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Abstract 

The ultimate goal of this work was to optimize a polymer flame deposition process by 

developing an experimentally verified numerical model of it.  This process consisted of injecting 

a polymer powder into an air/propane flame where the powder was heated enough to soften it 

before it was projected on to a substrate to provide a protective coating.  

 

 Intermediate goals towards the final goal were identified.  This thesis was based on four papers 

with each paper reporting the results of the work on an intermediate goal.   

 

The first paper reported on work with the turbulent coaxial air jet created by shutting off the flow 

of propane and polymer particles to the torch head.  Experimental measurements of the flow field 

were compared to the results of numerical simulations using different Reynolds Average Navier 

Stokes (RANS) models.   The k-ε realizable model provided the best agreement with the axial 

velocity measurements, but all the RANS models predicted a recirculation zone immediately 

downstream of the central jet that did not exist.   

 

The next paper described two phase flow created by the introduction of polymer particles into 

the air stream to the central air jet.  A sheet of laser light and high speed digital imaging were 

used to determine the particle velocities, which varied widely because the particle size and 

shapes varied widely.  The radial particle distribution was roughly Gaussian. 

 

The third paper described the use of the large eddy simulation (LES) turbulence model in Fluent 

to try to improve the agreement between experiment and numerical results.  The LES results did 
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not predict any recirculation zones, but agreement with experimental axial velocities was worse 

than with the RANS simulation results.  Overall, no numerical model’s results agreed with all 

experimental results within 10%, so their further development was abandoned.   

 

The fourth paper described mixing when propane was replaced with air or CO2 and seeded with 

fine water/glycerine droplets.  These jets were rapidly but irregularly entrained in the coaxial air 

jet. Gas sampling showed this irregular entrainment was related to significant variations in the 

concentrations of CO2 off the jet centerline.  Introducing a particle stream had little effect on the 

CO2 concentrations.     
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Chapter 1 

An Introduction to the Flame Deposition of Polymers 

1.1  Polymer Coating 
 

The industrial practice of coating a surface or an entire object to improve its service life  

 

or to allow it to be used in a harsher environment is long established.  The range of  

 

coatings and the method of application are limited only by the properties of the materials  

 

involved, the available application technology, and human imagination.   

                                    

The history of depositing plastic on a surface from a powder begins about the middle of the 

last century [1], when flame spraying was used to deposit thermoplastic polymer coatings on 

surfaces.  A significant amount of thermoplastic powder burned up in the flame, making the 

process inefficient.  In general, these coatings were neither uniform nor of the desired thickness. 

                                      

In the next attempt at coating metal with thermoplastic polymers the metal was heated and 

dipped or rolled in the powder.  The thickness of the coating produced could not be reliably 

controlled, although no polymer was lost in combustion.  A third technology utilizing a fluidized 

bed was also tried.  In this case when metal, heated above the melting point of the polymer, was 

placed into the fluidized bed, the polymer particles contacting the metal adhered to it.  Once 

again, coating thickness control was poor.   

                                    

The first successful technology to use thermoset polymers instead of thermoplastic polymers 

was the electrostatic spray gun.  Developed in the early 1960’s, this gun applied a charge to 

polymer particles in an air stream and created an electric field that would direct the polymer 
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particles to the target.  After deposition, the polymer was cured with a heat treatment.  The heat 

treatment depended on having a furnace available that was large enough to cure the coated 

component.  This process used polymer powder efficiently and could produce a uniform coating 

of a desired thickness.  The invention of the electrostatic spray gun led to a dramatic increase in 

thermoset polymer coating and the production of thermoset polymers in powder form.   

 

1.2   Polymer Coating Process Under Study 

                                      

The flame deposition process under study here is a simpler process than electrostatic  

 

spraying because no electrical current or field is used.  In this process, polymer particles  

 

are injected into the flame of an air propane torch.  The burning jet both accelerates and  

 

heats the polymer particles which are directed on to a target beyond the flame.   

 

The torch, the industrial equipment used to deliver gas and polymer powder to it, and the 

flowmeters are shown in Figure 1.1.  The torch is at the right in the photo, on an aluminum stand.  

The blue box is the flow control unit that regulates the pressures and flow rates in each of the 

three lines.  The computer case to the left of the blue metal box contains the flowmeters.  The 

propane travels through a flowmeter and then to the blue box.  In contrast, the air first enters the 

flow control unit where it is divided into two lines, one for the annular air jet and one for the 

central jet.  Each of these two airlines then goes through a flowmeter and back to the blue box, 

from which they flow to the gun.   
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Figure 1.1:  The torch on a stand with the flow control unit, the blue box, at left.   

The computer cases houses the flowmeters.   

 

.  

Figure 1.2  

Close up of end of gun face with the three outlet types visible. 
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Accurate measurement of the flow rate in each of the lines is vital not only for research 

purposes but also for process control in practical applications.   Three flowmeters were 

purchased, one for each line, installed, and calibrated using rotameters and mechanical pressure 

gauges.    

 

The flow control unit contains the hopper that stores and delivers polymer powder to an air 

line.  The powder air jet is created by feeding air under pressure through a Venturi tube 

connected to the bottom of a hopper containing the polymer powder.  As the air flows through 

the Venturi tube its static pressure drops below atmospheric pressure.  The pressure difference 

combined with the vibration of the hopper and gravity drives the polymer powder out of the 

bottom of the hopper and into the flowing air.   

 

Figure 1.2 shows a close up of the nozzle of a gun head.  The polymer powder bearing air 

exits from the central outlet in the gun face.  Concentric with this central outlet is an annular air 

outlet.  In turn, two rings of pin hole propane jets are concentric with the annular air outlet and 

thus with the powder air jet. 

 

This flame deposition process avoids the use of polluting solvents including volatile organic  

 

compounds and is thus much more environmentally friendly.  The combustion  

 

flame deposition method is similar to plasma flame deposition in which powder metal or  

 

ceramic is injected into a plasma flame for heating and acceleration to the target.       

    

 

The existing gun head was found to be less than satisfactory because it created a recirculation 

volume just downstream of the origin of the central air jet.  Some polymer particles became 
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trapped in this volume during commercial operation of the existing equipment.  This volume also 

increased the diameter of the particle stream, ensuring some of the particles did not pass through 

the same area of the air/propane flame.  In turn, variations in the part of the flame the particles 

passed through caused differences in the amount of heat particles absorbed and thus caused 

changes in particle softness and adhesiveness.  Variations in these particle properties caused 

undesirable variations in the coating quality.  A new gun head was designed to try to create a jet 

without these problems.   

 

1.3   Previous Work on Polymer Flame Deposition 

 

While most of the published work is on plasma deposition, not flame deposition, there have 

been some papers published on the flame deposition of polymers.  Each of the four papers 

constituting the core of this thesis begins with a literature review but the literature review is 

confined to the subject of the paper.  The review in the first paper covers coaxial air jets and their 

numerical simulation using Reynold-averaged Navier Stokes (RANS) models.  The review in the 

second paper covers isothermal inert two phase coaxial air jets.  The literature review in the third 

paper summarizes the methods of determining whether a mesh is fine enough to provide 

satisfactory resolution for the successful modeling of a flow by large eddy simulation.  Finally, 

the literature review beginning the fourth paper describes entrainment and mixing with and 

without particles in coaxial air jets.  None of these literature reviews examines the entire polymer 

powder flame deposition process to provide an overview of what scientific knowledge has been 

gained about this process and how successfully it has been numerically simulated.  

Consequently, a review of the literature on the polymer flame deposition process as a whole will 

now be given, including numerical simulations where found.     
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 The earliest paper found on the flame deposition process is by Kharitonov and  

Yurkevich [2].  These authors consider a dispersed polymer phase in a combusting gas jet.  They 

make many simplifying assumptions including neglecting the radial and longitudinal 

nonuniformity of the gas jet, neglecting the space-time pulsations of the heating zone, neglecting 

the ablation of the particles, and neglecting any chemical reactions that might occur between 

combustion gases and the polymer particles.  The authors assume only convective heat transfer 

to the particles from the combustion gases.  They also assume that the particles have no effect on 

the fluid flow.  The paper is theoretical and there is no attempt made to compare the calculated 

particle temperatures with the experimental results.         

 

                                    

Zhang, Gawne, and Bao [3] used finite difference analysis to calculate heat flow within  

 

the polymer particles.  They pointed out that this mathematical model can be used for any  

 

thermal spray process including both plasma and flame deposition.  Again the authors  

 

assumed that the heat transfer from the gas, in this case plasma, to the particle was only  

 

convective and that the surrounding plasma was uniform.   

                             

                                     

Bandyopadhyay and Nylen [4] used the commercial CFD code Fluent for the analysis of the 

flame deposition process.  In their process they analyzed composite particles consisting of nickel 

covered bentonite carried through an oxygen acetylene flame by an argon stream.  Heat flow to 

the particles was considered to be by convection and radiation.  These scientists realized that the 

steady increase in particle temperature as the particles flowed through the flame, and the 

variation in flame temperature, made calculation of the convective heat transfer coefficient 

difficult.  These authors also report developing and using a finite difference code to model the 
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heat flow within the nickel coated bentonite particles.  The authors found good agreement 

between the particle temperatures calculated by the Fluent model and their finite difference 

model, and their experimental measurements. 

 

Recent work by Bao, Zhang, and Gawne [5,6] details an algorithm used to find the 

temperature profiles of the polymer particles.  The algorithm consists of: 

                     (i)        Choosing the fuel/air ratio and the gun design.                           

(ii) Determining the combustion flame properties, specifically the thermal conductivity k, the 

density ρ, the viscosity μ, and the specific heat capacity Cp.   

(iii)      Determining the speed and direction of the polymer particles in the flame.    

(iv)      Calculating the convective heat transfer coefficient, h, for heat flow from the combustion 

gas to the particle.  

(v) Finding the temperature gradients in the particles using an equation for heat conduction 

within the polymer. 

(vi) Using the drag coefficient for single spheres to calculate a new position for the particles. 

(vii) Repeating (ii) to (vi). 

The authors [5,6] also assumed that all polymer particles were spherical, had the same initial 

velocity prior to injection into the flame, and had constant thermal properties.  There is no 

comparison of the particles’ calculated temperature profiles with experimental data.     

 

These papers provide insight into the physics and chemistry of the flame deposition of 

polymer powder.  However, they do not provide insight into the components of the flame 

deposition process.  The components of this process, in particular the coaxial air jet, the coaxial 
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air jet with particles, and the coaxial air jet with particles and CO2 in place of propane, are all 

deserving of study because their behaviour underlies that of the particle bearing air propane 

flame.   

1.4   Research Goals 

The ultimate goal of the work was a better quality coating, and more efficient use of the 

polymer powder and propane.  The development of a reliable, accurate numerical model of the 

entire process was planned as a tool to help achieve this goal. 

The complexity of the process required it be studied by first investigating its simplest 

component, the coaxial air jet.  This work was reported on in the first paper.  The goal of this 

initial work was to compare experimental measurements of the axial velocity and static pressure 

in the flow field of the coaxial jets with the results of the RANS turbulence models in Fluent to 

determine how well these RANS models simulated this jet.  These numerical simulations were 

intended to be the foundation of a numerical model for the entire commercial process, if they 

were satisfactory.  The first paper reports on this work.            

The introduction of polymer powder into the central jet was the first step towards the 

commercial process from the air only jets.  Understanding the axial and radial velocity ranges of 

the particles in the stream and the radial particle distribution is fundamental to understanding 

how long the particles would spend in the flame, when it is present, and thus how much heat they 

would absorb.  In turn, heat absorption has a critical effect on the quality of the final coating.  

The results of work on this isothermal inert two phase jet are reported in the second paper.   

The results of the numerical simulations using the RANS turbulence models lead to an 

attempt to simulate the air only coaxial jet using the large eddy simulation (LES) turbulence 
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model in Fluent.  This work, if successful, could also be used as a basis for a numerical model of 

the entire process and was reported in the third paper. 

The final paper examined the mixing of CO2, used in place of propane, and the coaxial air jet 

with and without particles.  The density of CO2 and propane was substantially the same at 

normal atmospheric conditions, so the mixing of the CO2  and the coaxial air jet was expected to 

be similar to that of the propane and the coaxial air jet up to the flame front.  Consequently, this 

work provided insight into the mixing of the cold propane and air flows with and without 

particles, essential knowledge to allow the efficient use of propane and ground polymer particles.       
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Chapter 2 

A Study of a Powder Coating Gun Near Field: A Case of Staggered Concentric 

Jet Flow 

Published in Coatings 3(4) 208-242, Nov. 1, 2013 

Authors:  G.A. Payne, M.D. Matovic, E.G. Grandmaison 

 

2.1 Introduction 

Flame deposition has been in commercial use for several decades because it is a quick and effective way 

of creating a protective and adhesive coating on a surface. An early description of the process is provided 

by Towler [1]. Zhang et al. [2] studied heat transfer from an air/propane or air/acetylene flame to polymer 

particles injected into the flame. This process has been used for some years to apply a polymer coating to 

metal surfaces. In this process, shown schematically in Figure 2.1, the polymer powder is injected into the 

flame using an air stream. The goal of the process is to heat the ground polymer enough to soften it 

without overheating it which would cause it to burn. The jet then carries the softened polymer particles to 

a metal surface, itself heated by the same flame, to which they adhere forming a continuous protective 

coating. The gun head shown in Figure 2.1, and schematically in a longitudinal section in Figure 2.2, is 

the origin of the jets. Some of the details of the gun head design are proprietary. This particular gun head 

includes an annular jet and a central jet with its nozzle staggered relative to the annular jet orifice. Critical 

gun head dimensions are given in Table 1. In practice, the central jet is the particle bearing air stream and 

the air only concentric annular jet around it is the main momentum source. The gun head includes pinhole 

sized fuel (propane) ports, arranged in two circles concentric with the two inner jets. This study modelled 

an isothermal concentric jet flow created by shutting off the propane and particle sources. The goal of this 

study was to try to develop an effective computational fluid dynamics (CFD) model using the Reynolds 

Averaged Navier Stokes (RANS) models in Fluent, with Gambit as a preprocessor, and validate it with 

experimental data. Such a model would be the basis for subsequent more complex CFD models. These more 

advanced models would include first the particles in the central jet and then the particles and carbon dioxide 
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(CO2) in place of the propane, so the effect of the particles on the mixing of the air and propane would be 

modelled. In both advanced cases suitable experimental data would be gathered for comparison with the 

CFD models. 

The two most fundamental variables that determine the flow field created by a coaxial jet, or in this 

case the gun head, are the design of the gun head and the velocities of the jets. Early papers considered 

the fundamentals of the design of a nozzle creating a coaxial jet. One of several fundamental variables 

altering the flow field of a coaxial jet is whether the flow leaving each nozzle is fully developed. Two 

early papers on coaxial jets, Chigier and Beer [3] and Champagne and Wygnanski [4] do not address this 

point, but a careful reading of both papers makes it clear that the jets were not fully developed in either 

body of work. However, Chigier and Beer [3] point out a second fundamental variable altering the flow 

field. The flow field of a coaxial jet depends not only on the velocity of both jets and their nozzle 

diameters, but also the spacing, if any, between the inner round jet and the concentric annular jet. 

Champagne and Wygnanski [4] also point out the radius of both jets alters the flow field. Chigier and 

Beer [3] further point out that a coaxial jet flow field is a combination of two flow fields, that of a single 

round jet and that of an annular jet. 

The staggering of the central and annular nozzles in the gun head shown in Figure 2.2 is an extremely 

important feature of the gun head used in this work that is not present in any of the coaxial jets described 

in the literature. In all coaxial jet studies found in the literature, the nozzles of both jets are in the same 

plane. In contrast, the extension of the central channel in the nozzle used in this work results in the origin 

of the central jet being about 1.4 cm downstream of the origin of the annular air jet. The outer surface of 

this extension is tapered ending with a sharp edge at the plane of confluence of the central and annular 

jets. The angle of the truncated cone is shallow enough to ensure the annular air jet remains attached to 

the outer surface of this extension. This design feature causes the annular jet to have some momentum 

directed towards the flow axis.  
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Figure 2.1. Schematic diagram of the basic apparatus (arrows show the flow direction).  

 

Figure 2.2. Schematic longitudinal section through a radius of the gun head. (The horizontal 

dashed line is the centerline of the jet. The plane z = 0 is located at the cap face. This plane contains 

the origin of the annular air jet). 
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Table 2.1. Critical dimensions of the gun head. 

Critical 

Dimension 

Diameter of 

Gun Head 

(mm) 

Approximate Length of 

Truncated Central 

Cone (mm) 

Diameter of 

Central Jet 

(mm) 

Annular Jet 

Nozzle Gap 

(mm) 

Experiment 1 

76 14 9.5 

0.38 

Experiment 2 0.32 

Experiment 3 0.27 

 

One flow rate was chosen for each of the two jets. Then, the three different ratios of the linear 

momentum of the annular air jet to the central jet shown in Table 2.1 were chosen. It is important 

to realize that the staggering of the two nozzles, shown in Figure 2.2, means that the annular jet 

must slow significantly as it travels from its origin to the tip of the central nozzle, through the 

ambient air, before it begins to merge with the central jet. As long as the velocity ratio at the 

origin of the central jet is low enough, regardless of the average velocity ratio at the jet origins, 

there will be no recirculation zone formed in the near field of the jet. The extension of the central 

channel past the origin of the annular air jet allows the annular flow to have a much larger mass 

and velocity compared to the central jet than would otherwise be possible without causing a 

recirculation zone. Such a zone, centered on the jet axis, has been found to trap some of the 

polymer particles and increase their radius of distribution when the process is used for 

commercial purposes. 

Chigier and Beer [3] began examination of coaxial jets by increasing the momentum of the 

central jet from zero. This method allowed study of the changes caused by the increasing 

strength of the central jet to the toroidal shaped recirculation zone, with its axis on the centerline 

of the jet, that was created by the annular air jet alone. As the annular to central jet velocity ratio 

decreased to 2.35, this torus was increasingly squeezed between the central and annular air jets 

and a second torus with rotation opposite the first torus formed. The distance between the radius 
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Table 2.2. The annular and central air jet properties used for experimental work. 

Variable 
Experiment 

1(E1) 

Experiment 

2(E2) 

Experiment 

3(E3) 

Annular Air Jet Flow Rate (m
3
/min) 0.1 

Central Air Jet Flow Rate (m
3
/min) 0.04 

Central Air Jet Momentum (N) 7.52 × 10
−3

 

Central Air Jet Average Nozzle Velocity 

(m/s) 
9.4 

Annular Air Jet Average Nozzle 

Velocity(m/s) 
94.1 113 132 

Annular Air Jet Average Mach Number 0.27 0.33 0.38 

Annular/Central Air Jet Momentum Ratio 25 30 35 

Annular/Central Air Jet Average Velocity 

Ratio 
11.3 13.5 15.7 

of the central jet and the inner diameter of the annular jet of 1.95 cm also played a role in the 

continuation of the toroidal recirculation zone. It was still present at an annular to central jet 

velocity ratio of 0.117. Chigier and Beer's work was extended by Ko and Kwan [5] and Ko and Au 

[6] who identified three regions in a coaxial jet. They are an initial zone to the end of the core of the 

central or annular jet, whichever is shorter, an intermediate zone in which the jets become fully 

mixed, and a fully merged zone in which the jets behave as though they were one jet originating from 

a circular nozzle. Ko and Kwan [5] also found the central and annular jets were fully merged at 6 

diameters downstream from the nozzle where, once again, the axial velocity profile was similar to 

that of a single jet. 

Ko and Kwan [5] found that near the nozzle the turbulence intensity was lowest within the 

core of each jet, where there had been no mixing and the air was at its nozzle velocity. Within the 

layers resulting from the mixing of each jet with surrounding stationary air, the turbulence 

intensity increased rapidly. Ribeiro and Whitelaw [7] reported the same result. Further 

downstream, the three layers of high turbulence intensity merged into one jet with only the one 

mixing layer. Ko and Kwan [5] also found the time averaged pressure in the flow field was not 
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uniform and it changed with the velocity ratio of the jets. 

Buresti et al. [8] studied, amongst other flow features, the comparative magnitudes of the time 

varying part of the axial and radial velocities in the inner and outer mixing layers within two 

central nozzle diameters downstream from the nozzle. It was found that they were a result of the 

5 mm spacing between the annular and central jets which can be thought of as a bluff body that 

produces a wake. This feature was not present in the current work because of the near knife edge 

thickness of the tip of the nozzle at the central jet origin. 

Rehab et al. [9] studied water jets, not air jets, with a knife edge separating the origins of the 

two jets. They found that a critical annular jet to central jet velocity ratio existed beyond which a 

recirculation zone developed just downstream of the nozzle on the jet axis. Rehab et al. [9] point 

out that the vortices that formed in the mixing layers around each jet caused most of the 

entrainment in both jets. Their work also showed that the critical annular jet to central jet 

velocity ratio necessary for the formation of the axial recirculation zone is a minimum of about 

8. The recirculation zone downstream end was at the merging point of the mixing layers around 

the annular jet and the inner jet. 

Buresti et al. [10] also published a second paper, a detailed examination of the near field of a 

coaxial jet using two different velocity ratios. They created a second nozzle, in addition to the nozzle 

with a 5 mm spacing between the radius of the central jet and the annular jet. This second nozzle 

had a knife edge between the radius of the central jet and the annular jet. Both nozzles were used 

with both velocity ratios and allowed additional examination of the effect of the spacing between 

the central jet and the annular jet. Buresti et al. [10] mapped the entire flow field and found that 

at the higher velocity ratio, with the annular jet dominant, changing the spacing between the jets 

from 5 mm to a razor edge caused a large decrease in the time varying part of the radial velocity 
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and a large decrease in the time varying part of the shear stresses too. This difference diminished 

with axial distance downstream and was gone when the flow reached a downstream distance of 

about half the diameter of the central jet. The near knife edge of the tip of the central jet origin 

means that the jet studied here is closer to the nozzle used by Buresti et al. [10] with a knife edge 

between the central and annular jet.  

