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Abstract 
 
A turbulent diffusion flame that is typically used in a thermal spray coating system was 

analyzed in this study, as part of a diagnostic and development program undertaken by a 

research group at Queen’s University. Contributions made by this researcher were to 

numerically and experimentally investigate velocity and turbulent fields of the gaseous phase 

of the jet. Numerical and experimental analyses have been further developed upon previous 

research, with improved numerical methods and advanced experimental instrumentation. 

 

Numerous numerical simulations were performed in both two dimensional axisymmetric 

and three dimensional wedge geometries, while testing the dependence of the final solution 

on various physical models. Numerical analyses revealed the requirement for simulating this 

problem in three dimensions and improved turbulence modeling to account for relatively 

high levels of anisotropy.  

 

Velocity and turbulent measurements of non-reacting and combusting jets were made with a 

laser Doppler anemometer to validate numerical models. Excellent agreement was found 

between predicted and measured velocity and turbulent quantities for cold flow cases. 

However, numerical predictions did not agree quite as well with experiments of the flame 

due to limitations in modeling techniques and flow tracking abilities of tracer particles used 

in experimentation.  
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Chapter 1 

Introduction 

Thermal spray coating has become a common industrial process for improved wear and 

corrosion resistance for metallic surfaces.  It has become an attractive technique for its 

ability to be quickly and easily applied to a surface, while providing excellent performance 

characteristics.  Powder is typically introduced to a flame where it gains heat from 

surrounding combusting gases, and melts while in-flight before being deposited onto a 

coated surface.  

 

Many different types of thermal spray systems utilize a variety of fuels and oxidants to heat 

various coating materials.  Metals and ceramics have been used in thermal spray applications 

for some time now, while the use of polymers has been gradually increasing over the past 

decade.  The popularity of polymers being used in thermal spray applications is due to its 

distinct material properties, and associated economic and environmental benefits.  

 

Much work has been done by researchers to investigate the behavior of in-flight particles to 

improve the final coating of the material being sprayed.  Characteristics of the final coating 

are eminently dependent upon the condition of individual particles as they are transported 

1 



Chapter 1. Introduction 

through the flame.  Temperature and velocity of sprayed material are the two most 

important parameters to evaluate in the investigation of thermal spraying.  

 

It is particularly desirable to be able to measure – or perhaps even predict – the velocity and 

temperature of in-flight particles.  The temperature of a sprayed polymer is of even greater 

interest, as they tend to have much lower melting and decomposition temperatures than their 

ceramic counterparts.  It is advantageous to be able to heat particles enough to melt, but to 

avoid reaching temperatures where the particle may burn.  The increased sensitivity to 

temperature in polymers suggests that more careful attention is required for process control.  

 

A propane/air diffusion flame was analyzed in this research project that is used to heat a 

variety of polymer powders, such as medium density polyethylene (MDPE), ethyl vinyl 

acetate (EVA) and thermoset epoxy (TSE).  The specific application of this thermal spray 

system is to coat various metallic structures, such as natural gas and oil pipelines for 

improved corrosion protection.  Therma Vault Systems Inc., the developer of this system, 

has generously sponsored a diagnostic and development program that has been under 

research for several years now at the Centre for Advanced Gas Combustion Technology 

(CAGCT) at Queen’s University.  

 

The motivation of this diagnostic and development program is to gain a greater 

understanding of the dynamics of the combusting jet and the behavior of sprayed polymer 

particles with respect to various parameters of the system.  The ultimate goal of the project is 

to optimize flow conditions and the apparatus to maximize coating quality.  
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Contributions have been made by several researchers at this facility towards different aspects 

of the development of improved thermal spray coating.  Early research attempted to study 

the flow features of the combusting jet with the use of Pitot tubes, temperature 

measurements of the fluid were made with thermocouples and a numerical investigation of 

two phase flow was made [40].  An attempt was made to measure in-flight particle 

temperatures with the use of two-colour-pyrometry [31].  Continuing research is being done 

to gain insight to species concentrations of the flame and improvements to numerical 

techniques.  

 

The objective of this thesis is to strictly analyze single phase flow, without any consideration 

to thermally sprayed polymer particles.  Ensuing discussions will mention other “tracer” 

particles that are not to be confused with polymer powder, and were not introduced with the 

intention of spray coating applications.  These tracer particles were introduced with the sole 

purpose of tracking fluid movement for velocity measurements to be made with a non-

intrusive optical instrument.  

 

Objectives of this research were to investigate the fluid dynamic structure of the turbulent 

diffusion flame with the utilization of advanced optical velocity measurement techniques.  

Further developments of numerical methods for this particular problem were to be 

compared with experimentally measured quantities of the flow field.  Improvements in the 

quality of velocity and turbulence data of the flame contribute to the overall goal of the 

research project to develop an improved thermal spray system.  Figure 1.1 illustrates the 

geometry of the spray gun studied in this report, with fluid nozzles indicated.  
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The physical geometry of the problem being considered is shown below: 

 

73 mm 
 

24 x Propane Nozzles 
(0.6 mm diameter) 

Annular Air 
(0.25 mm annulus gap) 

1 x Powder Air Nozzle 
(12.5 mm diameter) 
 

Figure 1.1: Photograph of the physical gun face 

 

1.1  Literature Review 

1.1.1 Numerical Modeling 

Many numerical simulations of jets discussed in this section debated whether improved 

techniques were required in modeling turbulence.  Every CFD analysis discussed in this 

section utilized the k-ε and/or RSM turbulence models.  Even though the RSM is superior in 

modeling turbulence in comparison to the k-ε model, the necessity of implementing it with 

respect to the drastic increase in computational requirements is often debated.  In spite of 

evidence of some authors obtaining reasonable results with the k-ε model, it does have a 

history of poorly estimating levels of turbulent kinetic energy and the spreading of round jets 

[11, 19, 55].  It is valuable for the researcher to examine the abilities – and inabilities – of the 

k-ε model in modeling turbulence.  

 

All numerical and experimental investigations made during this research project were done 

for single phase flow of the jet without polymer particles.  The problem effectively reduces 
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to a turbulent diffusion flame, rather than a thermal spray coating problem.  Numerous 

numerical studies have been made on diffusion flames, with particular attention given to the 

manner in which turbulent and chemical interactions are treated. 

 

Preliminary CFD analyses of this exact spray coating system were made by Matovic in [40], 

who simulated the injection of polymer particles in a propane/air flame.  A two dimensional 

axisymmetric domain used the k-ε turbulence model with combustion being treated with the 

eddy-diffusivity model.  Large discrepancies were found in temperature and velocity fields 

between numerical and experimental results.  Therefore, improvements in both numerical 

methods and experimental approaches were needed, which led to the work described in this 

thesis and by others in the research group.  

 

A low speed diffusion flame, which was assumed to be laminar, was numerically and 

experimentally investigated by Davis et. al.  This assumption was valid for this particular 

problem due to the low speeds involved and had modest experimental agreement [17].  

Other investigators have found that the k-ε model was sufficient in predicting turbulent 

quantities of other diffusion flames [3, 5, 12, 23]. 

 

It appears that no one turbulence model is the most appropriate for all cases of turbulent 

non-reacting and combusting jets.  Many investigators have found that the k-ε model does 

an adequate job of predicting turbulent quantities [5, 12, 23], while others have found 

appreciable levels of turbulent anisotropy suggesting that improved modeling techniques are 

required [11, 18]. 
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Researchers of a particular turbulent combusting system must decide whether a simple two 

equation turbulence model is sufficient in predicting turbulence or if more sophisticated 

models need to be implemented.  Turbulent fields should therefore be compared with 

different models to verify whether advanced modeling techniques are necessary.  Numerical 

analyses from Cabra et. al. evaluated results of a lifted H2/N2 flame for k-ε and Reynolds 

Stress Model (RSM) turbulence models and for Probability Density Function (PDF) and 

Eddy Dissipative Concept (EDC) combustion models.  The fluid structure proved to be 

quite anisotropic and the k-ε model demonstrated poor estimations of turbulent kinetic 

energy.  Predictions made with the RSM model were in good agreement with experimentally 

measured values.  Turbulent diffusivity is over-estimated by k-ε simulations, which has a 

history of over-predicting the spreading of round jets, as evidenced by Cabra et. al.  The 

overall shape of the flame is found experimentally to be much narrower than what the k-ε 

model predicted, but is very similar to what was computed by the RSM [11]. 

 

By solving for individual Reynolds stresses using the RSM, Dianut et. al. have improved 

predictions of turbulence of axisymmetric turbulent jets.  An impinging air jet was studied in 

their work, which differs in some respects to turbulent diffusion flames already mentioned, 

but shares the inherent difficulty of anisotropy with other highly turbulent jets.  Through the 

comparison of numerical and experimental results, they found that velocity components 

have been in fact very well predicted and that normalized shear stresses had much greater 

disagreement between CFD and experiments [19].  Turbulence was predicted with much 

poorer precision in regions in close proximity of the jet exit than in regions further 

downstream.  The authors briefly mention earlier turbulence research that has applied the 

standard k-ε model, where levels of turbulent kinetic energy were excessively exaggerated.  
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Even though great gains have been achieved in predicting turbulent kinetic energy, Diamut 

et. al. recommended further improvements upon the closure of the Reynolds stresses in the 

governing equations.  

 

Cabra et. al. also compared predictions made with PDF and EDC combustion models.  All 

numerical investigations made by these researchers used the general purpose CFD code 

Spider [11].  Very realistic predictions of many scalars were made when combustion was 

treated with the EDC model and turbulence was computed using the RSM.  

 

Chen et. al. numerically analyzed several turbulent diffusion flames using methane and 

propane as fuels.  CFD simulations were performed using Fluent with flamelet combustion 

models and numerical data were validated with experimental results.  Excellent agreement 

was found between numerical and experimental data sets.  A variety of fuel exit velocities 

were tested for both methane and propane flames, for several nozzle diameters.  They 

suggested that the approach that flamelet modeling takes is effective in combining 

turbulence and non-equilibrium chemistry, by decoupling turbulent and chemical 

calculations [12]. 

 

A multi-jet burner was analyzed numerically by Fleck et. al. using a three dimensional wedge 

geometry in Fluent.  Turbulence was calculated using the k-ε model while combustion was 

treated with a two step finite rate/eddy dissipation model.  The authors stated that the 

treatment of chemical reactions using this technique was adequately executed for their 

problem [23].  Further numerical analysis of this exact problem was studied by Cheng Wu Li 

who implementing the same turbulence/chemistry interaction with good success with 
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respect to this chemistry model [13].  However, this was a specific regime of flameless 

combustion. 

 

Many authors have also chosen to use different methods to handle chemical reactions of a 

combusting jet.  Several popular models are capable of handling non-premixed combustion 

problems with varying degrees of accuracy, and differ in the approach that chemistry is 

treated [25].  The majority of authors discussed in this section have found success when 

implementing both PDF and EDC methods.  However, it appears that greater success is 

achieved with the EDC species model over others.  

 

1.1.2 Experimental Measurements of Turbulent Diffusion Flames 

Early experimental investigations in this particular project measured fluid velocity with the 

use of pitot tubes.  Although this instrument is effective at measuring fluid velocity for many 

cases, it was found to be inaccurate for measuring the velocity of a combusting jet [40].  The 

principle of pitot measurements relies on the relationship between fluid velocity and total 

pressure, as given by Bernoulli’s equation.  The main difficulty in making measurements with 

a Pitot tube is that a realistic knowledge of fluid density is required, which relies on the fluid 

composition and temperature.  Probe alignment and turbulence are other issues that also 

limit the use of pitot measurements, making it an inadequate instrument for such 

applications.  

 

An advanced non-obtrusive optical measurement technique was used to measure fluid 

velocity utilizing the laser Doppler technique.  This instrument and other optical devices 

have gained great popularity among fluid dynamicists for evaluating combustion problems.  
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The introduction of the Laser Doppler Anemometer (LDA) by Yeh and Cummings in 1964 

gave researchers the opportunity to investigate complex turbulent flows with superior 

temporal and spatial resolution that traditional instruments were incapable of achieving [59].  

Tropea suggested that the “laser Doppler anemometer (LDA) has been perhaps the single 

most important instrumental technique” in fluid dynamic research and has given further 

inspiration to other non-intrusive optical instruments [53].  

 

The high spatial and temporal resolution capabilities of the LDA have allowed Chigier to 

evaluate a range of turbulent quantities in combustion systems.  Chigier initially reported that 

his early attempts to measure velocities of combustion systems using water-cooled pitot 

tubes and hot wire anemometers proved unsuccessful.  Great difficulty was found in actually 

having hot wires that can withstand high temperatures found in combusting jets.  An 

additional difficulty is differentiating influences on velocity measurements from changes in 

temperature on the wire as a result of a passing fluid and temperature gradients of the jet.  

Laser Doppler velocimetry has allowed Chigier to make much more accurate and 

comprehensive velocity and turbulent measurements of flames that were previously limited 

by the physical abilities of the instrument used [14].  

 

Chigier compares velocity and turbulent quantities of a non-reacting and reacting jet with 

identical inputs.  Magnitudes of axial and radial velocity components are obviously higher for 

the flame, due to thermal expansion of combusting gases.  The decay of axial velocity 

downstream along the axis is much quicker for the non-reacting jet than for the flame.  

