P (l, n - l)], 

if n = l 

if n 2: 2 

(A.4) 

Lastly, the tridiagonal matrix elements are obtained from sums and products 

of the vector a. 

an= a(2n) + a(2n - l) (A.5) 
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b~ = a(2n + 1 )a(2n) (A.6) 

Note that bn is obtained as the positive square root of b~. Thus, we can now 

construct the tri-diagonal matrix J which is known as the Jocobi matrix [79]. 

(A.7) 

2. Once the Jacobi matrix is constructed, we can proceed to the second step 

to generate the abscissas and weights. This step requires the solution to the 

eigenvalue problem associated with the Jacobi matrix J. The abscissas ri 

are simply the eigenvalues of J and the weights are obtained in terms of the 

corresponding eigenvectors vi using the Christoffel-Darboux identity [79]. 

(A.8) 

where Vji is the first component of the eigenvector Vj· 
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Appendix B 

Parametric Study Results 

A full representation of the parametric study results that were used to cre

ate the turbulent diffusion model would be too lengthy for the scope of this 

paper. This appendix focuses on key trends that can be extracted from the 

parametric study. In each case, the baseline properties ( see Table 3.1) of the 

parametric study are used and each parameter (d, k, E, µ, p, and pp) is varied 

through its range. Figures B.1-B.6 show the effect of varying each parameter 

on the downstream volume fraction distribution and also the resulting data 

points produced on the Dt model curve. 
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Figure B.1: The effect of varying droplet diameter on the rate of dispersion. 
Parameter values: k = 15m2 

/ s2
, E = 500m2 

/ s3
, µ = l. 79e - 5Pa · s, p = 

l.l85kg/m2
, Pp= 997kg/m2

, d = 5, 30, 50,300, 500µm 
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Figure B.2: The effect of varying the turbulent kinetic energy on the rate of 
dispersion. Parameter values: d = 50µm, E = 500m2 

/ s3
, µ = l. 79e - 5Pa · s, 

p = l.l85kg/m2
, Pp= 997kg/m2
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A COMPUTATIONAL STUDY OF SPRAYS PRODUCED 

BY ROTARY CAGE ATOMIZERS 

S. D. Ryan, A G. Gerber, A G. L. Holloway 

ABSTRACT. This article describes a computational study of poly-dispersed droplet spray plumes produced by Micronair 
AU4000 and AU6539 rotary cage atomizers that are commonly used in agriculture and forestry management. It combines 
experimental measurements of the droplet size spectrum and computational fluid dynamics (CFD) methods to develop a 
comprehensive understanding of droplet dispersion and spatial segregation in the near wake of the atomizer. The results 
will assist the development of improved measurement methodologies of pesticide droplet spectra. A parametric study of the 
Micronair AU4000 atomizer examines the effects of air speed, atomizer speed, liquid flow rate, and power source on spa
tial segregation of the plume. The RANS model uses a combined Lagrangian (droplet phase) and Eulerian (gas phase) 
procedure and includes the sprayer with blades and a large portion of the wind tunnel geometry. The computational re
sults are compared to full-scale experimental measurements of pressure, gas phase velocity. turbulence intensity, and 
droplet size spectra measured using phase Doppler interferometry (PD/). 

Keywo,m. Computational fluid dynamics, Droplet dispersion, Droplet size spectra, Liquid spray. Multiphase flow, Near 
wake, Pesticide, Rotary cage atomizers, Size segregation, Turbulent dispersion. 

esearchers at the University of New Bnmswick, 
in partnership with Forest Protection Limited 
(FPL, Lincoln, New Brunswick, Canada), are 

· completion of a comprehensive, five-
year research project involving the spray characterization 
of aerial atomiz.ation systems. The research project com
bines experimental and computational methods to study 
droplet siz.e and velocity distributions in the wake of rotary 
cage atomiz.ers. The long-term objective is to develop im
proved CFD models of droplet dispersion to predict droplet 
transport in the wake of spray vehicles and the atmosphere. 
These future models will improve predictions of spray tra
jectory and assist applicators in delivering effective doses 
while minimizing off-site drift. This will have a positive 
impact on the environment and pesticide delivery costs. 

The details of the accompanying experimental studies 
are outlined in separate publications: Bagherpour et al. 
(2012) and Bagherpour and Holloway (2011). The focus of 
this article is on development of the CFD droplet transport 
model that will be used to develop insight into the evolu
tion of the spray plume as well as assist in planning and in
terpretation of experimental measurements. The validation 
of near-field droplet dispersion predictions in this study al
lows for greater confidence in mid-field studies in which 
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PM 9463; approved for publication by the Power & Machinery Division 
of ASABE in June 2012. 

The authors arc Sydney D. Ryu, Graduate Student, Andrew G. Ger
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292-1457; e-mail: s.david.iyan@gmail.com 

the effects of the applicating aircraft wake are studied. It is 
intended that the current models become sophisticated in
puts into lower-order droplet transport models used to 
model pesticide delivery. Currently, industrial standards for 
modeling these effects include the Agricultural Dispersal 
(AGDISP) and FS Cramer-Barry-Grim (FSCBG) models, 
which use simplified models of turbulent transport and 
have low dimensionality (Potter and Bi, 2000; Bilanin et 
al., 1989). 

The use of CFD modeling to investigate spray behavior, 
by various means, in airflow is not new (Endalew et al., 
2010). However, examining spray formation in the context 
of rotary cage atomiz.ers has received little attention, and 
even less in forestry applications. A related study was con
ducted by Huang (2005), who used CFD to model the mul
tiphase flow within a spray dryer fitted with a rotary disc 
atomiz.er. He used an Eulerian-Lagrangian approach and 
modeled the two-way coupling between the continuous and 
dispersed phases. The RNG k-£ turbulence model was used 
along with vapor to droplet heat and mass transfer. Dom
nick et al. (2005) used an Eulerian-Lagrangian CFD ap
proach to model electrostatic spray painting with high
speed rotary bell atomiz.ers. In both of these studies, exper
imental worlc was used to validate the model predictions for 
droplet diameters and velocities. Neither of these studies 
considered the unique features of aerial spray equipment, 
which includes turbine blades, a rotating wire gauz.e for 
droplet breakup, and a high-speed co-flow. 

In response to this lack of basic computational research, 
a full-scale CFD model of the FPL wind tunnel and the Mi
cronair AU6539 and AU4000 atomiz.ers was created. The 
predicted flow and droplet distributions are examined in 
detail, and comparisons are made to the experimental work 
by Bagherpour et al. (2012) for model validation. 
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Figure I. Accuair wind tunnel schematic (Baghcrpour ct al., 2012). 

EXPERIMENTAL SYSTEM 
Experimental studies were conducted at FPL's Accuair 

wind tunnel facility in Burpee, New Brunswick. The wind 
tunnel test section is I m in diameter and 5 m in length 
(Bagherpour et al. , 2012). The wind tunnel is powered by a 
185 kW electric motor, allowing it to reach speeds between 
40 and 270 km h-1 (Bagherpour et al ., 2012). The wind tun
nel test section includes an optical access port for visualiza
tion and laser-based measurements (fig. I). Sprayers are 
placed at the desired distance upstream of the optical meas
urement port in the test section. The wind tunnel is 
equipped with several experimental measurement tech
niques: a Helos Vario laser diffraction system (Sympatec, 

Figure 2. (top) Micronair AU6539 atomizer and (bottom) Micronair 
AU4000 atomizer. 

IIH 

Clausthal-Zellerfeld, Germany), a three-component phase 
Doppler interferometer (POI, Artium Technologies, Inc., 
Sunnyvale, Cal.), hot-wire anemometry, particle image ve
locimetry (PIV), and high-speed stroboscopic imaging 
(Bagherpour et al ., 2012). Data produced by the POI will 
be used to develop and validate the computational model. 
The validated computational model will provide additional 
detail about the two-phase flow field that cannot be easily 
determined experimentally, such as gas phase and droplet 
velocity distributions and droplet-size velocity correlations 
More detail on the experiments used in the validation will 
be presented with the discussion of the CFD results. The 
Micronair AU6539 and AU4000 atomizers are shown in 
figure 2. The AU6539 atomizer has a gauze basket diameter 
and length of 8.45 cm and 4.11 cm, respectively. The 
AU4000 atomizer is larger, with a gauze basket diameter of 
12. 9 cm and a length of 8.00 cm. 

CFDMODEL 
A three-dimensional, full-scale CFD model of the wind 

tunnel has been created that includes a contraction, a con
stant-diameter test section, an optical port within an airtight 
enclosure, and a diffuser for pressure recovery. The wind 
tunnel and sprayer geometry were modeled using NX 6 
(Siemens PLM Software, Plano, Tex.). A longitudinal 
cross-section of the model is shown in figure 3a, and de
tailed three-dimensional models of the Micronair AU6539 
and AU4000 atomizers are shown in figures 3b and 3c, re
spectively. The atomizer geometry has been simplified to 
its essential aerodynamic surfaces and located at the same 
physical locations within the test section used for experi
mental measurements. 

The computational mesh included 2.96 million unstruc
tured nodes and was created using ANSYS Workbench 12.1 
(A SYS, Canonsburg, Pa.). The control volume elements 
were tetrahedral in shape, and an inflation layer of hexahe
dral elements was used along the wind tunnel walls in order 
to accurately capture the boundary layer development. The 
mesh was refined around the atomizer and along the path of 
its wake to more accurately compute the flow in these re
gions. It should be noted that the mesh in figure 3 was 
made coarser than the actual computational mesh for visual 
display. 

FLUID MODELS 
G AS PHASE 

The properties of air used in al I of the present CFD sim
ulations are surnmarized in table I (Munson, 2006) 

The airflow was modeled using an Eulerian frame of 
reference with the gas flow governed by equations I 
through 4, which express time average conservation of 
mass and momentum (Versteeg and Malalasekera, 2007): 

(!) 
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(a) 

(b) 

(c) 

Figure 3. (a) Wind tunnel model, (b) AU6539 atomizer model, and 
(c) AU4000 atomi7,er model (with modeled blades). 