2.2. Experimental Work 

2.2.1. Experimental Apparatus and Method 

Figure 2.1 shows the air for the coaxial jets studied was supplied by a compressor and fed to 

the flow control unit which divided the air between the powder air line and the annular air line. It 

also controlled the flow rate in both lines. If desired, ground polymer could be added to the 

powder air line. In practical use, the flow control unit also regulated the flow of propane to the 

gun head but in this work the propane was shut off. The flow rate in each line was measured by 

OMEGA electronic flow meters: model FMA 1728 (0 to 50 L/m) for propane, model FMA 1742 

(0 to 100 L/m) for the powder air and model FMA 1744 (0 to 500 L/m) for the annular air. The 

flow meters sent an analogue signal to the Measurement Computing USB-1608FS data 

acquisition card, which in turn sent digitized signals to a desktop computer via a USB link. The 

flowmeters were calibrated by mechanical pressure gauges and rotameters and the resulting 

calibration curves were incorporated into the Excel spreadsheet used for data communication, 

processing, storage and real time display. Custom code in Visual Basic for Applications (Excel 

Macros) was developed for these functions. The custom code displayed the flow rates in real-

time and they were adjusted manually using the flow control unit.  

The experimental work consisted of measuring the axial velocity and the static pressure in the 

flow field, and flow visualization. Twenty-six sets of measurements, eighteen of velocity and 
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eight of static pressure were made. The first set of velocity data was obtained by measuring the 

axial velocity along the jet centerline, the second was obtained from radial traverses in the plane 

of the tip of the central jet. The third, fourth, fifth, and sixth sets of velocity data were taken from 

diametral traverses of the jet at different distances from the gun head. A Pitot tube with an outer 

diameter of 1.3 mm and an inner diameter of about 0.85 mm was used to measure the dynamic 

pressure. The Pitot tube was connected to one of three Magnehelic differential pressure gauges 

made by Dwyer. The pressure gauges had ranges 0–1 inches (25.4 mm) of water in 0.02 in 

(0.508 mm) graduations, 0–5 inches (127 mm) of water in 0.1 in (2.54 mm) graduations and 0–

50 inches (508 mm) of water in 1 in (25.4 mm) graduations. The second port on each gauge was 

open to the atmosphere.  

The static pressure measurements were made using the static ports only on a 3.1 mm diameter 

Pitot static tube. The static ports were connected to a Dwyer Magnehelic differential pressure 

gauge, reading from −2 to 2 inches of water in 0.1 in. graduations with the second port open to 

the atmosphere. 

The flow visualization was performed using a sheet of light from a 3 W laser to illuminate a 

vertical plane through the centerline of the jet. First, the annular air was seeded with droplets of a 

glycerine-water solution and the resulting jet was photographed. Then, the air to the central jet 

was seeded in the same way and the resulting jet was photographed once again. These 

procedures were used with all three experiments. A digital Nikon 1J1 camera was used for the 

work with a SMC Pentax 1:1.4 50 mm lens. A speed of 400 frames per second was used to create 

short movies and Nikon software was used to extract desired frames from the movies. 
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2.2.2. Experimental Results 

The symmetry of the annular air jet was established by placing the pitot tube just upstream of 

the tip of the central air jet and in contact with the outer surface of the central air jet nozzle, so 

only the axial velocity of the annular air jet would be measured.  Then, four measurements were 

made at the north, east, south, and west points around the nozzle.  When the dynamic pressure 

was the same at all points, then the symmetry of the annular air jet was considered satisfactory. 

Two orthogonal traverses were made across the central jet at its origin to examine the velocity 

profile of the central jet. The results were averaged, corrected for the positive static pressure at 

this location, and shown in Figure 2.3. The flow rate from the central jet is the same for all three 

experiments; consequently, the velocity profile shown in Figure 2.3 will not change between 

them. The profile shows a slightly greater velocity at the center of the jet, consistent with the 

expected behaviour of turbulent flow in a smooth circular duct.  The asymmetry of the profile 

may be caused by the use of a pitot static probe with diameter 3.1 mm, a relatively large diameter 

compared to the 9.5 mm diameter of the central air jet, to measure the axial velocity.  However, 

the good agreement between the peak experimental velocity and the numerical velocity corrected 

for elevated static pressure, means that the experimental peak velocity is reliable.    

The second type of traverse measuring axial velocity was across the diameter of the jet at 2.5 cm, 

5 cm, 10 cm and 20 cm from the origin of the annular air jet. Figures 2.4–2.7 show the velocity 

profiles at these distances respectively. Each of Figures 2.4–2.7 consists of three graphs, one for 

each of experiments 1, 2 and 3. The data for each graph was obtained from a vertical and 

horizontal traverse across the jet diameter. Then the radial symmetry of the jet was used to 

average the data over the four radii and this average was plotted. As expected, as the nozzle 

velocity of the annular air jet increases, so too does the maximum velocity of the velocity profile 
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at 2.5 cm, 5 cm, 10 cm and 20 cm from the origin of the annular air jet. Overall, the twelve axial 

velocity profiles have the expected shape. 

The third type of traverse measuring axial velocity was made along the centerline of the jet 

from the origin of the central jet to 20 cm from the origin of the annular jet. These three traverses 

are shown in Figure 2.8a. They show there was no recirculation zone in any of the flow fields. 

Figure 2.8b shows the average of the traverses of the jet centerline from the origin of the central 

jet to 2 cm downstream which measured the static pressure. It is most important to note that the 

static pressures found were all above atmospheric and vary with the strength of the annular air jet. 

Figure 2.8c was created from static pressure measurements made with and without the central jet but 

the annular jet set to Experiment 2. It is also a traverse of the jet centerline but from the origin of the 

central jet to 2 cm downstream. The negative static pressure region on the jet centerline extends from 

the tip of the central jet nozzle to about 3 mm downstream. The static pressure readings for the case 

without the central jet flowing may be influenced by the annular jet, which has an inward radial 

velocity, impinging on the static pressure probe. 

Figure 2.3. Average axial velocity at the origin of the central jet for all three experiments. 

 

velocity at the origin of the central jet for all three experiments. 
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Figure 2.4. Axial velocity vs. radius for (a) Experiment 1 at z = 2.5 cm; (b) Experiment 2 

at z = 2.5 cm; (c) Experiment 3 at z = 2.5 cm. 

 

(a) (b) 
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Figure 2.5. Axial velocity vs. radius for (a) Experiment 1 at z = 5 cm; (b) Experiment 2 at 

z = 5 cm; (c) Experiment 3 at z = 5 cm. 
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Figure 2.6. Axial velocity vs. radius for (a) Experiment 1 at z = 10 cm; (b) Experiment 2 at 

z = 10 cm; (c) Experiment 3 at z = 10 cm. 
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Figure 2.7. Axial velocity vs. radius for (a) Experiment 1 at z = 20 cm; (b) Experiment 2 at 

z = 20 cm; (c) Experiment 3 at z = 20 cm. 
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Figure 2.8. Plots of centerline traverses (a) Axial velocity vs. distance from origin of annular jet 

for Experiments 1, 2, and 3; (b) Static pressure vs. distance from origin of central jet for 

Experiments 1, 2, and 3; (c) Static pressure vs. distance from origin of central jet for Experiment 

2 with and without PA jet flowing. 

                           

(a) 

 

(b) 
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Figure 2.8 Cont. 

 

(c) 

Error estimates were made using the reading error on the pressure gauge. The reading error 

was taken to be half of the smallest division on the pressure gauge and half the smallest division 

on the positioning scale in mm. 

Examination of the digital photos extracted from the short movies revealed that there was 

very little difference between the three experiments. Consequently, only images for Experiment 

2 are shown in Figure 2.9. Figure 2.9a shows the results of seeding only the annular air line. 

Figure 2.9b shows the near field of the jet when the powder air line is seeded.  
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Figure 2.9. Experiment 2 flow visualization of nozzle near field flow seeded by micron-

sized glycerine-water droplets: (a) seeding the annular air line; (b) seeding the powder air 

line. 

 

(a) 

 

(b) 

 

The differences in jet colour, particularly clear in Figure 2.9b are caused by variations in the 

concentration of droplets within the jet. These variations are caused by mixing of the air from the 

central jet with the annular air and air entrained from the surrounding stationary ambient air. 

Seeding only the central jet, Figure 2.9b, clearly shows the classical cone-shaped potential core. 

The presence of this core shows there is no disruption of the flow from the nozzle, such as a 

recirculation zone. Similarly, seeding the annular air only, Figure 2.9a, leaves the potential core 

dark, showing that no annular air tracers are being entrained in the central jet, confirming the 

absence of a recirculation zone. 
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2.3. Numerical Modelling 

Modelling the central air jet on its own and verifying the model with experiment could have 

been accomplished as a stepping stone to modelling the coaxial air jet.  However, there is no 

universal theory of turbulent fluid flow.  Consequently, any changes to the coefficients of a 

numerical turbulence model needed to obtain good agreement with experiment in the case of a 

round air jet would almost certainly result in a turbulence model that did not provide results that 

agreed satisfactorily with experiment in the case of an annular or coaxial air jet.  Consequently, 

the numerical modelling effort began with the coaxial air jet.   

Five generations of meshes were created for numerical modelling of the coaxial air jet.  The 

first two generations, Grid1 and Grid2, were discarded because these meshes gave unsatisfactory 

results. Numerical simulations of all three experiments were performed using a variety of meshes 

from subsequent generations and a variety of turbulence models, with some variations in 

boundary conditions as will be explained later. The agreement between simulations and 

experiment was found to be substantially the same for all three experiments. Consequently, most 

of the results shown are for Experiment 1 with a few for Experiment 2. 

2.3.1. General Meshing Features 

Numerical modeling used a commercially available CFD package Fluent 6.3.26 with Gambit 

2.4 for geometry and meshing. The rotational symmetry of the axisymmetric jets and 

periodically arranged propane holes allowed the creation of three types of domain with three 

wedge angles: 60° (wedge), 180° (semicircular) and 360° (full circle). These grid families are 

designated as Grid3, Grid4, and Grid5 respectively in the following pages. As an example, the 

semicircular domain (Grid4) is shown in Figure 2.10 and the critical domain dimensions given in 

Table 2.3. The x, y, and z axes for the domain are shown in the lower left. The z axis lies on the 
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jet axis and the origin lies on the plane of the origin of the annular jet, the upstream end of the 

main domain. Note that the propane jets have been removed for this analysis. All domains have 

the same radius of 0.13 m at the inlet, increasing linearly to 0.143 m at the outlet.  A domain 

length of 0.6 m was used for all but 4 cases.  Two very high mesh density domains used a length 

of 0.5 m to reduce the number of control volumes and thus computational cost.  Two additional 

domains used a length of 1.0 m to ensure the results were not dependent on the length of the 

domain.  The inlet boundary conditions in this numerical study match the three experiments 

outlined in Table 2.2 in the previous section, with the annular air jet to central jet momentum 

ratios of 25, 30 and 35 for the Experiments E1, E2 and E3, respectively. Most of the data 

presented here are for the momentum ratio of 25. 

Figure 2.10. Flow domain for Grid 4 (the semi-circular case). 

 

Substantial effort was put into creating meshes with elements as orthogonal as possible. To 

that end, only the core, central region is covered by semi-structured Cooper type hexagonal 
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elements, while all other sections are meshed by structured hexagonal elements. Due to the vast 

range of length scales, the size of the control volumes varied widely. The number of control 

volumes also varied widely in order to resolve high gradient zones in an optimal way.  

Figure 2.11a–e illustrates details of a mesh for the domain with a semi-circular cross-section. The 

core area elements of Figure 2.11a are too fine to be resolved on the scale used. Consequently, Figure 

2.11b,c is a close-up of critical areas, the origins of the jets. The same is true of the bottom center 

of Figure 2.11d, which is the center of the jet. Figure 2.11e shows this region in detail. Overall, 

the extremely wide range of length scales posed a significant challenge in generating properly 

adapted meshes. Figure 2.11c,e illustrates the difficulty of trying to mesh very small dimensions 

and circular dimensions respectively with regular hexagonal mesh. In spite of this difficulty all 

domains were divided into connected volumes and meshed using structured mesh, except the 

near-axis region that had to be meshed by Cooper mesh. A list of meshes used in this study with 

main resolution parameters is shown in Table 2.3. 

2.3.2. Domain Choice 

The creation of the flow domains was governed by several requirements. First, different 

wedge angles were needed not only to use the Reynolds Averaged Navier Stokes (RANS) 

models presented in this study, but also to allow for subsequent Large Eddy Simulation (LES) 

modeling. Second, the slight flaring of the domain envelope allowed a smooth transition from a 

highly non-uniform mesh in the radial direction at the gun face to a more uniform mesh in the 

radial direction at the outlet. Third, the central jet was extended upstream to duplicate the 

experimental conditions and ensure that the flow in the central jet was fully developed by the 

time the air flowing through it reached the nozzle. In contrast, the annular jet channel was much 
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shorter and did not allow for a fully developed velocity profile at its nozzle, again duplicating the 

experimental setup. 

The different wedge angles are expected to provide identical results in theory because the 

same physical phenomena are being modelled. However, in complex domains and flow fields 

Figure 2.11. Grid 4 NP_E1 Mesh (a) Horizontal plane of symmetry (The mesh is too fine to be 

resolved on this scale in the solid black area); (b) Close up of the mesh at the origins of the central 

and annular jets in the horizontal plane of symmetry (dimensions given in Table 2.1); (c) Close 

up of the mesh at the origin of the annular jet in the horizontal plane of symmetry (dimensions 

given in Table 2.1); (d) Downstream domain end mesh; (e) Core of domain shown in (d). 
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Figure 2.11. Cont. 

 

Table 2.3. A list of meshes used in the study, with key resolution parameters. 

Grid name(these names are 

used in subsequent text and 

plots) 

Domain 

wedge 

angle 

[deg] 

Domain 

Length 

(m) 

Elements 

around 

circumference 

Cells across (Radial × Axial) Total 

number of 

control 

volumes 

Central 

(PA) jet 

Annular 

(AA) jet 

Outside of 

PA and AA 

jets 

Grid3_60_NP_E2_VC 60 0.60 16 15 × 72 8 × 70 139 × 162 361,568 

Grid3_60_NP_E1_VC_2 60 0.60 12 11 × 70 8 × 70 97 × 152 180,336 

Grid3_60_NP_E2_VC_2 60 0.60 12 11 × 70 8 × 70 97 × 152 180,336 

Grid3_60_NP_E3_VC_2 60 0.60 12 11 × 70 8 × 70 97 × 152 180,336 

Grid3_60_NP_E1_VC_2L 60 1.0 12 11 × 70 8 × 70 97 × 228 256,944 

Grid3_60_NP_E2_VC_2L 60 1.0 12 11 × 70 8 × 70 97 × 228 256,944 

Grid3_60_NP_E1_VC_2R 60 0.60 12 11 × 140 8 × 70 97 × 266 315,648 

Grid3_60_NP_E2_VC_2R 60 0.60 12 11 × 140 8 × 70 97 × 266 315,648 

 

Grid3_60_NP_E1_VC_2S 
60 0.50 12 26 × 500 7 × 90 235 × 1030 7.770,880 

Grid3_60_NP_E2_VC_2S 60 0.50 12 26 × 500 7 × 90 235 × 1030 7.770,880 

Grid3_60_NP_E1_VC_2T 60 0.60 12 11 × 140 8 × 70 154 × 266 497,592 

 

(d) 

 

(e) 

 

Radius of 

Central Air Jet 
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Table 2.3. Cont. 

Grid name(these names are 

used in subsequent text and 

plots) 

Domain 

wedge 

angle 

[deg] 

Domain 

Length 

(m) 

Elements 

around 

circumference 

Cells across (Radial × Axial) Total 

number of 

control 

volumes 

Central 

(PA) jet 

Annular 

(AA) jet 

Outside of 

PA and AA 

jets 

Grid3_60_NP_E2_VC_2T 60 0.60 12 11 × 140 8 × 70 154 × 266 497,592 

Grid3_60_NP_E2_C 60 0.60 20 18 × 102 12 × 100 148 × 214 645,920 

Grid3_60_NP_E1_M 60 0.60 32 26 × 145 16 × 140 201 × 290 1,920,416 

Grid3_60_NP_E2_M 60 0.60 32 26 × 145 16 × 140 201 × 290 1,920,416 

Grid3_60_NP_E3_M 60 0.60 32 26 × 145 16 × 140 201 × 290 1,920,416 

Grid4_NP_E1 180 0.60 48 15 × 72 8 × 70 149 × 162 1,162,464 

Grid4_NP_E2 180 0.60 48 15 × 72 8 × 70 149 × 162 1,162,464 

Grid4A_NP_E1 180 0.60 48 15 × 110 8 × 70 149 × 235 1,670.544 

Grid4B_NP_E1 180 0.60 72 23 × 110 12 × 98 223 × 348 5,558,544 

Grid4C_NP_E1 180 0.60 72 23 × 110 12 × 98 223 × 238 3,839,904 

Grid4D_NP_E1 180 0.60 72 32 × 110 12 × 98 232 × 238 3,960,964 

Grid5_NP_E2_C 360 0.60 64 16 × 49 9 × 94 135 × 148 1,296,768 

Grid5_NP_E2 360 0.60 88 21 × 69 12 × 133 183 × 203 3,324,024 

Grid5_NP_E2_F 360 0.60 144 32 × 110 15 × 108 255 × 238 8,727,264 

 

like the one studied here, such an assumption should be demonstrated by numerical experiment 

as well. There are subtle differences between the three domain shapes, especially since the mesh 

is not entirely structured, because it has a Cooper mesh core. Figure 2.12 shows the axial 

velocity plots for three meshes, one each of Grid3, Grid4 and Grid5 families, all summarized in 

Table 2.3. The particular meshes from each family were chosen to have a similar mesh density. 

The comparison of the velocity profiles confirm that the results are not affected by the wedge 

angle choice. 
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Figure 2.12. Axial velocity vs. radius (a) at 10 cm (comparison of results for the three 

grid families. The legend entries refer to Table 2.3); (b) at 20 cm (comparison of results for 

the three grid families. The legend entries refer to Table 2.3). 

 

(a) 

 

(b) 
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2.3.3. Boundary Conditions 

Boundary conditions were chosen to reproduce the physical flow conditions as closely as possible. 

The proper specification of the upstream and the entrainment boundary conditions is more important 

than the specification of the outlet boundary conditions, since the upstream and circumferential 

boundary conditions influence the flow development downstream, throughout the flow domain 

modeled.  

All simulations used velocity inlets as boundary conditions for both jets and the pressure 

outlet boundary condition at all other boundaries. Initially the pressure boundary backflow 

direction was specified to match the velocity vector of the radially inward adjacent cell center. 

The alternative option of forcing the backflow boundary velocity vector to be perpendicular to 

the boundary was considered unphysical since the entrainment boundary surface was not parallel 

to the flow axis. However, this original choice introduced a significant error in the far field. The 

error caused by this initial choice of boundary condition is shown in the axial velocity plots 

presented in Figure 2.13a,b for the coarsest and finest meshes of the Grid3 family. It is clear in 

these plots that the axial velocity is nonzero outside the jets and its magnitude depends on the 

mesh density. When the backflow direction specification method was changed to force the 

boundary velocity to be perpendicular to the boundary, the axial velocity outside the jet vanished. 

Strictly speaking, the proper boundary condition for the entrainment of stagnant air into the jet is to 

force the velocity vector to be perpendicular to the jet axis and not to be perpendicular to the 

boundary if the boundary is not parallel to the axis. However, in this work the angle between the 

boundary and the axis is only 1.2°, too small to produce a noticeable error. Figure 2.13a,b also shows 

the result of making this change. All other results shown in this paper used this correct boundary 

condition.  
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Most models used the default settings within Fluent for turbulence at all boundaries. 

Changing these values had no effect on the converged flow field. The default setting of wall 

functions was also used to model boundary layers. 

2.3.4. Mesh Density Influence 

Various mesh densities have been listed in Table 2.3. In this section the influence of mesh density 

on numerical accuracy is examined. Figure 2.14 compares the velocity profiles obtained by modeling 

the Experiment E2 on three grids using approximately 180,000, 360,000 and 1,900,000 nodes each,  

 

Figure 2.13. Experiment 1: (a) the effect of changing the circumferential boundary 

condition on the simulated flow field at 10 cm from the origin of the annular air jet (The 

legend entries refer to Table 2.3. The “circ N” designator indicates the simulation used the 

correct boundary condition.); (b) the effect of changing the circumferential boundary 

condition on the simulated flow field at 20 cm from the origin of the annular air jet (The 

legend entries refer to Table 2.3). 

 

(a) 
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(b) 

with the k-ε realizable turbulence model and first order upwind discretization. The finest mesh had 

10.6 times more control volumes than the coarsest mesh. The graphs show that all simulations give 

substantially the same results although there are minor differences in the velocity profiles at the 

centerline, at the 20 cm cross-section. Overall, it is clear from these results that even the coarsest 

mesh produces essentially grid independent results. It is also interesting that even with the first 

order differencing the presence of numerical diffusion is barely noticeable. The absence of 

numerical diffusion is due to the careful mesh alignment with the velocity field, something that is 

not always possible, but was attainable in this case.  

2.3.5. Turbulence Model Influence 

The question of which turbulence model gives the best agreement with experiment is 

answered by numerical experiments. The flow field modeled here is dominated by mixing layers 

between the stagnant outside air and the annular jet, as well as between the annular jet and the 
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central round jet, the two having very high velocity and momentum ratios. An additional specific 

feature of this flow is the presence of a conical solid surface that serves as the inner boundary for 

the annular air jet after it has exited its nozzle until it comes into contact with the much slower 

central round jet. For the most part, the flow features are determined by mixing, not by the wall 

boundary layer, except for the aforementioned zone between the origins of the two jets.  

Figure 2.14. Velocity profiles (a) at 10 cm from the origin of the annular air jet; (b) at 20 

cm from the origin of the annular air jet. 