Radial profiles of axial velocities for both cold and hot flows show that for the same axial 

position in the near region, the flame reaches much higher magnitudes but also has a thinner 
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jet width.  As the jet progresses downstream, there is no appreciable difference between 

velocity profiles for hot and cold flows [14]. 

 

Turbulent kinetic energy ( k ) distributions measured by Chigier were found to be quite 

different for the non-reacting and combusting jets.  The value of reached a maximum 

along the centerline much sooner for the cold jet than for the flame, and also reached a 

much higher value.  Chigier suspected that the suppression of turbulence in the near region 

of the flame was partly due to the increase in kinematic viscosity with higher temperatures 

and partly due to velocity gradients due to accelerating fluids [14]. Similar experimental 

observations of turbulence suppression by the flame in the near region were made by Wu et. 

al. [61]. 

k

 

Values of changed less rapidly in the flame after it peaked in comparison to the cold jet.  

Radial profiles of in the near region showed that turbulent kinetic energy levels are almost 

laminar at the core of the flame.  The cold jet, on the other hand, was found to be quite 

turbulent at this axial position and reached a maximum value of k at the core [14].  

k

k

 

Turbulent anisotropy was found to be significant in the near region of the cold jet, but was 

found to be more or less isotropic downstream, while the flame was found to be anisotropic 

in most regions.  Shear stress distributions in the near region were found to be very similar in 

both shape and magnitude.  For both cases, the turbulent shear intensity was close to zero at 

the core and maximum values correspond to maximum radial gradients of the mean velocity 

[14]. 
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Greater fluctuations are often found in higher velocity regions of a flame due to fluid 

acceleration caused by thermal expansion and as a result generates turbulence.  Turbulent 

kinetic energy is generated in uniform-density flows (such as an isothermal air jet) with the 

generation of turbulent shear stresses in the regions with high velocity gradients.  Shear 

stresses are greatly enhanced by the release of heat due to combustion.  Individual Reynolds 

stresses are increased by higher turbulent fluctuations, greatly increasing turbulent kinetic 

energy by the mean shear [14]. 

 

Early experimental work on jet diffusion flames using optical techniques were done by 

Ballantyne and Bray in the early seventies.  The potential of using this technique in 

combustion problems was recognized in the developing stages of laser Doppler 

anemometry.  With this observation came the realization that the potential of achieving such 

highly accurate velocity measurements were restricted by the manner in which the technique 

was implemented.  Ballantyne and Bray acknowledged that many problems exist in acquiring 

high quality time resolved velocity data, such as velocity gradient, fringe and tracer biases [4]. 

 

Tracers must also be small enough to follow fluid velocity fluctuations.  Characteristic times 

are dependent upon viscous forces acting on the suspended body by the surrounding fluid 

and the inertial forces that the particle carries.  Clearly, tracers that have excellent response 

qualities are desired, which rely on the density of tracer material and the square of the 

particle size.  At the same time it is beneficial to have good scattering properties to improve 

signal quality.  In any case, the desire to have excellent flow tracking necessitates smaller 

bodies, whereas improved optical signals generally requires larger bodies.  A compromise 

must therefore be made between the two for optical LDA measurements to be made [2]. 
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The requirements of tracer characteristics to adequately seed a dynamic fluid are evidently 

determined by a particular flow regime.  Larger particles may satisfactorily track fluid 

movement that have a high viscosity and that is not very turbulent, but may not be suitable 

in seeding more turbulent fluids that have very low levels of viscosity.  Methods of 

estimating the ability of a tracer to track fluid movement with a specific slip component and 

critical turbulent frequency are independently offered by Melling [44] and Albrecht et. al. [2]. 

 

Both authors have also summarized the flow tracking ability of several common tracer 

materials in different continuums with respect to the critical turbulent frequency and particle 

size.  For the most part, less turbulent flows ( 1cf ≈ kHz) require particles to be less than the 

order of ~2-3 µm while more turbulent flows ( 10cf ≈ kHz) require particles to be no greater  

than 0.5-1.0 µm in size [43].  Many authors have strongly suggested that submicron particles 

be used to seed most flows, particularly for combusting cases [3, 18, 38, 43, 44, 45]. 

 

Silicon oil droplets ranging in size from 0.2 – 1.0 µm were used to seed the jet diffusion 

flame studied by Balantyne et. al. [4]. They suggested that in order to properly investigate all 

scales of turbulence, the finite resolution of the largest dimension of the measurement 

volume should be smaller than the smallest scale of turbulence.  This dimension was 

approximately three times the Kolmogorov scale for their particular case [4].  Spatial 

resolution of the measurement volume is determined by the set up of transmitting and 

receiving optics.  Estimating the smallest scale of turbulence is another issue, but 

measurement volumes are typically of the order of 100-200 µm and 1-2 mm in the minor 

and major dimensions respectively [4, 38]. 
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Particle light scattering characteristics are also of interest to experimentalists.  The optical 

signals received by detectors of the LDA system are influenced by incident laser power, 

collecting aperture, optical detectors and associated electronics, and of course properties of 

the scattering body [2, 45].  Assuming that the optical system has been optimized, the quality 

of any signal relies on scattering bodies passing through the measurement volume. 

 

The signal quality and signal-to-noise ratio are highly influenced by the optical intensity of 

light received by the photodetector.  The total amount of light and relative amount of it that 

is scattered across a particle body is determined by its shape and size.  Melling has shown 

that the relative amount of scattered light increases exponentially with respect to size from 

0.1 ≤ dp/λ ≤ 2 [44].  The distribution of light scattered across a tracer is more uniform for a 

small body (dp/λ ≈ 0.2) and the number of scattering lobes increases linearly with respect to 

particle size [2].  Therefore, larger bodies would scatter a greater total amount of light while 

more uniform scattering characteristics necessitate smaller ones. 

 

Although the appearance of lobes with larger particles varies the distribution of scattered 

light, there is a general trend found where the greatest amount of light is scattered forwards 

and then backwards [2].  Placing receiving optics in either forward or backward on-axis 

configurations therefore eliminate the issue of scattering distributions and larger particles are 

desired for improved signal qualities.  

 

For most LDA or other optical velocity experiments, it is desirable to have tracers that are 

non-toxic, non-corrosive, non-abrasive, non-volatile and chemically inert [44].  Furthermore, 

the specific material that is chosen must be well suited for the specific application [44].  
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Many other sources of errors and uncertainties are inherent in LDA practices and must be 

recognized to maximize the quality of experimental results.  Martin et. al. offer an 

uncertainty analysis that is applicable to most LDA applications [38].  Congruous sources of 

uncertainties are determined by the optical components arrangement, data acquisition and 

data processing.  Such uncertainties can be categorized into two groups: an uncertainty of 

the actual quantity being measured and then the spatial location of where it is being 

measured.  Clearly, the latter is determined by specific alignment techniques of the 

measurement volume with respect to the apparatus being studied.  

 

Martin et. al. have proposed methods to minimize and quantify such uncertainties.  Many 

biases exist that may affect final results, such as electronic frequency, fringe, velocity, velocity 

gradient and filter window biases.  They have also suggested that with appropriate 

application of LDA systems, many of these biases may become insignificant.  However, they 

may also become critical to the quality of measurements made if not given their due 

attention.  Specific forms of biases and errors are discussed in greater detail in the following 

chapter [38].  

 

It is evident that many researchers have been successful in their independent investigations 

of turbulent jets, for both numerical and experimental analyses.  Many of these authors have 

taken different approaches to tackle issues specific to their problems.  In many cases, the 

approach that is taken is specific to the problem being studied.  
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1.2 Experimental Background 

The purpose of the experimental investigation of this project was to gather high quality 

velocity and turbulent measurements of the cold and hot flow of a coating apparatus.  A two 

component laser Doppler anemometer (LDA) was used to measure velocity and turbulent 

fields in certain areas of both the non-reacting and reacting jets.  The LDA is a non-intrusive 

velocity measuring technique that has been well established within the experimental fluid 

dynamic community.  Instantaneous single-point velocity measurements can be made with a 

high degree of accuracy with high spatial and temporal resolution when implementing this 

technique.  Optical velocimeters have gained popularity among experimentalists for having 

the ability to make velocity measurements irrespective of fluid properties, such as 

temperature and species concentration, and do not intrude on flow conditions.  These 

qualities are particularly attractive to combustion problems with high temperature and 

species gradients.  Fundamental theories of laser Doppler anemometry and sources of 

uncertainty and error will be discussed in this chapter. 

 
 
1.2.1  Historical Development of the Laser Doppler Anemometer  

In the nineteenth century, Johann Christian Doppler discovered what is now known as the 

“Doppler Effect”, which describes the relationship between an observed change in 

frequency between the source and an observer, when one moves relative to the other.  It is 

often observed in acoustics, such as the perceived change in pitch of a moving vehicle by a 

stationary observer.  

 

Einstein demonstrated in 1905 that the Doppler effect can occur with optical waves in his 

Special Theory of Relativity.  In 1964, Yeh and Cummins were the first scientists to measure the 
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velocity of a fluid by using this technique [59].  Yeh and Cummins used a laser to utilize its 

high light intensity in narrow wave bands in the visible field.  In their initial experiments, Yeh 

and Cummins used a Helium-Neon laser that emitted red light at a wavelength of λ = 632.8 

nm.  In addition, water flowed through a tube with polystyrene spheres, approximately 0.5 

µm in diameter, which were added because insufficient light is scattered by water in the tube.  

This technique is known as “seeding”, and will be discussed in more detail later in this 

chapter.  Their initial experimental apparatus is shown below [59]: 

 

 

Photomultiplier 

Modulator 

Laser

 

 

 

 

 

 

 

Figure 1.2: Apparatus used in the very first LDA measurements by Yeh and Cummins [59] 

 

The laser beam was steered with mirrors and split by a semi-transparent mirror where half of 

the light is directed to the area being measured and the other half is sent to a modulator.  

Optical light frequency is shifted by the modulator to allow for directional measurements to 

be made.  Both signals are received by a photomultiplier and then processed.  This 

experiment was used to measure laminar water flow and agreed nicely with theoretical 

calculations.  Yeh and Cummins recognized the potential for an non-intrusive velocity 
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measuring technique for researchers in the area of fluid mechanics and other LDA 

techniques have subsequently been adopted based on their work. 

 

Doppler frequencies for typical flow systems are of the order of ~ 1-100 MHz, while the 

frequency of incident light is ~ 500 THz.  In comparison, the measured frequency is of 

several orders of magnitude smaller and is thus impossible to resolve directly with any degree 

of accuracy.  Consider the manner in which a common radio receives and processes signals. 

A process known as the super-heterodyne technique is used to receive a radio signal that is 

mixed with a slightly different signal generated by a local oscillator.  The two mixed signals 

are sent to a diode that produces one signal that combines and squares the two signals.  

 

The radio signal can be expressed as [59]: 

( )1 cosi t A t1ω=         (1.1) 

And the local operator as: 

( )2 cosi t B t2ω=         (1.2) 

The output of the diode becomes: 

( ) ( )
( ) ( ) ( ) (
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2 2 2 2
1 1 2
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⎡ ⎤= +⎣ ⎦
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( ) ( ) ( ) ( )2 2 2 2
1 1 2 1 2( ) cos cos cos cosi t A t AB t t B t2ω ω ω ω ω ω⎡ ⎤= + + + − +⎣ ⎦  (1.3) 

A filter is applied to the signal that does not allow any frequencies above ω1- ω2: 

( )2
1 2( ) 0.5 cos 0.5i t A AB t Bω ω⎡ ⎤= + − +⎣ ⎦

2      (1.4) 

This is composed of a direct current (0.5A2 and 0.5B2) and alternating current (ABcos(ω1- 

ω2)t) components.  This technique can be applied to light signals where the light scattered 
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from a moving body is mixed with a local operator, such as the original laser output.  The 

output of a photodetector will be similar to (2.4).  This principle is applied in the so-called 

reference beam system, common in early LDA designs.  An alternative is a dual beam system 

which emits two beams intersecting at the measurement volume.  The dual-beam and 

reference-beam systems will be discussed in the following sections. 

 

1.2.2 Particle Scattering Theory  

1.2.2.1 The Fringe Model 

The most popular technique implemented in laser Doppler anemometry employs two 

intersecting beams in the dual beam configuration.  Its operation can be described using the 

fringe model.  The interference of intersecting laser beams crossing in the measurement 

volume creates a fringe pattern, shown below: 

 

 

 

 

 

 

Figure 1.3: Two intersecting laser beams create fringe patterns [16] 
 

A scattering body traveling through the measurement volume scatters light as it passes 

through the fringes and is collected by receiving optics.  Collected light will oscillate with a 

frequency proportional to the velocity component perpendicular to the fringes as the 

scattering body passes through the fringe pattern. 
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Scattered light is received by a single detector, as shown below: 

 

Scattered Light 

Incident Beams Scattering Tracer

 

Optical 
Detector 

 

 
Figure 1.4: Configuration of dual beam scatter arrangement 

 

The second configuration positions the detector in the path of one of the beams, as shown 

below: 

 

Incident Beams 

Optical 
Detector 

Scattering Tracer 

 

 

Scattered Light  

Figure 1.5: Configuration of reference beam scatter arrangement 
 

Both configurations have unique advantages and disadvantages.  The reference beam 

arrangement is seldom used, but is favorable for conditions that involve highly absorbing 

participating media.  The dual beam configuration is used more commonly and has the 

advantage that its position is independent of the difference frequency (fd).  The optical 

arrangement used in this investigation made use of the dual beam configuration. 