Table 1. Air properties at 25°C and I atm. 
Propenv Value 

Density (p) 1.185 kg m·' 
Dynamic viscosity (µ) 1.83 IE-05 kg m·1 s·1 

div( puO) = - aP +div(µ · gradU) 
ax 

+[- a(pu'
2
) _ a(pu'v') _ a(pu'w') ]+SM (2) 

ax ay az r 
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div(pvO)=-ap +div(µ· gradV) 
ay 

+[- a(p1/v') _ a(pv'
2
) _ a(pv'w') ]+SM ()) 

ax ay az y 

div(pwO) =- ap +div(µ· gradW) 
az 

+[- a(p1/w') _ a(pv'w') _ a(pw'
2 
)]+SM (4) 

ax ay az z 

Equations 2 through 4 were developed using Reynolds 
averaging and incorporate the influence of turbulent 
transport on the time average velocity field. The term on 
the left side represents the convective acceleration. The first 
term on the right side represents the pressure gradient, and 
the second term represents the molecular diffusion of mo
mentum. The last two terms on the right side are the Reyn
olds stresses, representing the turbulent transport, and the 
source terms, which include body forces for a rotating 
frame . Refer to the Nomenclature section at the end of this 
article for the defini tion of terms. 

Applications that involve complex rotating boundaries 
(such as the bladed atomizer) are more easily specified us
ing a rotating frame of reference, and that approach is fol
lowed here. To properly model flow in the rotating frame, 
the source terms of equations 2 through 4 must include cen
tripetal and Coriolis forces : 

S,ent =pO.x(nxr) 

Seo, = -2pO.x0 

(5) 

(6) 

where n is the angular velocity vector of the domain, and 
;:: is the position vector. 

The Reynolds stress terms in equations 2 through 4 re
quire further modeling, and this was done using the Base
line Reynolds Stress Model (BSL RSM). The BSL RSM is 
a six-equation turbulence model that is recommended when 
the flow is complex and the turbulent transport is aniso
tropic (ANSYS, 2004). Reynolds stresses are computed in
dividually according to equation 7 in tensor form : 

div(pW;~) = <l> ij -f P' pkwc\ + pij 

+div[(µ<:Jgrad(u7~ )] 

(7) 

where Pu is the shear turbulence production term, <l>u is the 
pressure-strain correlation, W is an experimental constant, 
k is the turbulent kinetic energy, µ, is the turbulent viscosi
ty, CJ; is the turbulent Prandtl number, and w is the turbulent 
eddy frequency (ANSYS, 2004). A transport equation for w 
is solved in conjunction with equations 1 through 7: 
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div(pciro)=div[(µ+ :~ Jgrad(ro)J 
where r is a normally distributed random number. Note 
that each component of velocity has a different standard 
deviation, as dictated by the anisotropy of the RSM. The 

+(1-.Fj)2p-
1-grad(k)grad(ro) a2ro 

(S) time and length scales of the local turbulent eddies are 
found using: 

+a3 ~ P1 -p3pro2 
k 

where a3, ~. Om3, and 02 are all empirical constants, P1 rep
resents the production of turbulence kinetic energy, and F1 
is a blending function, which is dependent on wall distance 
and used for boundary layer treatment. Note that additional 
source terms of the turbulence equations are required for a 
rotating frame of reference (ANSYS, 2004). 

LIQUIDPIIASE 
The spray droplets are modeled as geometric points, and 

the trajectories are computed following an equation of mo
tion that describes the forces that affect the droplet motion 
(Shirolkar et al., 1996): 

dci m/!7,"=Fv+FB+Fp+FR (9) 

represent the mass and velocity of each droplet, respective
ly. The first three forces represent the drag force due to rel
ative velocity with the gas phase (FD), the body force due 
to gravity (F8 ), and a force due to the pressure gradient in 
the gas phase (Fp). The rotational force (FR) is included for 
a rotating frame of reference and represents the centripetal 
and Coriolis forces acting on the droplet. The drag force is 
determined using the Schiller-Naumann drag model, which 
assumes that the droplets are dilute and small enough that 
they can be considered spherical (Schiller and Naumann, 
1933 ). The drag force is calculated using equation 10: 

Fv =±PCvAIO-Opl(O-Op) (10) 

where p is the air density, A is the frontal area of the drop
let, and CD is the drag coefficient (based on Schiller
Naumann) of the droplet. The body force acting on a drop
let is computed using the density difference between the air 
and droplets multiplied by the gravity vector. The pressure 
gradient force is computed using the gas phase pressure 
gradient at the position of the droplet. 

Turbulent dispersion transports the droplets from regions 
of high to low droplet concentrations (Gosman and Loan
nides, 1981). That is, turbulent eddies, acting through inter
face drag, cause particles to spread randomly across the 
flow. The eddies are characteriz.ed by their fluctuating ve
locity components u;, a length scale (size) /., and a time 

scale (lifetime) t.. The fluctuating gas phase velocity was 
modeled as a Gaussian random variable with a standard de
viation that was determined by the turbulent kinetic energy 
k deduced from the gas phase RSM. 

' (2k)0.5 
U;=r J (11) 
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t - le e-ff (12) 

le =Cft:2

J (13) 

where £ and C11 are the turbulent dissipation and an empiri
cal constant, respectively (Hinze, 1975). Finally, it is im
portant to note that droplet interaction with a turbulent eddy 
has a finite duration, defmed by either the lifetime of the 
eddy or the time it takes a droplet to traverse the eddy, 
whichever is less. 

SOLVER AND BOUNDARY CONDITIONS 
The solution of equations I through 13 was obtained us

ing the ANSYS CFX CFO solver (version 12.1, ANSYS, 
Canonsburg, Pa.). Discretization of the governing equations 
for momentum and turbulence (as presented earlier) fol
lows a fmite volume procedure leading to nominally se
cond-order accuracy. The solution of the dynamic variables 
(U, V, W, and P) are obtained in a coupled manner (as op
posed to the more common segregated SIMPLE approach) 
employing an algebraic multigrid solver to accelerate the 
solution (ANSYS, 2004). The domain's 3 x 106 nodes were 
partitioned 14 times to take advantage of the parallel com
puting environment. The solver took roughly 1 7 h for a typ
ical solution to converge to RMS residuals below 1 x 1 o·4. 

The inlet of the computational domain is located at the 
entrance of the wind tunnel just downstream of the flow 
development screens. The velocity and turbulence intensity 
at this location were set to match the measured wind tunnel 
velocity and a turbulence intensity of 8%. This, used in 
combination with the RSM turbulence model, gave a good 
estimate of the turbulence level in the unobstructed test sec
tion. In these calculations, the inlet turbulence length scale 
was computed from the model. The outlet of the computa
tional domain was located at the exit of the primary diffuser 
(figs. 1 and 3a). The average static pressure at the outlet 
was based on experimental measurements. Finally, the 
walls of the wind tunnel were modeled as no-slip bounda
ries with a sand grain roughness of -0.2 mm. 

The atomizer surface was given a rotational velocity 
based on experimental measurements at different wind tun
nel speeds. Droplets were injected from random locations 
on the atomizer's wire gauz.e with a size distribution deter
mined from experiments (as described later). The droplets 
were given a radial velocity component based on the over
all volumetric flow rate in order to conserve mass. In the 
absence of measurements, it was assumed that the droplets 
exiting the atomizer had a velocity equal to the tangential 
velocity of the wire g8\17.C. 
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The rotor blades (fig. 3c) and surrmmding air were mod
eled in a frame of reference rotating with the sprayer 
blades. The interface between this rotating frame and the 
wind twmel's stationary reference frame was modeled us
ing the "frozen rotor" approximation, commonly used in 
turbo machinery. This approximation avoided the need for a 
time-consuming transient solution by producing a steady
state solution in the rotating frame. However, certain ad
justments must be made when comparing the results to la
boratory frame experimental data. First, mean flow proper
ties within the wake and spray plume were averaged over a 
circumferential path at each radial position. Adjustments 
were also made when computing the turbulence levels at 
each radial position to include the root mean square (RMS) 
change in the mean velocity relative to the laboratory frame 
in the computed turbulence intensities. 

COMPUTATIONAL MESH AND 

DROPLET NUMBER SENSITIVITY 
MESH STUDY 

Before undertaking the parametric study, a mesh sensi
tivity study was conducted in order to establish the mesh 
size required to obtain mesh-independent results. For brevi
ty, only two important properties are included: the gas 
phase axial velocity component and the axial Reynolds 
stress component These properties were plotted for three 
different mesh sizes along the centerline of the wind tunnel 
and along a radial line at 31 atomizer basket diameters (D) 
downstream (fig. 4). Except for small deviations in the 
normal Reynolds stress, the overall comparison between 

(a) 

Aaio1Velooi!J(ol11D-l 

(c) 

(b) 

...,.__(ot91D-I 

(d) 

Figure 4. Mall 11ea1ltlvity nudy for flow In the wind tunnd with an 
electrically driven Mlcronair AU4000 atomber located at :r • 0 and 
r• 0: (a) uial velochy along the wind tunnel centerline, (b) uial 
Reynolds ltreu along the wind tunnel centerline, (c) uial velochy 
alon& a radial Hne 31D downstream, and (d) uial Reynold1 ltreu 
along a ndlal One 31D downstream. Condltlon1 are U.., • 2SO km h"', 
D • 8000 rpm, and Q• 8 L m1n·1• Solid line• 1.28 M noda, duhed 
line• 2.96 M noda, and dotted line• 5.52 M noda. 
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Fipre 5. Droplet number 11ea1ldvity ltndy of the spny plu- of the 
electrically drhen Mlcronalr AU4000 atomber located at r• 0. Data 
1hown at YID• 31. Condldon1 are U..,• 2SO km h"1

, D • 8000 rpm, 
and Q• 8 L m1n·1• Solid Hne • 10,000 droplet po1ltlon1, dulled line• 
S0,000 droplet po1ltlon1, and dotted One• 100,000 droplet po1ltlon1. 

the 2.96 and 5.52 million node cases suggests that the 2.96 
mesh provides adequate resolution. 

DROPLET NUMBER STUDY 
Tracking the billions of droplets that are physically pre

sent in the spray would be computationally infeasible. 
Therefore, ANSYS CFX injects a smaller number of drop
let packets into the domain, with each packet representing a 
random piece of the droplet size spectrum with a mean di
ameter. This method assumes that all droplets in the packet, 
having the same diameter, follow identical flow paths. As 
the number of packets is increased, the computational mod
el becomes less dependent on the number of packets re
leased, although the computing cost increases substantially. 
A droplet number sensitivity study was performed to ensure 
that the CFO solutions were independent of the number of 
packets injected Figure 5 shows a radial profile of the 
time-averaged volume mean droplet diameters at 4 m 
(x/D = 31) downstream of the atomizer for 10,000, 50,000, 
and I 00,000 droplet packets. It was concluded that the so
lution becomes independent of the number of droplet 
groups beyond 50,000. 