 

(a) 
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(b) 

Three variations of the k-model and three variations of the k-ω model and a Reynolds Stress 

model were used in comparison simulations to determine which of these gives results that agree 

best with the experimental results. The equations used by the k-ε and k-ω turbulence models and 

their derivatives are shown in the Appendix. The equations used by the Reynolds Stress model 

are omitted because of its poor agreement with experiment. The axial velocity profiles comparing 

different turbulence models are shown in Figure 2.15a,b for the z =2.5 cm cross section, in Figure 

2.16a,b for the z = 5 cm cross section, in Figure 2.17a,b for the z = 10 cm cross section, and in Figure 

2.18a,b for the z = 20 cm cross section.  
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Figure 2.15. Comparison with experiment of results from (a) standard k- (ke), k- 

realizable (ke r) and RNG k- (ke rng) models at z = 2.5 cm from the nozzle; (b) standard 

k-ω (ko), k-ω sst (ko sst), k-ω sst tf (ko sst tf) and the Reynolds Stress (rs) models at  

z = 2.5 cm from the nozzle. 

 
(a) 

 

(b) 
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Figure 2.16. Comparison with experiment of results from (a) standard k-ε (ke), k-ε 

realizable (ke r) and RNG k-ε (ke rng) models at z = 5 cm from the nozzle; (b) standard 

k-ω (ko), k-ω sst (ko sst), k-ω sst tf (ko sst tf) and the Reynolds Stress (rs) models at  

z = 5 cm from the nozzle. 

 

(a) 

 

(b) 
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Figure 2.17. Comparison with experiment of results from (a) standard k- (ke), k- realizable  

(ke r) and RNG k- (ke rng) models at z = 10 cm from the nozzle; (b) standard k-ω (ko), k-ω sst (ko 

sst), k-ω sst tf (ko sst tf) and the Reynolds Stress (rs) models at z = 10 cm from the nozzle. 

 

 

(a) 

 

(b) 
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Figure 2.18. Comparison with experiment of results from (a) standard k- (ke), k- realizable  

(ke r) and RNG k- (ke rng) models at z = 20 cm from the nozzle; (b) standard k-ω (ko), k-ω sst  

(ko sst), k-ω sst tf (ko sst tf) and the Reynolds Stress (rs) models at z = 20 cm from the nozzle. 

 

(a) 

 

(b) 
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At the first cross section, 2.5 cm from the origin of the annular air jet, the results of all seven RANS 

models agree qualitatively with the experimental results. The central jet and the annular jet had not fully 

merged, so the maximum velocity was not located on the centerline of the gun head. However, the 

centerline velocity was still underpredicted. Comparison of the results of the standard k-ε model and its 

two derivatives with experimental results shows that k-ε realizable model results disagree the least with 

the maximum velocity while the k-ε rng model results disagree the least with the centerline velocity. 

Further comparison of the standard k-ω model, its two derivatives, and the Reynolds Stress Model with 

experimental results shows that the k-ω sst tf model disagrees the least with the maximum velocity while 

the standard k-ω model disagrees the least with the centerline velocity. Overall, at this distance, the 

k-ω sst tf model predicts the maximum velocity a little better than the k-ε realizable model, while the 

k-ε rng model predicts the centerline velocity a little better than the standard k-ω model. 

At z = 5 cm from the cap face, all seven RANS models failed to predict the plateau found by the 

experimental work and consequently they all predicted maximum axial velocities off the centerline of the 

merging jets. The peak velocities calculated by the k-ε realizable and the k-ω sst tf models were 

substantially the same. At this distance from the origin of the annular jet, all seven RANS models 

predicted that the central and annular jets had not merged fully when experimental results showed that 

they had, just. 

At 10 cm from the origin of the annular air jet, the k- models show larger variations than the k- 

models and produce both the best and the worst match. The k- realizable model most closely predicts the 

experimental results, to within 6% at the jet axis, while the RNG k- model produces the worst results, 

with an error of more than 30% at the jet axis. The standard k- model and all of the k- models fall in 

between these two results. The Reynolds stress model produced results similar to all the k- models and 

to the standard k- model. 
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At 20 cm the realizable k-model still yields results that agree best with experiment. The standard k-

model performs nearly as well, having a broader velocity profile at its tail end. The RNG k-model 

predicts the profile poorly, similar to its results at the upstream cross section. 

The results of the k- family of models at 20 cm distance were found to be similar to those at 10 cm. The 

agreement with experiment was improved by including the shear stress transport (sst) option and further 

improved by including the transitional flow (tf) option. The Reynolds stress model yielded poor results 

once again. Overall, the differences between the results are greater at 20 cm distance. Overall, the 

realizable k- and the k- sst tf models gave best results. All the models predict a faster decay of the 

centerline velocity at 10 cm and 20 cm, demonstrated in the graphs by the lower peak of the velocity 

profiles, compared to experiment. This behavior is due to the well-known tendency of RANS models to 

over predict mixing. 

2.4 Discussion 

The experimental data gathered from the flow field created by this gun head with staggered nozzles, 

together with the results from the k- realizable model simulations are examined more fully in this 

section. The overall velocity field pattern is summarized here by the compound velocity profile graph in 

Figure 2.19 which shows the experimental data for Experiment 1 and the corresponding numerical data 

extracted from a simulation using Grid4_NP_E1 and the k- realizable model. This graph also shows the 

plateau in the plot of the axial velocity vs. radius at z = 5 cm. A similar plateau occurs in the same plot for 

the numerical results at z = 8 cm. The numerical centerline velocity at z = 8.5 cm agrees well with the 

experimental centerline velocity at z = 10 cm. The under prediction of the mixing of the two jets by the k- 

realizable model upstream of z = 8 cm is once again shown. In contrast, further downstream, this turbulence 

model over predicts mixing, causing the centerline velocity to decrease faster than in reality. Why this model 

shows such inconsistent mixing is not known, but is deserving of study.  
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Ko and Kwan [5] and Ribeiro and Whitelaw [7] found that the turbulence intensity is greatest in the 

mixing layers formed as the two jets merge. Figure 2.20 shows the numerical turbulence intensity for 

Experiment 1 at 10 cm and 20 cm from the cap face. It is noteworthy that at 10 cm from the cap face, 

even though the axial velocity profile shows the jets have fully merged, the variation in turbulence 

intensity shows that the velocity difference between the two jets created an annulus of high turbulence 

intensity. At 20 cm from the cap face, this annulus no longer exists due to turbulent mixing. Each plot 

was calculated from the turbulent kinetic energy and the centerline velocity at each of the two distances 

from the cap face. Consequently, the higher turbulence intensity at z = 20 cm compared to  

z = 10 cm is due to the drop in centerline velocity and the slow dissipation of the turbulent kinetic energy 

in the flow between the two planes. Plots of the turbulence intensity in the near field were not made 

because of the marked difference in the average axial velocity profiles between the experimental and 

numerical results in this region. Experimental measurement of the turbulence intensity throughout the 

flow field would be a valuable addition to the understanding of the jet created by this new nozzle design.  

Figure 2.19. Experiment 1: Comparison of offset experimental and numerical axial velocity 

profiles at 2.5 cm, 5 cm, 10 cm and 20 cm from the annular air nozzle. 
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Figure 2.20. Experiment 1: The numerical turbulence intensity at 10 cm and 20 cm from the cap 

face found using the coarsest Grid 3 and the k-ε realizable turbulence model. 

 

 

Table 2.4 shows the volume flow rate for all three experiments, found from the numerical models and 

from the experimental measurements of axial velocity. The nozzle flow rate is 0.14 m
3
/min. Comparison 

of the values in Table 2.4 with the nozzle flow rate shows that there has been a large amount of entrainment of 

ambient air into the coaxial air jet and that, as expected, it increases with distance from the gun head. 

Examination of the experimentally found flow rates shows that at all but the last cross section at z = 20 cm, the 

entrainment increases moderately with velocity ratio, except between Experiments 2 and 3 at z = 5 cm where it 

remains the same. At z = 20 cm there is very little difference in the amount of entrainment between the 

three experiments possibly because of the qualitative similarity of the axial velocity profiles from about 5 

cm onwards downstream. In all cases the numerical entrainment is greater than the experimental 

entrainment mainly because the numerical simulations predict a jet with a greater radius than actually 

occurs. These results were compared with those of Wall et al. [11]. The amount of entrainment found here 
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is much higher than that found by Wall, but the nozzle geometry was very different, so any further 

comparison is of dubious value.  

Table 2.4. The experimental and numerical volume flow rate for all three experiments. 

Experiment 

Entrainment  

of Ambient 

 Air at  

z = 2.5 cm 

(m
3
/min) 

Entrainment 

of Ambient 

Air at  

z = 5 cm 

(m
3
/min) 

Entrainment  

of Ambient  

Air at  

z = 10 cm 

(m
3
/min) 

Entrainment  

of Ambient 

Air at  

z = 20 cm  

(m
3
/min) 

1 
Experimental 0.35 0.41 0.64 1.16 

Numerical 0.43 0.56 0.82 1.49 

2 
Experimental 0.40 0.46 0.69 1.13 

Numerical 0.45 0.59 0.87 1.62 

3 
Experimental 0.42 0.46 0.81 1.17 

Numerical 0.47 0.62 0.92 1.72 

A comparison of the experimental and numerical axial velocity data along the centerline is shown in 

Figure 2.21 and a comparison of the near field static pressures on the centerline is shown in Figure 2.22. 

There is a striking qualitative difference at the position right after the two jets meet. The numerical results 

predict the presence of a small recirculation zone, extending between 2 mm and 6 mm downstream from 

the end of the central nozzle. The pitot tube never detected negative static pressures indicating the 

presence of a recirculation zone in the experiments. Indeed, the flow visualization shown in Figure 2.9 

confirmed that there was no recirculation zone in the experiments. The presence of a radially inward 

velocity component in the annular air jet velocity may prevent the formation of a recirculation zone when 

the ratio of the annular to axial jet velocity axial components would otherwise cause one. The presence of 

the recirculation zone in the numerical results leaves the cause of the broadening of the numerical 

simulation profiles, relative to the experiments, less clear cut than in the case of a single jet. It is 

important to note that all of the turbulence models predicted the recirculation zone, contrary to the 

experimental data. Thorough examination of the numerical results showed that none of the modeling 

variables, specifically the mesh density, turbulence model, boundary conditions, or discretization could 

have caused the numerical recirculation zone. Better understanding of the simulated flow field would  
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Figure 2.21. Experiment 2: The Centerline Velocity: Comparison of numerical (line) and 

experimental (crosses) results. 

 

Figure 2.22. Experiment 2: The Near Field Centerline Static Pressure: Comparison of numerical 

(line) and experimental (crosses) results. 
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include determining how much of the profile broadening at z =10 cm in numerical simulations is due 

to higher diffusion calculated by the k-ε realizable turbulence model, and how much is due to the presence 

of the non-physical recirculation zone upstream. This study was not intended to answer this question but 

the cause of the numerical recirculation zone needs to be studied in future work.  

The positive gauge static pressure, recorded experimentally, but not predicted numerically, near the 

particle jet nozzle also deserves a full investigation. This positive gauge pressure was not expected. 

Chigier and Beer [3] found that when the annular air jet is dominant, the gauge static pressure on the jet 

centerline in the near field is negative not positive. Ko and Kwan [5] also found that the time averaged 

static pressure in the flow field of coaxial jets was not uniform. A likely explanation for this positive gauge 

pressure is the staggered design of the nozzle combined with the angling in of the annular air jet, directing 

it towards the jet axis. Another possible contributor is the difference in boundary conditions of the annular 

jet near field. On its inner side, this jet is bounded by the solid surface of the outside of the central jet nozzle. 

On its outer side, the annular air jet is free and able to entrain the surrounding atmosphere. The negative 

gauge static pressure found in the near field of the jet when the central jet is shut off is qualitatively 

consistent with the findings of Chigier and Beer [3] for the case of no flow in the central jet. 

Figures 2.19, 2.21, and 2.22 show the largest discrepancy between the experimental and numerical 

results is in the jet merging zone. Judging by the numerical results the two jets merged at z = 9 cm. At that 

location the velocity profile had a single peak and the centerline velocity profile shows its maximum. The 

experimental results, however, show that the two jets merged at approximately z = 5 cm. This discrepancy 

is certainly affected by the presence of the recirculation zone. The downstream locations, after z = 10 cm 

show a good match between numerical and experimental values, although the difference between the two 

results slowly increases with distance from the gun head.  

The results of all simulations using two equation RANS models do not compare satisfactorily with the 

experimental data in the near field of the mixing zone. These differences are probably due to the reliance 

of these models on the Boussinesq hypothesis, their single point nature, and the largely empirical nature 
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of the turbulent dissipation equation as pointed out by Shih et al. [12]. The Reynolds Stress model didn’t 

do any better, although it does not rely on the Boussinesq hypothesis. Hanjalic [13] identified the 

limitations of the Reynolds stress model.  

The k-ε realizable model gave the best results in this flow probably due to an improved dissipation rate 

conservation/transport equation and the calculation of the eddy viscosity developed by Shih et al. [12]. They 

show that in all cases their changes to the standard k-ε model provide results that are better than, or 

comparable to those of the original model. This work confirms that finding, at least for the coaxial jets 

being studied.  

2.5 Conclusions 

The numerical simulations modeled the concentric jet flow produced by this staggered nozzle with 

limited success in the near field.  No simulation produced results that agreed with all experimental results 

within 10%.  The overall trends in the experimental data between the three experiments agreed with the 

overall trends in the numerical results. However, the limitations of all the RANs models in modeling 

isothermal coaxial jets need to be taken into account when modeling two phase flow and two phase flow 

with combustion.  

Amongst all the two-equation models and the Reynolds stress model, the best results were obtained by 

the k- realizable model, closely followed by the k- sst tf model. However, all of the models predicted 

the existence of a recirculation bubble in all three cases, regardless of the jet momentum ratio. None of 

these flow regimes generated the recirculation bubble in the experimental work. The presence or absence 

of a toroidal shaped recirculation zone is important for the ultimate use of these results in flame 

deposition of a polymer powder coating. This recirculation zone will disrupt the smooth flow of the two-

phase particle air stream even in the presence of flame.  

The positive static pressure on the jet centerline in the jet near field was unexpected and shows the 

mixing in the near field created by this nozzle deserves further study. Future work must also include 
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measurements of all components of the instantaneous velocity throughout the jet, including determination 

of the Reynolds stresses.  
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3.1. Introduction 

The industrial process of polymer flame deposition consists of injecting a polymer powder into a flame 

created by burning air and a gaseous fuel. The goal of the process is to heat the polymer particles enough 

to soften them so they will adhere to the solid surface they are projected on to but not to overheat them 

and cause them to burn. The flame deposition process related to the work reported on here uses an 

air/propane flame. When the propane is turned off, the industrial equipment creates an isothermal two 

phase jet consisting of a coaxial air jet with inert ground polymer particles. The particles enter the air 

supplied to the central jet upstream of the nozzle. The quality and control of the whole deposition process 

depends critically upon the particle trajectories, and thus the uniformity and size of the particle jet stream 

all the way from the spray gun face to the target surface. In this process, the faster annular jet surrounding 

the particle bearing central jet serves as the main source of momentum for the particles. Control of the 

particle momentum is also critical for the quality of the whole process since it determines how long the 

polymer particles stay in the flame and thus how much each particle is heated. The aim of this study is to 

examine the effect of the cold coaxial air jet on the dynamics of the inert particles. This work consists 

primarily of finding the axial and radial velocities of the particles and their radial distributions using high-

speed digital photography. A numerical simulation using Fluent is also made for comparison to the 

experimental results. This knowledge is part of a foundation for the successful understanding of the 

momentum exchange between the two phases, air and inert particles, in the field of the two phase jet.  

One of the first considerations in inert two phase flow is whether the particle-particle interactions can 

be neglected [2] (pp. 20,25). Whether these interactions can be neglected depends on the volume fraction 
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of particles in the flow and the particle size distribution. In a flow with a large volume fraction of the 

discrete phase the particle velocities will depend in part on collisions with other particles. In the process 

under study here, an estimate of the particle flow rate has shown that the volume fraction of particles is 

about 0.05% of the volume fraction of the air so collisions between the particles can be neglected. The 

ratio of average particle mass flow to air mass flow is much greater, about 0.35, because the density of the 

ground polymer used, low density polyethylene (LDPE), is about 800 times the density of atmospheric air 

at room temperature. The inert nature of the flow, combined with the very low volume fraction of 

particles, means that there is neither volume nor mass coupling occurring in the flow. 

A second important consideration is the Stokes number, defined as: 

                                 v
v

f

St
T

T
                                                               (1) (1) 

where Tv is the momentum response time of the particle and Tf is a characteristic time of the turbulent 

flow. The momentum response time of the particle in seconds is defined as 
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where ρd is the density of the particle in kg/m
3
, d is its diameter in m, and μc is the viscosity of the fluid in 

Pa·s. In practice the momentum response time of the particle, as defined by Crowe et al. [2]  

(pp. 22), is the amount of time it takes the particle, starting from rest, to reach 63% of the velocity of the 

surrounding fluid. The characteristic time of the turbulent flow is most commonly defined as the lifetime 

of the largest vortices. 

Crowe et al. [3] and Hetsroni [4] explain that if the Stokes number is much less than 1, the momentum 

response time of the discrete phase is much less than that of the time constant of the flow field. Then, the 

discrete phase flow, when it enters a vortex, will remain in the vortex and turbulent energy will be 

transferred from the vortex to the discrete phase through drag, decreasing the turbulence intensity of the 

vortex. If the Stokes number is about 1, the particle velocities will be altered only in the stronger turbulent 
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vortices where once again turbulent energy will be transferred to them through drag. The weaker vortices 

will have little effect on the particles. However, if the Stokes number is much greater than 1, the 

momentum response time of the discrete phase is much greater than that of the time constant of the flow 

field and the discrete phase flow will pass through the turbulent vortices, although individual particles 

will show slight variations in their velocities because of a very small momentum exchange with the 

vorticies, as found by Mostafa et al. [5] and Mergheni et al. [6]. In this case, there will be transfer of 

turbulent kinetic energy to the fluid from the particles because the particles will create turbulent motion 

on a scale about their diameter, as suggested by Gore and Crowe [7]. When the volume particle loading is 

light and there is no mass exchange between phases, the Stokes number expresses the coupling of the 

phases in isothermal flows where there are no buoyancy effects. As the particle volume fraction increases, 

the increasing number of collisions between particles has a greater and greater effect on particle velocities 

and the applicability of the Stokes number to determination of the particle velocity decreases. Simple 

calculations and the experimental evidence itself show that the low density polyethylene (LDPE) particles 

used in this work have Stokes numbers ranging from about 1 to about 1500, depending on the size of the 

particles. The average Stokes number is about 120, revealing that the velocity fluctuations of the turbulent 

coaxial jet have little effect on most of the particles. 

The effect of the turbulence of the continuous phase on particle drag has largely been studied using 

spheres, according to Crowe et al. [2] (pp.92-94). In contrast, the particles used in this present work are 

not spherical. Crowe et al. [2] (pp.92-94) provide evidence that as the particle shape becomes less and 

less spherical, the effect of drag on the particle increases.  

The particle bearing coaxial jet can be thought of as an axisymmetric particle bearing jet with an 

annular jet added to it. A recent paper on particle bearing axisymmetric jets by Kartushinsky et al. [8] 

compares numerical simulations of inert, dilute two phase axisymmetric jet flow with experimental 

results. The paper includes numerical results of particle distributions, but does not compare these 

particular results with experiment.  
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Mostafa et al. [5] studied the case of a free coaxial jet with an annular jet that was faster than the 

central jet with a flow rate about 50% higher. Their geometry and flow rate were significantly different 

from those in this work and thus caution must be used when comparing their findings with findings here. 

However, their paper includes a graph showing the extent of gradual jet merging in single and two-phase 

cases. In both cases, the merging of two jets, characterized by a mean velocity profile with a single peak, 

occurs around six nozzle diameters downstream from the nozzle. Payne et al. [1] found merging occurred 

at a similar distance for two of the three cases studied.  

Mergheni et al. [6] investigated coaxial jet flows with 102–212 µm diameter glass spheres introduced 

in the central jet with two annular to central jet velocity ratios of 0.2 and 1.3. In the case of the slower 

central jet, the onset of a single peak mean axial velocity profile, indicating jet merging, was slightly 

beyond 10 nozzle diameters, the last profile reported. This distance is significantly longer than  

Mostafa et al. [5] reported. 

Sadr and Klewicki [9] studied two phase flow using water jets and solid particles with a density  

2.45 times that of water. Volume ratios of 0.03%, 0.06%, and 0.09%, were used so the velocities of the 

particles would not be altered significantly by collisions between them, as was the case in this work.  

Sadr and Klewicki [9] claimed that choosing particles with a density comparable to water ensured that the 

momentum exchange between the two phases was small enough to be negligible. The goal of their work 

was to study the effect of the particles on the turbulent structure of the water jets. Sadr and Klewicki [9] 

do not show any plots of particle distribution, limiting any comparison with the work here.  

Two papers on particle air coaxial jets by Fan et al. [10,11] differed from the particle air coaxial jet 

examined in this work because they studied a confined air-particle jet that flowed vertically downwards, 

with silica gel powder as the second phase. They report using a blower at the bottom of the vertical 

chamber to provide suction. Fan et al. [10,11] do not discuss whether the blower could alter the jet 

flowfield. Laser Doppler Anemometry (LDA) was used to obtain the fluid velocities. It was found that, 

over the length of the jet, the particle distribution was roughly Gaussian across any jet diameter, and that 
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the maximum radius of the particle distribution decreased with increasing particle flow. It was also found 

over the length of the jet that the particle axial velocity decreased with increasing radius.  In contrast the 

present paper reports on a coaxial air-particle jet that flows horizontally and is a free jet, so it entrains the 

surrounding air.  

Birzer et al. [12] studied a coaxial air jet with particles emanating from the central jet. Their two phase 

jet did not exit into still air but instead into air moving at about 8 m/s. They report that the particle 

distribution at any cross section of the jet is approximately Gaussian, with the distribution radius 

increasing with distance from the nozzles.  