 

If  is the half angle between the incident beams and κ bλ  is the wavelength of the respective 

light beams (as in Figure 1.6), then the fringe spacing is given by: 
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2sin
b

fd λ
κ

=           (1.5) 

Then the difference frequency defined by (1.5) describing the oscillation of scattered light 

intensity received by optical detectors as a tracer travels with a velocity Pu  perpendicular to 

the fringes with a fringe spacing fd , becomes: 

P
d

f

uf
d

⊥=          (1.6) 

Or, 

2sin
d

b
Pf uκ

λ ⊥=         (1.7) 
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Optical Axis

α

κ  

Measurement 
Volume

Tracer Particle 

κ

Incident Beams 
up

 

 

 

 

 
Figure 1.6: A tracer particle passes through the measurement  

volume created by two intersecting laser beams 
 

Velocity measurements are made perpendicular to the beam bisector, denoted by the symbol 

.  A two component probe would position two fringe patterns, created by four beams, 

perpendicular to one another, while an additional probe would be needed to measure the 

third geometric component.  

⊥

 

In a dual beam system, the optical detectors can be positioned essentially anywhere since the 

detected frequency does not depend on the receiving angle.  However, they are usually 
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positioned in a plane defined by the intersecting beams in one of the three components.  The 

following three configurations are used with the dual beam system: forward on-axis, 

backward on-axis or off-axis.  The position of the detector is typically chosen based on the 

scattering distribution of a tracer particle of a particular size, a desired compromise between 

signal strength and convenience, and the size of the measurement volume is thus defined.  

Careful attention must be given to properly aligning photodetectors in the off-axis and 

forward on-axis configurations.  

 

It is convenient to use a backscattering configuration since the receiving optics would 

typically be mounted with the transmitting optics in the same probe.  Alignment is greatly 

simplified making experimentation much quicker and easier to perform.  As a consequence 

to the convenience of using a backscatter configuration, the measurement volume becomes a 

very long ellipsoid, with one axis that is approximately ten times longer than the other two 

dimensions.  

 

It is desirable to locate the photo-detector in the forward on-axis position as the greatest 

amount of light is typically scattered forwards.  A much stronger signal is received than in 

the backscatter configuration, which may be desirable for some instances, such as for highly 

participating media or when low laser power is available.  Positioning the photo-detector off-

axis is generally avoided due to the increased difficulty in alignment and the relatively weak 

signals received.  However, very high spatial resolution can be achieved with the off-axis 

configuration, as the measurement volume becomes very small. 
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Many modern LDA systems utilize the backscatter configuration because it is capable of 

receiving signals with adequate strength and is also very easy to use.  A typical backscattering 

probe would have the following components: 

 

 

 

 
Measurement 

Volume 

Detector

Transmitter 

Transmitter 

Figure 1.7: Schematic of backscatter probe configuration 
 

Light is sent by two transmitters in a dual beam system for one channel, as shown above.  

Both beams originate from a single laser beam that is separated before reaching the probe 

where the beams converge in the transmitting lens and intersect at the measurement volume.  

A tracer particle that passes through the measurement volume scatters light in all directions, 

and a portion of it is received by detectors inside the probe.  Scattered light is detected by 

the photo-detector where it is converted into an electrical signal.  The electrical signal 

produced is proportional to the optical energy in the measurement volume and the size and 

optical properties of the tracer. 

 

The particle size is quite critical when using the fringe model.  When the particle is relatively 

large in comparison to the wavelength of incident light, the amplitude and phase may 

become inconsistent across the scattering body.  Consider two particles passing at different 

times through the measurement volume across the fringe pattern with identical velocity 

magnitudes but traveling in opposite directions: 
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 Measurement 
VolumeIncident Beams 

Optical Axis

 

 

 
Tracer Particles 

 

Figure 1.8: Two particles travel through the measurement volume  
with identical magnitudes, but opposite directions. 

 

Since the difference frequency (fd) is the difference between the frequency received by the 

optics of the passing body and a local oscillator, the result is irrespective of the direction of 

travel.  The value for fd for both particles shown above will yield the same result even though 

they are traveling in opposite directions.  Therefore, a method must be introduced to 

determine a particle’s direction. 

 

The transfer function of this system can be plotted by the following graph: 

f 

 

 

 

 
 

fd = f(u) 

fd

fd = f(u) 

u 
-u +u 

 
Figure 1.9: The relationship between measured fd and velocity without frequency shifting 

 

For any measured frequency, the velocity  may be either positive or negative.  This 

directional ambiguity may prove to be troublesome in turbulent flows, where not only the 

magnitude of a velocity vector fluctuates, but so does the direction.  A frequency shift is 

u
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often applied in order to determine the directional component of the velocity vector.  This 

effectively changes the relationship between fd and Pu ⊥ , such that: 

 f

 

 

 

 
 

 
 

fd = f(u) fd = f(u) 
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fd
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fshift  
Figure 1.10: Frequency shifting is applied allowing for velocity magnitude and direction to be measured 

 

The minimum frequency that can be measured in Figure 1.9 without any frequency shifting 

corresponds to a velocity of zero.  By effectively shifting the transfer function in the above 

figure to the left, the minimum frequency that could be measured corresponds to a negative 

velocity component proportional to fshift.  The range of velocity measurements that can be 

made is dictated by the frequency shift applied to the system.  

 

The ambiguity of the direction of particle travel is eliminated by applying an appropriate 

frequency shift.  As a general rule, fshift should be chosen to be a value that corresponds to 

twice the maximum negative velocity expected [54].  Frequency shifting can be achieved with 

the use of an acousto-optic modulator, such as a Bragg cell.  Acoustically generated pressure 

waves are generated inside a crystal, causing a phase change.  A typical Bragg cell is shown 

below [2]: 
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Figure 1.11: A Bragg cell is used to shift the frequency of a beam of laser light 
 

Incident light k0c enters the Bragg cell at an angle α  and is refracted by an acoustic wave kac 

producing the refracted beam k1c,.  One beam leaves the Bragg cell with the same wavelength 

as incident light (λ0) and another is shifted by fshift at a slightly refracted wavelength (λ1).  The 

two beams are often referred to as shifted and unshifted, and are independently controlled 

for each colour used in a system.  By effectively setting an appropriate frequency shift, one 

can account for the direction of particle travel for a particular range of expected velocities.  

 

The frequency received by an LDA detector of a tracer that passes through the measurement 

volume represents light scattered by the tracer as it passes across the fringes.  A tracer that 

does not pass across many fringes will clearly not produce a sensible signal.  This may 

happen in the case of tracers that travel nearly parallel to stationary fringes within the 

measurement volume.  The fringe pattern generated by two optically mixing waves of 

identical frequencies appears stationary, while the fringe pattern moves when frequency 

shifting is applied with a constant speed.  With appropriate frequency shifting, the fringes 
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will pass across tracers traveling in any direction.  A stationary tracer will yield a signal that 

modulates with a frequency identical to the frequency shift.  

 

1.2.2.2 Particle Motion 

Particles will be assumed for now to be spherical when examining tracking characteristics.  It 

will also be assumed that particle to particle interaction is negligible, which depends on the 

rate of seeding.  It is generally accepted in the LDA community that this assumption is valid 

if the distance between particles is greater than 1000 diameters. 

 

For motion of a spherical particle that has a velocity vector pu  suspended in a fluid with a 

velocity of fu .  The difference between the two velocity vectors is described by a slip 

velocity vector, s pu u u= − f , as shown below: 

 

 

  

 

 

pu

fu

su
Tracer Particle 

Figure 1.12: Slip velocity defined by the difference in fluid and particle velocity vectors 
 

A scalar component, s, of the slip velocity vector, su , is considered to describe the relative 

difference between particle and fluid velocities in a particle direction [2]: 

f p

f

u us
u
−

=          (1.8) 

A term fc is introduced to express a critical cut-off frequency of velocity fluctuations in which 

tracers continue to follow velocity fluctuations with a particular slip component [2] : 
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( )2
0

1 1 1 1
2 1

cf
sτ π

= −
−

       (1.9) 

where 0τ  describes a characteristic time dependent upon particle size, density and fluid 

viscosity [2]: 

2

0 18
p pdρ

τ
µ

=          (1.10) 

This is essentially the time required for a particle to react to fluctuations in velocity of the 

continuous phase.  Heavier particles will clearly require a greater force to accelerate and 

decelerate to the same velocity of the surrounding fluid.  Similarly, more viscous fluids will 

have a greater influence on the particle behaviour than fluids with relatively low viscosities.  

Tracking response for tracer particles (density of 2,800 kg/m3) used in this project is 

indicated in Figure 1.13 in standard air. 
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Figure 1.13: Response of particles used in experimentation to turbulent fluctuations 
 

 27



Chapter 1. Introduction 

The importance of having small particles in turbulent flows becomes increasingly evident.  A 

0.5 micron particle is capable of following a turbulent frequency approximately 100 times 

that of a 5 micron particle of the same material.  Albrecht et. al. suggested that the maximum 

particle diameter should be less than the following proportion [2]: 

( )2
18 1 1 1

2 1p
p c

d
f s
µ

ρ π
⎛ ⎞⎛ ⎞< ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠ −⎝ ⎠

−       (1.11) 

Melling suggests that particle sizes of 2-3 µm is acceptable for moderate frequency responses 

of ~1 kHz, but particles should not exceed 1 µm for better frequency response [44].  This 

gives an approximate indication of an acceptable particle size with respect to particle motion 

in turbulent fluids.  Seeding fluid flows with relatively small particles is desired to achieve 

good particle tracking by minimizing the slip velocity and being able to follow turbulent 

fluctuations. 

 

1.2.2.3 Particle Scattering Characteristics 

Scattering characteristics of particles must be evaluated when tracer particles are chosen to 

seed a flow to produce acceptable quality LDA signals.  As previously mentioned, the 

strength of a scattered signal is directly related to the size of the scattering body.  This 

section is devoted to discuss the manner that light scatters from tracer particles. 

 

Scattered light will be assumed to apply to particles as a homogenous and isotropic sphere.  

The Mie scattering regime applies here, since the particle size is comparable to the 

wavelength of incident light.  Applying geometric optical theory, a spherical particle is 

considered with a single source of incident light, as in Figure 1.14.  Light is scattered by 

means of diffraction, reflection and refraction on the body of a spherical particle.  
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Figure 1.14: Behaviour of scattered light incident on a spherical particle 
 

The distribution of scattered light varies by means of diffraction, reflection and refraction.  

In the Mie scattering regime, it is convenient to investigate the distribution of total scattered 

light across the body of a particle rather than to evaluate the contribution of each form of 

scattering.  

 

1.2.2.4 Particle Size 

Light will radiate in all directions with varying levels of intensity for a finite amount of 

incident light.  Clearly a larger body will scatter a greater amount of light than a smaller body, 

simply due to the increase in surface area.  The distribution of light intensity scattered across 

the surface of the body will change with respect to size.  The scattering distributions for 

three particle sizes are shown below, with the direction of incident light indicated: 

  

180 0

330210

240 300
270

150

120
90

60

30

 

180 0

210

150

240

120

270 

90 
60 

300 

30

330

 

180 0 

90 

270 

210 

150 

240 

120 

300 

60 

330 

30 

0.2pd λ≅ 1.0pd λ≅  10pd λ≅   

 

 

 

 

 

Figure 1.15: Distribution of scattered light intensity for three relative particle sizes (logarithmic scale) [16] 
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The scattered light intensity polar plots above illustrate the logarithmic scale of light intensity 

scattered by a particle relative to the wavelength.  Tracer particles that are relatively small 

with respect to the wavelength of incident light will radiate fairly uniformly.  As the size of 

the scattering body increases, the number of lobes in the intensity profiles increases.  The 

intensity distribution is not very uniform for large particles, which may become troublesome 

for off-axis configurations.  

 

Although all three plots above are slightly dissimilar, they do show similar trends in the 

relative distribution of light.  The greatest amount of light is scattered forwards, and for all 

three cases a significant amount of light is backscattered.  Generally, the ratio of frontal to 

backward lobes is about one hundred.  Placing the detecting optics in the backscatter 

configuration will allow a large amount of light to be collected relative to the total scattered 

light for a range of particle sizes.   