RESULTS AND DISCUSSION 
UNOBSTRUCTED WIND TuNNEL FLOW 

This section focuses on the computational results relat
ing to the unobstructed wind tunnel (i.e., absence of the at
omizer). The CFO model, in conjunction with the experi
mental data in figures 6 and 7, was used for determining the 
appropriate inlet turbulence levels, wall roughness, and 
near-wall grid resolutions before moving on to the flow 
cases including the atomizer. Wall pressure measurements 
at various wind tunnel locations were performed for several 
operating speeds. These were located at the test section en
trance, the test section exit, and the primary diffuser exit. 
Figure 6 shows that the CFO results closely follow the ex
perimental trends. 

Hot-wire anemometry was also used to experimentally 
measure the mean velocity and turbulence intensity profiles 
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just upstream of the test section plane (Bagherpour et al., 
2012). The measurements were taken at a wind tunnel speed 
of 67 m s·1 without the atomiz.er in place. The CFD model 
results are shown in figure 7. It can be seen that the mean ve
locity is nearly constant over the cross-section of the wind 
twmel except for the bolDldacy layer, which has grown to ap
proximately 10 cm at the test section exit. The turbulence 
level in the core of the airflow is roughly 0.4%. One can 
conclude that the CFD model has replicated the experimental 
velocity and turbulent intensity profiles reasonably well. 

MODEL VALIDATION 
Bagherpour and Holloway (2011) used phase Doppler 

interferometry (POI) to measure droplet velocity profiles 
downstream from an AU6539 atomiz.er with a rotational 
speed of 9854 rpm and an air speed of 62.5 m s·1. Gas 
phase velocities were inferred from the velocity of the 
droplets less than l O µm in diameter. Partial radial profiles 
of the axial component of mean velocity and the turbulence 
intensity at 22.5 diameters downwind of the atomizer are 
shown in figures 8 and 9, respectively. The size and 
strength of the atomizer's wake and turbulence intensity are 
well predicted by the computational model. 

Droplets were injected into the computational model at 
random locations over the surface of the atomizer gauz.e at 
a rate of 1 L min·1 with a number and volume fraction dis-
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tribution corresponding to experimental results for the en
tire plume as measured at 1.9 m (x/D = 22.5) downstream 
of the atomizer (fig. 10). The CFD simulations do not con
sider particle breakup since our primary interest is the tur
bulent dispersion of droplets in the sprayer wake. However, 
all droplets added had a diameter smaller than the maxi
mum stable diameter for the airstream into which they were 
injected (Bawngarten, 2006). Furthermore, the droplet con
centration was sufficiently low that the probability of drop
let collisions was small (Elghobash~ 2004). 

When the droplets are released from the rotating atomiz
er, momentwn carries them outwards radially until drag 
forces guide their motion into the axial direction. The larger 
droplets contain more momentwn than the smaller droplets; 
thus, they are flung farther outwards before their motion is 
directed predominantly downwind. This phenomenon acts 

to segregate the droplets according to size. As the droplets 

' f: l==:=1 l, i \ 12 : \ l, I I 
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Figure 10. Esperimentally derived droplet diameter number ud vol
•- fraction diatribution1 for tbe entire apray leaving tbe AU6539 at
omizer. 
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Figure 11. Computational and experimental droplet diameter number and volume fnctlon di1trlbutlon1 (bin 11:r.e of 2 jUII) at :dD • 22.5 down
stream of the Mlcronalr AU6S39 atomizer for different ndlal po1hion1: (a) 3 cm, (b) 7 cm, (c) 11 cm, (d) IS cm, and (e) 23 cm. Conditions are 
u.,.•62.Sm11

, O•IIIIS4 rpm,and Q•l Lmm·•. 

travel downwind, tmbulent eddies tend to mix the droplets 
and reduce this segregation. The smaller droplets are quick
ly entrained into the middle of the spray plwne because 
they contain less inertia and are more easily dispersed by 
turbulent eddies. At greater downstream distances, the larg
er droplets are also diffused both inward and outward. 

Figures 11 a through 11 e show the droplet nwnber and 
volwne fraction distributions found by Bagherpour and 
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Holloway (2011) plotted along with the CFO predictions at 
radial positions r = 3, 7, 11, 15, and 23 cm, respectively. 
The mean droplet diameter 0 30 is roughly 20 µm at a radial 
position of 3 cm, 110 µm in the outer plwne at 23 cm, and 
the droplet size distribution is bi-modal at 15 cm. The sharp 
experimentally determined secondary peak at 20 µm is 
wider in the computational results, but overall the predicted 
dispersion of droplets in the atomizer's wake is well repre
sented by the CFO model. 
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Table 2. Micron air A U4000 atomizer model parameten (gauze basket 
diameter= 12.9 and length = 8.00 cm). 

Air Speed Atomizer Speed 
(km h.1

) (rpm) 
250 8000 
200 8000 
300 8000 
250 6000 
250 10175 
250 8000 
250 8000 

PARAMETRIC STUDY OF THE MICRON AIR 

AU4000ATOM1ZER 

Flow Rate 
(L min.1) 

8 
8 
8 
8 
8 
4 
12 

The effects of the following operating parameters on 
spatial segregation of droplets were analyzed for the 
AU4000 sprayer using the CFD model validated in the pre
vious section: air speed, atomizer rotational speed, and liq
uid flow rate (as presented in table 2). Both an electrically 
driven AU4000 atomizer as well as one self-driven by the 
rotor blades were studied. Figure 12 shows a cross-section 
of each power source setup to help visualize the difference 
in wake formation . The mean droplet size distribution that 
was injected was based on Micronair-published AU4000 
data shown in figure 13. 

The Micronair database gives droplet volume median 
diameter Do.s only as a function of atomizer speed. There
fore, for the purposes of this study, the droplet size distribu
tion was further assumed to be Gaussian with a standard 
deviation of 20 µm and a minimum droplet diameter of 
JOµm . 

To assist in better describing subsequent parametric re
sults, a qualitative presentation is provided first. Figure 14 
shows the air velocity vectors and axial velocity contours 
along a longitudinal plane and on four cross-sectional 
planes. The velocity wake is clearly diminished with in
creasing distance from the atomizer. The velocity vectors 
are organized into a swirling motion at I m (x/D = 7.75), 
which is diminished over the next 2 m. The velocity vectors 
in the cross-sectional plane at 4 m (x/D = 31) are relatively 
small, showing that the velocity is virtually all in the 
streamwise direction. Figure I 5 shows the volume mean 
particle diameter D30 along a longitudinal plane as well as 
four cross-sectional planes. This figure shows that droplet 
size segregation is greatest within 0.5 m (x/D = 3.9) of the 
atomizer. Turbulent dispersion subsequently causes the 

(a) 
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Figure 13. Micronair AU4000 droplet diameters as a function of atom
iur speed (reproduced with permission from Micron air catalog). 

plume to increase in size and causes smaller particles to dif
fuse outwards and larger particles to diffuse inwards. 

Figure I 6 shows the droplet tracks of I 00 ( of the 50,000 
introduced) randomly sampled droplets exiting the atomizer 
and being transported downstream. The particle tracks are 
colored according to the volume mean particle diameter. 
All droplets leave the basket tangentially, with the larger 
ones traveling farther in the radial direction. As a result, the 
larger droplets are located at the outer edges of the plume, 
whereas the smaller particles are more centralized. Farther 
downstream, turbulent mixing tends to reduce this droplet 
size segregation. 

Figures I 7a and I 7b show the axial air speed at 2 m 
downstream as a function of radial position for each test 
case using the electrically driven and blade-driven AU4000 
atomizers, respectively. Note that the air speed and radial 
position are normalized by the cross-sectional average free 
stream velocity and the basket diameter, respectively. The 
use of rotor blades increases the size of the wake and ap
parent size of the atomizer (fig. 12). The velocity deficit of 
the wake behind the blade-driven atomizer is also substan
tially larger than that of the atomizer without blades. 

(b) 

Figure 12. Micron air AU4000 atomiur schematic with wake: (a) electrically dri,•en and (b) self-dri,·en with rotor blades. 
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Figures I Sa and I Sb show the turbulence intensity as a 
function of radial position for each test case using the elec
trically driven and blade-driven AU4000 atomizers, respec
tively. The unsteadiness due to the blade rotation signifi
cantly increases the turbulence levels within the wake, as 
measured in the laboratory frame . 

The effect of increasing the liquid flow rate is to in
crease the wake size and deficit as a result of increased 
drag forces on the droplets. For the unbladed case, the tur
bulence levels inside the wake are slightly increased due to 
the injected droplets; however, for the bladed case, the 
droplets slightly dampen the turbulent fluctuations. 

Atomizer speed had very little effect on the wake size or 

(a) 

velocity deficit. For the unbladed case, it also has a negligi
ble effect on the turbulence intensity. However, for the 
bladed case, the turbulence intensity is increased signifi
cantly with increased rotation speed. 

Figure 19 shows the volume mean droplet diameter D30 

as a function of radial position within the atomizer 's spray 
plume at 2 m downstream. As droplets are released from 
the surface of the atomizer, they become segregated accord
ing to size. Turbulence acts to reduce the segregation as the 
droplets travel downwind, as explained in the previous sec
tion. Reducing the atomizer speed to 6000 rpm considera
bly increases the size of droplets produced, making them 
more resistant to turbulent fluctuations due to their higher 
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Figure U . Micronair AU4000 a1omizer with tu rbi ne blades: (a) air velocity along a longitudin al 11lane and (b) air velocity along several dow n
st ream cross-sectional Jl lanes. Co nditions are U.,, = 250 km h·1 , n = 8000 rpm, and Q= 8 L min·•. Images shown are sna pshots as viewed from 
the laboratory frame. 
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inertia; thus, the droplets remain more segregated at down
stream locations. In fact, the incomplete profiles shown in 
figure 19 are the result of the absence of droplets in the in
ner portion of the wake. 

Figure 20 shows the radial profiles of axial air velocities 
and droplet slip velocities at various downstream positions 
for both AU4000 atomizer setups. When droplets are re
leased from the atomizer, they have zero axial velocity; 
hence, slip between the phases occurs, which decreases 
with downstream distance. The larger droplets, having 
greater inertia, require a greater distance to reach air speed. 
Larger turbulence levels in the near wake of the atomizer 
also result in larger slip velocities. Overall, the droplets 

(a) 

(b) 

have significantly different velocities than the air phase in 
the near wake. However, by x/D = 15.5, the droplets are 
traveling at velocities within 3% of the mean gas phase, 
and at xi D = 31 slip has decreased to less than I%. 