3.2 Experimental Work 

3.2.1. Experimental Method 

In the process being studied, the flame and the particle stream are created by apparatus that is 

described in an earlier paper by Payne et al. [1]. This apparatus includes the gun head, the component that 

creates the air/propane flame. If polymer particles are injected upstream into the air line that feeds the 

central nozzle in the gun head then a polymer particle stream through the flame will also be present. The 

earlier paper by Payne et al. [1] studied a coaxial air jet created by switching off the propane and the 

particle flow to the gun head. The current paper reports on studies of isothermal coaxial air jets bearing 

inert polymer particles created by one of two gun heads with the propane switched off, a gun head used 

earlier in the same flame deposition process, referred to here as Gun Head 1, and the gun head described 

by Payne et al. [1], referred to here as Gun Head 2, shown in Figure 3.1a,b respectively. Tables 3.1 and 

3.2 show the critical dimensions of Gun Heads 1 and 2 respectively. Each gun head was used to create a 

central air jet bearing the particles, when the particles were injected upstream into the air line feeding the 

central nozzle. The injection rate of the particles was not constant due in part to a wide variation in 

particle size and shape. This two phase central jet then mixed with a concentric annular jet to form the 

coaxial jets studied in the previous work of Payne et al. [1] but with the addition of the inert particles. 
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Figure 3.1. (a) Schematic longitudinal section through Gun Head 1; (b) Schematic longitudinal 

section through Gun Head 2. 

 

 

 

Table 3.1. Critical dimensions of Gun Head 1. 

Dimension Central jet 

Spacing between central 

and annular jets 

Annular jet 

Radius (mm) 6.25 1.25 0.25 
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Table 3.2. Critical dimensions of Gun Head 2. 

Experiment 

Number 

Diameter of 

gun head (mm) 

Approximate length 

of truncated central 

cone (mm) 

Diameter of 

central jet (mm) 

Radial width of  

annular jet (mm) 

Experiment 1 

76 14 9.5 

0.38 

Experiment 2 0.32 

Experiment 3 0.27 

A recirculation zone was known to develop just downstream of Gun Head 2, trapping some of the 

particles in it, when the nozzle velocities of the central air/powder jet and annular air jets were different 

enough. 

The experimental apparatus consisted of a high speed digital camera, a PCO 1200s, that produced 

10 bit gray scale images, 1024 × 1280 pixels in size, using two lenses, a Nikkor 50 mm f2 and a  

Nikkor-Q C 200 mm f4, both made by Nikon, and an optical apparatus that created a laser sheet. In some 

cases, a close up lens of 1×, 2×, or 4× was used with the Nikkor 50 mm, f2 lens. The camera memory 

allowed it to store up to 712 full size digital images, which were then transferred to a host computer. 

The apparatus that created the laser sheet, shown in Figure 3.2, consisted of a 0.4 W diode pumped 

Nd:YAG laser with a frequency doubler, producing a 1.2 mm diameter 1/e
2
 Gaussian beam (TEM00 

mode) at a wavelength of 532 nm. This beam passed through a convex lens and then was projected into a 

30° Edmund Scientific laser line generator that turned the beam into a planar sheet. Then the beam was 

reflected by a mirror 90° upwards, from the horizontal direction to the vertical direction, and into the jet 

flow field. In some cases a second convex lens was used to create a secondary beam waist at the jet axis, 

minimizing the light sheet thickness to approximately 0.5 mm at the test section and thereby maximizing 

light intensity. By rotating the laser line generator, the orientation of the laser sheet was changed between 

two options. Figure 3.2a illustrates the arrangement where the sheet is perpendicular to the system optical 
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axis, while Figure 3.2b illustrates the in-line arrangement. The arrangements shown in Figure 3.2a,b were 

used for generating the laser sheet across the jet and along the jet axis, respectively. 

The line diverged over its length, so by raising or lowering the apparatus, the length of the line was 

decreased or increased. Visual examination of the intensity of the line showed it was substantially 

uniform over most of its length, but the intensity peaked at each end over about a 1 mm length. This non-

uniformity was probably due to the fact that the optical line generator was optimized for a 0.8 mm 

diameter Gaussian beam, and the beam used in this work was 50% larger. Since there was no other line 

generator available on the market the brighter ends of the laser sheet were blocked by a mask that covered 

about 10% of the light sheet length and this non-uniformity was thought to have no effect on the 

experimental work.  

Figure 3.2. Laser light sheet generator setup: (a) Sheet across the laser beam axis, top view; (b) 

Sheet in line with laser beam axis, front view. 

 

Later in the work, a more powerful laser diode with a 3 W beam of blue light with a wavelength of 445 

nm was used to provide a better signal to noise ratio which allowed for faster shutter speeds. Faster 
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shutter speeds were helpful in the very near field where the particle streaks overlapped at longer exposure 

times. This diode laser produced a beam diameter of 1.5 mm, which was converted to a sheet of laser light 

by passing the beam through a glass rod with a circular cross section. This laser was used to repeat the 

longitudinal sectional photos for all three experiments from 0 to 50 mm and from 50 mm to 100 mm, 

using shorter exposure times and the telephoto lens. 

For the less powerful laser a narrow bandpass filter centered around 532 nm was used with the high 

speed digital camera. The less powerful laser sheet was placed either along the centerline of the jet or at a 

right angle to it. The longitudinal photos used here were all taken with the sheet concentrated into 50 mm 

lengths beginning at the origin of the central jet. The cross sectional photos were taken at 100 mm, 200 

mm, and 400 mm from the origin of the central jet. Figure 3.3 shows the placement of the laser sheet and 

the camera for both longitudinal sectional photos and cross sectional photos.  

Figure 3.3. Top view of the laser sheet and camera placement for (a) longitudinal photos and 

(b) cross sectional photos. 
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Table 3.3 shows the particle loading is about 0.05% by volume at the nozzle. As ambient air is 

entrained in the jet, the particle loading will decrease further. This light loading ensures that any laser 

light attenuation due to particles is negligible. 

Early in the work it was realized that the total exposure time of each set of 712 photos must exceed the 

integral time, the longest eddy lifetime, for the results to be representative of the actual flow.  

The estimation of the integral time relied on equations from Pope [13]. First, the dissipation was 

calculated using  

                                                                    
  
 

  
⁄                                                                (3) (3) 

where uo was the macroscopic fluid velocity in the axial direction, assuming that the velocity in the 

orthogonal directions was negligible, and lo was the integral length scale, in this case the diameter of the 

entire coaxial jet. Then the calculated dissipation was used to find the Kolmogorov time scale using  

                                                                 
1
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εn

v                                                           (4) (4) 

where ν was the kinematic viscosity of air. Finally, the Kolmogorov time scale was used to calculate the 

integral time scale with the equation  

                                                                
1

2τ
Re

τ
n

o

                                                          (5) (5) 

where Re is the macroscopic Reynolds number. This calculation resulted in a value for the integral time 

scale of about 2 ms in the very near field of the jet and about 17 ms at the downstream end of the  

length studied.  
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Table 3.3. The annular and central air jet properties used for experimental work with Gun Head 2. 

Variable Experiment 1 Experiment 2 Experiment 3 

Annular air jet flow rate 

0.10 m
3
/min 

0.12 kg/min 

Central air jet flow rate 

0.04 m
3
/min 

0.048 kg/min 

Central air jet momentum at nozzle 7.52 × 10
−3

 N 

Central air jet average nozzle velocity 9.4 m/s 

Central air jet Reynolds number 6000 

Estimated average particle flow rate 

15 × 10
6
 particles/min 

6.3 × 10
−5

 m
3
/min 

0.058 kg/min 

Estimated particle loading 0.046% by volume; 35% by mass 

Approximate average Stokes number 120 

Annular air jet momentum 

Central air jet momentum 

25 30 35 

Annular Air Jet Average Nozzle 

Velocity(m/s) 
94.1 113 132 

Annular air jet momentum at nozzle 0.188 N 0.226 N 0.263 N 

Annular air jet Reynolds number 2700 2700 2600 

The minimum exposure time used in this work for an image was 50 μs, meaning that the total flow 

time sampled was a minimum of 35.6 ms. This total time was not continuous because of the time between 

consecutive images.  

The irregular shape of the LDPE particles, shown in Figure 3.4, means that it is difficult to obtain a 

reliable particle size distribution. A common method of estimating the size of irregular particles is to find 
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the diameter of the sphere that would have the same volume as the irregular particle, a method described 

by Jennings and Parslow [14], among others. Figure 3.5 shows a histogram, based on this method, of the 

size distribution of one sample of LDPE powder found using a Horiba LA-910 particle analyzer. It is 

important to realize that the exact distribution will change somewhat with each sample. The sample 

shown in Figure 3.5 is representative of the LDPE powder used in the work reported here. 

Table 3.3 summarizes the properties of the flow from each of the two jets for each of the three 

experimental cases used in this work. These experimental cases were described in the previous paper by 

Payne et al. [1]. The same flow rates for the central and annular air jets were used with both gun heads. 

The same range of particle flow rates was used for both gun heads too.  

Figure 3.4. The shapes of particles of a representative sample of polyethylene (LDPE) powder. 
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Figure 3.5. The size distribution of a sample of low density LDPE Powder. 

 

3.2.2. Near Fields of Gun Heads 1 and 2 

Figure 3.6a,b show the two phase flow at the center plane of the jets from the central jet origin to 50 

mm downstream for Gun Heads 1 and 2 respectively. Both digital images have been filtered to remove 

noise using a Matlab program summarized in the Appendix to this chapter. Figure 3.6a shows the 

recirculation zone that developed in the near field of the jet produced by Gun Head 1. Gun Head 2 

produced the flow shown in Figure 3.6b which was free of recirculation zones even though the flow rate 

for each jet was the same as those used with Gun Head 1.  

The inward radial velocity of the annular air jet produced by Gun Head 2 caused the narrowing of the 

particle stream. Both figures show the acceleration of the particles as they mixed with the air originating 

from the annular air jet. The streaks created by particles that have been accelerated are longer than the 
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streaks of the upstream particles that have not yet been accelerated. Experiment 3 was chosen to show 

these effects in the case of Gun Head 2 because it has the greatest annular air jet velocity.  

Figure 3.6. (a) Gun Head 1: From origin of both jets to 50 mm downstream. The angled streaks 

in the near field show the recirculation zone in the center of the jet. Shutter speed: 400 μs; (b) Gun 

Head 2 (Experiment 3): From the central jet origin to 50 mm downstream. The streak brightness 

has been enhanced. Shutter speed: 100 μs. 

 

(a) 

 

(b) 

3.2.3. Summed Longitudinal Section Images 

Figure 3.7a–f show the result of filtering and summing a set of 712 photos for Experiments 1, 2, and 3, 

for 2 lengths of the jet axis: the tip of the central nozzle to 50 mm downstream of the central nozzle, and 

50 to 100 mm downstream from the central jet. Note that in these photos the distances are measured from 

the tip of the central jet, which is about 14 mm downstream of the origin of the annular air jet. While 

quantitative comparison of the composite images between these three experiments is difficult, two 

observations can readily be made. First, none of the cases shows disruption of particle trajectories due to 

the presence of a recirculation volume at the air particle nozzle exit, in contrast to Figure 3.6a. Second, 
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the focusing effect on the particles is most pronounced in Experiment 3, shown in Figure 3.7e,f because it 

has the highest annular air momentum. 

3.2.4. Particle Distribution in Longitudinal Sections 

Figure 3.8a,b show continuous particle concentration distributions created by Experiment 2, which 

used Gun Head 2, and Gun Head 1, respectively. These distributions were created using the kernel density 

estimation approach, also called the Parzen-Rosenblatt window method, after Parzen [15] and Rosenblatt 

[16] who are usually credited with its introduction. The specific implementation used here involves 

automatic bandwidth selection introduced by Botev et al. [17] and implemented in a Matlab program, 

summarized in the Appendix. The graphs show the particle distribution every two centimeters from the 

origin of the annular air jet downstream. In Figure 3.8a, the case of Gun Head 2, the first distribution 

curve, labeled as z = 2 cm, is located 6 mm downstream from the central jet nozzle because the central 

nozzle emitting the air/particle jet is itself shifted 14 mm downstream from the annular air nozzle. In 

Figure 3.8b, the case of Gun Head 1, the first distribution curve, labeled as z = 1 cm, is located 1 cm 

downstream from the particle nozzle since the particle stream nozzle and the annular jet nozzle lie in the 

same vertical plane. Data from three references, Mostafa et al. [5], Fan et al. [11], and Birzer et al. [12], have 

also been added to Figure 3.9 a,b for comparison with the data gathered for this paper.  

Figure 3.7. Sum of 712 photos from the tip of the central jet to 50 mm downstream, left images, 

and from 50 mm downstream to 100 mm downstream, right images. Each image spans 50 mm. 

Experiment 1: (a), (b); Experiment 2: (c), (d); Experiment 3: (e), (f). Exposure time: 100 μs except 

(d) 200 μs. 

                           

(a)                                                       (b) 
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Figure 3.7 continued 

                             

                                                  (c)                                                           (d) 

                              

                                             (e)                                                        (f) 

Figure 3.8. The particle distribution from longitudinal section images for  

(a) Gun Head 2: Experiment 2 and (b) Gun Head 1. 

 

(a) 
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(b) 

Figure 3.9. The radius of the particle stream at half maximum concentration and 

comparison with literature data: “+” present study data; “o” Mostafa et al. [5]; “” Fan et 

al. [11]; “” Birzer et al. [12] for (a) Gun Head 2: Experiment 2 and (b) Gun Head 1.  

 

(a) 
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(b) 

3.2.5. Particle Axial and Radial Velocities 

Figures 3.10 to 3.16 show images or the results of analyzing images made by placing the laser sheet 

along the centerline of the jet, as shown in Figure 3.3a. The photographic procedure began by placing a 

rod with markings on it every 50 mm in the central jet. Its diameter ensured it was a slide fit in the central 

nozzle. This rod was photographed and used as a scale image. Then, the same length of the two phase jet 

was illuminated at the nominal centerline of the air/particle jet and photographed. The particles appeared 

as streaks, with the length and orientation of a streak being the path the particle followed while the 

camera shutter was open. One image from a series of 712 made using Experiment 1 settings with the laser 

sheet placed from 150 to 200 mm from the tip of the central jet is shown in Figure 3.10.  

All images were made with the aperture stop of the lens in use set to maximum area. The shutter speed 

was then varied electronically through software that controlled the camera. It was found that while shorter 

shutter times meant shorter streaks and less overlap of streaks, it also meant the streaks were dimmer 
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since less light had hit the camera CCD image detectors while the shutter was open. Thus, choosing the 

best shutter speed was a balance between these two conflicting factors.  

These images were also found to have a significant amount of noise in them and the Matlab program, 

summarized in the Appendix, was used to eliminate all of the noise while removing as few of the dimmer 

pixels in the streaks as possible. At the same time the images were cropped at their upstream and 

downstream ends so each image spanned a 50 mm length of the jet. A second Matlab program, also 

summarized in the Appendix, was used to find the axial and radial velocity from each streak using the 

scale image and the shutter speed, and placed the particle at the middle of the streak. This second program 

created a matrix of the axial velocities and a matrix of the radial velocities from every streak in each 

image of every set of 712 digital images it processed. Its reliability was tested by modifying it slightly to 

write a yellow streak over each particle streak it detected. Figure 3.11 shows one such image. Comparison 

with Figure 3.10 shows this method is very reliable.  

Figure 3.10. Experiment 1: 150–200 mm from origin of central jet. Exposure time: 100 μs. 

Filtered to remove noise but not cropped upstream and downstream. For scale see Figure 3.11. 
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Figure 3.11. Cropping and analyzing Figure 3.10 for particle velocities. A yellow streak is 

placed over the length of each particle streak the program identifies. 

 

A third Matlab program, also summarized in the Appendix, found the centerline of the particle stream 

at the desired distance from the origin of the central jet, and extracted the axial and radial velocities for 

particles at this distance. These velocities were then averaged over chosen radial distances, the standard 

deviation of each average was found, and graphs of these average velocities, with their error estimates, 

were plotted as a function of the radius of the jet.  

There were several sources of error in this analysis of the images made from the longitudinal 

illumination of the air/particle jet. The first was the removal of the fainter pixels from the particle streaks 

by the high pass filter that removed the noise. Every effort was made to keep this removal to a minimum. 

Experience showed that, at most, a few percent of the total number of streaks were significantly altered in 

this way, although within this few per cent were streaks that were divided into two different lengths by 

the removal of the fainter pixels. The second was the placement of the marks every 50 mm on the rod 

used as a scale. It was estimated the error in the placement of each mark was about 0.5 mm. The third was 

the determination of the position of the 50 mm marks in the scale photo. This error was no more than two 

pixels at each mark. The fourth source of error was the cropping of the images upstream and downstream. 

Any streak straddling the upstream and downstream borders of the image 50 mm apart would itself be 

cropped. Again, experience showed that only a few percent of the total number of streaks were cut during 
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the upstream and downstream cropping of each image. A fifth and final source of error occurred when 

streaks overlapped. The algorithm could not separate overlapping streaks. Once again, the number of such 

cases was very small, by experience about 1% or 2%.  

Figures 3.12, 3.13, and 3.14 respectively show the results of analyzing three sets of 712 longitudinal 

images each from Experiment 3. The same analysis of the longitudinal images for Experiments 1 and 2 

yielded similar results, so they are not presented. The first set of 712 images included the point 10 cm 

from the origin of the annular air jet. The second set included the point 20 cm from the origin of the 

annular air jet. The third set included the point 40 cm from the origin of the annular air jet. The measuring 

error in the axial position was judged to be +/−0.5 mm, so the particles found to be on either side of these 

three distances within this tolerance were included in the analysis. The number of particle velocities found 

using this method usually approached 1000 so the first step in the analysis was to find the centerline of 

the particle flow using the positions of all of the particles over the sampled length of the flow. Next, the 

radius of the jet was divided into 1 mm increments from the centerline and all velocities within each 

increment were averaged and then plotted. Figure 3.12a shows the average axial velocities found using 

this method at 10 cm from the annular jet origin. The standard deviation of each average velocity 

normalized by the square root of the number of particles within that 1 mm radius is plotted as the 

variation bar above and below that average axial velocity. When the number of particles within the 1 mm 

radius is small, the variation bars become longer.  Given the wide range in particle size and shape, a 

symmetric plot is unlikely to be present.  Figure 3.12b shows the distribution of the average radial 

velocities, also at 10 cm from the annular jet origin. Again, the standard deviation of each average radial 

velocity normalized by the number of radial velocities averaged serves as the error bar above and below 

that average radial velocity. Figures 3.13a,b and 3.14a,b show the same results for the two phase flow at 

20 cm and 40 cm respectively from the origin of the annular air jet.  
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Figure 3.12. Experiment 3: (a) Particle axial velocities and (b) particle radial velocities at 10 cm 

from cap face.  

 

(a) 

 

(b) 
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Figure 3.13. Experiment 3: (a) Particle axial velocities and (b) particle radial velocities at 20 cm 

from cap face.  

 

(a) 

 

(b) 
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Figure 3.14. Experiment 3: (a) Particle velocities and (b) particle radial velocities at 40 cm from 

cap face.  

 

(a) 

 

(b) 
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3.2.6. Particle Distributions in Cross-Sectional Images 

The particle distribution at several cross-sections of the flow was found by illuminating a particular jet 

cross-section with a laser sheet perpendicular to the jet axis and placing the high speed digital camera 

downstream of the cross sectional area to be photographed. The camera was not placed on the jet axis so 

it was not showered by particles, but instead was offset as shown in Figure 3.3b. The line of sight of the 

camera made an angle of about 10° to the axis of the jet. A set of 712 images was created for each 

exposure time used.  

The placement of the camera off the flow centerline introduced some parallax error into each digital 

image. There was also a noticeable amount of noise present in each image. Consequently, each set of 

712 images required some processing before the information on the radial distribution of particles could 

be extracted from it. Once again, a Matlab program similar to the one outlined in the Appendix was used 

to remove the noise from the images with a minimum loss of information. Then another Matlab program, 

also outlined in the Appendix, removed the parallax error from the image. Later work used the freeware 

program ImageJ to reduce the noise intensity by applying a “rolling ball algorithm”, followed by a Matlab 

program with a high pass filter set to a much lower value to remove the remaining noise.  

Figure 3.15 shows a representative image of a series of 712 taken for Experiment 1 at 200 mm from 

the cap face. The noise and parallax error have been removed. When each series of 712 digital gray scale 

images had been processed to remove the noise and parallax error, in some cases, the entire series of 712 

images was summed to observe the qualitative particle distribution. Figure 3.16 shows one such 

summation. The quantitative radial distributions of the particles were obtained by sending each series of 

712 images through yet another Matlab program, once again summarized in the Appendix. This program 

produced a histogram of the particle area density flow rate as it depended on the radius of the particle 

stream. The histograms for all three experiments were found to be substantially the same, so only those 

for Experiment 2 are shown in Figures 3.17–3.19 at z = 100 mm, 200 mm, and 400 mm. It was found as 

the images were analyzed that the shorter exposure times yielded more meaningful images and 
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distributions. The longer the exposure time, the more likely it was that a second particle had passed 

through the laser.  The particle flow rate was found by dividing the total particle count by the exposure 

time multiplied by 712, the number of images analyzed.  

Figure 3.15. Experiment 1: One image at 20 cm from the cap face filtered, with parallax removed. 

Exposure time: 200 μs. The dispersed distribution of the particles in a cross section of the air/particle jet 

100 cm square.  Brightness increased 3 times.   

 

Figure 3.16. Experiment 1: Sum of a series of 712 images, each filtered, with parallax removed, 

at 200 mm from the cap face. The summed images show a cross section of the air/particle jet 100.0 

cm square. 
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Figure 3.17. Experiment 2: Radial particle distribution at 10 cm from origin of annular air jet. 

Exposure time: 200 μs. 

 

Figure 3.18. Experiment 2: Radial particle distribution at 20 cm from origin of annular air jet. 

Exposure time: 400 μs. 
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Figure 3.19. Experiment 2: Radial particle distribution at 40 cm from origin of annular air jet. 