 

A scattering cross sectional term sC  is introduced that is a proportion of the total power of 

light scattered, sP , to the incident light 0I : 

0

s
s

PC
I

=          (1.12) 

This relationship indicates the total amount of light radiated by a sphere with respect to its 

size and is not to be confused with the previous discussion of the distribution of scattered 

light.  The following diagram illustrates this proportion for varying particle sizes as presented 

by Melling [44]. 
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Figure 1.16: Relationship of Cs with respect to particle size and wavelength of incident light [44] 
 

The amount of scattered light increases at a high rate for 0 ≤ dp/λ ≤ 1 and then increases 

somewhat linearly at a much lesser rate for dp/λ > 1.  A value of dp / λ = 1 corresponds to a 

particle size of approximately 0.5 µm for both colours.  Approximately 300 times as much 

light is scattered by a 5 µm sphere than one with a diameter of 0.5 µm.  The rate that Cs 

increases begins to level off above values of about dp / λ > 5, which corresponds to a 

diameter of about 2.5 µm.  The use of larger particles is favourable with respect to signal 

detection of an LDA system.  

 

1.2.3 Optical Components of an LDA System 

The system described here is based on an Argon-ion laser used in this study with an optical 

power of about 120 mW.  A laser emits a single beam of light with a range of wavelengths, 

predominately in the visible band but also emits in the ultraviolet and infrared spectrums.  

Light enters the beam splitter (shown below), where it first passes through the Bragg cell 

where light is separated into shifted and unshifted beams of equal intensity.  Each beam is 
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then separated into blue, green and violet light with very narrow bands of 488.0 nm, 514.5 

nm and 476.5 nm, respectively [54].  Only blue and green beams were used in this 

investigation. 

 

Bragg  
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Single 
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laser 

Violet 
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Blue 

Shifted 

Unshifted 

 

 

 

 

 

 

 

Figure 1.17: Schematic of the colour separator unit 
 

Each beam is directed to optical couplers that traverse and steer each beam to be properly 

aligned with fibre optic cables that connect to the probe.  Received scattered light from the 

photo-detector travels through a single fibre optic cable to the receiver.  The optical signal is 

converted to an electrical signal with a photo-detector / photo-multiplier that is controlled 

by the ColourLink unit.  The electrical signal is split and sent to a high speed digital 

oscilloscope and a personal computer.  Signals from the photo-detector and photo-multiplier 

can both be easily observed using the oscilloscope, while the signal is processed on a desktop 

computer.  
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Figure 1.18: Schematic of laser Doppler anemometer system used in experimentation 
 

1.2.4  Signal Processing 

An electronic signal leaves the optical receiver and is sent to a personal computer in order to  

process the signals and produce velocity measurements.  Signals are collected by a data 

acquisition card (DAC) and processed using a program that was originally created by Dr. 
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Matovic in Visual Basic and further developed by myself.  Users are able to control a variety 

of variables of data acquisition and signal processing, which are displayed in the graphical 

user interface. 

 

Although the DAC continuously reads data, it only records once it has been triggered by a 

particular voltage set by a Trigger Level.  A finite number of points are recorded in a burst of 

data once the Trigger Level has been satisfied.  The amount of points recorded per burst is 

controlled by the user and the time period is dependent on the sampling rate of the DAC.  

The maximum scan rate for the particular card used in this experimentation is 50 MHz per 

channel, while lower sampling rates can be selected by the user. 

 

An example of a typical electrical signal received by the software from the LDA equipment is 

shown below.  The DAC begins recording data once the card has been triggered.  However, 

for this type of electrical signal it is desirable to record data before the trigger event.  Data 

recording is pre-triggered by an amount controlled by the user and records a set number of 

points per burst.  The Burst Length is the portion of the signal that is processed.  
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 Figure 1.19: Example of a raw signal sent from LDA of a tracer passing through the measurement volume 
 

 

All of these parameters must be carefully chosen by the user to collect and process signals 

appropriately.  The number of points that represents a signal is proportional to the time 

period recorded from the LDA equipment.  Essentially, the time period of a burst is 

inversely proportional to the speed that a particle travels through the measurement volume.  

Therefore, a slower particle will produce a signal over a greater time period than a faster 

particle.  Data acquisition must compensate for this effect in order to collect data from all 

the signals appropriately.  

 

The number of points per burst can be increased to account for slower particles.  However, 

if the number of points per burst (or period of recording) were increased too much for a 

particular case, then it is possible for multiple signals to be recorded in a single burst.  The 

user must carefully choose a fitting value for points per burst that allows for a single 

measurement to be made while accounting for slower particles.  
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The Discrete Fourier Transform (DFT) algorithm is frequently used in LDA 

experimentation in estimating the frequency and signal-to-noise ratio (SNR) of an individual 

measurement.  The Power Spectral Density (PSD) distribution is effective at differentiating 

signal and noise from the collected data.  The frequency of the signal is determined from a 

peak position interpolated from the PSD, allowing for the velocity of the signal to be 

calculated. The PSD curve for the signal illustrated in Figure 1.19 is shown below. 

nFFTLength

PS
D

 

lPeakBin 

Figure 1.20: Power Spectral Density distribution of the signal shown in Figure 2.18. 
 

The complete mathematics of this algorithm can be found in Appendix B and is summarized 

below.  The Visual Basic code is implemented as a spreadsheet macro in Microsoft Excel, 

utilizing a convenient user interface that the spreadsheet environment offers.  Consider an 

array  of all of the raw data collected in one burst and  to be the 

raw data from the burst length (portion of signal of interest), as shown in Figure 1.20.  The 

burst that is represented by  may not have smooth beginning and end 

sections, which may have sudden fluctuations in amplitude that can be misinterpreted as 

additional frequency components in the PSD spectrum.  A spectral window is often applied 

in LDA processing to scale the amplitude and force the beginning and end sections to zero.  

A Hanning window is applied to the raw signal as in Figure 1.19 and is given by [39]: 

dSigData _dSigData new

_dSigData new
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( )2 1
( ) 0.54 0.46cos

1
l

dSpecWindow l
nBurstLength

π⎛ ⎞−
= − ⎜ ⎟−⎝ ⎠

   (1.13) 

Where l = 1 to , which is the length of the burst shown in Figure 1.22, but not 

to be confused with the signal length that is shown in Figure 1.19.  Figure 1.21 illustrates that 

the spectral window defined by (1.13) tapers the beginning and end sections of the raw 

signal.  
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Figure 1.21: Spectral window applied to raw signal 
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Figure 1.22: Raw signal from LDA with (right) and without (left) spectral window  
 

A Fast Fourier Transform (FFT) is then applied for points in  using 

 producing an array of the PSD.  The peak position ( , as shown in 

Figure 1.20) is interpolated from the PSD spectrum and is used to calculate the frequency of 

the signal. 

_dSigData new

dSpecWindow lPeakBin
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* lPeakBindFreq dSRateMhz
nFFTLength

=       (1.14) 

Where  is the frequency of the signal,  is the sampling rate of the DAC, 

is the peak position within the PSD and nFFTLe is the length of the Fast 

Fourier Transform.  The velocity component calculated from  for a particular colour 

is given by (1.7) and is corrected to minimize velocity bias by a weighting function [2]: 
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∑
         (1.15) 

An instantaneous velocity measurement is represented by  and  is a weighting function 

applied for values.  Several weighting functions are suggested by Albrecht et. al. for 

different applications.  Calculations are weighted with respect to arrival times for these 

calculations, such that [2]: 

iu ig

N

1i i ig t t −= −  

The signal quality is quantified by relating the strength of the signal to noise ratio (SNR), and 

is generally expressed in decibels [2]: 

2

210log s

n

SNR
dB

σ
σ
⎛ ⎞

= ⎜
⎝ ⎠

⎟        (1.16) 

Where 2
sσ  is the power of signal fluctuations and 2

nσ  is the power of noise fluctuations.  

Signal strength is estimated by calculating the area under the PSD curve in the dark region 

near the peak ( ), while noise strength is estimated by calculating the light area 

under the rest of the curve ( d ), as shown in Figure 1.23. 

dPeakArea

AverageLevel
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Figure 1.23: Power Spectral Density distribution for Figure 2.19,  

illustrating regions of signal strength and noise.  
 

Thus the SNR becomes: 

10*log dPeakAreadSNR
dB dAverageLevel

⎛ ⎞
= ⎜

⎝ ⎠
⎟      (1.17) 

A good quality signal will produce a PSD with a clearly defined peak and thus a relatively 

high SNR is achieved.  However, in practice poor signals may be recorded and produce 

erroneous results.  The determinants of poor quality signals and minimizing their effects are 

discussed in Section 1.2.5, but are still inherently an issue with LDA measurements.  

Consequently, the signal processor must filter out poor quality signals to remove any invalid 

calculations. 

 

SNR limits are applied in the signal processor for each channel, which rejects all calculations 

producing SNR values below this limit.  The limit is chosen empirically by the user based on 

several sample calculations for a particular case, and is typically of the order of 18 dB.  

 

The program code allows for calculations to be made for two channels and a statistics 

subroutine.  Two software programs were eventually created during research and will be 
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referred to as Program A and Program B, and the latter is given in Appendix B.  Both 

programs are identical with respect to the manner in which a single burst is processed, as 

well as the control that the user has over data acquisition and processing.  They differ in that 

Program A processes a signal immediately after collecting an individual burst and displays 

the results to the screen for a specified number of bursts.  Whereas, Program B collects the 

data from all bursts with a timestamp and then processes the signals once all bursts have 

been collected.  

 

Both programs have advantages and disadvantages for collecting and processing LDA 

signals.  The minimum period between measurements made with Program A is about one 

second, whereas Program B is capable of recording samples with a period of the order of 

tens of microseconds.  Therefore, the frequency that bursts are collected is limited by 

computational cost for Program A and actual particle arrival times for Program B.  For a 

properly seeded flow regime, particles may arrive in much shorter periods than one second 

making Program B favourable.  However, while data is collecting for all bursts when using 

Program B, the user has no concept of the progress of data acquisition.  Also, the number of 

collected and processed signals in Program A is practically unlimited, whereas the number of 

signals collected by Program B is limited by the DAC memory buffer.  Program A allows the 

user to realise the number of bursts that have been computed, the quality of signals (in a 

general sense) and the running statistics of a trial.  Program A has generally been used to gain 

confidence in the input parameters and the quality of signals being produced, while Program 

B was used for final measurements.  
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In addition to dictating setup parameters to the DAC, Program B also specifies a particular 

number of bursts and assigns timestamps.  Therefore, once the DAC has been initiated, it 

does not communicate with the software until it has acquired the number of bursts specified 

by the user.  Below is a continuous signal over some time period that is read by the DAC 

with three particles passing through the measurement volume. 

 

Trigger, Timestamp Trigger, Timestamp Trigger, Timestamp 

Trigger Level 

Figure 1.24: Illustration of signal read by data acquisition card over a particular time period 
 

The following illustrates what is actually recorded to the memory of the DAC.  Signals are 

recorded locally on the card once they have been triggered and given a timestamp.  The 

number of bursts that can be stored locally on the DAC is limited by the points per burst 

and the card’s memory size of 16 MB.  This capacity translates to approximately 2000 bursts 

for low velocity calculations or about 4000 bursts for high velocity calculations.  

 
Figure 1.25: Illustration of signals recorded to the data acquisition card’s onboard memory 

 

Start Start Start Stop Stop Stop 
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Once all bursts have been collected using Program B, the software processes all of the 

signals and prints the running statistics to the screen.  As mentioned earlier, the program 

may get poor quality signals and must filter them out.  As an individual burst is processed, it 

is tested against an SNR limit and possibly velocity limits (which can be enabled/disabled 

and specified by the user).  If the burst passes SNR requirements and velocity limits (if 

applied), it is recorded and included in the statistical analysis.  Minimum, maximum and 

mean velocities are calculated along with relative turbulence intensity and particle arrival 

times.  A sample screenshot of the graphical user interface for Program B is shown below. 

 

 

Figure 1.26: Screenshot of user interface for Program B 
 

1.2.5 Signal Quality 

The quality of the signal received and processed is dependent on many factors and can be 

optimised fairly easily.  Signal quality can be affected optically, electronically and the manner 
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that it is collected and processed by the signal processing program.  Each factor must be 

taken into account to maximize the SNR. 

 

The system can be tuned to maximize the amount of light emitted from the probe for a 

given amount of power provided by the laser.  Proper alignment of components of the beam 

splitter and couplers  allows beams to be focused and aligned with the fibre core.  

Maximizing the optical power delivered to the probe increases light intensity incident on a 

scattering body, and thus the signal collected by receiving detectors is stronger.  
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Figure 1.27: Velocity vectors representing the true velocity in different co-ordinates 

 

Frequency shifting becomes less important when the probe is oriented at 45° for a flow 

regime where the velocity is dominant in one general direction.  For all measurements made, 

the axial velocity component was always positive and of a much higher order of magnitude 

than the second, which fluctuates in direction.  Consider the velocity vectors shown in 

Figure 1.27, that illustrate the two velocity components measured by the LDA probe ( and 

) of the actual velocity vector being measured 

1u

2u u .  Axial and radial velocity components 

are then represented by and respectively.  xu yu
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Frequency shifting should be considered with respect to sampling of data acquisition for 

higher velocities to be measured.  The maximum sampling frequency of the data acquisition 

card used for these experiments was 50 MHz, giving an effective maximum sampling 

frequency of 25 MHz according to the Nyquist criterion [22].  With zero frequency shifting 

applied, the maximum velocity that can be measured would be 132 m/s for blue light.  

Similarly, the maximum velocity that can be measured can be increased to 184 m/s if the 

signal was downshifted by 10 MHz.  