Figure 21 shows the radial profiles of volume mean 
droplet diameter and the relationship between droplet size 
and mean axial air velocity at various downstream positions 
for both AU4000 atomizers. The segregation of droplets 
according to size decreases moderately with downstream 
distance, with the volume mean diameter rising in the cen
ter of the plume and lowering at outer radial positions, as 
the spray plume diffuses outwards. The relationship be
tween droplet size and axial air velocity (figs. 20 and 21) is 

Figure 15. Micro na ir AU4000 ato mizer with turbine blades: (a) vo lume mean pa rticle diameter along a longitudin al plane and (b) volume mean 
particle dia meter a long several downst ream cross-sectiona l 1>lanes. Conditions arc u •. ,= 250 km h·1

, n = 8000 rpm, and Q = 8 L min·'. Im ages 
represent snapshots as viewed from the laboratory frame. 
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quite strong in the near wake due to the velocity deficit and 
size segregation behind the atomizer. Further downwind, 
the velocity deficit diminishes, leaving a weak correlation 
between droplet size and air velocity. The correlation be
tween droplet size and droplet velocity would be similar to 
that shown in figure 21 due to the low slip velocities 
throughout the plume, as shown in figure 20. 

CONCLUSIONS AND F UTURE WORK 
A three-dimensional computational fluid dynamics 

(CFO) model of the Micronair AU6539 and AU4000 atom
izers and wind tunnel test apparatus was developed. The 
airflow was modeled in an Eulerian frame using Reynolds 
averaged Navier-Stokes equations and the BSL RSM turbu
lence model. The droplets were introduced at the sprayer 
basket and tracked through the air phase using Lagrangian 
equations of motion. Experimental phase Doppler interfer
ometry measurements of droplet diameter and velocity in 
the wake of a Micronair AU6539 atomizer were used to 
validate the CFO model. 

Overall, it was found that: (I) the size of the velocity 
wake was approximately 1.5 basket diameters in the case of 
the electrically driven atomizer and 2.5 basket diameters 
for the bladed atomizer; (2) the velocity deficit of the wake 
and turbulence levels were significantly larger when the at
omizer was blade-driven and in either case extended up to 

Mean Particle 

30 basket diameters downwind; (3) droplets in the spray 
plume were strongly segregated according to size, and this 
segregation persisted until the end of the computational 
domain; (4) slip between droplets and the gas phase never 
exceeded 10% and was insignificant beyond 15.5 diameters 
downstream of the atomizer; and (5) the correlation be
tween droplet size and droplet velocity was strong in the 
near wake but decreased significantly with downstream dis
tance. 

A parametric study performed on the AU4000 atomizer 
(with and without blades) for the effects of air speed, atom
izer speed, and liquid flow rate found that: 

• The wake size and velocity deficit were practically 
invariant. 

• The turbulence intensities within the wake were 
increased modestly by decreasing the air speed and 
increasing the liquid flow rate for the electrically 
driven atomizer, and vice versa for the blade-driven 
atomizer 

• The spatial segregation of the droplets within the 
wake were dependent on rotational speed, more so 
for the blade-driven atomizer. 

The results of the current study were encouraging and 
present opportunities for future studies. The droplet size 
distributions in the current near-field studies could be used 
as inputs into mid-field and far-field application models, 
such as AGDISP and FSCBG. The next step for the present 
modeling effort will be to extend the computations to the 
aircraft wake and include droplet evaporation 

Figure 16. Dro plet tracks leaving the Micronair AU4000 atomizer with ro tor blades. Co nditions are V.,1 = 250 km h-t, n = 8000 rpm, and Q = 
8 L min·'. Trajectories are co lored acco rding lo mean dro1ilel diameter. Trajectories are taken relative to the laboratory frame. 
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NOMENCLATURE 
A = frontal area of droplet 
Cv = Schiller-Naumarm drag coefficient 
C11 = turbulence constant 
D = atomizer basket diameter 
F1 = blending function 
F8 = buoyancy force 
F v = drag force 
Fp = pressure force 
FR= rotational force 
k = turbulent kinetic energy 
I. = turbulent eddy length scale 
mp = droplet mass 
P=pressure 
Py, Pk= turbulence production terms 
r = radial position 
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r = radial position vector 
SMz, SMy, SMz = momentum source term components 
Sc.,,, = centripetal source term 
Sc,,,. = Coriolis source term 
t=time 
U, V, W = mean air velocity components 
u', v, w' = fluctuating air velocity components 
0 = air velocity vector 

0 P = droplet velocity vector 

Uav, = cross-sectional average mean velocity 
Uc = air speed at wind tunnel centerline 
x, y, z = spatial coordinates 

a3 = turbulent eddy frequency transport constant 
P' = turbulence transport constant 
~ = turbulent eddy frequency transport constant 
r = normally distributed random number 
£ = turbulent dissipation 
µ = dynamic viscosity 
µ, = turbulent viscosity 
p = air density 
a2 = turbulent eddy frequency transport constant 
ak = turbulent Prandtl number 
aa>l = turbulent eddy frequency transport constant 
t. = turbulent eddy time scale 
(J>u = pressure-strain correlation term 
ro = turbulent eddy frequency 
n = angular velocity vector 
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A COMPUTATIONAL STUDY ON SPRAY DISPERSAL 

IN THE WAKE OF AN AIRCRAFT 

S. D. Ryan, A. G. Gerber, A. G. L. Holloway 

ABSTRACT. This article describes a computational study using CFD models of droplet spray dispersal in the wake of a 
small aircraft up to 200 m downstream. The CFD Reynolds-averaged Navier-Stokes (RANS) models use a Lagrangian 
(droplet phase) and Eulerian (fluid phase) procedure to predict the droplet trajectories through the turbulent aircraft 
wake. The methods described have the potential to improve current low-order models for aerial spraying and help in the 
development of new spraying procedures. In addition, the CFD models will provide sophisticated input to atmospheric 
turbulence models, which are used to predict the transport of droplets from the near-field wake of the aircraft to the far
field spray target. In this study, CFD models are developed for the polydispersed sprays released from jive Micronair 
AU4000 atomizers mounted on each wing of an Air Tractor AT-802. This atomizer and aircraft combination is commonly 
used in forest protection. A porametric study of the aircraft model examines the effects of crosswinds on the aircrafts 
vortex structures and the resulting droplet trajectories. The study shows how crosswinds interact with the aircraft wake to 
ma/distribute the droplet mass flux. A comporison of the present results to AGDISP predictions is provided 

K.eyworr18. AGDISP, Computational fluid dynamics, Droplet dispersion, Droplet size spectra, Lagrangian tracking. 
Modeling. Multiphase flow, Near wake, Pesticide, Rotary cage atomizers, Small aircraft, Spraying, Spray plume, 
Turbulent dispersion, Wingtip vortices. 

A
erial application of pesticides is an effective 
means of managing forest insect pests. The 
efficacy of the sprays is dependent on the 
droplet size distribution and the amollllt of 

pesticide that deposits on the intended target. The initial 
droplet size spectrum, along with the aircraft wake effects 
and atmospheric/meteorological conditions, will dictate the 
spatial distribution of droplets on the target area. Over the 
past 40 years, there has been a large modeling and data
collection effort W1dertaken by the USDA Forest Service 
(and its co-operators) to develop and validate accurate 
models that predict the behavior of pesticides applied by 
aerial application (Teske et al., 201 la, 201 lb). 

In the 1970s, research toward aerial spray modeling 
focused on Gaussian plume models, which track the 
dispersion of the steady-state spray plume using 
exponential decay of droplet concentration in the three 
directions of motion. A simple example of Gaussian model 
formulation, which includes the loss of droplets due to 
gravitational settling, is given by Teske et al. (201 lb). 
Based on Gaussian techniques, the Forest Service Cramer 
Bany Grim (FSCBG) model was developed by the USDA 
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Forest Service and the U.S. Army for aerial pesticide 
spraying (Cramer et al., 1972; Grim and Bany, 1975; 
Dumbauld et al., 1975, 1977, 1980). The FSCBG model 
included simple algorithms to model the effects of 
evaporation, canopy penetration, and aircraft vortices 
(Teske et al., 2011b). It should be noted that Gaussian 
modeling is more suited for long-range drift (0.5 to 10 km) 
and simulating the effects of atmospheric stability, and it 
does not generally provide adequate resolution in 
representing the aircraft equipment and near-wake flow 
dynamics (Teske et al., 2002). 

The 1980s saw the development of Lagrangian droplet 
trajectory models built upon previous experimental 
research and model development of aircraft vortex wakes in 
the 1950s and 1960s (Teske et al., 2011b). This ultimately 
led to the development of the Lagrangian model AGDISP 
(Bilanin et al., 1989), which would become and presently 
remains the industry standard. AGDISP was developed by 
the USDA Forest Service and is based on the equations of 
motion developed for a spray material released from 
nozzles on an aircraft by Reed (1953), who foWld that 
wingtip vortices significantly affect spray behavior when 
the spray is released close to the aircraft. The AGDISP 
model includes simple analytic models quantifying vortex 
swirling, propeller effects, local wind speed, gravity, and 
atmospheric turbulence. As such, the Lagrangian models 
are more capable of capturing the near-wake (<0.5 km) 
flow field effects of the aircraft than the Gaussian approach 
(Teske et al., 2002). 

Improvements have been made to AGDISP over the last 
couple of decades (Teske et al., 2003, 2011a, 2011b) in the 
form of updated drift and evaporation models, the inclusion 
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of further atmospheric effects, a new time-stepping 
algorithm, and better representation of droplet size 
distribution. However, AG DISP's analytic approach 
imposes several limitations on its accuracy. For example, 
AGDISP uses an ell iptical wing loading with associated 
vortex decay and ignores the effects of the aircraft's 
fuselage. Further limitations of the AGDTSP model exist 
outside the "near-wake" flow, where the flow field is 
governed by background meteorology (Teske and Thistle, 
2003). AGDISP's treatment of background meteorology 
uses only a single wind speed as input for droplet transport 
(Teske and Thistle, 2003 ; Teske et al ., 201 1 b). 

Several comparisons of the AGD!SP model have been 
made with experimental data. For example, Duan et al . 
(1992) used AGDISP to reproduce droplet deposition of an 
experimental microbial pesticide (Bacillus thuringiensis) 
on evenly spaced Kromekote cards sprayed from a rotary
winged aircraft at a height of 19.4 m. The AGDISP model 
was shown to be insensitive to variations in wind direction 
within I 0° relative to the aircraft flight path (Duan et al ., 
1992). The AgDR.IFT model was created by the Spray Drift 
Task Force to improve the AG DISP framework for 
downwind drift and deposition predictions, as summarized 
by Teske et al . (2002). Although earlier versions of 
AGDISP and AgDRIFT were both shown to overpredict 
deposition rates relative to experimental fie ld data (Duan et 
al ., 1992; Bird et al ., 2002), recent model improvements 
have allowed the latest version of AGDISP to match field 
data, within a factor of 2, up to 560 m downwind (Bird et 
al ., 2002; Teske et al ., 201 la). 