Exposure time: 2 ms. 

 

sheet at or almost at the same location as an earlier particle, resulting in the overlap of the two particle 

images. For longer exposure times this overlap occurred often enough that it had a deleterious effect on 

the results of the analysis of the radial distribution of the particles. 

3.3 Numerical Work 

Two phase flows were simulated using the finite volume based computational fluid dynamics (CFD) 

code Fluent and the additional optional Eulerian-Lagrangian model for multi-phase flows with light 

volume loading within this program. The force balance on each particle was based on drag and gravity.  

The two-phase flow model used here is an extension of the numerical work reported in a previous paper 

by Payne et al. [1]. The numerical model used for two phase flow was the model found in the previous 

paper that agreed best with experimental results for the air only jets and had the coarsest mesh, ensuring 

the lowest computational cost. The domain of this model had a wedge shaped cross section with a 60° 

angle.  
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Figure 3.20. Experiment 1: Numerical simulation of two phase flow. The particle (a) axial and (b) 

radial velocities at 10 cm from the origin of the annular air jet averaged over 1 mm  

radial increments.  

 

(a) 

 

(b) 
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Figure 3.21. Experiment 1: Numerical simulation of two phase flow. The particle (a) axial and 

(b) radial velocities at 20 cm from the origin of the annular air jet averaged over 1 mm  

radial increments. 

 

(a) 

 

(b) 
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The particle stream simulated assumed a particle flow rate of 10
6
 particles per second, about the top limit 

of the range of flow rates, a particle density of 800 kg/m
3
 and a weighted particle volume of  

4.8 × 10
−12

 m
3
 to give a particle mass flow rate of 3.8 × 10

−3
 kg/s. Since the model only spans one-sixth of 

the true domain circumferentially, this number was divided by 6. Figures 3.20a,b and 21a,b show the 

averaged axial and radial velocities of the particles at 10 cm and 20 cm from the origin of the annular air 

jet respectively. These results are compared with the experimental results in Figure 3.22a–d, shown in  

the Discussion.  

 

3.4 Discussion 

Payne et al. [1] show Gun Head 2 has been effective in eliminating the recirculation zone at the exit of 

the powder air jet, at least over the annular air jet to central air jet velocity ratios used in this work.  

Figure 3.6a shows that most of the particles flow around the recirculation zone created by Gun Head 1, 

the original design, thereby increasing the radius of the particle stream. This radius decreases immediately 

downstream of the recirculation zone due to the influence of the annular air jet. The dual maxima shape of 

the first curve in Figure 3.8b indicates the impact of the recirculation zone on the particle distribution 

right at the exit, whereby most of the particle stream is pushed towards the nozzle edges, leaving the 

valley in the distribution curve around the flow axis. No such deformity exists in the first curve shown in 

Figure 3.8a, for Gun Head 2, as evidenced by the single peak distributions right from the start. Similarly, 

no double peak distributions are observed in similar plots from Experiments 1 and 3, not shown here. 

Figure 3.6b together with Figure 3.7a,c,e show that the small inward radial velocity component of the 

annular jet created by Gun Head 2 in the near field, provides all particles with a small inward radial 

velocity that concentrates the particle stream into a smaller radius beginning at the tip of the central 

nozzle. Figures 3.8a and 3.9a show this effect of Gun Head 2 extends downstream. The radius of the 

particle stream created by Gun Head 2 is always smaller than that created by Gun Head 1. This feature of 

Gun Head 2 shows it is an improvement over Gun Head 1 because it ensures that all particles would flow 



 

84 

 

through the same, or almost the same, part of the flame and would be heated to similar temperatures. 

When the particles are at similar temperatures, they will have similar physical properties ensuring a more 

uniform coating.  

Figure 3.9 a,b also compare the data gathered for this paper with the data of Mostafa et al. [5],  

Fan et al. [11] and Birzer et al. [12] by superimposing the half-maximum particle stream boundaries from 

these three references on both graphs. In case of the Gun Head 2, Figure 3.9a, they are shifted 

downstream by 14 mm, to match the particle release point. The data of Birzer et al. [12] and Fan et al. 

[11] match the particle spread rate reasonably well for the Gun Head 2 case. The data of Mostafa et al. [5] 

stands out both from the data gathered for this paper and from these two other data sets. Fan et al. [11] 

used Laser Doppler Anemometry to detect particle concentrations, Birzer et al. [12] used light 

nephelometry and Mostafa et al. [5] used Phase Doppler Anemometry. In all three literature sources, the 

velocity ratio was around 1.5 with the annular jet faster than the central jet. Our velocity ratios were much 

higher, as indicated approximately in Table 3.3. Farther from the nozzle, starting at about z = 80 mm, the 

particle spread rate for Gun Head 2 becomes linear, indicating a transition towards self-similarity. The 

same trend is seen in the data from Fan et al. [11] and Birzer et al. [12], with a similar spread rate.  

The axial velocities of the particles shown in Figure 3.12a illustrate the momentum coupling by drag 

that occurred in the two phase jet in its near field, when the faster annular air mixed with the air from the 

central jet and accelerated the slower particles. It is expected that at larger axial distances where the 

particle axial velocities are larger than the air axial velocities the momentum coupling would be reversed. 

Some of the axial momentum of the particles would be transferred to the air, again through drag resulting 

in two way momentum coupling.  

The Stokes number calculated for this inert two phase jet, an average of 120, suggests the turbulent 

vortices have little effect on the particle motion. The straight lines the particles travel confirm this 

prediction. However, the influence of turbulent vortices cannot be ruled out entirely, since particles 

experience a wide range of Stokes numbers due to their wide size variation and variations in the flow field 
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over the length studied. Kennedy and Moody [18] made a quantitative study of variations in the Stokes 

number used here, for a two phase jet without any particle size variation. They found it varied by about an 

order of magnitude over the flow field.  

An important distinction must be made between the time varying component of the fluid velocity and 

the time averaged component of the fluid velocity. While the time varying component of the fluid 

velocity had little or no effect on the particle velocities in this work, the time average component of the 

fluid velocity, in particular the velocity of the annular air jet, accelerated the particles in the near field. 

Again, it is expected that in the far field, the air and particles would again exchange axial momentum on a 

time averaged basis, but with the particles as the source and the air as the recipient.  

Figures 3.17–3.19 show the radial variation in particle flow rate per unit area per second for 

Experiment 2 at three distances from the gun head obtained from the cross sectional images. These 

distributions show the spreading of the particle stream with increasing distance from the gun head. If the 

half-maximum value is used as an indicator of jet radius, the corresponding radii in Figures 3.17–3.19 are 

approximately 5 mm, 10 mm, and 20 mm, for z distances of 100 mm, 200 mm, and 400 mm, respectively. 

The particle stream radii at half peak from Figure 3.9a, based on analyzing the longitudinal images, are 

approximately 4 mm and 9 mm for z = 100 mm and z = 200 mm, respectively. The agreement between 

the particle stream radii found from the cross sectional images and the longitudinal images is satisfactory, 

especially given that these two estimates are obtained using two very different sets of data gathered at 

different times and analyzed differently. The wide variation in total particle flow rate per second is a 

result of the equally wide variation in the rate at which the ground polymer particles are added to the air 

in the line feeding the central jet.  

Figures 3.17–3.19 also show the radial distribution of the particle density is roughly Gaussian although 

the particle flow rate per unit area never decreases to zero smoothly. Further statistical analysis was 

performed on the particle distributions in the cross sectional images to try to determine whether the 
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particle distribution changed with total particle flow rate. The results of this work were not satisfactory. 

Consequently, more work is required to answer this question.  

Each of the three histograms of the particle distributions at 100 mm from the cap face has a tail 

extending to an unexpectedly large radius. This maximum radius decreases as the momentum of the 

annular air jet increases from Experiment 1 through Experiment 2 to Experiment 3. The cause of this tail 

is not known and needs to be found in future work.  

Comparison of the results shown here with Mostafa et al. [5], Fan et al. [10,11], and Birzer et al. [12] 

revealed that all four bodies of work show that the particle distribution as a function of radius is always 

roughly Gaussian, with the maximum particle concentration on the centerline of the jet. The commonality of 

these two features in the case of a free coaxial jet, a confined coaxial jet, and a coaxial jet exiting into a 

co-flowing stream show that qualitatively these differences have no effect on the particle distribution. 

However, it is also essential to realize that these differences will have a quantitative effect on the particle 

distribution, along with particle density, particle size distribution, and particle shape.  

Analysis of the photos of the longitudinal sections found substantially the same results for all three 

experiments so only the analysis of Experiment 3 is discussed. Figures 3.12–3.14 show that there is a 

wide range in particle axial velocities at any particular distance from the gun head, although the overall 

trend is for the axial velocities to drop as distance from the gun head increases, as expected. The lower 

particle density at the largest radii causes an increase in the length of the error bars for this area.  

The radial velocities shown in Figures 3.12–3.14 exhibit an interesting trend. In all cases the plot of 

radial velocity vs y value forms a band diagonally across the graph, although at z = 100 mm the radial 

velocities increase, roughly level off, and then increase again, all with increasing distance from the jet 

centerline. This velocity trend is not present in the same plots of the radial velocities at z = 100 mm 

created by analyzing the images of particles in Experiments 1 and 2. The increase in radial velocities 

followed by a rough levelling off and then an increase could be connected with the mixing of the two jets. 

This result needs to be studied further and shows similarity to some results of Nijdam et al. [19] who 
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studied inert droplets from a central air jet mixing with coflowing air. At z = 200 mm and z = 400 mm the 

radial velocities more closely follow the expected trend. They are negative on one side of the centerline of 

the particle stream and positive on the other. This result agrees qualitatively with the cross sectional 

results, where it is observed that the radius of the particle distribution at successive downstream cross 

sections increases. This increase is only possible if the radial velocities on opposite sides of the center of 

the particle stream are opposite. The radial velocity was also found to increase with y value. The particles 

with the faster radial velocities will travel further in any set amount of time.  

Fan et al. [10,11] found the smaller particles were moved to greater radii faster because of their 

reduced mass and thus the smaller particles were at the outside of the particle stream in a confined jet, 

with the larger particles at its center. The same pattern is probably present here, although without 

measurements of the particle size, there is no way to verify it.  

Figure 3.22a–d compares the experimental and numerical values of the particle velocities at  

z = 100 mm and 200 mm. The magnitude of the velocities from both types of data agree reasonably well. 

This agreement is surprising because the particle flow rate and the particle size distribution used in the 

numerical model were thought to be an absolute maximum and a rough estimate of their respective true 

values. However, comparison of the maximum radius of the particle distribution between the numerical 

simulation and experiment shows that the numerical work dramatically underestimates this radius, 

especially at z = 100 mm.  This dramatic underestimation is probably caused by the underestimation of 

radial mixing due to the k-ε realizable model in the flow field up to about z = 10 cm described in Payne et 

al. [1].  

In addition to these analyses, an effort was made to determine where the minimum radius of particle 

distribution occurred and at what distance from the cap face. The results obtained from the longitudinal 

section photos were not meaningful in this case. The tapering off of the radial distributions shown in 

Figures 3.17–3.19 occurs over the entire length of the particle stream, making it difficult to find a 

satisfactory criterion to determine the stream boundary.  
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Figure 3.22. Experiment 1: Comparison of the experimental and numerical values of the particle 

(a,c) axial and (b,d) radial velocities at (a,b) z = 100 mm and (c,d) z = 200 mm. 

 

(a) 

 

(b) 
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3.5 Conclusions 

The new nozzle design clearly offers advantages over the previous design. The near field photos show 

that the recirculation zone has been eliminated for the same mass flow rates from the central and annular 

jets. The new design also produces a much narrower radial distribution in the near field, especially at the 

two higher momentum ratios. Comparisons of particle distribution widths based on the analysis of 

longitudinal and cross-sectional images show satisfactory agreement and give confidence in the results 

obtained. Furthermore, particle velocity distributions obtained by numerical simulations agree 

satisfactorily with the data obtained by processing high speed camera images.  

There are a number of opportunities for further work. The most important topic is to understand fully 

how the radial velocity of the annular air jet alters the mixing of the two jets and whether the particles, in 

turn, have a significant effect on this mixing. It is also very important to measure the axial and radial 

velocities of the air to better understand the exchange of momentum between the two phases. The cause 

of the tails in the histograms, particularly at 100 mm from the cap face, needs to be found. Further 

improvements in experimental, and especially in numerical methods are needed to address the influence 

of irregular particle shape on the results. To that end, experiments with spherical particles could provide a 

valuable comparison, while a much larger effort in implementing irregular shaped particle movement in 

the numerical simulations would significantly improve the ability of numerical simulations to model real 

particle dynamics. 
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Chapter 4 

Using Large Eddy Simulation To Model Isothermal Coaxial Jet Flow 

 

Authors:  G. A. Payne, M.D. Matovic 

 

4.1  Introduction 

 

An earlier paper by Payne et al. [1] studied how well the different RANS turbulence models simulated 

a coaxial air jet created by an innovative gun head design used for a polymer flame deposition process.  

This design featured a central round nozzle staggered downstream from a concentric annular air jet 

nozzle.  Concentric with the annular air jet and at two larger radii were rings of pinholes with each 

pinhole creating a propane jet.  Payne et al. [1] showed RANS models were less than fully successful in 

simulating the flow field of the coaxial air jet created when the propane and polymer particles were shut 

off.  The results of the work by Payne et al. [1] raised the question of whether the large eddy simulation 

(LES) turbulence model would be more successful in simulating this coaxial air jet than RANS turbulence 

models.  The goal of this paper was to answer this question.   

 

The creation of a suitable domain and mesh are usually the first steps in the creation of a numerical 

model of fluid flow.  It is essential that the mesh be fine enough to resolve the critical features of the flow.  

There are a number of tests that can be applied to determine whether a mesh is fine enough for the needed 

resolution of flow features.  Gant [2], [3] and Celik et al. [4] provide a summary of the methods that can 

be used to make this determination.  The more rigorous methods fall into 3 categories.  They are using 

RANS results, calculating flow related quantities from one LES simulation using one grid only, and 

running the same LES simulation on more than one grid.  Gant [2], [3] shows that no one method is 

completely reliable.  All work well provided the flow meets certain conditions, among them that the flow 

is fully turbulent throughout.      
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The first RANS simulation based method to check the coarseness of the mesh is described by Addad  

et al. [5].  They first used a RANS model and then an LES model to simulate a wall jet flowing vertically 

downwards into a vertically upwards flow.   The values of k and ε calculated by the RANS simulation 

were used to find the integral length scale using the equation 

                                                                                                         (1) 

In turn, Addad et al. [5] cite Baggett et al. [6] who studied the question of the necessary grid resolution 

in LES and found that the optimum mesh size is about one-tenth of the integral length scale lm.  Gant [3] 

suggests that the optimum mesh size should be no more than 1/12th the value of lm. 

The second RANS based method that Gant [3] presents depends on the Kolmogorov length scale 

which is estimated by, 

                                                                                                               (2) 

Celik et al. [7] claim that the optimum mesh size for effective LES simulations should be not more 

than about 25 times the value of η given by equation (2), although this factor depends on the turbulent 

Reynolds number.  However, Gant [3] points out that this ratio only applies in boundary layers.     

Gant [3] points out the reliability of the RANS based methods is limited by the accuracy of the RANS 

models themselves.  An earlier paper by Payne et al. [1] showed that the k-ε realizable model gave the 

results that agreed best with the experimental data.  However, even this model did not agree well with the 

experimental data over the whole domain because it predicted a recirculation volume on the jet centerline 

just downstream of the central nozzle that did not exist.  Consequently, neither the method of Addad et al. 

[5] nor any other method based on the RANS results can be used to give a reliable estimate of the integral 

length scale over the whole domain in the case considered here.     
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Next Gant [3] presents several tests that can be applied to the single grid of an LES model to test for 

the coarseness of the mesh.  One test, proposed by Geurts and Frolich [8] uses the ratio of the turbulent 

dissipation to the total dissipation defined as the sum of the turbulent and molecular dissipation.  Geurts 

and Frolich [8] show the error between LES simulation results and DNS simulation results as a fraction of 

the DNS simulation results varies with this ratio.  This method is based on the fact that a satisfactory filter 

length will eliminate all dissipative motion from the resolved scales and the assumption that the 

effectiveness of the subgrid model in LES depends on the amount of turbulent dissipation it calculates.  

The reliance of this method on the ratio of the molecular to the turbulent viscosity was critiqued by Celik 

et al. [7] who pointed out that since the turbulent viscosity is much larger than the molecular viscosity, 

this ratio is usually near zero regardless of how much turbulent dissipation the subgrid model calculates.  

Thus it is an unsatisfactory measurement of the quality of the mesh in an LES simulation.   

Another test of mesh size Gant [3] presents is a single grid estimator using an LES simulation that was 

developed by Celik et al. [7], based on the work of Geurts and Frolich [8] that they critiqued.  Celik et al. 

[7] introduced a concept they named the LES Index of Resolution Quality, LES_IQ, that attempts to 

assess the ability of the mesh to provide a satisfactory LES simulation.  The LES_IQ relies not only on 

the ratio between the filter size and the Komolgorov length scale but, in a slightly different formulation, 

on the ratio between the effective turbulent viscosity, the sum of the numerical and turbulent viscosities, 

and the molecular viscosity.  The effective viscosity is taken as approximately equivalent to two times the 

sub-grid scale viscosity.  The equations use constants that depend on the turbulent Reynolds number.  

This estimator, while apparently theoretically sound, has a practical problem.  It is difficult to obtain 

reliable values of the viscosity and effective dissipation, molecular, numerical, and turbulent, necessary to 

obtain an accurate value of the Komolgorov length.           

A third single grid method developed by Pope [9] compared the amount of resolved turbulent kinetic 

energy in a flow to the total amount of kinetic energy in the flow.  Pope [9] concluded that the amount of 
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turbulent kinetic energy in eddies above the filter size, in the resolved eddies, needed to be 80% or more 

of the total to ensure an accurate LES simulation.  This concept was examined by Celik et al. [7] and 

Klein [10] who found that there were cases where the amount of turbulent kinetic energy resolved by LES 

exceeded that found by a DNS simulation or experimental measurement of the same flow.  Celik et al. [7] 

explain that a probable cause of this problem is mesh that is too coarse at a wall.  The excessive mesh size 

prevents the calculation of the boundary layer correctly, which in turn causes underestimation of the sub 

grid scale dissipation.  This concept was also tested by Kempf et al.[11] who applied it to the study of a 

flame using three different meshes. Kempf et al. [11] pointed out that as the mesh is refined, the 

discretization error shrinks, as does the error of the subgrid scale model because it must model less of the 

flow, so the whole simulation becomes less dependent on the sub-grid scale model.  Kempf et al. [11] 

wrote their own code and had to include chemical reactions in the sub-grid scale model.  They concluded 

that Pope [9] was substantially correct, although in one area they found satisfactory results when the LES 

model resolved 75% of the total turbulent kinetic energy.  They also found that their finest mesh was 

necessary at times to provide numerical results that agreed substantially with experimental results, 

especially as the distance from the origin of the jets increased.  The cause of the difference between these 

two assessments of Pope’s [9] criterion could be that the finest mesh Kempf et al. [11] used was much 

finer than those used by Celik et al. [7] and Klein [10].    

Gant [3] found two additional tests in his literature review.  One consisted of plotting the energy 

spectrum at points in the flow and determining whether the slope of the graph is -5/3 over the inertial 

subrange.  Gant [3] points out two practical problems with this method.  First, it is not practical to 

repeatedly create this plot over an entire flow domain.  Second, this energy spectrum is altered by natural 

buoyancy and by turbulent flow near the laminar-turbulent transition.  The second additional test uses the 

ratio of the filter width to the Taylor microscale. 
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Gant [3] also found two multi-grid methods for estimating the mesh resolution in LES simulations.  

One was proposed by Celik et al. [7] and the other was proposed by Klein [10].  Celik et al. [7] applied 

Richardson extrapolation to the resolved turbulent energy.  In contrast, Klein’s method used a LES 

simulation run on a coarse mesh and two more run on a finer mesh.  One run on a finer mesh used a 

modified constant for its subgrid scale model.  Klein’s method could not be adopted for use in this work 

because the dynamic Smagorinsky-Lilly model was used to calculate the sub-grid flow.   

The single grid method of Pope was found to be the only method that could be applied to the results of 

the simulations with any hope of getting meaningful results.  Consequently, it was applied to the 

simulations reported on in this paper to determine the suitability of the mesh size for reliable LES results.   

4.2 Numerical Simulations 

4.2.1 Simulation Set Up 

The coaxial air jet simulated was created experimentally by the polymer flame deposition gun head 

shown schematically in longitudinal section in Figure 4.1.  Nozzle dimensions are shown in Table 4.1.  

The apparatus is described in more detail in Payne et al. [1] where the coaxial jet simulated is identified 

as Experiment 2. 

 

The entire domain used for the numerical simulations is shown in Figure 4.2 (a).  The main domain is 

a cylinder 60 cm long with a radius of 13 cm at its upstream end, linearly increasing to a radius of 14.3 

cm at its downstream end.  The domain was divided into 15 connected volumes for the purpose of 

creating mesh using hexagonal control volumes.  The round jet, including its upstream extension, 

constituted one volume.  The remaining 14 volumes were symmetric about a horizontal plane through the 

centerline of the jet.  Figure 4.2 (b) shows a close up of a longitudinal section through the axis of the gun 

head and the jet, the central upstream end of the domain. 
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Figure 4.1 

Schematic Longitudinal Section Through the Gun Head 

The axis of the coaxial air jet is the z axis. 