 

1.2.6 Seeding 

1.2.6.1  Introduction to Seeding Techniques 

For most fluid dynamic experiments, the fluid that is desired to be measured will scatter an 

insufficient amount of light to receive a signal.  Tracer particles are introduced to the fluid 

that are capable of scattering a greater amount of light, allowing an LDA system to receive a 

coherent signal.  This technique is referred to as seeding and must be given careful 

consideration for any accuracy to be achieved.  

 

Velocity measurements are not made of the fluid, but rather of seeded particles introduced 

to the fluid stream.  Therefore, the fundamental assumption made in laser Doppler 

anemometry is that particle travel is a reasonable representation of the fluid surrounding it.  

In order for accurate measurements to be made, particles must travel at a close enough 

speed to the continuum and must follow velocity fluctuations to indicate realistic turbulent 

effects.  

 

 44



Chapter 1. Introduction 

It is desirable for an individual particle to be small enough (both in mass and geometry) that 

its trajectory is entirely dictated by the surrounding fluid momentum.  It is also advantageous 

for these particles to have excellent scattering properties, which is very much dependent 

upon the particle size.  A compromise must be made to maximize scattering characteristics 

while enabling adequate particle tracking.  

 

Another important characteristic that may need to be considered in LDA experimentation is 

the behaviour of particles when introduced to the continuum.  For instance, particle 

temperatures may drastically rise when used in combusting fluids and must maintain stability.  

It is also possible that the particle may react with any surrounding fluid species, which may 

change the particle’s and/or fluid’s characteristics.  The choice of particles that seed the flow 

must also take these factors into consideration. 

 

1.2.6.2 Introducing Particles to the Fluid 

Many methods are used in particle generation that introduce either droplets or inert particles 

to a fluid stream.  Many different types of seeders are available to the experimentalist, such 

as fluidized bed generators, atomizers and cyclone seeders.  The cyclone seeder design was 

used for this project simply because one was available in the laboratory.  Gas is introduced 

tangentially to the inside of a cylinder generating a cyclone.  Powder that sits at the bottom 

of the cylinder is lifted upwards and exits at the top.  Figure 1.28 illustrates how a typical 

cyclone seeder is constructed. 

 

The simplicity and low maintenance of this design makes it attractive for seeding fluid flows.  

Depending on specific flow conditions of fluid entering the seeder, the cyclone will have a 
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bias towards lifting smaller particles over larger particles and clumps simply due to the 

greater force required to lift heavier particles.  This is an advantage of this design, as smaller 

particles are generally desired and particles have a tendency to clump together inside of the 

seeder.  

 

Air Return 
(with particles) 

Air Supply 

Particle Bed 

Figure 1.28: A cyclone seeder aerosol generator 
 

Once the particles have been generated, they must be introduced to the flow with minimal 

effect to any flow conditions.  Air leaving the Pressure Control Module (PCM) from both 

annular air and powder air exits proceed to enter a cyclone seeder for each respective air 

stream (Figures 1.29a and 1.29b).  The outlet for each seeder is then connected to hoses that 

lead to the spray gun. 
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Figure 1.29a: Cyclone seeder used to 
seed Annular Air stream 

 Figure 1.29b: Cyclone seeder used to seed 
Powder Air stream 

 

Seeding rates are very difficult to control when using a cyclone seeder for this application.  

Air that enters each seeder is controlled by fluid conditions for each stream, rather than an 

independent fluid stream dedicated to particle generation.  This would typically limit the 

experimentalist to control the rate of seeding by changing the flow of air traveling through 

the seeder.  

 

The cyclone used to seed the annular air stream (Figure 1.29a) was taken from an old 

research project of an industrial furnace that required a relatively high rate of seeding.  An 

additional seeder was constructed to seed the powder air stream, but was made on a smaller 

scale out of plastic (Figure 1.29b).  A smaller seeder was constructed since the flow rate of 

air in the powder air stream was relatively small.  

 

1.2.6.3 Choice of Seeding Particles 

The fundamental principle of laser Doppler anemometry relies on scattering particles 

suspended in the medium to describe the flow field.  The validity of these measurements is 
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ultimately limited by the ability for tracers to follow the continuum.  A compromise must 

therefore be made in particle size to achieve sufficient light scattering while being able to 

maximize flow tracking.  The choice of seeding particle and the manner that they are 

introduced to the flow is highly influential to the quality of measurements made.  

 

Smaller particles are desired for improved tracer response, which is dependent on the 

dynamics of the fluid flow field.  A highly turbulent flow with a high Reynolds number 

would require smaller particles, while larger tracers may not be able to respond to quick 

responses in highly turbulent fluids.  Since the fluid conditions cannot be changed with 

regard to seeding, the choice of tracers will have to adapt to flow conditions. 

 

Larger particles are desired for improved light scattering to maximize the signal to noise 

ratio.  Scattering characteristics of particles in LDA applications are dependent upon the 

incident laser light, particle size and material properties.  Particles with a smaller mean 

diameter and other favourable characteristics are often more expensive than other 

alternatives.  

 

1.2.6.4 Seeding Particles Used in Experimentation 

Titanium Dioxide (TiO2) powder was initially used in experimental work for this project 

because it is often used in combusting flows and it was available in the lab.  This material is 

popular among experimentalists to seed flows due to its high melting temperature, non-

reactive behaviour and relatively small size.  Severe particle agglomeration of TiO2 in these 

early investigations necessitated another seeding material.  Baby powder was used as a 

cheaper alternative that can also be used in combusting flows.  
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The primary ingredient of the baby powder that was used for this experimentation is the 

mineral Talc, which is a Magnesium Silicate Hydroxide powder [Mg3Si4O10(OH)2].  It is 

known to be very soft and has been found useful in many applications from paints to 

pharmaceutical and cosmetic products.  As a mineral, Talc is found to be quite hydrophobic 

(agglomeration was not an issue), and is neither explosive nor flammable and is generally 

very chemically unreactive [36].  It recrystallizes into various forms of entstatite above 

temperatures of 1050°C and begins to melt at 1500°C [36]. 

 

Although baby powder is not specifically intended for fluid dynamic research, it is still a 

good seeding product due to the high temperatures that it can withstand and the significantly 

lower cost in comparison to alternatives.  For example, half of a kilogram of baby powder is 

typically less than 5 CAD, which is a small fraction of the cost of TiO2 (~100 USD/lbs) and 

can be purchased at any grocery or drug store. 

 

Unfortunately no literature could be found that discusses the use of baby powder in seeding 

applications, which is readily available for more popular seeding materials such as titanium 

dioxide or aluminum oxide.  The shape and size of the material was unknown, which are 

critical characteristics of a tracer material.  

 

Several samples of the baby powder that was used were placed under a digital light 

microscope to gain insight to the general particle size and shape distributions.  This 

microscope allowed for measurements to be made digitally on a personal computer with 

high levels of accuracy.  The coverslips were mounted on slides using Naphrax mounting 

medium (refractive index of 1.65).  Measurements were made using a Lecia DMR 

 49



Chapter 1. Introduction 

microscope with an oil immersion objective of 1000x magnification.  Photographs were 

taken using a Q-Imaging Retiga digital camera with a 1.6x photo tube. 

 

A large percentage of particles were found to be non-spherical and ranged in sizes by an 

appreciable amount.  Small spherical bodies and large irregularly shaped bodies were found.  

The majority of the first group were similar in sizes from the minor to major dimension, and 

were close to 1 µm in size (Figure 1.30a).  The second group, on the other hand, had a large 

variance in shape and size (Figure 1.30b).   

 

 

 

Figure 1.30a: Magnified digital image 
of a Talc particle (~1µm) 

 Figure 1.30b: Magnified digital image  
of a Talc clump (~30 µm  
across major dimension) 

 

All bodies were measured within one field of view and then the position of the microscope 

was randomly moved to another location in an attempt to get a more accurate statistical 

sample.  A sample image of particles seen in a field of view underneath the microscope is 

seen in Figure 1.31.  The mean major and minor dimensions for two hundred samples were 

3.34 µm and 1.71 µm respectively, with standard deviations of 3.28 µm and 1.93 µm.  The 

histogram of major and minor dimensions is shown in Figure 1.32. 
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Figure 1.31: Sample field of view seen by the digital microscope 
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Figure 1.32: Histogram of major and minor dimensions of Talc powder 

 

Manufactured tracer particles are available by many suppliers, often accompanied by detailed 

statistics and material properties.  The variances in particle sizes of many supplied tracers are 

significantly lower than that found for Talc powder for this research project.  High quality 

titanium dioxide can be purchased with mean diameters as low as 0.5 µm and standard 

deviations of <10%, which is considerably lower than Talc powder. [46].  
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Dantec offers several different types of seeding materials that are spherical, low in density 

and provide statistics of particle sizes.  Three commonly sold materials are shown below, 

which are much more uniform in shape and size than Talc powder used in this investigation 

[16].  The cost of the following products range from 156 USD for 250 g up to 2,337 USD 

for 100 mL.  

 

 

 

 

Figure 1.33a: Fluorescent 
Polymer Particles [16] 

 Figure 1.33b: Polyamide 
Seeding Particles [16] 

Figure 1.33c: Hollow glass 
spheres [16] 

 

Tracers offered by manufacturers such as TSI and Dantec are of much greater quality than 

baby powder, and the question of whether baby powder is sufficient in providing adequate 

flow tracking will be addressed in Section 1.2.10.10.  Otherwise, Talc may very well be an 

attractive alternative to such manufactured products for seeding turbulent fluids.  
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Experimental Technique 

2.1 Apparatus  

Air was fed to the Pressure Control Module (PCM, Figure 2.1) by a compressor with an 

internal cylinder that has a volume of 36 gallons and can supply air at a maximum rate of 6 

SCFM at 90 PSI.  A two stage water separator followed by an air drier are located 

downstream of the compressor before air enters the PCM.  Water was removed from the air 

supply to minimize the amount that seeding particles clump together.  

 

 

Figure 2.1: The Pressure Control Module is used to control flow through all lines 
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Supply air was distributed among several different lines within the PCM, where pressure for 

each line can be controlled independently.  Propane vapour was fed to the PCM from a 

standard 20 lbs. propane cylinder.  Flow for propane, powder air and annular air streams 

were controlled by the dials shown in Figure 2.1.  Although pressure gauges are located on 

the PCM, flow is measured using a series of rotameters and pressure gauges immediately 

downstream (Figure 2.2). 

 

Figure 2.2: Rotameters and pressure gauges used to measure flow for each stream 
 

Both annular air and powder air flow rates were measured using OMEGA rotameters with a 

range of 0-4 SCFM with accuracy better than 1% FS.  Pressure through these rotameters was 

measured using a Bourdon tube type gauge with a range of 0-60 PSI, with an accuracy of 1% 

FS.  The flow of propane was measured using an OMEGA rotameter with a range of 0-60 

SCFH of air, with an accuracy of 1% FS.  Propane pressure was measured using a Bourdon 

blood pressure gauge with a range of 0-5.8 PSI with accuracy of 1% FS.  
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Once air left the flow monitors for both annular and powder air streams, each respective 

stream enters its own cyclone seeder.  The propane line was not connected to a seeder to 

avoid particles from getting stuck in nozzles on the gun face.  Besides, the flow rate of 

propane was much lower compared to the other two streams.  All three streams were then 

connected directly to the gun where fluids then exit to the atmosphere.  The gun was 

securely mounted on an aluminum stand, shown in Figure 2.3. 

 

 

Figure 2.3: The spray gun is mounted on a stand and sprayed outdoors 
 

The LDA probe was securely mounted on a traverse mechanism (Figure 2.4) that allows it to 

pan the measurement volume throughout the flow field in three directions.  The larger 

traverse mechanism allowed the probe to move vertically and horizontally, while a smaller 

traverse mechanism was mounted on the larger one to allow the probe to travel in the axial 

direction.  
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Figure 2.4: LDA probe is mounted on a traverse mechanism allowing it to tra
 

Figure 2.5 shows a photograph of the spray gun, LDA probe mounted

mechanism and the exhaust vent.  Figure 2.6 illustrates major compon

system in series.  A description accompanied by a schematic of the LD

Section 1.2.3.  

 

LDA Probe 

Exhaust Vent 

Figure 2.5: Photograph of the whole system 
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2.2 Procedure 

Once all the hoses had been properly connected, water was drained from both water 

separators and air drier.  Water was removed from the supply air to minimize seeding 

particles from clumping together.  Although Talc powder was found to be quite 

hydrophobic, it has been found to clump together when under pressure with humid air.  Air 

pressure was regulated at about 80 PSI exiting compressed cylinders to the PCM.  A propane 

tank was also connected, and flow was controlled by valves on the front of the PCM.  

 

Supply water was turned on to cool the laser and power supply; as well, the laser power 

supply, optical receiver, digital oscilloscope and desktop computer were all turned on.  The 

probe was tuned daily before experiments were performed, to maximize the optical power 

transmitted.  Steering knobs located on the beam splitter (shown in Figure 2.7) were adjusted 

to properly align laser beams with fiber optic cables.  