It is clear from the literature that there is a need for a 
full-physics representation of the droplet transport in the 
near-field and far-field wake of an aircraft to provide a 
better evaluation of the simplified low-dimensional models 
used in AGDISP, which lack sophisticated turbulent 
transport mechanisms. This is possible through the use of 
computational fluid dynamics (CFO), which is particularly 
valuable when carefully calibrated with associated wind 
tunnel tests and field testing where available. 

Experimentally, it would be very difficult to measure 
droplet distributions within the wake of an aircraft. 
Alternatively, validation of CFO-based spray dispersal 
models can be done on a smaller laboratory scale. Ryan et 
al . (2012) used CFO models to study the near-field 
polydispersed sprays released from Micronair AU6539 and 
AU4000 atomizers in a wind tunnel environment. The CFO 
models used a Lagrangian (droplet phase) and Eulerian 
(fluid phase) procedure, and the domain included the 
sprayer and a large portion of the wind tunnel geometry. 
The gas phase turbulence was modeled using the Reynolds 
stress-based turbulence models. The droplet size spectrum 
released at the surface of the sprayer was derived from 
experimental results. The computational results were com
pared to full -scale experimental measurements obtained 
using phase Doppler interferometry (PDI) (Bagherpour et 
al ., 2012). When droplets are released from the rotary 
atomizers, they are flung outward, while drag forces 
accelerate the droplets downstream. Simultaneously, 
random turbulent eddies disperse the droplets relative to the 
convection by the mean wind. It was found that the CFO 
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models were able to accurately predict the mean gas phase 
velocity, turbulence intensity, and distribution of droplet 
sizes within the atomizer's wake and spray plume. 

Once validated, spray dispersal models can be applied to 
the full-scale CFO model of the aircraft used for aerial 
spraying. This article examines the effects of crosswinds on 
the aircraft wake and resulting particle trajectories. The 
CFO results are compared to the industry-standard AGDISP 
model predictions to offer evaluation and highlight 
shortcomings in AGDISP's near-field modeling. The 
downstream distributions produced by the CFO models 
may also provide a more complete input into atmospheric 
turbulent dispersion models used for far-fie ld compu
tations. 

PHYSICAL SYSTEM 
AIR TRACTOR AT-802 

The AT-802, shown in figure I , is a single-engine 
turboprop air tanker commonly used for aerial spraying 
(Air Tractor, Inc., Olney, Tex.). It has a wingspan of 
18.02 m with a NACA 4415 profile. The AT-802 has an 
application capacity of 3100 L and a maximum takeoff 
weight of 71 kN. It has a cruise speed of 250 km h·' . 

MICRONAIR A 0 4000 ATOMI ZER 
The Micronair AU4000, shown in figure 2, is a rotary 

Figure I. Air Tractor AT-802 used by Forest Protection Limited. 

Figu re 2. Micronair AU4000 atomizer. 
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Figu re 3. Micronair AU-1000 droplet diameter as a function of 
atomizer speed (reproduced with 1>crmissio n from Micronair). 

cage atomizer commonly used in forest pest management 
that is driven by five turbine rotor blades. Liquid is fed into 
the center of the rotating drum where it is broken up into 
successively finer droplets until it finally leaves the outer 
mesh as a fine spray. The volume median diameter of the 
droplets exiting the atomizer during the simulations was 
based on the Micronair-published AU4000 database (shown 
in figure 3) which considers only the atomizer speed. The 
droplet size distribution was further assumed to be 
Gaussian with a standard deviation of 20 microns and a 
minimum droplet diameter of IO microns. 

COMPUTATIONAL MODEL 
A three-dimensional full -scale model of the AT-802 was 

created using NX 6 (Siemens PLM Software, Plano, Tex.) 
and is shown in figure 4. The model includes the fuselage, 
cockpit, wings, and horizontal and vertical stabilizers. In 
order to simplify the geometry, certain aircraft components 
of lesser aerodynamic significance, such as the exhaust and 
landing gear, were not included. The propeller blade disk 
was modeled by linear and angular momentum sources 
imparted to the air that moves through it, as explained 

AT -802 Air Tractor Model 

- ""',-=:>- = .. , 
Figure -1. Ai r Tractor AT-802 model. 
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subsequently. 
The ten Micronair AU4000 atomizers located below the 

wings near the trailing edge were modeled as cylinders 
with spinning outer surfaces. The spray droplet spectrum 
emitted from the drum surface was chosen to match 
standard operating conditions. The aerodynamic wake of 
the atomizer was fully resolved by the CFD simulation. 

The computational domain, shown in figure Sa, spans 
three aircraft lengths (L z l 0.5 m) in front of the aircraft 
and twenty-two behind. It spans 2L above and below and 
4L and 6L on either side. Note that the forest canopy height 
is - 3L below the aircraft and is not located in the physical 
domain. The domain was meshed as shown in figure Sb . It 
is an unstructured tetrahedral mesh comprised of 32M 
elements and 7M control-volume nodes. Along the surface 
of the aircraft, there is a layer of prismatic or hexahedral 
elements to accurately capture the boundary layer 
development. The mesh is refined around the aircraft and 
along the path of its wake to ensure accurate resolution in 
these regions. The domain boundaries allow flow to enter 
or exit the domain depending on the local flow direction 
Two sides act as inlets with specified velocity conditions 
that impose a cross flow. 

FLUID MODELS 
G AS P HASE 

The CFD simulations used dry air properties at 25°C 
and I atm. The gas phase Reynolds-averaged Navier
Stokes (RANS) equations were solved in an Eulerian 
frame . Table I provides a summary of the equations for 
fluid mass and momentum transport. The transport of the 

six Reynolds stresses (111111, where i andj = I, 2, 3) and 

turbulent eddy frequency (w) associated with the Baseline 
Reynolds Stress Model (SSL RSM) are also shown 
(A SYS, 2004). Column S0 1 describes contributions not 
associated with interphase exchange. Column S02 describes 
additional terms related to interphase transfer, such as drag. 
It should be noted that evaporation has been excluded here 
in order to concentrate on droplet dispersion, which is the 
main focus of this study. However, water-based pesticides 
are becoming popular for environmental reasons, and 
therefore evaporation models may easily be included in 
future studies. It is also assumed that the droplets do not 
affect the turbulence levels of the gas phase, other than 
indirectly by altering the velocity fie ld through interface 
drag (via SAn;). That is, the droplets do not produce 
turbulent wakes of their own, nor do they directly dampen 
the gas phase turbulence. It should be noted that the 
Reynolds stress model (RSM) approach models the 
anisotropy of the turbulence. 

LIQUID P HASE 
A Lagrangian frame of reference was used to model the 

liquid phase droplets . Equation I describes the forces that 
affect the droplet motion: 
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where m p and ii represent the mass and velocity of the 

droplet, respectively, while F0 , F8 , and Fp represent the 

drag force, body force due to gravity, and pressure force 
acting on each droplet. Equation 2 is used to calculate the 
drag force and relies on the Schiller- aumann drag model 

850 T RANSACTIONS OF THE A SABE 



for the drag coefficient Cvs (Schiller and Naumann, 1933). The S\DD of the forces acting on droplets as they travel 
This model ass\DDes that the droplets are dilute (separated through a control vol\DDe exchange momentum with the 
by at least 1000 diameters) and sufficiently small to be gas phase through SM21: 
considered spherical: 

(2) (8) 

where p is the air density, and A is the frontal area of the where Nev and Vcv are the n\DDber of droplets passing 
droplet. The body force is given by equation 3 and relies on through, and volume of, a particular control volume, 
the density difference between the air and droplet, the droplet respectively. 
vol\DDe (Vv), and the gravitational acceleration ( g ): 

(3) SOLVER AND BOUNDARY CONDITIONS 

The pressure force is defmed by equation 4 using the 
pressure gradient of the gas phase surrmmding the droplet: 

Random turbulent eddy fluctuations in the gas phase 
have the net effect of moving droplets from regions of high 
to low droplet concentrations. The characteristic scales of 
these eddies are the fluctuating velocity (u',), the length 
scale (/,), and a timescale (t.) (Gosman and Loannides, 
1981 ). The fluctuating velocity is derived from turbulent 
kinetic energy (k), which can be obtained from the 

The solution of the RANS models was obtained with 
ANSYS CFX (ver. 12. 1, ANSYS, Canonsburg, Pa). The 
domain contained 7.0 million nodes, which were typically 
partitioned into 16 subdomains for use in parallel 

(4) computing. In general, the solution required approximately 
35 h (32 h for the gas phase and 3 h for droplet tracking) to 

I--
Reynolds stresses ( k = 2u '; u '; ). Therefore, random 

fluctuating velocity components are calculated according 
to: 

converge. 
Solution of the governing equations requires spatial 

boundary conditions to be applied. In figure 5, the upstream 
and right hand side of the domain were given a velocity 
equal to the vector S\DD of the aircraft speed and the 
crosswind speed All other outer domain boundaries were 
defmed as openings at which flow may enter or exit. 