 

 Annular Air Jet  Central Jet  

Radial Dimension (mm) 0.32 4.75 

Flow Rate (m
3
/min) 0.10 0.040 

Average Nozzle Velocity (m/s) 127 9.4 

Reynolds Number 2700 6000 

Jet Momentum (N) 0.226  7.52 × 10
−3

 

Annular/Central Air Jet Momentum Ratio 30 

Ratio of Average Nozzle Velocity 

Annular/Central Air Jet 

 

13.5 

 

Table 4.1 

Gun Head Settings and Flow Rates for Experiment 2 
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Figure 4.2 (a) 

The Domain Used in the LES Simulations 

 

 
 

Figure 4.2 (b) 

Longitudinal Section Through the Upstream End of the Main Domain 

The solid black area is solid metal.  All lines show connected domain boundaries.   
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Grid name 

(these names are 

used in subsequent 

text and plots)  

Elements 

around 

circum- 

ference 

Cells across 

(Radial x Axial) 

Total 

number of 

control 

volumes 
Central 

(PA) jet 

Annu-

lar (AA) 

jet 

Outside of 

PA and 

AA jets 

Coarse 64 16x49 9x94 135x148 1,296,768 

Medium 88 21x69 12x133 183x203 3,324,024 

Fine 144 32x110 15x108 255x238 8,727,264 

Table 4.2 

The Details of the Meshes Used for the LES Simulations 

 

 

The LES turbulence model used is much more sensitive to variations in the control volume size than 

are the RANS turbulence models used by Payne et al. [1].  The LES simulations run had no chance of 

converging to a meaningful solution unless the maximum volume ratio between adjacent control volumes 

was not more than 1.2 overall and about 1.05 in critical areas of the flow.  The details of the three meshes, 

coarse, medium, and fine are shown in Table 4.2.   

The Large Eddy Simulation (LES) turbulence model in Fluent depended on implicit filtering,  

meaning that the control volume or mesh size was the size of the filter.  When individual control volumes 

were not the same in all three dimensions the average of the three lengths was calculated and this average 

was the filter size.  The filter size should have been smaller than all length scales at which turbulence was 

created.  Three different subgrid models were available to calculate the flow at length scales below the 

filter length.  The dynamic Smagorinsky-Lilly model was chosen for use because, of the three models, it 

gave the results that agreed best with the experimental data.  This subgrid turbulence model is based on 

the original Smagorinsky-Lilly model that assumed the fluid motion at these length scales was solely 

dissipative and used an unchanging constant to relate the time averaged velocity gradients in the resolved 

flow to the turbulent viscosity in the subgrid scales.  This unchanging constant, the Smagorinsky constant, 

was not allowed to change when the turbulence structure changed.  The dynamic Smagorinsky-Lilly 

model used a Smagorinsky constant that was calculated as the simulation progressed and varied over the 

domain, depending on the structure of the turbulence.  Consequently, it better related the turbulent 
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viscosity to the average velocity gradients.  Germano et al. [12] and Lilly [13] pointed out that this model 

also allowed for backscatter, in contrast to the original Smagorinsky subgrid scale model.                                                                 

The final steps in creating the numerical models were choosing the boundary conditions, the pressure 

velocity coupling algorithm, the time step, and the number of iterations per time step.  The boundary 

conditions were set as velocity inlet for the upstream ends of the two jets and as pressure outlet for all 

other domain boundaries.  Within the pressure outlet option, the direction of the backflow was specified 

as being that of the inwardly adjacent cell.  The pressure velocity coupling algorithm used for the 

simulations on the coarse and medium meshes was SIMPLE or SIMPLEC.  The SIMPLEC pressure 

velocity coupling algorithm was used for the fine mesh.  The effect on the solution of the time step size 

and the number of iterations per time step will be examined first, followed by the effect on the solution of 

refining the mesh.    

The time step size is found by determining the Courant number,  

                                                                                 (3) 

where Δt and Δx are respectively the time step and the length of a control volume in the flow direction at 

the location of the flow with the velocity v.  This number, which really measures how many control 

volumes the fluid moves in each time step, should not more than about 2, as recommended by Piomelli 

[14].  In all cases the time step used was 1 μS.  The resulting maximum Courant number for the coarse, 

medium, and fine meshes respectively was 1.2, 2.2 and 2.4.   

Finding the necessary number of iterations per time step to ensure convergence at each time step was 

accomplished by choosing two or more points at critical areas of the flow and assuming that these points 

could be used to judge whether convergence within each time step had occurred over all control volumes 

in the domain.  Then, the simulation was modified so it wrote the velocities, and if desired the pressure, to 

files, one for each variable, at the end of each iteration.  Convergence at the end of the iterations within 
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each time step had occurred when further iterations within that time step did not cause any change in the 

velocities or the pressure.       

All simulations were run using double precision, but it was found that only the first eight digits of any 

number calculated were written to the file.  Since double precision calculated 18 digits, the last 10 digits 

were never visible.  Normally, determining whether convergence had occurred within a time step meant 

examining all of the digits of a calculated quantity to determine whether they changed with further 

iterations.  However, it was impossible to determine whether convergence had occurred in this way when 

the last 10 of 18 digits calculated using double precision could not be seen.  If it were believed that the 

unseen digits constituted a part of the number calculated that was so small they could be disregarded, then 

the determination of convergence within a time step could be based only on the digits shown.  However, 

the assumption that the last 10 digits calculated that were undisplayed was unimportant was open to 

question, because the computer would use them all in the next calculation.   

The quickest way of determining whether the undisplayed digits could be ignored was to run two or 

more LES simulations, identical in every way except the number of iterations per time step, through 

several thousand time steps and watch the calculated values at the points being monitored to see if they 

remained the same.  Care was taken to ensure that in all cases there were sufficient iterations per time step 

to be certain the first 8 digits of the quantities calculated showed convergence.  When these simulations 

were run, it was found that after at most several thousand time steps, the values calculated at the points 

being monitored began to diverge.  Once the divergence had begun, the more additional time steps the 

simulations were run through, the greater the divergence.  The divergence progressed steadily upwards in 

magnitude through one numerical place and then onwards to the next numerical place, an increase in the 

order of magnitude, continuing until the first digit in the values being calculated changed.   

Figures A1, A2, and A3 in the Appendix show this behaviour for all three meshes, coarse, medium and 

fine.  Three LES simulations were run on the coarse and intermediate meshes using 5, 10, and 20 
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iterations per time step.  Two LES simulations were run on the finest mesh using 10 and 20 iterations per 

time step.  Limitations on computing resources prevented running the finest mesh with 5 iterations per 

time step.     

Once this dependence on the number of iterations per time step had been found, it became essential to 

be able to view all 18 digits calculated to find out how many iterations were necessary within a time step 

to obtain convergence of the flow field within that time step.  A user defined function (UDF) was 

provided by Ansys and incorporated into each LES simulation being run.  This UDF wrote all 18 digits of 

the three velocities, x, y, and z, to a text file after each iteration at two points that were chosen by the user.  

Thus, it was possible to determine how many iterations were required to obtain convergence within each 

time step.   

The numerical simulations were begun in all cases with the k-ε realizable RANS model.  Then, the 

turbulence model was changed to the LES model but the Non-Iterative Time Advancement (NITA) 

submodel within the LES model was used to break up the RANS flow field.  The NITA model was used 

for 40,000 or 60,000 time steps before the simulation was stopped and then the iterative time 

advancement model of LES was used. 

It was difficult, if not impossible, to obtain convergence at each of the initial time steps when the 

iterative time advancement algorithm was started.  Consequently, the 101
st
 time step in the simulation was 

examined for convergence.  The finest mesh was used with a time step of 10
-6

 s resulting in a maximum 

Courant number of 2.4.  Convergence was not reached for any of the three velocities calculated, even 

after 20 iterations, for the 101st time step.  A very similar lack of convergence was found at the second 

point chosen to use with the UDF.  It was also on the flow centerline but was at 20 cm from the origin of 

the annular jet.  In fact, the three velocities calculated at each time step over the first 2,000 time steps 

through which the simulation was run using the UDF showed a similar lack of convergence. 
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The first question that needed to be answered was whether increasing the number of iterations within a 

time step and decreasing the time step would result in convergence, and if so, how much of an increase in 

the number of iterations per time step and how much of a decrease in the time step were required.  The 

101
st
 time step of a simulation using 50 iterations per time step and a time step of 5 x 10

-7 
s, again with the 

fine mesh, was examined for convergence. 

Reducing the time step to half its previous value resulted in a maximum Courant number of about 1.2 

over the entire domain.  Comparison of the number of converged digits in Vz after 20 iterations using a 

maximum Courant number of 2.4 and with the number of converged digits in Vz after 50 iterations using 

a maximum Courant number of about 1.2 shows that while the number of converged digits increased from 

8 to 11 full convergence did not occur.     

The results of the LES simulation using the fine mesh and a reduced time step with increased iterations 

per time step resulted in a decision to run 7 LES simulations.  Three simulations were run on each of the 

coarse and medium meshes and one on the fine mesh.  The simulations all used a time step of 1 μS.  The 

three simulations on each of the coarse and medium meshes used 5, 10 and 20 iterations per time step.  

The simulation on the fine mesh used 20 iterations per time step only due to limited computing resources.  

All simulations were run using parallel processing and either 12, 24 or 36 processors.  More processors 

were used for simulations when the mesh was larger or the number of iterations per time step was 20 or 

both conditions were met.   

Cumulative time averages were obtained for two points, at 10 and 20 cm respectively from the origin 

of the annular air jet, both on the centerline of the jet.  In some cases a third point at 50 cm from the origin 

of the annular air jet and also on the flow centerline was included to observe flow field development in 

the far field of the jet.  The value of each of three velocities was written, each to its own file, at the end of 

the final iteration within the time step.  Consequently, only the first eight digits were available for 

subsequent processing.  The axial velocities for the points chosen were then copied into Excel 

spreadsheets and the cumulative time averaged values were calculated.      
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 It is of central importance to determine how long the LES simulations should be run to obtain the 

desired cumulative time average.  A superficial answer is that the simulations should be stopped when the 

cumulative time average is stable.  A deeper answer is that the time average must be calculated over 

several integral time scales.  The integral time scale in this flow field was calculated using equations from 

Pope [9] by first finding the dissipation using       

                                                                                         (4) 

where uo is the macroscopic bulk velocity in the axial direction, assuming that the velocity in the 

orthogonal directions is negligible, and lo is the integral length scale, taken as the approximate diameter of 

the jet.   

Next, the Kolmogorov time scale was found using  

                                                                                         (5) 

where ν is the kinematic viscosity of air. 

Finally, the integral time scale was found from the Kolmogorov time scale using  

                                                                                                (6) 

where Re is the macroscopic Reynolds number.  This arithmetic results in a value for the integral length 

scale of about 2 mS.   

4.2.2 Simulation Results 

Figure 4.3 (a) to (c) shows the instantaneous plot of the axial velocities on the flow centerline at 

10 cm from the origin of the annular air jet created using the coarse mesh, the intermediate mesh, and the 

fine mesh respectively.  The results obtained on the jet’s centerline at 20 cm from the origin of the annular 



 

106 

 

jet were substantially the same as those obtained at 10 cm with the exception that, of course, the axial 

velocity was much lower.   

The time averaged values for all combinations of mesh density and number of iterations per time step 

are shown in Table 4.3.  Figure 4.4 shows the cumulative average axial velocity at the jet’s centerline 10 

cm from the origin of the annular air jet, calculated by simulations using 20 iterations per time step, for 

the three meshes, coarse, medium and fine.   

Figure 4.5 compares the time averaged axial velocity profiles on the jet centerline calculated by LES 

with experimental results. It is clear that there is no recirculation zone just downstream of the origin of the 

central jet. Figure 4.6 compares the time averaged axial velocity profile at 10 cm from the cap face  

 

Figure 4.3 (a) 

Coarse Mesh: 20 Iterations per Time Step 

 0 to 20,000 Time Steps 

Axial Velocity at Flow Centerline 10 cm from Origin of Annular Air Jet 
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Figure 4.3 (b) 

Medium Mesh: 20 Iterations per Time Step 

 0 to 20,000 Time Steps 

Axial Velocity at Flow Centerline 10 cm from Origin of Annular Air Jet 

 

calculated by LES with experimental results.  At z = 10 cm the centerline velocity, although it varies a 

little from mesh to mesh, is at best 22% lower than the experimental value.  The experimental and 

numerical velocity profiles agree over the radii at which the axial velocities range from about 

¼ to ½ the maximum experimental value.  The peak velocity first decreases and then increases when the 

mesh is refined.  Figure 4.6 also shows that all three simulations calculate small axial velocities in the far 

radial field of the jet that don’t agree with experimental results.               
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Figure 4.3 (c) 

Fine Mesh: 20 Iterations per Time Step, 0 to 20,000 Time Steps 

Axial Velocity at Flow Centerline 10 cm from Origin of Annular Air Jet 
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Distance  

  10 cm from Origin of 
Annular Air Jet 

20 cm from Origin of 
Annular Air Jet 

50 cm from Origin of 
Annular Air Jet 

 Number 
of 

Iterations 
per Time 

Step 

Total 
Number 
of Time 
Steps 

Cumulative 
Average 

Vz 
(m/s) 

Variation 
in Vz  
(m/s) 

Cumulative 
Average 

Vz 
(m/s) 

Variation 
in Vz 
(m/s)  

Cumulative 
AverageVz 

(m/s) 

Variation 
in Vz 
(m/s) 

Coarse 
Mesh 

5 160,000 24.6 0.3 13.7 0.1 6.2 0.1 

Medium 
Mesh 

5 200,000 24.0 0.1 13.7 0.1 N/A N/A 

Coarse 
Mesh 

10 140,000 23.9 0.1 13.5 0.2 6.8 0.2 

Medium 
Mesh 

10 240,000 24.0 0.1 14.1 0.1 N/A N/A 

Coarse 
Mesh 

20 220,000 25.3 0.5 14.3 0.2 6.6 0.1 

Medium 
Mesh 

20 220,000 24.6 1.1 13.6 0.3 N/A N/A 

Fine 
Mesh 

20 140,000 25.9 0.2 13.7 0.2 N/A N/A 

Table 4.3 

The Cumulative Time Averaged Axial Velocity Values on the Jet’s Centerline 

The variation in cumulative average Vz is determined by its change over the final 20,000 time steps 

simulated.   
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Figure 4.4 

Cumulative Average Axial Velocity at the Jet’s Centerline 

 10 cm from the Annular Air Jet’s Origin 
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Figure 4.5 

Comparison of Experimental Axial Velocity on the Jet Centerline 

with Time Averaged LES Results for all Three Meshes  
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Figure 4.6 

Comparison of Experimental Axial Velocity  

at z = 10 cm with LES Results for all Three Meshes  

 

4.3  Discussion 

 

The results of increasing the number of iterations per time step and decreasing the time step itself 

raised the hope that further reductions in the Courant number by shrinking the time step and further 

increases in the number of iterations per time step would probably result in convergence of the flow field 

within each time step.  However, further reductions in the time step and increases in the number of 

iterations per time step would drive up the simulation time required to obtain a stable time average of the 

flow field properties to the point where running the simulation would be impractical.  Consequently, there 

is no practical alternative to running LES simulations without convergence at any time step.   
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Number 
of 

Iterations 
per Time 

Step 

Cumulative 
Average 

Vz at 
 z = 10 cm 

(m/s) 

Variation  
In 

Cumulative 
Average 

(m/s) 

Cumulative 
Average 

Vz at 
 z = 20 cm 

(m/s) 

Variation  
In 

Cumulative 
Average 

(m/s) 

Cumulative 
Average 

Vz at 
 z = 50 cm 

(m/s) 

Variation  
In 

Cumulative 
Average 

(m/s) 

5 24.6 0.3 13.7 0.1 6.2 0.1 

10 23.9 0.1 13.5 0.2 6.8 0.2 

20 25.3 0.5 14.3 0.2 6.6 0.1 
Table 4.4 (a) 

Effect of Number of Time Steps per Iteration on  

Cumulative Time Averages for Coarse Grid 

The variation in cumulative average was calculated over the last 20,000 time steps run.   

 

Number 
of 

Iterations 
per Time 

Step 

Cumulative 
Average 

Vz at 
 z = 10 cm 

(m/s) 

Variation  
In 

Cumulative 
Average 

(m/s) 

Cumulative 
Average 

Vz at  
z = 20 cm 

(m/s) 

Variation  
In 

Cumulative 
Average 

(m/s) 

Cumulative 
Average 

Vz at 
 z = 50 cm 

(m/s) 

Variation  
In 

Cumulative 
Average 

(m/s) 

5 24.0 0.1 13.7 0.1 N/A N/A 

10 24.0 0.1 14.1 0.1 N/A N/A 

20 24.6 1.1 13.6 0.3 N/A N/A 

Table 4.4 (b) 

Effect of Number of Time Steps per Iteration on  

Cumulative Time Averages for Medium Grid 

The variation in cumulative average was calculated over the last 20,000 time steps run.   

 

The effect of the number of time steps on the simulations, best shown in Figures A1, A2 and A3 in the 

Appendix, is clear but what is less clear is whether the resulting variations in the instantaneous velocities 

result in a change in the cumulative time averages of these flow field properties.  Table 4.3 and Figure 4.4 

begin to provide an answer to this question.  Table 4.4 presents some of the data in Table 4.3 arranged by 

mesh density, instead of by number of iterations per time step.  Figure 4.4 shows that a cumulative time 

average has not been reached by the simulations using 20 iterations per time step run on the coarse and 

medium meshes. The cumulative average of the axial velocity on the jet centerline at z = 10 cm settles to 

a stable value and then increases in the case of the coarse mesh and decreases in the case of the medium 

mesh.  The cause of this delayed instability is not known, but needs to be found.  The simulation using 20 

iterations per time step run on the fine mesh appears to have stabilized but the possibility that it would 
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develop the way the simulation on the coarse or medium mesh did can not be ruled out.  However, the 

results from the fine mesh are the most reliable because refining the mesh not only decreases 

discretization error, it also reduces the importance of the sub-grid model and thus reduces any errors due 

to it.   

Tables 4.3 and 4.4 show that varying the number of iterations per time step causes the cumulative 

average velocities calculated to vary by only a few per cent of their true value, taken as the experimental 

data, in the case of the coarse and medium meshes. It is expected that the finest mesh would give the same 

result.  This discovery is intriguing and worthy of further study.   

Numerical simulations were run on all three meshes using the k-ε realizable RANS model.  Agreement 

between the results from the three meshes on the centerline of the jet is satisfactory, although there is 

some difference in the size and strength of the recirculation zone.  The agreement between the results 

from the three meshes at z = 10 cm is good.  Overall, the RANS results show the mesh permits little if 

any numerical diffusion, a feature to be considered when the results of the LES simulations are being 

studied.   

Figures 4.7 and 4.8 compare the experimental results with the results found using a RANS model,  

k-ε realizable, and the results found using the LES turbulence model with 20 iterations per time step.  

Both simulations used the finest mesh.  The axial velocity profile of the LES simulation is a little less 

than completely smooth, suggesting that statistical convergence has not been reached even after a 

simulation time of 60 integral time scales.  The LES simulation agrees better with    
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Figure 4.7 

Comparison of Experiment, RANS and LES Simulations on the Jet Centerline 

The RANS simulation used the k-ε realizable model.  The LES simulation used  

20 iterations per time step. 
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Figure 4.8 

Comparison of Experiment, RANS and LES Simulations at z = 10 cm 

The RANS simulation used the k-ε realizable model.  The LES simulation used  

20 iterations per time step. 

 

the experimental results in the near field of the jet, but the RANS simulation agrees better with the 

experimental results at z = 10 cm.     

 

Plots of the jet axial velocity at 10 cm from the annular jet origin showed non-zero axial velocities in 

the radial far field, where it should be zero.  The magnitude of this axial velocity decreased as the grid 

was refined from coarse to intermediate but changed little when it was refined again from the intermediate 

to the finest mesh.  This discovery was substantially the same as the false axial velocities initially found 

in the radial far field by Payne et al. [1] when using the RANS turbulence models to simulate the same or 

similar coaxial jets.  The cause, in the case of the RANS turbulence models, was the boundary condition 

on the circumferential boundary.  In all RANS simulations the circumferential domain boundary was 

specified as a pressure outlet.  There were two methods of specifying the backflow direction at a pressure 
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outlet boundary.  One was to specify the backflow direction as normal to the domain boundary.  The 

second was to specify the backflow direction as the same as that of the adjacent radially inward control 

volume.  This second method was more realistic but it was the first method that yielded correct axial 

velocities in the radial far field for the RANS simulations.  All LES simulations used the pressure outlet 

boundary condition with the second, more realistic, backflow direction specification method, with the 

direction depending on the adjacent radially inward control volume.  Consequently, it was suspected that 

the same boundary condition that caused the incorrect axial velocities in the radial far field in the RANS 

simulations caused the same incorrect phenomenon in the LES simulations.  

   

The discovery of the unsatisfactory boundary condition used on the circumferential boundary of the 

domain in the LES simulations resulted in an estimation of the computing resources needed to repeat the 

simulations.   The LES simulations were very computationally expensive.  Table 4.5 shows the 

approximate amount of computing power and time used for each LES simulation with 20 iterations per 

time step.  The approximate number given does not include the initial RANS simulation time, usually one 

to three days, and the time used to run the NITA submodel of the LES model, not more than about a week 

for the finest mesh.  Limitations of time and computing resources prevented repeating the LES 

simulations with the backflow direction specified as normal to the domain boundary in the expectation 

that it would solve the problem of the incorrect axial velocities in the radial far field as it did in the RANS 

simulations.  However, the incorrect axial velocities are small enough, at most about 0.85 m/s for the 

medium and 

 

Mesh Total Number 
Of Time Steps 

Approximate Computing 
Resources Used 
(processor days) 

Coarse 220,000 4,000 

Medium 200,000 7,600 

Fine 120,000 6,000 
Table 4.5 

The Computing Resources Needed for Each LES Simulation.   
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finest meshes, that any effect they have on the entire simulation can be neglected without introducing a 

large error.   

An additional method of testing the quality of the LES simulations was to find the turbulent kinetic 

energy spectrum at a point in the flow.  The point chosen was the jet centerline at 10 cm from the annular 

air jet nozzle.  The substantial achievement of axial symmetry of the time averaged flow field at this point 

showed convergence had been reached from the gun head to this distance downstream.  Figure 4.9 shows 

the turbulent energy spectrum at the chosen point for the coarse, medium, and fine meshes, calculated 

from all of the axial velocities found during the simulations using 20 iterations per time step.   