 

 

Figure 2.7: Coupler directing laser beams from beam splitter to fibre optic cables 
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The probe was mounted to the traverse mechanism and was checked to be perpendicular to 

the gun stand using a two foot square (Figure 2.8).  The gun was mounted parallel to the 

frame to quickly and easily align the probe with respect to the gun axis.  Concrete blocks and 

sandbags were used to weigh down the traverse mechanism to prevent its movement during 

experimentation. 

 

A nine inch level was used to check the level of the probe as well as the gun axis and a two 

foot level was used to verify that the traverse mechanism was plum.  The level of the gun 

axis was checked using a straight wooden dowel, as in Figure 2.9.  The dowel fits snugly in 

the centre of the gun, where powder air exits.  Bolts were tapped on each of the bottom four 

corners of the gun stand to adjust the level of the gun’s axis and then weighted with concrete 

blocks and sandbags.  

 

Figure 2.8: The angle between the gun and optical axes was checked with a 2 foot square 
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Figure 2.9: Checking the level of the gun axis with a 9” level and wooden dowel 
 

Vertical and horizontal positions of the probe were aligned using the same wooden dowel 

when the laser was powered on.  A wood file was used to create a flat surface half of the 

thickness of the dowel and checked with a Vernier caliper with an uncertainty of 0.5 mm.  

Marks were made on the dowel with a thin marker indicating the centerline and axial 

positions at desired intervals.  This device was made to quickly and accurately position the 

measurement volume in axial, vertical and horizontal co-ordinates (as shown in Figure 2.10).  

The measurement volume appeared as a fine dot when a reflecting surface was placed in 

front of the beams.  

 

Laser goggles were not only used for safety reasons, but also for alignment since the dot 

appeared much smaller than with the naked eye.  Improper horizontal positioning of the 

measurement volume would appear as four individual dots rather than one single dot.  The 

traverse mechanism was used to position the measurement volume horizontally, vertically 

and axially with an uncertainty of 0.5 mm in each direction.  The orientation of the probe 
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was aligned again utilizing light scattered off of a reflecting surface.  The nine inch level was 

used to create a plum line on a sheet of plywood in the background (Figure 2.11a) while the 

probe was rotated until it was aligned (Figure 2.11b). 

 

                

Figure 2.10: Alignment of measurement volume using a wooden d
 

 

Figure 2.11a: A plum line is  
Drawn with a 9” level 

 Figure 2.11b: Orientation 
checked with plum 

 

The LDA probe was then offset by 45° using markings on the probe so 

between both velocity components was aligned with the axis.  Once the 
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probe were aligned, experiments could be performed where the probe was traversed in the 

vertical direction. 

 

2.3 Assumptions 

The basic principle of laser Doppler techniques relies on scattering bodies suspended in a 

fluid, which closely mimic fluid movement.  Although instantaneous velocity measurements 

of an individual tracer particle can be made with extreme accuracy, many sources of 

uncertainty and error are inherent in the methods of laser Doppler anemometry.  Such 

uncertainties and errors will be discussed in the following section, and primary assumptions 

made with the use of this instrument will be examined.  

 

Many issues arise in the practice of seeding fluid streams that must be given careful attention.  

The presence of such tracers is assumed to not have any influence on the continuum, while 

also being introduced at a rate sufficiently high enough to permit adequate temporal 

resolution.  Typical flow rates for all three boundaries were of the order of ~4 g/s of 

propane and air, whereas Talc was introduced at approximately 0.05 g/s.  The Fluent manual 

suggests that a discrete phase in a fluid stream begins to affect the continuous phase when it 

is introduced at about half of the mass flow rate of that of the fluid stream [27].  Since 

tracers are introduced at such a low rate relative to the injection of fluid, their presence 

should not affect the continuum with any significance. 

 

It is possible for seeding particles to undergo transformations when introduced to such a 

hostile environment of combusting species that are at very high temperatures.  The 

possibility exists for the particles to chemically react with other species, or to change phase. 
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According to Luzenac (a supplier of Talc), Talc is stable up to 1050°C where it begins to re-

crystallize into different varieties of Enstatite, but doesn’t begin to melt until 1500°C [36].  

The highest temperatures calculated by Fluent for this case slightly exceeds Talc’s melting 

point, but is most likely over-predicting temperatures that would be reached experimentally.  

 

If injected particles are even able to be heated to a point where they begin to melt, the size of 

an individual body will not change very much, and thus particle slip should be minimal.  

Even at such high temperature, Luzenac suggests that Talc remains chemically inert [36].  

Based on these findings, we assume that temperature does not affect particle scattering 

properties.  Signals received by the LDA system were still of excellent quality and did not 

appear to be affected by hot flow cases.  

 

Another major assumption made in LDA measurements was assuming that a collection of 

individual velocity readings were made of tracers that have been introduced to all fluids 

originating from different sources.  At any point in the domain considered, the fluid will be a 

mixture of matter originating from different sources which may include matter originating 

from powder air, annular air or propane streams, or from the ambient (entrained) air.  Due 

to the highly dynamic structure of a turbulent diffusion flame, any point will have a mixture 

of these fluid sources that fluctuate with time.  Although the jet fluid was adequately seeded, 

entrained ambient air was not. 

 

Vortical structures found along the edges of the jet typically mix entrained air with fluids that 

have been ejected by the gun.  Over an appreciable amount of time, any particular location in 

the flow may have a mean velocity that is contributed alternatively by the jet core fluid and 
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entrained ambient air.  For instance, very little entrained air will be found near the gun axis 

(intermittency ~ 1), whereas entrainment becomes increasingly evident in the outer radial 

regions of the jet (intermittency ~ 0).  In either case, exclusively seeding the jet fluid creates 

an integral bias towards jet fluid velocity while the entrained air is not represented. 

 

Certainly areas nearest to the gun axis will have much less of a bias than outer regions.  It is 

assumed that ambient air is well mixed with the seeded streams in these regions, and that the 

flow is adequately seeded.  Velocity profiles are only made up to a particular radial distance 

to avoid heavily biased measurements in low intermittent regions.  The deciding factor of 

whether a set of measurements at a distinct spatial position was its arrival time statistics.  

 

As the probe was traversed in radial directions farther from the axis, the rate that LDA 

signals were collected decreased exponentially.  These were regions where entrainment 

became increasingly more evident, and final results were not recorded.  It is assumed that 

velocity measurements near the axis are good representations of the true velocity field of the 

jet.  

 

Attempts were made to seed the ambient air, but without any success.  Many authors have 

found great difficulty in seeding entrained fluids [35], while others used closed-loop liquid 

jets [20] and some did not disclose their techniques [51].  The difficulty in seeding the 

ambient air was to introduce tracers in a manner that would not affect the jet, to provide a 

somewhat consistent seeding rate and to adequately seed the entire region.  Due to the lack 

of confidence in properly seeding the ambient fluid, it was decided to strictly seed fluid 

streams of the gun. 
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An early experimental investigation of symmetry of velocity profiles about the axis for the 

non-reacting jet exposed that air did not exit the gun face uniformly and that the annulus was 

in fact clogged, as shown in Figure 2.12. Axial velocity measurements made horizontally and 

vertically are shown  below for the air jet. 
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Figure 2.12: Illustrating velocity profiles when annulus is clogged 

 

The annulus gap is 0.5 mm and air exits at speeds of the order of ~150 m/s.  It is not 

surprising that tracers have clogged the annular air stream because of its small dimension, 

which is why the propane stream was not seeded.  Once the gun face was cleaned (which can 

be a lengthy process), velocity measurements were again made in all four radial directions 

and are shown in Figure 2.13 and 2.14 at Z/D = 8 and 16 respectively. 
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Figure 2.13: Axial velocity profiles at Z/D = 8 for cold flow in all  
four radial directions when the gun face has been cleaned 
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Figure 2.14: Axial velocity profiles at Z/D = 16 for cold flow in all  
four radial directions when the gun face has been cleaned 

 

Velocity profiles in all four directions are very comparable, and there does not appear to be 

any bias for air exiting the gun in any regions of annulus.  The importance of uniform 

distribution of fluids exiting the gun face for each boundary cannot be overstated since this 

stream is the major source of fluid momentum for the entire flow field.  Once this 

observation was made in very early experimental work, the annular air stream was cleaned 

 66



Chapter 2. Experimental Work 

before any experiments were performed.  Based on that, it is assumed that there is good axial 

symmetry of the flow field being measured.  
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Figure 2.15: Species mass fraction of propane near the gun face (mass fraction contour levels indicated) 
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It is assumed that sufficient mixing of propane with supplied air streams occur well before 

LDA measurements are made of the flame (Z/D ≥ 8).  A visible flame can be seen as close 

to approximately Z/D ~ 2 (~ 1”) from the gun face, which would indicate that combustion 

has already taken place.  Propane would have to mix with air in order for succeeding 

chemical reactions to occur.  Figure 2.15 illustrates predicted diffusion of propane, 

demonstrating that it is entrained by the annular air stream and consumed very quickly.  

Therefore, propane will mix with the annular air stream and tracers that it carries, upstream 

from where velocity measurements were made experimentally.  

 

Perhaps the greatest assumption made in this experimental work was that seeded particles 

have a sufficiently quick enough response to follow oscillations of the fluid velocity.  The 

issue of satisfactory representation of the continuous phase with tracer particles has plagued 
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modern optical techniques, such as particle image velocimetry (PIV) and laser Doppler 

anemometry.  Many investigators have dedicated considerable research to study the particle 

tracking ability of many tracers.  An unorthodox material (baby powder) was used for this 

project that does not appear to have any relative literature pertaining to its use for seeding 

fluid flows.  The assumption that this material provides adequate flow tracking will be 

discussed in detail and will be given careful attention in the following section. 

 

2.4 Uncertainty/Error Analysis  

There are many potential issues in obtaining accurate time resolved velocity measurements in 

turbulent flows.  Numerous factors can markedly affect the statistical representation of the 

flow field.  Many of these factors have been minimized or eliminated in an attempt to 

produce the highest quality set of data, given the equipment and supplies available.  

Experimental sources of uncertainty and error will be discussed and quantified in this 

section. 

 

Experimental error can be a result of instrument uncertainty, instrument biases, facility 

variability and, of course, human error.  Uncertainties common to the practice of laser 

Doppler techniques include sources of optical calibration, data acquisition and data 

reduction.  

 

Consider any uncertainty as a function of a source bias limit B, source precision limit P and a 

statistical student t-factor, tv,95.  An uncertainty can therefore be defined as a function of 

these variables, such that: 
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( )22
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Source limits are a summation of individual elements of biases and imprecisions: 
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2.4.1 Geometric Uncertainty 

The first uncertainty considered involves the alignment of the backscattering probe with 

respect to the jet.  Alignment tools and procedures were discussed in Section 2.2 that 

positioned the measurement volume of the probe to the jet axis at a desired location.  The 

uncertainties for positioning the probe with respect to a specific position in the flow field are 

summarized below.  These uncertainties clearly do not affect velocity uncertainties, but 

rather the location that they are measured at.  

Table 2.1: Summary of geometric uncertainties 
Description Geometric 

uncertainty  
[mm] 

Traverse incremental height of probe 0.5 
Positioning measurement volume in axial 
direction of jet 

0.5 

Positioning measurement volume in 
horizontal direction of jet 

1 

Positioning measurement volume in 
vertical direction of jet 

0.5 

 

2.4.2 Calibration Uncertainty 

This uncertainty is often used to describe the calibration of optical components of an LDA 

probe, and can be decomposed into two groups.  These groups consist of uncertainties 

contributed by the fringe spacing fd and the transmitting angleκ .  The manual that 

accompanied the LDA probe did not include any uncertainty information regarding the 
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fringe spacing or transmitting angles.  Calibration uncertainty is typically 0.05% to 0.3% for 

many LDA probes, and is assumed reasonable for this uncertainty analysis [18, 38].  The 

contribution of calibration uncertainty is miniscule in comparison to other sources of 

uncertainty and error. 

 

2.4.3 Data Acquisition Uncertainty 

Velocity calculations are made from the frequency received ( rf ) by the photomultipliers in a 

LDA system.  This quantity consists of a shifted frequency ( sf ) and the difference frequency 

( df ) such that: 

r d sf f f= +          (2.3) 

The uncertainty in fs will be assumed negligible in comparison to other sources discussed 

here, as suggested by Martin [38].  Therefore, the uncertainty associated with fd will be 

proportional to what is experienced with fr. 

d r

d r

f f
f f
δ δ

≈          (2.4) 

The total uncertainty using (2.18) in frequency measurements takes the form: 

( )22
,95dd f v ff B t Pδ = +

d
       (2.5)  

The source bias limit for frequency measurements is composed of many elements [38]: 

 2 2 2
d

2
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The terms in the above equation are bias limits contributed by: fringe bias, velocity bias, 

gradient bias and filtering bias respectively.  And the source precision limit is [38]: 
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And 
df

res is the resolution of frequency measurements within the signal processor. 

 

2.4.4 Fringe Bias 

Fringe bias stems from the necessity for a scattering body to pass through several fringes 

within the measurement volume for detectors to receive a good quality signal.  Signals 

received by the optical system may not be registered if particle travel is parallel to the fringe 

pattern.  High quality signals are produced when the number of fringes that a tracer passes is 

maximized.  Particles that travel perpendicular to the fringe pattern of a single component 

system will cross the maximum number of fringes.  As shown in Figure 2.16a, tracers that 

travel ± 37.5° perpendicular to the fringe plane will be accepted.  The controlling parameter 

that determines acceptance angles requires that a tracer passes through half of the fringes in 

a fringe pattern.  