The turbulence level and dissipation rate at all external 
boundaries were assigned a :zero gradient, which produced 
a fully developed low-turbulence inflow and outflow. 
Atmospheric turbulence was not included in the simulation. 
The surfaces of the aircraft and atomizers were modeled as , - (2k)0.5 

U;-A J (5) smooth surfaces. The aircraft pitch was adjusted to ensure a 
lift force equal to the aircraft weight at cruise speed. The 
drag force was determined from the solution and was used 
to set the thrust force produced by the aircraft's propeller. 
The pitching moment was determined from the CFD 
solution and used to trim the tail of the aircraft. 

where A is a normally distributed random number used to 
account for the randomness of turbulence. Each component 
of fluid velocity used in equation 1, particularly for the 

drag force Fv, is computed using the mean velocity 

component plus a fluctuating component based on a 
different random number (according to eq. 5). The length 
and time scales of the turbulent eddies are determined from 
the following equations: 

The aircraft propeller blades were not resolved by the 
CFO model in order to reduce computational costs; instead, 
a propeller disk was used that encompassed the swept 
vol\DDe of the blades (fig. 4). Source terms were added to 
the disk vol\DDe, introducing linear and angular momentum 

I - c314 k312 
e - µ £ 

changes to the flow resulting from the propeller. Simple 
(
6

) propeller blade analysis was used to approximate these 
momentum source terms, which were added to the 
momentum transport equations described in table 1 through 

(7) SMJ,. The cross-section of a propeller blade showing 

associated axial ( F0 ) and tangential ( F, ) aerodynamic 

The turbulence eddy dissipation(£) is obtained from the 
relationship £ = p° ko>, where p° is a model constant equal to 
0.09. The term c,. is an empirical turbulence constant, and 

the factor cf 4 relates the characteristic length scale of the 

eddies to the eddy dissipation length (Hinze, 1975). A 
droplet interacts with an eddy for a time duration equal to 
the time scale (t,) of the eddy or the time needed to traverse 
the size of the eddy(/,). 
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forces, aircraft speed ( 0 ), absolute blade velocity ( wR ), 
and absolute effective relative air velocity ( 0 R) is shown 

in figure 6. 
The blade pitch angle is denoted as ~. the relative angle 

between the air speed and blade speed as cp, and the 
effective angle of blade attack as a.. The lift (L) and drag 
(D) forces acting on the propeller blades are: 

- I 1- 12-L = 2pCiAp UR ;n (9) 
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Figure 6. Propeller blade cross-section with velocities and forces (Phillips, 2004). 

(10) 

where T,, and ~ are unit vectors normal and parallel to the 

relative air velocity direction, Ap is the planform area of 
one blade, and CL and Co are approximate lift and drag 
coefficients, which depend on the effective angle of attack 
at each radial blade section. These values are summarized 
in table 2. 

The lift and drag forces from equations 9 and 10 were 
then used to calculate the total axial and tangential forces 
within the local cylindrical coordinate system of the 
propeller blade space (obtained by rotating the axis of 
interest an angle ~ - a .) using the total number of blades 
(N61adc,). The total axial and tangential forces were then 
averaged over the length of the blade and evenly distributed 
within the blade space volume (V BS) as sources of 
momentum: 

_ IPi l 
SMll -VNb/ades 

BS 

ILlcos(~-a. J-li5lsin (~-a. ) 

V 
Nblades 

BS 

(11) 

(12) 

The axial and tangential momentum sources were further 
transformed into global X; coordinates as source terms SM i; in 
the momentum transport equations shown in table I . 

Table 2. Propeller blade properties. 
Propenv V..lue 

Number of blades (N,~,u) 5 
Planfonn area (one blade) (AP) 0.1 m' 

Lift coefficient (CL) 0.9 
Drag coefficient (Co) 0.2 

Blade angle(~) 30° 
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MESH SENSITIVITY STUDY 

A mesh sensitivity study was performed in order to 
ensure that the solution was independent of mesh size. The 
study was split into two parts. First, the mesh surrounding 
the aircraft and within the aircraft wake was refined using 
I .0, 2.0, and 3.4 million nodes. The lift and drag acting on 
the aircraft, the wingtip vortex strength, and the droplet
averaged volume fraction distribution were analyzed at 
245 m downstream from the aircraft for each mesh size. It 
was concluded that the results became independent of mesh 
size for meshes with more than 2.0 million nodes, Second, 
the mesh was refined around the atomizer and within the 
atomizer 's wake with cell sizes of 9, 6, and 5 mm. After 
comparing the velocity, turbulence levels, and volume
averaged mean droplet diameter within the atomizer 's 
wake, it was concluded that 6 mm cells sufficed to make 
the solution independent of mesh size (Ryan et al ., 2012). 
Based on the above results, a mesh containing 7 million 
nodes, shown in figure 5, was used for all simulations. 

DROPLET NUMBER SENSITIVITY STUDY 

Injecting the hundreds of billions of droplets that are 
physically present in the spray into the computational 
domain would be infeasible. Therefore, ANSYS CFX 
injects monodisperse "packets" of droplets into the domain, 
with each packet representing a random piece of the droplet 
size spectrum with a mean bin diameter. This method 
assumes that all droplets in a single packet originate at a 
random position on the sprayer basket and follow identical 
flow paths. As the number of packets increases, the 
computational model becomes more representative of 
reality, less dependent on the number of packets released, 
but computationally more expensive. A droplet packet 
number sensitivity study performed by Ryan et al. (2012) 
examined the volume-averaged mean droplet diameter (d30) 

at 4 m downstream of the atomizer for 10,000, 50,000, and 
100,000 droplet packets. It was concluded that the droplet 
transport became independent of the number of droplet 
groups after 50,000 (per atomizer). 

TRANSACTIONS OF THE AS ABE 



Table J. Air Tnctor AT-802 model parameten. 
Parameter No Crosswind With Crosswind 

Cruise speed 250 km b"' 250 km b"' 
Crosswind speed o• (none) 5° (22 km b"1

), 100 (44 km b"1
) 

Atomu.cr speed 8457 1J>D1 8457 1J>D1 
Flow rate 4 L min"' 4 L min·• 

VMD 57 microns 57 microns 

RESULTS 
In all simulations, the AT-802 maintained a cruise speed 

of 250 km h"1
. The ten Micronair AU4000 atomizers rotated 

at 8457 rpm, and they released droplets with a VMD of 
57 microns and a constant flow rate of 4 L min"1 (per 
atomiz.er). The simulations were performed for: (1) no 
crosswind, (2) crosswind of 22 km h"1

, and (3) crosswind of 
44 km h"1

. The latter case is beyond normal operating 

conditions but was included to demonstrate the trend of 
crosswind effects. These parameters for aerial spraying are 
swnmarized in table 3. 

AT-802 MODEL WITHOUT CROSSWIND 

The full-physics approach of CFO is able to accurately 
capture the velocity and turbulence fields surrmmding the 
aircraft. Figures 7a and 7b show the axial air velocity 
(negative in the direction of the aircraft motion) and 
aircraft-generated turbulence kinetic energy plotted along a 
horizontal line passing through the tail of the aircraft. The 
reader is reminded that the simulation does not include 
atmospheric turbulence. For a quantitative comparison, 
figures 7a and 7b also include predictions from AGDISP 
(ver. 8.26) for the same conditions of axial air velocity, 
propeller-generated turbulence, and atmospheric turbulence 
generated by crosswinds. The large difference between the 
CFO and AGDISP predictions will be discussed in a later 
section 

Wingtip vortices are created from the pressure difference 
between the upper and lower wing surfaces. They interact 
with the surrounding air and dissipate their energy while 
conserving circulation. Figure 8 shows the CFO simulation 

--11 

10 

I ,. 
1 • --11111 

-to 

(a) 

results for streamwise vorticity and tangential velocity in 
the vertical plane at several locations behind the aircraft 
(10, 50, 100, and 200 m) in the aircraft's frame of 
reference. Note that the contours are magnified for detail 
and do not show the entire computational domain. 

Figures 9 and 10 show the CFO simulation results for 
turbulence kinetic energy and turbulence length scale at 
several locations behind the aircraft (10, 50, 100, and 

200 m). The turbulence length scale is defined as k112/e, 
where k is the turbulence kinetic energy, and E is the 
turbulence dissipation rate. Figure 9 shows that the fuselage 

of the aircraft is the main source of turbulence, and the 
wake of the aircraft is forced downward by the downwash 
of the wingtip vortices. 

The motion of droplets sprayed from atomiz.ers mounted 
under the wings of an aircraft is strongly influenced by the 
wingtip vortices. Figure 11 shows the trajectories of 100 
randomly selected droplets released from the atomiz.ers in 
the absence of crosswinds. The droplets exit the atomizers 
mainly tangential to the gauze surface. However, drag 
forces quickly arrest their forward motion, and gravity 
directs them downward As shown, the droplets released 
from the outer atomiz.ers are lifted upward by the wingtip 
vortices more than those released from the inner atomiz.ers. 
As a result, despite gravity, the droplets released from the 
outermost atomiz.ers are almost returned to their elevation 
of release at 200 m downstream. Contrarily, the droplets 

released from the inner atomiz.ers are forced downward by 
the aircraft's downwash, and they descend more quickly 
than their sink speed. Note that these atomiz.er locations 
were chosen based on operational experience. 

Figure 12 shows a contour of the mean particle diameter 
at several downstream positions. The initial droplet size 
segregation caused by the difference in momentum 
between large and small droplets as they exit the rotating 
atomiz.ers remains evident for 10 m or more behind the 
aircraft. However, gravity and the downwash of the 
vortices (through the drag force) push the larger droplets 
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Figure 7. Profile oftbe wakejult beblnd the aircraft along a borimntal line: (a) uial velocity and (b) turbulence kinetic energy. 
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Figure 8. Streamwise vorticity contours and mean velocity vectors at several planes downstream of the aircraft (10, 50, 100, and 200 m). Model 
11arameters: U,,,mh= 250 km h·1 , O,,....,.,= 8457 rpm, Q = 4 L min·', and no crosswinds (see table 3). 

downward faster than the smaller droplets . At 100 m behind 
the aircraft, the droplets are clearly entrained in the wingtip 
vortices, with some moving upward. Inertial forces 
continue to segregate the droplets according to size, with 
the larger droplets moving farther outward. Figure 12 also 
compares the CFO results to the mean droplet position 
predictions of AGDISP 8.26 under the same conditions at 
200 rn behind the aircraft. ote that due to the inability of 
AGDISP to function in the absence of crosswinds, a 
negligible crosswind of 0.8 km h.1 was used to generate 
predictions. To clearly visualize AGDISP 's predictions, the 
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CFD contours are faded in the bottom image. 
Figure 13 shows the liquid flow rate through the 

horizontal plane at 200 m behind the aircraft, as predicted 
by CFO and AGDISP. The CFO results are shown as a 
histogram with a spatial bin size of 2.4 m, whereas the 
droplet size, volume fraction, and droplet position (with 
standard deviation) of the AGDISP trajectories are used to 
create a continuous curve. Note that the height of the CFO 
histogram bars is larger due to their larger bin size. Both 
models have the same liquid volume and droplet size 
spectrum. 

T RANSACTIONS OF THE A SABE 
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Figure 9. Turbu lence kinetic energy contours and mean velocity vectors at several planes down stream of the aircraft (10, 50, 100, and 200 m). 
Model parameters: U.ircraft= 250 km h-1

, n.,0 mk,r= 8-l57 111m , Q = -' L min-1, and no crosswinds (see table J). 