 
Figure 4.9 (a) 

The Energy Cascade on the Jet Centerline at z = 10 cm on the Coarse Mesh 

The slope of the blue line is -5/3.   
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Figure 4.9 (b) 

The Energy Cascade on the Jet Centerline at z = 10 cm on the Medium Mesh 

The slope of the blue line is -5/3.   
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Figure 4.9 (c) 

The Energy Cascade on the Jet Centerline at z = 10 cm on the Fine Mesh 

The slope of the blue line is -5/3.   

 

Overall, the spectrum conformed to the expected shape, as shown by the plot of the straight line with a 

slope of -5/3 on the log-log graph, allowing some confidence to be placed in the results of the LES 

simulations on all three meshes, at least at this one point.               

A look at the graph of the time averaged axial velocity profile at 20 cm from the cap face calculated in 

post processing showed that it was not smooth, but rather bumpy in places.  Convergence has always been 

observed to start upstream and flow downstream.  Consequently, it was judged that the simulation had 

converged statistically, or near to it, to between 10 and 20 cm from the cap face.  In turn, the grid quality 

assessment method of Pope [9], chosen as the method that would provide the most reliable estimate of the 

quality of the fine mesh, was applied to results from the tip of the central jet to z = 11 cm in a vertical 
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plane through the centerline of the jet.  The results analyzed were obtained from the simulations using 20 

iterations per time step.  Control volume based values for the turbulent kinetic energy for the sub-grid 

turbulent features were obtained by post processing.  Post processing did not provide values of the total or 

resolved turbulent kinetic energy, but it did provide values of the root mean square (rms) of the time 

varying part of the x, y, and z velocities that it calculates.  These values can be used to calculate the 

resolved turbulent kinetic energy in the flow, again on a control volume by control volume basis.  The 

total turbulent kinetic energy was just the sum of the resolved turbulent kinetic energy and the sub-grid 

scale turbulent energy, found using a UDF provided by Ansys.  When the resolved turbulent kinetic 

energy was divided by the total turbulent kinetic energy and expressed as a percentage, and the 

percentages plotted against position, Figures 4.10(a), (b), and (c) were created.   

Figures 4.6 and 4.8 show the radius of the coaxial air jet at z = 10 cm is about 3 cm, at most.  Payne  

et al. [1] found that the radius of the coaxial jet at z = 1.4 cm, the tip of the central air jet nozzle, was less 

than 1 cm.  Consequently, Figures 4.10(a) to (c), extending through the flow field from the tip of the 

central air jet nozzle, z = 1.4 cm, to z = 11 cm, also extended to a radius of 5 cm from the center line of 

the jet.  Assuming substantially the same results over the 360° of the flow domain, these plots show that 

essentially all of the flow simulated on the fine and medium meshes met Pope’s [9] criterion.  Pope’s 

criterion is also met over most of this area by the simulation on the coarse mesh, although there are 

pockets where it is not met.  Consequently, the simulations on the medium and fine meshes were judged 

to be reliable and the simulation on the coarse mesh less than reliable.  The strong similarity of the 

turbulent energy cascades created by analyzing the axial velocities from all three meshes at the jet 

centerline at z = 10 cm can be explained by noting that this area meets Pope’s [9] criterion for all three 

meshes.    



 

122 

 

 

Figure 4.10 (a): Coarse Mesh 

Estimate of Resolved Turbulent Kinetic Energy as a Percentage of Total Turbulent Kinetic 

Energy in a Vertical Plane Through Centerline of Jet 
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Figure 4.10 (b): Medium Mesh 

Estimate of Resolved Turbulent Kinetic Energy as a Percentage of Total Turbulent Kinetic 

Energy in a Vertical Plane Through Centerline of Jet 
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Figure 4.10 (c): Fine Mesh 

Estimate of Resolved Turbulent Kinetic Energy as a Percentage of Total Turbulent Kinetic 

Energy in Vertical Plane Through Centerline of Jet 

 

4.4 Conclusions 

 

The run time, even with parallel processing and 36 processors, needed to obtain convergence on the 

fine mesh is prohibitively high.  The simulation using this mesh ran for 70 times the approximate integral 

time but did not come close to converging over the majority of its domain.  A simulation run on the 

medium mesh for 110 times the approximate integral time showed a similar lack of convergence.  

Conclusions can only be drawn from the converged part of the flow field which extends from the jet 

origins to about 10 cm to 20 cm downstream.   
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Applying Pope’s criterion to the statistically converged results from the coarse mesh shows it is 

probably not fine enough to allow the LES model to create reliable cumulative time averages of the flow 

field properties.  However, the same criterion applied to the statistically converged results of the medium 

and fine meshes shows these meshes yield reliable results.  The three meshes all yield substantially the 

same time averaged results on the jet centerline at z  = 10 cm, even though the difference in mesh density 

is a factor of about 6.8, probably because all three meshes meet Pope’s criterion at and around this point.   

Comparison with the most suitable RANS model results from the same meshes shows that the LES 

model provides somewhat better agreement with the experimental results in the near field of the jet, but 

worse agreement further downstream.  The differences between the experimental data and the LES model 

results must be due to the limitations of the LES turbulence model, and in particular, the sub-grid scale 

model used.  Consideration of the LES results alone makes it difficult to conclude whether the LES model 

provides a more accurate simulation than the most suitable RANS model does.  However, when factoring 

in the additional computational resources needed for LES simulations compared to RANS simulations, 

the RANS models will probably provide more accurate results much more quickly with much less 

computation required than the LES models often enough to make them the better choice.    
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Chapter 5 

Experimental Study of Mixing in an  

Inert Isothermal Air -Carbon Dioxide Jet With and Without a Second Phase 

 

5.1  Introduction 

Two earlier papers by Payne et al. [1], [2] and one by Payne and Matovic [3] reported on 

studies of the flow field created by an innovative gun head design for a polymer flame deposition 

process experimentally and numerically.  The innovative gun head is shown schematically in 

Figure 5.1.  An older gun head design was also used for some of the work reported in Payne et 

al. [2] and for some of the work reported here.  In this older gun head the central and annular air 

jet nozzles were in the same plane.  The arrangement of the propane nozzles in both gun heads 

was the same.  The first paper by Payne et al. [1] and the paper by Payne and Matovic [3] 

reported on a study of the isothermal air only coaxial jet.  The second paper by Payne et al. [2] 

reported on a study of the inert isothermal coaxial air jet with ground polymer particles injected 

into the central air jet upstream of the gun head.  The current paper reports on experimental 

studies of the mixing of the air coaxial jet and air or CO2 which replaced propane to form 

additional air or CO2 jets.  The goal was to better understand the mixing of the coaxial air and the 

air or CO2 jets originating at the propane nozzles with and without polymer particles.     

Hedman and Smoot [4] studied mixing in a confined coaxial jet with and without particles by 

injecting helium into the central jet.  They found that the time averaged helium concentration 

was Gaussian about the centerline of the jet. They also found that even with the absence of 

significant entrainment in the jet due to its confined nature the maximum concentration of the 

helium distribution decreased with increasing downstream distance while the radius of 

distribution of the helium increased with distance from the nozzle.  Subramanian and Ganesh [5] 

studied the effect of inert particles on entrainment in a coaxial air jet and concluded that the 
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particles increased the amount of entrainment but did not discuss why in depth.  A paper by 

Namazian et al. [6] studied the concentration of CH4 in a cold coaxial jet where the methane jet 

originated at the central nozzle and the air jet originated at the annular nozzle.  Namazian et al. 

[6] found that the concentration of CH4 on the centerline of the jet decreased with increasing 

distance from the nozzle.  Comparison of the results of Subramanian and Ganesh [5] without 

particles and Namazian et al. [6] show that mixing between the central and annular jets has the 

same qualitative effect on the centerline concentration of the jet regardless of whether 

entrainment occurs.     

A paper by Dahm and Dimotakis [7] studied a turbulent round water jet issuing into stationary 

water using optical methods.  They found that there were pockets of ambient fluid located 

throughout the jet, including on the centerline at least as far as 300 diameters of the round jet 

nozzle downstream, and that the pockets were really vortices that had travelled from the edge of 

the jet to its centerline.   

Pitts [8] [9] examined the effect density and Reynolds number had on mixing on the centerline 

of a round turbulent jet with an air coflow.  Papadopoulos and Pitts [10] also studied scalar 

concentrations on the centerline of similar round turbulent jets that exited into stationary air.  

Schefer and Dibble [11] examined the mixing of round turbulent propane jets exiting into a 

coflow on and off the centerline.  Gazzah et al. [12] examined the effect of coflow on the mixing 

of a turbulent round propane jet.  None of these papers reported time varying concentrations of a 

scalar on the time scale of the scalar variation reported in this work.  There was no doubt that the 

uncommon design of the gun head used in this work played an important role in obtaining these 

uncommon experimental results.        
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Figure 5.1 shows the location of two rings of pinholes concentric with the coaxial air jet in the 

new gun head.  These pinhole jets are fed by a chamber behind them big enough to settle the 

propane fed to it and ensure a constant pressure in the chamber, thereby ensuring all of the 

propane jets have the same mass flow rate.  In service, each hole is the origin of a small propane 

jet that entrains some ambient air before being entrained into the coaxial jet itself.  In this work 

the propane was replaced by air or CO2.  The CO2 was chosen because its molecular weight and  

 

Figure 5.1 

Two views of the gun head: (a) Front view; (b) Side view. Not to scale 

The two concentric rings of pinhole jets are visible.  The plane z = 0 is located at the cap face the 

plane that contains the origin of the annular air jet. 
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density were substantially the same as those of propane ensuring that the CO2 jets had the same 

momentum as the propane jets.  It was used as a tracer gas to show the degree of mixing at 

different locations in the cold flow near field.  The gun head was set approximately to the 

conditions for Experiment 3 described in Payne et al. [1].  The jet created by the entrainment of 

the air or CO2 jets emanating from the propane nozzles by the coaxial air jet was studied using 

flow visualization, gas sampling, and dynamic pressure readings.  Table 5.1(a) and (b) 

summarizes the key dimensions of the new and old gun head, and the properties of each jet.       

 Annular Air Jet  Central Jet  Each CO2  Jet 

Old Gun Head 

Radial Dimensions (mm) 

0.25 6.25 0.3 

New Gun Head 

Radial Dimensions (mm) 

0.27 4.75 0.25 

Flow Rate (m
3
/min) 0.10 0.040 0.014 (total of all 

jets) 

Approximate Average 

Nozzle Velocity (m/s) 

148 9.4 66.0 

 

Momentum at Nozzle  (N) 0.263 7.52 x 10
-3

 1.56 x 10
-3

 

Approximate Reynolds 

Number 

2600 6000 2030 

Table 5.1(a) 

The Gun Head Dimensions and the Jet Flow Rates 

 

Jet Axial Velocities  Ratio of Average Axial 

Velocities 

Ratio of Nozzle 

Momenta 

Annular Air/Central Air 15.7 35 

Central Air/CO2 0.142 4.8 

Annular Air/CO2 2.24 169 

Table 5.1(b) 

Ratios of Average Axial Velocities and Nozzle Momenta 

 

 

 



 

132 

 

5.2  Experimental Work 

5.2.1  Flow Visualization Using New Gun Head Design 

 

The flow visualization used a sheet of laser light, created by the apparatus shown in Payne 

 et al. [2], placed either through the centerline of the gun head to illuminate each jet from its 

origin, or at a right angle to the axis of the coaxial air jet just downstream of the origin of the 

central jet.  When the sheet of laser light was placed longitudinally it was positioned so that it 

illuminated four nozzles emitting air in place of propane, two on one side of the coaxial air jet, 

one each from the inner and outer rings, and the two diametrically opposite them.  It was 

necessary to illuminate these jets from their origins at the cap face downstream and it was found 

that if the origin of the sheet were off to one side, above, or below the nose of the gun head, the 

nose cast a shadow.  To avoid this problem, the origin of the laser sheet was placed on the 

nominal centerline of the jet facing upstream.   

The total air or CO2 flow rate, in place of propane, to the propane jets was set as one-tenth that 

of the total coaxial jet flow rate.  In order to accurately trace the flow of the air or CO2 from 

these jets it was seeded.  The apparatus is shown in Figure 5.2.  This apparatus consisted of a 

tube that fed pressurized air or CO2 to a paint spray nozzle.  A mixture of about 3 parts glycerine 

to 1 part water was also fed to the nozzle and the resulting liquid glycerine/water spray was 

injected into a helical copper tube.  The larger droplets exiting the helical copper tube were more 

likely to hit the walls of the plexiglass chamber and collect there while the smaller droplets 

floated in the chamber until the air or CO2 carrying them flowed into the line to the gun head.  

No study of the droplet sizes was made.  However, when the air or CO2 jets, emanating from the 

propane nozzles, were observed, it was evident that the droplets were actually small enough to 

move with the air or CO2 flow.   
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The camera used was a Nikon J1 with a SMC Pentax A, f/1.2 lens that could take either 

individual photos or high-speed movies at 400 and 1,200 frames per second.  A number of short 

movies were made and reviewed with the Nikon software.  The review was made frame by frame 

and frames that best illustrated the behaviour of the jets under different conditions were chosen.  

Figures 5.3 to 5.5 show the flow from the new gun head.  Figures 5.6 and 5.7 show the flow from 

the old gun head.   

Figure 5.3(a), (b), and (c) shows jets flowing from the propane nozzles in the new gun head 

without the coaxial jet flowing.  Figure 5.3(a) shows a longitudinal view of the seeded jets 

originating from the propane nozzles in place of propane.  Figure 5.3(b) shows a series of 10 

frames, taken 0.08 s apart, capturing the frontal view illuminated by a laser light sheet across the 

jet axis, 1.5 cm away from the gun head face, just 1 mm in front of the tip of the conical nozzle 

creating the central jet. These 10 images show the flow is remarkably stable. The same 

conclusion can be reached by looking at Figure 5.3(c).  This second series of images was created 

by placing the sheet of laser light in the horizontal plane along the axis of the gun head, a similar 

laser sheet position to that used in Figure 5.3(a).   

Figure 5.4(a) shows the cross-sectional views at z = 5 cm, again for the case when the only 

jets flowing are air jets originating at the propane nozzles. This figure shows substantial merging 

of the individual jets at this distance from the cap face. In contrast, when the annular air and 

central air jets are turned on, they create a coaxial air jet with strong radial entrainment, causing 

the jets originating at the propane nozzles to be sucked into the coaxial jet stream, as shown in 

Figure 5.4(b) in cross section and in Figure 5.4(c) in longitudinal section. Comparison of two of 

these series of frames, Figures 5.4(a) and 5.4(b) shows the average outer radius of the droplets is 

much lower when the coaxial air jet is flowing due to the entrainment of the air jets originating at 
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the propane nozzles.   

Examination of Figure 5.5(a) shows the air from the inner propane jets is entrained by the 

annular air jet only, since it merges with the annular air before the cone tip, and hence before the 

annular air encounters the air from the central jet.  The air from the outer propane jets merges 

into the coaxial air jet somewhat further downstream.  In the case of both rings of propane jets 

the exact entrainment locations vary somewhat with time.   

 

  Figure 5.2 
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Figure 5.3 (a): The New Gun Head  

Longitudinal View of Seeded Jets Flowing  

From the Propane Nozzles without the Coaxial Air Jet, 400 frames per second 

Figure 5.3 (b) 

Cross-sectional view at z =1.5 cm of the air jets from the propane nozzles seeded with 

water/glycerin droplets without coaxial air jet.  The frames are 0.08 seconds apart. 

Figure 5.3 (c) 

Longitudinal view of the same flow, extending radially from the left edge of the 

 gun head to its centerline without coaxial air jet.  The frames are 0.08 seconds apart. 
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Figure 5.4(a) 

Cross-sectional view at z =5 cm of the flow marked by tracers introduced in the air jets 

originating at the propane nozzles. Flow of air from propane nozzles only. 

 

 

Figure 5.4(b) 

Cross-sectional view at z =5 cm of the flow marked by tracers introduced in the air jets 

originating at the propane nozzles. Flow from propane jets, central jet, and annular jet. 

 

 

The effect of the particle stream on the entrainment field is demonstrated by comparison of 

the near field in close-up frame sequences with particles, Figure 5.5(b) and without particles,  
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Figure 5.4 (c): New Gun Head 

The Seeded Jets from Propane Nozzles and Coaxial Jet Flowing 

Images 0.15 s apart. 

 

Figure 5.5 (a) 

Longitudinal view of the flow, extending from the left edge of the gun head to its centerline and 

from 2 mm behind the gun face to 2 mm past the cone creating the central jet. Flow of air from 

all nozzles, no particles. 



 

138 

 

Figure 5.5(b) 

 Longitudinal view of the flow, extending from the left edge of the gun head to its centerline and 

from 2 mm behind the gun face to 2 mm past the cone creating the central jet. Flow of air from 

all nozzles, with particles issuing from the central jet. 

 

 

 
Figure 5.5 (c): The New Gun Head 

The Seeded Jets Flowing from the Propane Nozzles 

with the Coaxial Jet and LDPE Particles 

400 frames per second 
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Figure 5.5(a). Note that in the particle flow case the central jet looks like an extension of the 

annular air cone, since the brightness of the particles blends with the reflection off the conical 

metal surface.  

In the case of two phase flow, the merging region of each of the air or CO2 jets from the outer 

ring of propane nozzles may be affected by particle loading in the central jet.  More axial 

momentum will be transferred to a heavier particle loading from the central air jet, reducing its 

axial velocity and thus its entrainment.                    

 

5.2.2 Flow Visualization Using Old Gun Head 

Figures 5.6(a) to 5.6(f) constitute a time sequence showing longitudinal sections of the seeded 

jets flowing from the propane nozzles with the coaxial jet also flowing for the old gun head.  It is 

clear that the flow of the coaxial jet entrains the flow emanating from the propane jets.  Figures 

5.5(b) and (c) and 5.7(a) and (b) show the coaxial jet has the same effect on the air or CO2 used 

in place of propane when low density polyethylene (LDPE) particles are flowing for both the 

case of the new gun head and old gun head respectively.   

Figure 5.6:  The Old Gun Head 

The Seeded CO2 Jets Flowing with the Coaxial Air jet 

                                                           

                      Figure 5.6(a)                                                                  Figure 5.6(b) 

                            t = 0                                                                               t = 0.20 s 
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                       Figure 5.6(c)                                                                 Figure 5.6(d) 

                        t = 0.40 s                                                                          t = 0.60 s 

                                                           

                       Figure 5.6 (e)                                                                     Figure 5.6 (f) 

                         t = 0.80 s                                                                               t = 1.0 s 

 

Figure 5.7: The Old Gun Head 

The Seeded  Jets Flowing from the Propane Nozzles 

with the Coaxial Jet and LDPE Particles 
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5.2.3  Measurement of CO2 Concentration And Dynamic Pressure 

  

5.2.3.1  Single Phase Flow 

 

The flow visualization work was supplemented by measurements of the gas composition 

using a California Analytical Instruments CO/CO2 gas analyzer, model ZRH 2GMF-6BAYY.  

This analyzer did not have a built in pump, so a pump was placed downstream of it.  The pump 

drew the gas from the jet into a sampling probe, an open ended tube facing the jet’s axis with an 

outer diameter of 1.2 mm and an inner diameter of 0.9 mm.  Then, the gas collected travelled 

through tubing to a filter to screen out particles, through a desiccant cylinder, and on to the 

analyzer.  The analyzer created an analogue voltage that was dependent on the gas composition.  

The analogue voltage was fed to a data acquisition card made by Measurement Computing, 

model USB1608FS, and on to a personal computer.  The personal computer used custom 

software written in Visual Basic for Applications to convert the digital voltage to a per cent CO2 

which was also written to an Excel spreadsheet.  The program allowed the sampling frequency of 

the voltage from the gas analyzer and time over which the signal was collected to be varied but 

in this work, the sampling frequency in all cases was 100 Hz.  Then, these values were averaged 

over 1 second intervals and plotted.     

The first variable that had to be found was the response time of the analyzer.  The 

manufacturer claimed that this analyzer usually took 2 s to 4 s, and never more than 6 s, to reach 

90% of its final, displayed, value of gas composition. It was found that removing the desiccant 

cylinder improved the response time dramatically.  Without the desiccant cylinder it was found 

that applying an abrupt change to the composition of the gas sampled resulted in a stable final 

signal from the analyzer in about 9 seconds. 
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There were two types of traverses made to find the CO2 concentration in the jet.  One was a 

traverse along the nominal centerline of the jet.  The second was a traverse across the diameter of 

the jet at a constant distance from the cap face.  When the nominal jet centerline was traversed, 

the gas sampling probe was initially placed on the nominal flow centerline for up to 5 minutes 

and the cumulative average CO2 concentration was calculated.  It was found that the cumulative 

average after 20 seconds was the same as the cumulative average after 5 minutes, within the 

standard deviation of both averages.  Consequently, a sampling period of 20 s was used.  The 

CO2 concentration on the jet centerline, shown in Figure 5.8(a) was found to be constant on a  

 

Figure 5.8(a) 

Experiment 3:  Axial Traverse of Coaxial Air Jets with  

CO2 Jets in Place of Propane Jets 

The axial distances are measured from the cap face where z = 0. 
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Figure 5.8(b)  

Experiment 3:  Axial Traverse of Coaxial Air Jets with CO2 Jets in Place of Propane Jets 

The axial distances are measured from the cap face where z = 0.  The CO2 values are 

time averaged. 