 

The range of velocity vector angles that can be accepted by a signal processor is much 

narrower for two component systems, as shown in Figure 2.16b.  By effectively shifting the 

frequency of one of the incident laser beams, the fringe pattern is no longer stationary and 

moves with a speed respective of the shift frequency, as shown in Figure 2.16c.  Since the 

fringes move when frequency shifting is applied, the number of fringes that pass through a 

tracer increases which helps eliminate directional sensitivity.  
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Figure 2.16: Fringe bias resulting from the direction of particle travel relative to fringe patterns [54]  

 

Figure 2.16c illustrates several acceptance angles for different values of fs/fd, corresponding 

to the magnitude of frequency shifting relative to the Doppler frequency of the particle’s 

velocity.  Applying a shift frequency that is fs/fd > 2 produces an acceptance angle of 360°, 

which completely eliminates fringe bias.  

 

2.4.5 Velocity Bias 

The likelihood of higher velocity particles traveling through the measurement volume is 

greater than that of slower moving particles, thus generating a nonuniform sampling 

distribution of velocities.  Faster moving tracers are sampled more often than slower ones, 

generating a velocity bias.  DeGraaff and Eaton have suggested that the velocity bias can be 

avoided if the seeding rate is sufficiently high enough to give consistent intervals between 

measurements [18].  Unfortunately, it is extremely difficult to achieve this, and thus a 

correction must be made to LDA sampling and the velocity bias must be estimated. 

 

Many forms of velocity bias corrections have been suggested by Albrecht et. al. that weigh 

velocity measurements by different means.  The preferred method of correcting for velocity 
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bias in LDA sampling by Albrecht et. al., Martin et. al. and  DeGraaff et. al. is by using a 

weighting function that corrects measurements with respect to the arrival times as in (1.15) 

[2, 18, 38].  

 

Although velocities calculated are corrected, a velocity bias continues to exist and can be 

estimated by [38]: 
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Where V is the calculated mean velocity, is an instantaneous velocity calculated for  

samples.  

iV N

 

2.4.6 Velocity Gradient Bias  

This bias results from a gradient in particle velocity across the measurement volume 

diameter.  High resolution LDA optics is favorable to minimize the dimensions of the 

measurement volume, and thusly any velocity gradient bias becomes insignificant.  Many 

authors approximate the velocity gradient bias to be proportional to the spatial resolution 

with respect to the length scale of the shear layer.  For instance, Martin et. al. suggest that 

[38]: 
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         (2.9)  

Where represents the dimension of the measurement volume and  is the length scale of 

the shear layer.  Since the dimension of the measurement volume in the direction of the 

dominant flow direction is 128 µm, it is assumed that if a velocity gradient does exist, it is 

mL L
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insignificant in comparison to the uncertainty of positioning the measurement volume.  The 

alignment procedure positions the measurement volume in the axial direction (as discussed 

in Section 2.2) with an approximated uncertainty of 0.5 mm, which is much greater than the 

measurement volume dimension.  It is assumed that the velocity gradient bias is unimportant 

in comparison to the uncertainty in positioning the measurement volume. 

 

2.4.7 Filtering Bias 

Electronic filtering is a common form of filter bias found in LDA research, but was not used 

for the experiments discussed in this thesis.  Although signals were not filtered electronically, 

they were filtered computationally after they have been processed to test whether they were 

of sufficient quality.  This condition depended upon whether the processed signal satisfied a 

signal-to-noise ratio (SNR) limit.  Signals with SNR values above the threshold were kept, 

while others were rejected.  

 

The SNR limit must be carefully chosen in order to accept all useable signals and to discard 

all those that produce erroneous results.  If the limit is chosen too high, it may overlook 

velocity signals that are slightly below this limit but are of sufficient quality.  A bias may exist 

against valid velocity calculations that have SNR values slightly below this limit.  The topic of 

signal quality and the manner that is quantified was discussed in Sections 1.2.4 and 1.2.5.  

 

Typical SNR limits for virtually every experiment were set to ~18 dB, and had mean SNR 

values in the range of 21-23 dB per trial.  The vast majority of trials accepted around 90-95% 

of signals received by the DAC, and the remaining signals were rejected.  A test case was 

made immediately after a typical successful LDA experiment was completed, but did not 
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apply any SNR filtering for either channel.  Two thousand bursts were collected at a typical 

position in the flow field, and the signals were monitored and numerically analyzed.  

 

Of the 2000 bursts collected for this test case, 92% of which were above 18 dB and the 

remaining 8% were below 13 dB.  The mean SNR for values above 18 dB was 22.1 dB, 

whereas the bottom portion had a mean value of 10.8 dB.  None of the 2000 bursts had 

SNR values between 13 and 19 dB.  All ‘good’ quality signals appeared similar to Figure 1.19, 

with a clearly defined peak in the PSD chart (similar to Figure 1.20).  None of the ‘poor’ 

quality signals showed any resemblance to Figure 1.19 and produced nonsensical PSD charts.  

The signals collected by this test case appeared typical for most LDA trials when the system 

had been tuned with SNR filtering.  The quality of signals is filtered appropriately with a 

limit of 18 dB, and does not produce any bias as a result of signal filtering.  

 

2.4.8 Sampling Uncertainty 

A particular number of samples is required to insure a required level of accuracy is achieved 

for a turbulent velocity component.  Surely a region that is highly turbulent would necessitate 

a greater number of samples to conserve accuracy than that of a less turbulent region.  The 

uncertainty of the mean is represented by the term 2
uσ , while velocity fluctuations are 

expressed by the standard deviation (RMS velocity) 2
uσ  and the number of samples  [2]. N

2
2 u
u N

σσ =          (2.10)  

Figure 2.17 gives an example of sampling uncertainty for LDA measurements of the 

combusting jet at Z/D = 8 (4”) and Z/D = 16 (8”) using (2.10) for 1700-1900 samples. 
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Figure 2.17: Uncertainty in velocity measurements due to number of samples taken 

 

2.4.9 Total Uncertainty of LDA Measurements 

The total measured uncertainty is calculated by: 

22
fmeas d

meas d f

du f
u f d

δδ δ ⎛ ⎞⎛ ⎞
= + ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

       (2.11) 

And the total velocity uncertainty is the sum of measured and sampling uncertainties: 

 meas samplingu u uδ δ δ= +         (2.12) 

A sample calculation of these uncertainties can be found in the Appendix. 

 

2.4.10 Tracer Slip Error 

Discrepancies between fluid velocity and tracer particle velocity are dependent upon the 

dynamics of the fluid structure and the tracking abilities of traveling particles.  Smaller tracers 

are generally desired to be able to follow greater turbulent frequencies with minimal slip.  

Tracers used to seed a particular flow are generally chosen to have relatively short 

characteristic times to allow them to react quickly enough to fluctuations in the fluid.  The 
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characteristic time is estimated as a function of material density, particle size and 

surrounding fluid viscosity [2]: 

2

0 18
p p

f

dρ
τ

µ
=          (2.13) 

The slip component, which manifests the difference between fluid and particle velocities, is 

estimated as a function of the turbulent frequency ( cf )of the fluid and the characteristic time 

( 0τ )of the particle [2]. 

 
( )2

0

11
2 1c

s
fπ τ

= −
+

       (2.14) 

The error associated with LDA measurements made with tracers of a known size suspended 

in a fluid with a known turbulent frequency can be estimated with the above equation.  

Every LDA measurement was time stamped, recording the arrival time history of each 

particle passing through the measurement volume.  It is possible to estimate the turbulent 

frequency using this information if the seeding rate was nearly continuous and very frequent 

[41].  Monitoring arrival time statistics of LDA measurements showed that relatively large 

gaps in between particle arrivals were common, preventing the estimation of cf  by this 

method.  Instead, the turbulent frequency was estimated using computational fluid dynamic 

predictions of turbulent quantities using the RSM.  

 

The maximum turbulent frequency occurring in a fluid, corresponding to the smallest 

turbulent structures, is approximated by [2]: 

3
4

max Re
2

uf
Lπ

≈         (2.15)  

Where the Reynolds number in a free stream is calculated using the turbulent macroscale, : L
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Re uLρ
µ

=          (2.16) 

All of the quantities in the above two equations can be predicted by CFD simulations, except 

for the turbulent macroscale.  Albrecht et. al. suggest that this quantity is proportional to 

fluid velocity and the rate of dissipation of turbulent kinetic energy, such that [2]: 

3

2
uL
ε

=          (2.17) 

The turbulent frequency cf  can now be approximated using numerical predictions, and 

allows for particle slip to be calculated using (2.14) for varying particle sizes.  Figures 2.18 

and 2.19 demonstrate the dependency of measurement quality on particle size for this 

problem.  The effective viscosity calculated by Fluent was used in (2.13) and (2.16), which 

accounts for both molecular and calculated turbulent viscosity.  The velocity component in 

the above equations used the axial velocity component predicted by Fluent.  Predictions of 

slip components were made with the medium grid for Case 1 of the combusting jet using the 

RSM model.  
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Figure 2.18: Estimated slip for the combusting jet at Z/D = 8 using CFD predictions 
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Figure 2.19: Estimated slip for the combusting jet at Z/D = 16 using CFD predictions 

 

The areas with the greatest slip are near the axis, where fluid density and viscosity are the 

lowest.  The continuous phase has less influence on particle travel when fluid density and 

viscosity are relatively low.  According to these predictions, large particles (≥ 5 µm) have 

great difficulty following fluid movement at 8D, while smaller particles (≤ 2.5 µm) appear to 

have very little slip.  Tracers have much smaller slip components at 16D when compared to 

that in 8D, where the flow is considerably more turbulent.  Particles of 10 µm in size are 

unable to follow fluid movement with any precision at either 8D or 16D.  A Talc particle of 

1 µm in size will have an estimated maximum slip of 0.25% at 8D for the flame.  It is clearly 

desirable to have tracer particles of around 1 µm in size to be able to follow fluid travel and 

give an accurate representation of the velocity field of the flame.  

 

Figures 2.20 and 2.21 illustrate slip profiles estimated for final results, using a weighting 

function that weighs the slip component with respect to the particle size distribution shown 

in Figure 1.32. Slip estimates are weighted by the following equation: 
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1

N

i i
i

s s
=

= ∑ g          (2.18)  

where  is the total slip, is the slip contributed by a particle of a particular size range (e.g. 

1.0-1.5 µm),  is the total number of particle sizes being weighted, and  is a weighting 

function, such that:  

s is

N ig

i
i

ng
N

=          (2.19) 

where is the number of particles within a particle size range. Particle sizes were grouped in 

0.5 µm bins. 
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Figure 2.20: Estimated weighted slip for the air jet at Z/D = 8 using CFD predictions 
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Figure 2.21: Estimated weighted slip for the combusting jet at Z/D = 8 using CFD predictions 
 

According to these estimates of particle slip, Talc is reasonable at following fluid fluctuations 

of the air jet (~1-2% slip) but has great difficulty following the combusting jet (up to 13% 

slip).  Many researchers that have used laser Doppler techniques to measure velocity 

components in similar turbulent jets have seeded the fluid stream with particles that are ≤ 

1.0 µm in size [20, 11, 17, 35, 51, 61].  Many of these authors have suggested that submicron 

sized tracers are excellent choices for most turbulent gaseous jets.  The ability for a tracer 

particle to follow turbulent fluid fluctuations with the same relative slip is inversely 

proportion to the square of its size.  In other words, a 1 µm particle has a critical turbulent 

frequency one hundred times that of a 10 µm particle of the same material with the same slip 

component.  

 

The difficulty in quantifying experimental error due to discrepancies between the particulate 

and continuous phases is that the actual size of particles measured by the LDA probe is 

unknown for a range of measurements.  The size of Talc powder has been discussed in 
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Section 1.2.64 and has been shown to have a relatively large standard deviation, and has also 

been found to have some extremely large bodies.  A greater number of samples is needed to 

have greater statistical confidence in the distribution of sizes.  

 

Even if a sufficiently large number of samples were taken to measure the dimensions of 

individual Talc particles, the realistic statistical distribution of tracers passing through the 

measurement volume is unknown.  As discussed earlier in this chapter, the size distribution 

of Talc was determined by placing baby powder directly from the container onto a slide to 

be viewed underneath a microscope.  Therefore, the distribution shown in Figure 1.32 does 

not reflect the dynamics of particles being collected from within a cyclone seeder and then 

traversing through a combusting jet.  The cyclone alone has a bias against heavier bodies, 

which is also unknown.  Attempts were made to collect Talc in the regions actually measured 

in the flame, but without any success.  

 

A bias may also be present in the distribution of particles of different sizes over a period of 

time during velocity measurements of a radial profile.  For instance, a relatively greater 

number of larger particles may happen to pass through the measurement volume during a 

series of LDA measurements than during other experiments.  