THE EFFECT OF CROSSWINDS 
Aerial forest spraying is often performed in the presence 

of crosswinds because the boundary layer over rough 
terrain (such as a forest) produces turbulence that is known 
to have a favorable effect on the downward convection of 
droplets into the forest canopy. In addition, a minimum 
flight distance is achieved during crosswinds when the 
crosswind is perpendicular to the flight path (Picot and 
Kristmanson, 1997). In the present simulation, it is 
assumed that the aircraft is flying over a uniform, level 
forest top of height h, = IO m, as shown in figure 14 

The horizontal velocity profile Uw,.J...z) is taken as 
logarithmic above the canopy, with an offset d and a 
friction length z0, both of which depend on the canopy 
height and density: 

Uwin~ ( z) = 2-1n[( z-d) I zo J 
!I K 

(13) 
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where i/ is the friction velocity, and K is the von Karman 
constant (K = 0.40). Experimentally, it has been shown that, 
for a forest canopy, d ~ 0. 75h, and z0 ~ h) lO (Panovsky and 
Dutton, 1984 ). The angle of the relative velocity (0wmd) to 
the flight line of the aircraft depends on altitude y and is 
given by: 

(e )- Uwind (z) !n[(z, - d) I zo] 
tan wind - Uaircrajl X 1n[( z-d) l zo] 

(14) 

where z1 is the height of the aircraft above the ground (z1 = 
40m). 

The background atmospheric turbulence level associated 
with the wind profile scales with the friction velocity, 
which is determined from the following equation: 

855 



Turbulence 
LongU, 
Scale 

0.80 

· 0.60 

0.40 

0.20 

0.00 

[m) 

10m 

50m 

100m 

200m 

Figure 10. Turbulence length scale contours and mean velocity vectors at several J>lanes downstream of the aircraft (10, 50, 100, and 200 m). 
Model 1>arametcrs: V . 1rcr•ft = 250 km h·1, n . ,omiur = 8457 11101, Q = ... L min·1, and no crosswinds (see table 3). 
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Figure ll. Micronair particle tracks colored by mean ,,ar1icle diameter. Model 1>arameters: U,1rm1r = 250 km h·' , n ,,.m,.., = 8457 rpm, Q = 4 L 
min·•, and no crosswinds (see table 3). 
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Figure 12. Mean dro1ilet diameter contours at selected planes behind 
the aircraft (10, 50, JOO, and 200 m). AGD ISP 1i red ictions of mean 
droplet positions included at the 200 m plane. Model pa rameters: 
ll.,~r•ft= 250 km h·1, n .tombll'r= 8457 rpm, Q = .J L min·1, and negligible 
crosswinds (see table 3). 
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Figure 13. Mass flow rate distribution (200 m dow nstrea m). Model 
parameters: ll.1rrnft = 250 km h·1, !l,.,0m1.ur = 8457 rpm, Q = 4 L min·1, 

and no crosswinds (see table 3). Bars= CFD; solid line= AGDISP. 

. 
ll 

KUwind (z1) 
In[(z1 -d) I zo] 

(15) 

As shown in figure 14, the computational domain does 
not extend into the canopy, and therefore there is no ground 
effect implemented in the simulation beyond the mean 
velocity shear described above. The current study examines 
the effects of two levels of crosswind: 22 and 44 km h-1 

(8wrnd = 5° and l 0° relative to the velocity of the aircraft, 
respectively). Most EPA-approved pesticide labels restrict 
spraying to lower crosswind speeds (22 km h- 1 would be 
the upper limit); however, higher crosswinds are examined 
here to clearly identify trends. Furthermore, a l 0° relative 
angle has application for slower aircraft and would 
correspond to a 22 km h-1 crosswind for a flight speed of 
120 km h- 1

• The flight and spray parameters for each case 
considered are shown in table 3. 

Figures 15 and 16 show the strearnwise vorticity and 
tangential velocity vectors in the vertical plane at several 
downstream locations for 22 and 44 km h-1 crosswinds, 
respectively. Note that the average velocity of the 
crosswind has been removed from the vectors in order to 
visualize the vortex structures created by the aircraft. 

Figures 17 and 18 show the turbulence kinetic energy 
and tangential velocity vectors in the vertical plane at 
several downstream locations for 22 and 44 km h-1 

crosswinds, respectively. Figures 19 and 20 show the 
turbulence length scales at the same vertical planes for the 

Figure U. Schematic of atmos1iheric boundary layer with surface roughness (d raw n to scale). 
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Figu re ts. Vo rtici ty and velocity in the plane of the crosswind at several distances behind the aircraft (10, SO, JOO, and 200 m). Simulation 
parameters: U.1rmr,= 250 km h·', n.,. ... ., = 8457 111m, Q = 4 L min·', and U.-1n, = 22 km h·' (5°). The mean vorticity of the atmos11heric boundary 
layer was included in the co mputations, but the average crosswind velocity has been removed here fo r presentation. 

same crosswinds. The strength of the turbulence in the 
aircraft's wake increases with level of crosswind. As the 
crosswind increases, the fuselage wake becomes more 
entrained in the upwind wingtip vortex, reducing the 
strength and deforming the vortex. Figures 21a and 21b 
show the trajectories of droplets released into 22 and 44 km 
h- 1 crosswinds, respectively. 

Figures 22 and 23 show contours of the mean particle 
diameter at several vertical planes behind the aircraft for 22 
and 44 km h-1 crosswinds, respectively. It is clearly 
demonstrated that the additional vortex structure due to the 
fuselage in crosswind causes the spray plumes from the 
downwind atomizers to be stretched by the wingtip 
vortices, while the spray from the upwind atomizers begins 
to curl around and double up the liquid volume on the inner 
right side. Figures 22 and 23 also show AGDISP 8.26 
comparisons under the same respective conditions. It can 
be noted that the mean AGDISP droplet positions for 0, 22, 
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and 44 km h-1 crosswinds are very similar, with the spatial 
droplet distribution from each atomizer shifted downwind. 

Figures 24a and 24b show histograms of liquid flow rate 
through the horizontal plane at 200 m behind the aircraft 
for 22 and 44 km h.1 crosswinds, respectively. Clearly, the 
crosswinds cause a significant maldistribution of droplet 
deposition. A more uniform distribution could be achieved 
with the atomizers operating at different flow rates. It 
should be cautioned that the present CFD model does not 
include transport due to background atmospheric 
turbulence. 

DISCUSSION 
The current CFD simulations track the droplets spray up 

to a distance of 200 m behind the aircraft, by which time 
the droplets have been suspended for approximately 3 s and 

T RANSACTIONS OF THE A SABE 



Figu re 16. Vorticity and velocity in th e 1>lane of the crosswind at several distances behind the aircraft (10, 50, 100, and 200 m). Simulation 
parameters: u.,"n" = 250 km h"' , n.,...,,., = 8457 rpm, Q = 4 L min·' , and Uwlnd = 44 km h"' (10°). The mean vo rticity of the atmospheric 
boundary layer was included in the com11utation s, but the average crosswind velocity has been removed here for presenta tion. 

are at an altitude that is approximately I. 7 wingspans above 
the forest canopy top. Ground effects on vortex motion 
were therefore neglected (Philips, 2004), as was the 
atmospheric turbulence for which the estimated time scales 
( -r. - Kzi11 ') were 22 s and 11 s for 22 km h-1 and 44 km h"1 

wind speeds, respectively. The atmospheric turbulence 
effects, even over this short time, are necessarily included 
in the AGDISP results, whereas the CFO simulations only 
include the effects of aircraft wake turbulence. These 
approximations impose limitations on the application of the 
results, but they also serve to accentuate the effects of the 
aircraft wake, and this was the primary objective of the 
study. 

According to aerodynamic theory, the two wing vortices 
convect one another downward in still air at the rate: 

where W is the lift produced by the wings, and b is the 
wingspan. The theory assumes an elliptical distribution of 
lift across the wingspan and ignores the wake of the 
fuselage and propeller. Dougherty et al. (2004) showed 
experimentally that actual sink rates are generally 25% 
higher than predicted by equation 16. The CFO simulations 
give a vortex sink rate of 0.95 m s-1 in the absence of 
crosswinds (see fig. 8), which is consistent with the 
observations of Dougherty et al. (2004). The magnitude of 
the core vorticity has also decreased at a distance of 200 m 
behind the aircraft to 10% of the magnitude at one wing 
span behind the aircraft. 

The CFO results presented in figures 7, 8, and 9 show 
the effects of the aircraft fuselage on the velocity and 
turbulence fields in the absence of cross winds. The 

Usink 
8W 

0.70ms- 1 
fuse lage acts as an obstruction causing the airflow to be 

( 16) accelerated around it while surface friction pulls air along 
with the aircraft to form a turbulent wake. The CFO model 
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Figu re 17. Turbulence kinetic energy and velocity in the plane of the crosswind at se,•eral distances behind the aircraft (10, 50, 100, and 200 m). 
Simulat ion parameters: V.1rcn1r, = 250 km h\ il•tomal"r = 8457 rpm, Q = 4 L min·1, and U,.1nd = 22 km h-1 (5°). The average crosswind velocity has 
been excluded from the presentation. 

of the propeller also contributes linear momentum, angular 
momentum, and turbulence to the wake. The small 
asymmetry in the magnitude of vorticity between the port 
and starboard sides of the aircraft shown in figure 8 results 
from the propeller wash. This causes the droplets released 
from the inner atomizers to spread on one side and to 
congest on the other side, producing a slight non
uniformity in the mass flow distribution shown in figure 13 
AGDISP does not include fuselage effects but it does 
include a propeller model, which consists of a jet of air and 
associated turbulence that matches the momentum added 
by the aircraft propeller (Teske et al. , 2003). However, 
Figure 7 shows that the AGDISP jet model is more diffuse 
and the turbulence levels are lower than predicted by CFO. 
An outstanding difference in the trajectory of the droplets 
shown in figure 12 is that the mean position of the droplet 
cloud released by the outermost sprayers is convected much 
further in the AGDISP results than predicted by the CFO 
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model. This may be an artifact of AGOISP's "point vortex" 
approximation of the wake as compared to the CFO model, 
which produces a vortex sheet at the trailing edge of the 
wing that gradual ly rolls up into columnar vortices over a 
distance of several wing spans. 