 

time averaged basis.  The maximum standard deviation over the 20 one second averages over all 

the points sampled was 0.007 % CO2.   Figure 5.8(b) shows more clearly how this concentration  

varies with distance from the cap face along the nominal centerline of the jet.  The CO2 jet, and 

then decreases as more air is entrained into the jet downstream of this point.  The CO2 

concentration increases to a maximum at about z = 10 cm as CO2 is entrained into the coaxial air  

 

It was expected that the time averaged CO2 concentration would also be constant at any 

radius.  In fact, the experimental results did not conform to this expectation.  The first traverses 

were made at z = 10 cm.  It was found that the concentration of CO2 averaged over 1 second 

intervals began to vary as the measurement point was moved radially away from the nominal 
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flow centerline.  The variation increased with radius to a maximum at about 1.5 cm from the 

nominal jet centerline where the largest CO2 concentration was about 90% greater than the 

smallest CO2 concentration.  This variation then decreased steadily to below the error of the gas 

analyzer at the edge of the jet.   The same effect was found in both horizontal and vertical 

traverses.  Traverses made at z = 20 cm and z = 30 cm showed similar variations in CO2 

concentration but with the magnitude of the variation decreased.  Figure 5.9 shows four plots of 

the CO2 concentration at z = 10 cm at x = +/-1.5 cm and y = +/- 1.5 cm respectively.  There is 

some change in the magnitude of the variation in CO2 concentration between these 4 points.  The 

reason for this change is not known, but is deserving of further investigation.  Figure 5.10 shows 

similar plots, with Figure 5.10(a) made at z = 20 cm and Figure 5.10(b) made at z = 30 cm.  

Figure 5.11 shows the dynamic pressure sampled at z = 10 cm and x = 1.5 cm for Experiment 3.  

It also varies on a time averaged basis.                 
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Figure 5.9(a) 

Experiment 3:  The variation in CO2 concentration at z = 10 cm and x= 1.5 cm.   

The radial distance is measured from the nominal centerline of the jet.   
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Figure 5.9(b) 

Experiment 3:  The variation in CO2 concentration at z = 10 cm and x= -1.5 cm.   
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Figure 5.9(c) 

Experiment 3:  The variation in CO2 concentration at z = 10 cm and y= 1.5 cm.   
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Figure 5.9(d) 

Experiment 3:  The variation in CO2 concentration at z = 10 cm and y= -1.5 cm.   
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Figure 5.10(a) 

Experiment 3:  The variation in CO2 concentration at z = 20 cm and x= 3.0 cm.   
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Figure 5.10(b) 

Experiment 3:  The variation in CO2 concentration at z = 30 cm and x= 4.5 cm 
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Figure 5.11 

Experiment 3:  The variation in Axial Dynamic Pressure at z = 10 cm and x= 1.5 cm 

 

5.2.3.2 Two Phase Flow 

Initial work with the CO2 did not include particles.  Later, ground LDPE particles were fed 

into the air flow to the central jet.  The use of these particles required a different sampling probe 

because second phase particles would wholly or partly plug any open ended gas sampling probe.  

This problem was solved through an innovative probe design that consisted of creating a cylinder 

with the same outer diameter as the single phase gas probe but with a solid conical end and four 

holes.  The conical end faced into the flow and the four holes, spaced equally around the 

circumference of the jet just behind the cone, collected the gas.  Confidence in this new type of 
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probe was obtained by testing it in single phase flow.  The open ended probe used for single 

phase gas sampling was employed to measure the CO2 concentration on the nominal centerline 

of the jet.  Then, the sampling probe for two phase flow was placed in the same location and the 

flow was sampled again.  As in the case of single phase flow, the sampling frequency was 100 

Hz, the readings were averaged over 1 second intervals, and the averages were plotted.  

 

Gas Sampling Probe Average CO2 (%) Standard Deviation 

(%) 

Flow Rate 

Through Gas 

Analyzer (l/min) 

1 phase 2.05 0.07 1.4 

1 phase 2.05 0.07 1.4 

1 phase 2.05 0.07 1.4 

2 phase 2.05 0.08 0.8 

2 phase 2.06 0.08 0.8 

2 phase 2.06 0.08 0.8 

Table 5.2(a) 

Comparison of the 1 Phase and 2 Phase Gas Sampling Probes at z = 10 cm on the Nominal  

Jet Centerline for Experiment 3. 

The sampling time was 60 s and the sampling frequency was 100 Hz. 
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Gas Sampling Probe Average CO2 (%) Standard Deviation 

(%) 

Flow Rate Through 

Gas Analyzer 

(l/min) 

1 phase 1.56 0.09 1.2 

1 phase 1.56 0.09 1.2 

1 phase 1.56 0.09 1.2 

2 phase 1.48 N/A 1.15 

2 phase 1.48 N/A 1.15 

2 phase 1.49 N/A 1.15 

Table 5.2(b) 

Comparison of the 1 Phase and 2 Phase Gas Sampling Probes at z = 20 cm on the Nominal  

Jet Centerline for Experiment 3. 

The sampling time was 60 s and the sampling frequency was 100 Hz. 

 

Table 5.2(a) compares the composition of the gas sampled by the two phase probe and the 

composition of the gas sampled by the one phase probe at z = 10 cm.  The agreement is 

excellent.  Table 5.2(b) makes the same comparison at z = 20 cm.  At z = 20 cm the results of the 

two types of gas sampling probe agree within the standard deviation of each average result, but 

the agreement is not identical as it is at z = 10 cm.  The cause of this difference is not known, but 

the entire design is worth studying further.   
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Figure 5.12 

The Effect of Introducing the Particles on the CO2 Concentration 

At the Nominal Centerline of the Jet  

 

When inert particles were introduced into the jet, the gas composition was sampled on the 

jet’s nominal centerline every 2 cm from z = 2 cm to z = 16 cm.  It was observed that the 

introduction of the inert particles into the central jet caused a decrease in the CO2 concentration 

from z = 4 cm to z = 12 cm.  The decrease was small, never more than 0.05% but it was observed 

consistently in each of the readings at each of these points.  While this change is less than the 

repeatability of the gas analyzer, 0.2%, its consistency over the sampling time and its 

repeatability experimentally meant that the change was not a result of variations due to the gas 
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composition analyzer.  Figure 5.12 shows the gas compositions at z = 2 cm and z = 4 cm.  The 

gas composition at z = 2 cm is not affected by the introduction of the particles.  However, the 

small decrease in the amount of CO2 at z = 4 cm beginning at t = 3 s and extending to t = 7 s 

before stabilizing at the lower value, is a result of the introduction of the inert particles into the 

central jet.   

Cross sectional traverses were made during two phase flow at z = 20 cm to determine how the 

introduction of particles altered the CO2 concentration in the jet away from its nominal 

centerline.  Figure 5.13 shows the result of a horizontal traverse, averaged from the nominal 

centerline to the edge of the jet.  At almost all radii, the concentration of CO2 is slightly greater 

for two phase flow than for one phase flow.  

 

Figure 5.13 

The CO2 Concentration vs Radius for Jet at z = 20 cm 

The + x traverse and the – x traverse were averaged. 
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The design of the two phase probe prevented it from being used to measure the time averaged 

dynamic pressure in two phase flow.      

5.3  Discussion 

Entrainment by free jets is the momentum exchange mechanism by which any free jet will 

draw fluid from its ambient environment.  On a time averaged basis, this fluid flows inwards 

towards the jet.  Wall et al. [12] have shown that entrainment of still, ambient, air by a coaxial jet 

is constant at any distance from the origin of the jet, and thus the total amount of air entrained in 

a coaxial jet is constant at any distance from the jet origin.             

Figures 5.3 and 5.4 show the flow of the air or CO2 jets with and without the coaxial air jet 

respectively.  Comparison of these images makes it clear that the air or CO2 jets are entrained 

into the coaxial air jet in the most upstream part of the near field.  Comparison with Figure 5.6 

shows that the entrainment is independent of the detail of the gun head design, as expected.  The 

general trends in the CO2 concentration are also as expected.  Figure 5.8 shows the average 

concentration of CO2 on the nominal centerline of the jet created by the new gun head initially 

increases but then decreases as the distance from the gun head increases due to the increasing 

entrainment of ambient air.  It also shows that the CO2 concentration is constant, or very close to 

it, at any point on this nominal centerline.  Figure 5.13 shows that the average amount of CO2 

decreases with increasing radius at z = 20 cm.  The same qualitative result is found at z = 10 cm.    

Further examination of Figure 5.4 and many similar images not included here, all made with a 

shutter speed many times the integral time scale of 2 mS for the coaxial air jet estimated by 

Payne et al. [2], makes it clear that the amount of CO2 entrained varies around the diameter of 

the coaxial jet, and it varies with distance along the jet axis, although most CO2 is entrained 

before the tip of the central nozzle. It is these variations that cause the variations in CO2 level in 
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the jet that have been measured at z = 10 cm, 20 cm and 30 cm off the jet axis and are shown in 

Figures 5.9 and 5.10 respectively. It is most important to note that the time scale of these 

variations, variations that were not eliminated by the averaging effects of the gas collection and 

analysis, is much greater than the time scale of the usual variations due to the Reynolds 

decomposition of turbulent flow into time averaged and time varying components.  The axial 

dynamic pressure, shown in Figure 5.11, was also measured at the locations where the greatest 

variation in CO2 concentration was found.  There was no way of determining how much of the 

variation was due to actual changes in axial velocity and how much was due to changes in gas 

composition.  In contrast to the CO2 concentration off the nominal centerline of the jet the CO2 

concentration at the centerline was constant or near to it.  This phenomenon was thought to be 

caused by combined entrainment and transport towards the center of the jet that was constant 

over the circumference of the coaxial jet at any distance from the gun head. 

Figures 5.5(a) and (b) and 5.7(a) and (b) make it clear the introduction of particles does not 

have a large effect on the entrainment of CO2.  Figure 5.13 shows a slight increase in the amount 

of CO2 present at most radii at 20 cm from the origin of the annular air jet, for two phase flow, 

compared to the same measurements for single phase flow.  The most likely explanation for this 

small increase is that the particles increase the amount of turbulence in the jet, which in turn 

causes a small increase in the entrainment of CO2.  The effect of the particles is thought to be 

minor because their origin is well removed from the outer circumference of the coaxial jet where 

entrainment takes place.  In contrast, the introduction of particles causes a small decrease in the 

amount of CO2 found on the nominal centerline of the jet.  This result is the opposite of what is 

found elsewhere in the jet.  This difference is not well understood and needs to be studied 

further.       
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5.4 Conclusions 

The amount of each air or CO2 jet entrained into the coaxial air jet at any particular location 

varies with time.  This variation causes the variation in CO2 concentration observed downstream 

at z = 10 cm, 20 cm and 30 cm on a time scale that far exceeds the time scale of the usual 

variations in scalar concentration at any point in a turbulent flow.  The constant or near constant 

amount of CO2 at any point on the nominal jet centerline is probably a result of entrainment and 

transport within the jet at any distance from the origin of the annular air jet that are constant on a 

time averaged basis around the circumference of the jet.  The introduction of the second phase 

into the coaxial jet has little effect on the CO2 concentrations because the origin of the particles 

is well removed from the cylindrical boundary of the jet where entrainment takes place. It is 

thought that if the CO2 jet were an annulus, producing a uniform cylinder of CO2 around the air 

coaxial jet, the entrainment of the CO2 would be more uniform, resulting in a more uniform 

concentration of CO2 over time at any point in the jet.   
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Chapter 6 

Results and Future Work 

 

6.1 Results 

 

The results reported in this thesis fall into two broad categories, numerical results and 

experimental results.  The first paper describes in depth the results of simulation of the air only 

coaxial jets by the RANS turbulence models available in Fluent.  The results of experimental 

work were included in this paper to allow reliable comparisons with the numerical results.  A 

grid sensitivity study was undertaken as part of this work.  It was found that the finest mesh with 

10.6 times the number of cells as the coarsest mesh provided substantially the same results.  At 

10 cm from the cap face comparison of the axial velocities of the flow field with experimental 

results showed that the k-ε realizable model gave agreement with experiment to less than 10% of 

experimental values.  However, at 20 cm from the cap face the axial velocities calculated by the 

k-ε model did not agree with experimental values to within 10% of experiment.  All of the 

RANS models were found to predict, to varying degrees, a recirculation zone just downstream of 

the central nozzle that experimental work showed did not exist.    

 

The second paper describes in depth the results of an experimental study of the isothermal, 

inert two phase coaxial air/particle jet using a sheet of laser light placed along the centerline of 

the jet or at a right angle to it and a high speed digital camera.  This experimental work showed 

there was a wide variation in the axial and radial velocities of the particles.  This variation was 

due to the wide variation in particle size and shape.  The cross sectional images showed that in 

spite of this wide velocity variation, the particle radial distribution was always roughly Gaussian.  



 

162 

 

One numerical simulation of the two phase flow was run.  The agreement between the 

experimental and numerical axial and radial velocities varied over the radius of the particle 

stream from less than 10% to much more than 10%.  This wide variation between experiment 

and numerical simulation was at least partly the result of the wide variation of the radius of the 

particle stream.  At z = 10 cm, the numerical particle stream radius was about 30% of the 

experimental value.  At z = 20 cm, the numerical particle stream radius was about 70% of the 

experimental value.       

The unsatisfactory agreement between the results of the RANS turbulence models and 

experiment in the case of the air only jets resulted in the use of the LES turbulence model to 

determine if it would provide results that agreed better with experiment.  The results of this work 

were reported in the third paper.  Only domains with a circular cross section were used with the 

LES model.  The LES model results were an improvement over all RANS model results because 

the LES model results did not predict any recirculation zone, in agreement with experimental 

results.  However, the axial velocities calculated by the LES model agreed only qualitatively 

with the experimental results at 10 cm from the cap face.  At this axial distance, the RANS 

models provided better agreement with experiment than did the LES model.  The computational 

cost of the LES model, because it was time dependent, was far greater than that of the RANS 

models and it was questionable whether the additional computational cost of the LES model 

provided a substantial enough improvement in the quality of the simulation results to justify the 

additional computational cost. 

The fourth paper reports on the results of substituting air or CO2 for propane to approximate 

the experimental simulation of the mixing of the propane jets and the coaxial air jet in 

commercial use from the gun head to near to the flame front.  Seeding the air or CO2 jets created 



 

163 

 

by the propane nozzles in place of the propane jets showed that each air or CO2 jet, while 

entraining ambient air itself, was in turn entrained by the coaxial air jet just downstream of the 

cap face.  It was also found that the CO2 concentrations at any point on the jet centerline were 

steady or almost so.  In contrast, the concentrations away from the centerline varied dramatically, 

a result of the irregular entrainment and mixing of the CO2 and coaxial air.  Introducing particles 

into the central air jet had little effect on the entrainment and mixing of the CO2 because the 

particles were concentrated at the center of the jet, not at its outer radius where entrainment 

occurred.       

6.2 Future Work 

The most fundamental work that should be undertaken in the future is a thorough study of the 

coaxial air jet flow field.  Its static pressure should be mapped, especially in the near field where 

the central and annular air jets mix.  Laser Doppler anemometry (LDA) should also be used to 

measure the radial and axial jet velocities so that the axial velocities can be compared with those 

already measured by Pitot tube.  Once the validity of the LDA has been established, it should be 

used next for measurement of the air and particle velocities in the isothermal, inert air/particle 

jet.  The particle velocities can then be compared to those found from the digital images and 

knowledge of the air velocity would allow for a much better understanding of momentum 

exchange between the two phases.   

A complete understanding of the isothermal jet would require the use of LDA to measure the 

velocity of the air/CO2 jet with and without particles, in addition to the work already completed 

and proposed above.  Once the isothermal jet is fully characterized, then the work on the 

air/propane flame could begin.  The first studies must examine the single phase flame because it 

is simpler than the two phase flame.  Once again, LDA would be used to measure the velocities 
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in the jet.  It would also be important to measure the temperature and the chemical composition.  

Once this work had been completed, it would need to be repeated with particles in the flame, two 

phase flow.  Then the effect of the particles on mixing and combustion in the air/propane flame 

could be determined.           

The disagreement between the numerical results for both the RANS and LES turbulence 

models and the experimental results of the air only coaxial jet by more than 10% prevented any 

further development of the numerical simulations to more complicated models such as two phase 

flow or single phase flow with combustion.  The first of the two most important findings from 

this work that applies to the process with flame is the linear nature of the particle paths which 

will not change in flame due to the high Stokes number of almost all of the particles.  The second 

of the two important findings is the irregular entrainment of the CO2 by the coaxial air jet that 

will also be experienced by the propane.   
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Appendix to Chapter 2 (First Paper) 

RANS models equations as used by Fluent 6.3.26. 
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Realizable k- model 

k equation Same as (1) 
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Turbulent viscosity Same as (3) 
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Shear-Stress Transport k- model 
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Shear-Stress Transport k- model 
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Model 

constants 

,1 ω,1 ,2 ω,2

1 1 2

σ   1.176,  σ   2.0,  σ   1.0,  σ   1.168

             α   0.31,  β  0.075,  β   0.0828

k k   

  
 

(other constants the same as the standard k- model) 

(26) 

Notes: 1.The variant used in present study is for a high Re. Hence the parameters C, k and  are constants. 

2. All models were implemented using the high Reynolds number approximation. Hence, the low Re 

modifications are omitted from the equations above. 
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Appendices to Third Chapter (Second Paper) 

Outline of Matlab Programs 

A.2.1. Noise Removal for Images and Image Summation 

Read in scale image 

If a scale image from a longitudinal section, use scale image to crop the image upstream and  downstream 

so only the 50 mm length is processed 

For each digital image of each set of 712 images 

  Read in image  

  Crop above and below image 

  While noise is present 

  Enter the minimum brightness allowed 

  Set all pixels below minimum to 0 

  Examine image for remaining noise  

  When noise is removed write image to file as a 16 bit tiff type.  

If desired, add the image to a cumulative image to create a composite image  

A.2.2. Particle Velocity Determination Using Longitudinal Images 

Read in scale image 

Use scale image and shutter speed to calculate a factor to convert lengths in pixels to axial and  

radial velocities 

   For each filtered cropped digital image of each set of 712 images 

   Read in filtered cropped image 

   For each streak 

   Find the beginning and end of each streak 
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   Calculate the axial and radial length of each streak 

   Convert axial and radial lengths to axial and radial velocities 

   Find midpoint of streak 

   Store velocities in two matrices, one for axial velocities and one for radial velocities using the midpoint 

of the streak 

   Add the results of each image analyzed to a cumulative average 

For each pixel save the average particle velocity, the variance and the particle count.  

Write the data found to files 

A.2.3. Graphing Particle Velocities Found from Longitudinal Images 

Read in scale image 

Use scale image to calculate a factor to convert lengths to pixels 

Read in axial and radial velocity files found by velocity determining programs 

     Find the centerline of the particle stream 

     Enter in distance downstream from cap face at which to find the particle velocities, 

the distance on either side of this point to define the upstream and downstream points over which the 

particle velocities will be included, and the radial increment on either side of the center of the particle 

stream over which the particle velocities will be averaged 

Calculate the average axial velocity, particle count, and variance within each radial step and the  

axial limits 

Plot these velocities with error bars found from the standard deviation of each velocity normalized by the 

particle count. 

Repeat this process for the radial velocities 

A.2.4. Parallax Removal from Cross Sectional Images 

Read in image of a square photographed at the desired angle and distance 
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Choose corners of the square 

Develop the transformations that move the information on each pixel to adjacent pixels to  

eliminate parallax 

For each cross sectional image 

  Read in the image 

  Apply the transformations already found 

  Save the image 

A.2.5. Radial Distribution of Particles 

Read in filtered, parallax corrected square image for scale 

For each image  

  Find the locations of the images of the particles 

  If there is a cluster of adjacent pixels, find its center 

  Store the location of each particle image using the center of the pixels as the particle center 

When all images have been analyzed, use the locations of the pixels to find the center of  

the distribution 

Calculate the radius from the center of the distribution to each particle 

Group the radii into 1 mm increments starting from 0 

Divide by the exposure time multiplied by 712 and the area over which the particle count is made to 

obtain the particle density flow rate. 

Plot the resulting histogram and store the data in a text file. 

A.2.6. Creation of Continous Probability Distribution Functions 

Read in scale image 

  Enter the physical locations in the particle stream at which the particle pdf is sought 
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  Use the scale image to convert these locations to pixel rows or columns, depending on the  

image orientation 

  For each image 

  Read in filtered image 

  Find the pixels of maximum intensity in the chosen rows or columns 

  Store the locations of these pixels cumulatively regardless of their intensity 

Apply the kernel density estimation method of Botev to the locations of the pixels to find the 

continuous pdf’s  

Plot and save the results  
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Appendix to Fourth Chapter (Third Paper) 

Graphs Showing the Effect of Varying the  

Number of Time Steps Per Iteration on Instantaneous Velocities 

 

 
Figure A3.1 

Experiment 2: Simulation of Axial Velocity on the Jet Centerline 

10 cm from Annular Jet Origin Using the Coarse Mesh 

and 5, 10, and 20 Iterations per Time Step  

 

Dependence on the number of iterations per time step begins to appear at about 2400 time steps, when the 

line plotting the axial velocity calculated using 5 iterations per time step diverges from the lines plotting 

the axial velocity calculated using 10 and 20 iterations per time step.  At about 2800 time steps the lines 

plotting axial velocity calculated using 10 and 20 iterations per time step also diverge.   
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Figure A3.2 

Experiment 2: Simulation of Axial Velocity on the Jet Centerline 

10 cm from Annular Jet Origin Using the Medium Mesh 

and 5, 10, and 20 Iterations per Time Step  

 

The axial velocity calculated by the simulation using 20 iterations per time step diverges from the 

simulations using 5 and 10 iterations per time step right from the start, probably because it used SIMPLE 

for pressure velocity coupling while the other two simulations used SIMPLEC.  The simulations using 5 

and 10 iterations per time step calculated diverging values for the axial velocity beginning at about 2700 

time steps.   
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Figure A3.3 

Experiment 2: Simulation of Axial Velocity on the Jet Centerline 

10 cm from Annular Jet Origin Using the Fine Mesh  

and 10 and 20 Iterations per Time Step  

 

The simulations using 10 and 20 iterations per time step began to diverge about 1,000 time steps into the 

simulation, reconverged at about 1300 time steps for 100 time steps, and then diverged again 

permanently.  The cause of this divergence, convergence, and then divergence is not known, but the entire 

topic of the dependence of the results on the number of iterations per time step deserves more 

investigation.   

 