The effects of the fuse lage wake on the flow field in the 
presence of crosswinds is presented in figures 15 to 20, 
where the slower-moving air of the leeside distorts the 
wingtip vortices and obstructs the horizontal translation. The 
effect increases with the angle of incidence of the airflow to 
the fuselage and is very obvious at 10° (44 km h-1 

crosswind). Specifically, the fuselage wake retards the 
upwind vortex more than the downwind vortex, and the 
wingtip vortices coalesce as they move downward and 
descend at different rates. The droplet trajectories are 
consequently affected as shown in figures 21 to 23, where 
one can also see that the trajectories become more dependent 
on the atomizer positions along the wingspan in cross flow. 
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Figure 18. Turbulence kinetic energy and veloci ty in the 11lane of the crosswind at several distances behind the aircraft (JO, 50, 100, and 20 m). 
Simulation parameters: ll.,nnrt= 250 km h·', n .,am.1,u,= 8-t57 rpm , Q = -' L min·', and ll,.,1nd= 44 km h-1 (10°). The a,•erage crosswind velocity has 
been excluded from the presentation. 

This asymmetric displacement of the vortices due to the 
aircraft wake in cross flow is not included in the current 
AGDISP model results . 

The methods of calculating droplet trajectories used by 
AGDISP and the current CFD method are both of the 
Lagrangian type, but they are different. The CFD 
simulation generates a statistical distribution of droplet 
trajectories by injecting 50,000 droplet packets at the 
sprayer surface randomly selected from the particle size 
distribution. In contrast, AGDISP directly calculates the 
average position and the standard deviation of the droplet 
position for droplets from 200 different size classes. Each 
droplet size class has an associated volume fraction 
according to the droplet particle size distribution . The 
method used by AGDISP to determine the mean and 
variance of droplet position is summarized by Teske et al . 
(2003). To illustrate the difference between the CFD and 
AGDISP predictions, figure 25 shows the predicted droplet 
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distribution for each method at 200 m behind the aircraft 
for 0.8, 22, and 44 km h" 1 crosswinds. The AGDISP values 
are shown as circles, with the center representing the mean 
droplet position, the radius representing one standard 
deviation of the droplet position probability distribution, 
and the color representing the droplet size. The reader is 
reminded that the AGDISP simulation includes atmospheric 
turbulence effects, while the CFD simulation includes only 
turbulence generated by the aircraft. The most noticeable 
difference between the predictions of the two approaches is 
that AGDISP provides a single standard deviation for the 
droplets released from each sprayer that is nearly 
independent of the position of release, whereas the CFD 
model allows for the droplet plume from each sprayer to be 
stretched or compressed according to the local mean strain 
rate of the velocity field. At the highest wind speed, the 
plumes from different sprayers on the windward wing are 
folded together, increasing the local concentrations. 
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Figure 19. Turbulence length scale an d velocity in the plane of the crosswind at se,•eral distances behind the aircraft (10, 50, 100, and 200 m). 
Simulation parameters: U.,,,,.n = 250 km h·1, n.~m,,., = 8~57 qim, Q = ~ L min·', and U •. .,d = 22 km h"' (5°). The average crosswind velocity has 
been excluded from the JJresentatioo. 

To understand the phenomenon of stretching of the 
droplet plumes in the velocity field created by the wingtip 
vortices, consider the case of a simple turbulent shear flow 
with three identical particles, as shown in figure 26. All 
three particles are released at the same instant and travel for 
the same amount of time, but the particle that wanders 
upward into a faster-moving stream travels farther than the 
particle that wanders downward. This results in a stretching 
of the droplet distribution into an ellipsoidal shape, rather 
than the spherical cloud presented by AGDISP. 
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COST OF COMPUTATIONS 

At present, the required solution time of 35 h for the CFD 
model makes it impractical for operational spray planning 
However, a database of converged gas phase solutions 
created for particular flight conditions and spray aircraft 
could be used to track the spray dispersal for any spray 
(material and amount) in approximately 3 h. As computing 
power and convergence techniques improve over the next 
decade, this solution time and cost are expected to decrease 
exponentially. For now, the CFD method remains a research 
tool for scrutinizing and improving current models and may 
also have a role in forensic analysis, where time and cost 
restraints are more relaxed. 
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Figure 20. Turbulence length scale :md velocity in the plane of the crosswind at several distances behind the aircraft (10, 50, 100, and 200 m). 
Simulation parameters: V .1raaft = 250 km h"1

, n .,ombt'r = 8-t57 rpm, Q = .. L min·1' and llwtnd = -'-' km h"' (10°). The average crosswind velocity has 
been excluded from the presentation. 
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Figure 21. Droplet trajectories projected onto the 1ilane of crosswind. Simulation parameters: ll,,,m,,= 250 km h·' , n.,..,,,.,= 8457 qim, Q= 4 L 
min·', and (a) u.,,,. = 22 km h"1 (5°) or (b) u •. ,,., = 44 km h·' (10°). 
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CONCLUSION AND F UTURE WORK 
A three-dimensional full-scale CFO model of the Air 

Tractor AT-802 and surrounding flow field has been 
created. The model includes ten Micronair AU4000 
atomizers mounted below the wings. The airflow was 
modeled as a continuous Eulerian fluid with constant 
properties, and the droplets were tracked in the Laoranoian 
frame . The gas phase turbulence was modeled u~in/ the 
BSL RSM turbulence model. A parametric study of th; AT-
802 model examined the effects of crosswinds on the 
aircraft vortex structures and the resulting droplet 
trajectories in the near and intennediate wakes. The CFO 
models demonstrated significant entrainment of droplets in 
the aircraft's wingtip vortices. Furthermore, the models 
showed the importance of atomizer location alono the 
wing. As the crosswind increased, the vortex stru;tures 
trailing the aircraft became more complex, which increased 
the spatial imbalance of the mass flow distribution. 
Although crosswinds were shown to significantly affect the 
airflow and droplet dispersion behind the aircraft, the 

86~ 

gradient of the crosswind was shown to have little effect up 
to a distance of 200 m behind the aircraft. 

The CFD model results were compared to AGDISP 
predictions with and without the presence of crosswinds. 
The . CFD results included the shearing of the droplet 
d1str1but10n and fuselage wake effects, which were shown 
to enhance the CFD predictions in three key areas: (1) the 
turbulent wake of the aircraft in cross flow is laroe and has 
a significant effect on the vortex flow field, whi;'h deviates 
from classical analytical descriptions; (2) the presence of 
the fuselage reduces the magnitude of the circumferential 
velocity in wingtip vortices and increases their sink rate· 
and (3) the shearing of fluid in the wake has a significan; 
effect on the droplet dispersion. 

It is clear that CFD can be a very powerful tool in 
analyzing droplet dispersion in the wake of an aircraft 
which is not easily achieved experimentally. Th~ 
computational cost of CFO-based models is considerable· 
however, they have proven to be a powerful research tool 
capable of evaluating and improving low-order industry 
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Figure 23. Conto urs of mean droplet di ameter fo r the spray 1ilumc in vert ical planes at several distances behind the aircraft (10, 50, 100, and 
200 m downstream). AGDISP 1ircdictions of mean droplet positions are included at the 200 m plane. Simulation 1iarametcrs: ll,,,.m,,= 250 km 

h·1, f.l ,.,.,..,= 8457 rpm , Q= 4 L min·•, and ll • .,,= 44 km h·' (10°) (sec table 3). 
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Figu re 24. Mass now rate distribution (200 m downst ream). Model 1ia ramctcrs: ll,,=•" = 250 km h·1 , f.l., • .,.w = 8457 rpm , Q= 4 L min·•, and (a) 
ll.,,., = 22 km h·1 (5°) or (b) (J . ... ,= 44 km h·1 (10°) (sec table 3). Bars= CFO; solid lines= AGDISP. 

standards such as AGDCSP. The droplet size and mass flow droplet trajectories farther downstream, where atmospheric 
distributions of the current studies can also act as inputs to turbulence plays the leading role in droplet dispersion 

future far-field studies. Future studies will model the rather than the aircraft vortex structures. 
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Figu re 25. Contours of mean droplet diameter for the spray plu me in the vertical plane (200 m behind the aircraft). Simulation parameters : 
u.,~nr, = 250 km h"', n., . .,,,., = 8-157 rpm, Q = -I L min·', and (a) u •. ,,., = 0.8 km h"', (b) u.,,., = 22 km h"1 (5°), or (c) u.,., = .j.j km h"' (10°). 
AGDISP predictions included. 

Figure 26. St retching effect caused by a turbulent shea r flow. 
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NOMENCLATURE 
A = frontal area of droplet 
Ap = planfonn area of propeller blade 
CDS= Schiller-Naumann droplet drag coefficient 
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CD = propeller blade drag coefficient 
CL= propeller blade lift coefficient 
C11 = turbulence constant 
d = canopy offset 
d'JO = volume-averaged mean droplet diameter 
fJ = drag force on propeller blade 
Fi = blending function 
F0 - axial force on propeller blade 

FB = buoyancy force 

FD = drag force 

Fp = pressure force 

F, = tangential force on propeller blade 

g = gravity vector 
h, = forest top height 
T,,, ~ = unit vectors 
k = turbulent kinetic energy 
L = aircraft length 
L = lift force on propeller blade 

4 = lift force on aircraft 
I, = turbulent eddy length scale 
mp = droplet mass 
Nbladu = number of propeller blades 
Nev= number of droplets in control volume 
P=pressure 
Py, Pt= turbulence production terms 
Q = flow rate per atomizer 
SMI, SM2 = momentum source terms 
t=time 
u • = friction velocity 
Ua;roreft = aircraft speed 
u. = turbulent eddy velocity scale 
U, = mean air velocity components 
u', = fluctuating air velocity components 

u1u1 = Eulerian velocity variance 

U,;n1: = vortex sink speed 
Uw1nd = crosswind speed 
0 = air velocity vector 

0 R = effective relative air velocity vector 

V BS = volume of propeller blade space 
V cv = volume of a control volume 
VD = droplet volume 
v; = mean droplet velocity components 

v/; = Lagrangian velocity variance 

V = droplet velocity vector 
x1 = spatial coordinates 

x1x1 = droplet position variance 

y = height above grolllld 
Yo = friction length 
Yi = aircraft height 

GREEK LETTERS 
a3, ~. CJ2, CJa,3 = turbulent eddy frequency transport 

constants 
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a. = effective angle of attack 
13 = blade angle 
f3' = turbulence transport constant 
£ = turbulent eddy dissipation 
0,.tnd = relative air velocity angle 
1C = von Karman constant 
A = normally distributed random number 
µ = dynamic viscosity 

µ, = turbulent viscosity 
p = air density 
ak = turbulent Prandtl number 
t, = turbulent eddy time scale 
cl>u = pressure-strain correlation term 
ro = turbulent eddy frequency 
roR = absolute blade velocity 
0..,..,,..,. = atomiz.er speed 
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