 

Other researchers have used tracers of comparable size distributions to seed liquid flows, 

where viscous forces acting on a suspended particle would be exceedingly greater than that 

in a gaseous flow.  Even if there was a bias towards larger particles for a particular case, the 

error due to the slip component would be minimal.  Since there are an appreciable number 
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of very large particles (≥ 10 µm) found in Talc powder, the error due to tracer slip could be 

detrimental to the quality of LDA measurements.  

 

Many errors are associated with the estimation of tracer slip, such as the unsatisfactory 

statistical sample of Talc powder, particle size bias associated with the introduction of tracers 

and the estimation of the critical turbulent frequency from numerical simulations.  The error 

due to tracer slip imposed on the measured mean velocity could be roughly approximated by 

these means, but could not give any accurate indication of error in turbulent quantities.  

 

The difficulty in approximating error for turbulent quantities that are calculated from RMS 

velocities is that it is entirely dependent upon the particle size of individual LDA bursts.  

RMS velocities are calculated from fluctuations of individual measurements that oscillate 

about this mean value.  It is impossible to realistically estimate RMS velocity error without 

having some knowledge of the size of an individual particle associated with a single velocity 

measurement.  

 

Error associated with particle slip will be approximated for mean velocity components, 

assuming that the errors affiliated with estimating slip error discussed above are minimal.  

This will be done to give a rough approximation of this error to demonstrate the importance 

of improved seeding materials.   
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Numerical Modeling 

Numerical modeling has become an increasingly effective tool for scientists and engineers to 

predict the behavior of fluid dynamic problems.  Considerable research activity has been 

dedicated towards the improvement of calculating the turbulent transport of matter, 

momentum and thermal energy.  Mathematical models implemented in Computational Fluid 

Dynamic (CFD) codes continue to mature, while improving accurate predictions of 

transported quantities and minimizing computational effort.  

 

Advances in computational power over the past decade have also accelerated CFD research, 

allowing more complex simulations to be performed within a reasonable time period.  The 

availability and accessibility of high performance computing hardware to the academic 

community have particularly progressed research using CFD as a tool, and improving 

numerical techniques.  As a result, CFD has become an established research tool for 

engineers.  

 

A commercial package called Fluent was used to solve all numerical simulations performed 

for this project.  Fluent is widely used in both commercial and academic settings to solve a 

broad range of CFD problems.  A pre-processor called Gambit was used to generate grids to 
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be solved in Fluent.  Preliminary numerical analyses were performed on a typical desktop 

computer, whereas more sophisticated simulations that were created in the later stages of 

this project required the use of the High Performance Computing Virtual Laboratory 

(HPCVL). 

 

The goal of numerically analyzing the jet diffusion flame considered in this project was to 

gain a greater understanding of the dynamics of fluid behavior strictly of the single phase.  

Validation of velocity and turbulent fields through experimentation gains confidence in 

numerical methods, which can eventually be used in future research endeavors to further 

investigate the thermal spray process of polymer powder. 

 

3.1  Geometry and Numerical Grid 

Numerical grids were created to simulate flow conditions as accurately as possible, with a 

compromise between resolution and computational expense.  Increasing the grid resolution 

minimizes numerical error (false diffusion), but as a consequence computation time increases 

approximately by the fourth power with respect to grid size.  A reasonable compromise can 

be achieved empirically by comparing results of several grids of different sizes.   

 

Early numerical simulations during this research project used two dimensional axisymmetric 

geometries that assumed that the physical geometry of the gun face could be treated as 

axisymmetric.  A two dimensional grid for this problem would effectively treat the propane 

inlet as an annulus, rather than a ring of nozzles.  Since the geometry modeled was dissimilar 

to the actual physical geometry of the gun, there would have to be a discrepancy in velocity 

inlets in order to maintain the same mass flow rate.  Therefore, the dynamics of propane 
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exiting the gun face cannot be realistically modeled in two dimensions.  Consider the 

following comparison between the geometry of the actual gun face (Figure 3.1a), and what is 

effectively simulated by treating the geometry as two-dimensional axisymmetric (Figure 

3.1b).  

  

Figure 3.1a: Actual geometry of gun face 
 

Figure 3.1b: Simulated geometry  
of gun face in 2D 

24 Nozzles 

Annulus 

 

Although many 2D axisymmetric simulations were performed in this research project, they 

will not be discussed here for this reason.  Several three dimensional grids were generated to 

find an appropriate grid size to simulate this problem.  Dimensions at the gun face are 

shown in Figure 3.2.   
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Figure 3.2: Enhanced image near gun face, illustrating dimensions (all units in mm) 
 

Recognizing that there is geometric symmetry about the gun axis for 24 nozzles, a 15 degree 

wedge was created with one propane nozzle, as shown in Figure 3.3.  The final grid that was 

used had 1.41 million control volumes, with a high grid resolution in the region near the gun 

face. 

 

Figure 3.3: Three dimensional mesh of entire domain 

15° 

0.3048 m 

0.0762 m 
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Figure 3.4 illustrates mesh resolution near inlets for powder air and annular air for the coarse 

grid, while Figure 3.5 represents the mesh near the propane inlet.  Medium and fine meshes 

are not shown because the resolution for both grids are high enough that it is difficult to 

clearly see face meshes when printed.  The medium sized mesh has approximately double 

the grid density as that of the coarse mesh, and the fine mesh has approximately four times 

the resolution. 

 

Mesh resolution was increased from coarse to medium to fine resolutions in a consistent 

fashion.  The number of nodes on edges near the gun face was doubled for every case and 

the resolution of interior control volumes was increased by an amount that resulted in 

doubling the total number of control volumes. 

 

 

Annular Air 

Gun Wall 

Powder Air 

Figure 3.4: Three dimensional mesh near annular air and powder air inlets (coarse grid) 
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Figure 3.5: Three dimensional mesh near propane inlet (coarse grid) 
 

Several meshes were constructed in three dimensions to test grid and domain dependence, as 

summarized in Table 3.1.  

Table 3.1: Summary of three dimensional meshes created for numerical investigation 
Name Dimensions Resolution 

Coarse/Large domain 15° x 260 mm x 520 mm 1.32 million cells 
Coarse Grid 15° x 76.2 mm x 304.8 mm 0.762 million cells 
Coarse/Half Slice 7.5° x 76.2 mm x 304.8 mm 1.25 million cells 
Medium Grid 15° x 76.2 mm x 304.8 mm 1.41 million cells 
Fine Grid 15° x 76.2 mm x 304.8 mm 2.83 million cells 

 

The first grid was constructed with the same axial and radial dimensions as specified in [40], 

but as a 15° wedge in 3D.  Axial and radial dimensional dependence were tested with the 

creation of the Coarse Grid.  Cold flow simulations (without propane) were tested between 

the Half Slice and Coarse Grid.  Grid resolution dependence was tested for both cold and 

hot flows, between Coarse, Medium and Fine grids.  All grids described here used a 

tetrahedral mesh. 

 

Assuming that fluid behaviour is axisymmetric may be reasonable for preliminary numerical 

simulations, and may have to be given greater attention in future analyses.  The need for 

 89



Chapter 3. Numerical Modeling 

further numerical modeling to account for asymmetry in fluid behaviour will be decided by 

experimental results discussed later in this report. 

 

3.2 Physical Models 

This section discusses the governing equations and engineering models used to solve CFD 

simulations by Fluent.  Capabilities of physical models are discussed, along with their 

limitations and failures to predict particular problems.  

 

3.2.1 Governing Differential Equations 

The following differential equations were written for three dimensional Cartesian co-

ordinates.  The equations used in two dimensional axi-symmetric conditions are similar, but 

in two dimensional cylindrical co-ordinates.  All cases were assumed for a steady-state and 

incompressible fluid.  

 

Consider instantaneous velocity and pressure components that can be represented by mean 

and fluctuating terms:  

'i i iu u u= +     'i i iP P P= +     (3.1) 

Conservation of mass and momentum for a turbulent Newtonian fluid are represented by 

their respective governing equations, also known as the Reynolds Averaged Navier-Stokes 

(RANS) equation [27]: 

( ) ( )' 'i
i k i j

k i j j j

P uu u u u
x x x x x

ρ µ
⎡ ⎤⎛ ⎞∂ ∂ ∂ ∂ ∂

= − + −⎢ ⎥⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦
ρ    (3.2) 
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Here  denotes mean pressure, P µ  dynamic viscosity, and 'i ju uρ ' the Reynolds stress 

tensor, or ijR .  In laminar flows, the instantaneous velocity component does not fluctuate 

(i.e. ), thus the Reynolds stress tensor would also be zero.  ' 0iu =

 

The additional Reynolds stress term requires special attention in order to close the RANS 

differential equations for turbulent flow.  Two methods used in RANS modeling ijR  are by 

making either a Boussinesq approximation, or by using the Reynolds Stress Model (RSM) to 

solve for individual stresses. 

 

The Boussinesq approach approximates the Reynold’s stress term ijR  to the mean velocity 

gradients and viscous stress tensor, such that [27]: 

2' '
3

i j i
ij i j t t ij

j i i

u u uR u u k
x x x

ρ µ ρ µ
⎛ ⎞ ⎛ ⎞∂ ∂ ∂

= − = + − +⎜ ⎟ ⎜⎜ ⎟∂ ∂ ∂⎝ ⎠⎝ ⎠
δ⎟    (3.3) 

Where tµ  is the calculated turbulent viscosity,  is calculated turbulent kinetic energy, and k

ijδ  is the Kronecker-Delta term.  Turbulent viscosity is calculated for the k-ε model as [27]: 

2

t
kCµµ ρ
ε

=          (3.4) 

It is advantageous to employ the Boussinesq approximation for many problems because of 

its relatively low computational requirements.  This is used in many two equation turbulence 

models, such as the k-ε and k-ω models.  Two additional equations are solved for turbulent 

kinetic energy ( ) and the turbulent dissipation rate (k ε ), or specific dissipation rate (ω ).  

Turbulent viscosity is calculated as a function of turbulent kinetic energy and dissipation, 

allowing the Reynolds stress term to be approximated, closing the RANS equations.  
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Turbulent viscosity was assumed to be isotropic in these equations, which is untrue for many 

realistic fluid problems.  This assumption may be reasonable for some simulations where 

accuracy may be prohibited by computational expense.  Anisotropic flows may require more 

realistic prediction of Reynolds stress terms. 

 

An alternative to the Boussinesq approach, embodied in the Reynolds Stress Model, is to 

solve for the transport equation for each individual shear stress tensor.  Isotropy is clearly 

not assumed for the RSM, but the model is much more complex and computationally 

expensive than simpler turbulence models.  An additional seven equations are solved in the 

RSM in a three dimensional geometry, as opposed to an additional two equations for the 

more popular k-ε model.  

 

The RSM may not necessarily be the most appropriate technique to predict turbulence for 

some simulations, as the gain in accuracy may not necessarily warrant the great increase in 

computational cost; it may also produce results without any gain in accuracy.  However, 

situations in which anisotropic turbulence has a dominant influence of the mean flow may 

require such modeling techniques.  

 

3.2.2 The Standard k-ε Turbulence Model 

The k-ε model is perhaps the most popular turbulence model, and owes its reputation to 

making a fair compromise between accuracy, robustness, and computational efficiency.  

Both turbulent velocity and length scales are independently determined by solving for 

turbulent kinetic energy ( ), and the turbulent dissipation rate (k ε ).  The equation describing 

the transport of turbulent kinetic energy is given by [27]: 
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( ) t
i k

i j k j

ku k G
x x x

µρ µ
σ

⎡ ⎤⎛ ⎞∂ ∂ ∂
= + + −⎢ ⎥⎜ ⎟∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦

ρε      (3.5) 

where kσ  is a model constant and  is the turbulent kinetic energy generation term, due to 

gradients in the mean velocity.  This is defined as [27]: 

kG

' ' j
k i j

i

uG u u
x

ρ ∂
= −

∂
        (3.6) 

The equation describing the transport of turbulent dissipation is given by [27]: 

( )
2

1 2
t

i k
i j j

u C G C
x x x kε ε

ε

µ
k

ε ε ερ ε µ ρ
σ

⎡ ⎤⎛ ⎞∂ ∂ ∂
= + + −⎢ ⎥⎜ ⎟∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦

   (3.7) 

Constants 1C ε , 2C ε , Cµ , kσ  and εσ  are constants used in both transport equations and 

have been experimentally determined for turbulent shear flows.  These constants have been 

found to work well for many wall-bounded and free shear flows [26, 27]. 

 

Extensions to the Standard k-ε model are offered by Fluent to better approximate turbulence 

for conditions that include swirl and wall boundaries.  Although the k-ε model may be 

adequate for a wide range of flow conditions, it still suffers from the inherent limitations of 

an isotropic eddy-viscosity model.  The model historically has faults in over-predicting 

diffusion in turbulent round jets [11]. 

 

3.2.3 The Reynolds Stress Turbulence Model 

The transport equations for individual Reynolds stresses are calculated in the RSM.  By 

calculating ijR  in each direction, the RSM avoids making the assumption of isotropic 
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turbulence.  The resulting equations contain several terms that must be modeled.  The 

transport equation used in the RSM is [27]: 

, ,ij T ij L ij ij ij ijC D D P φ ε= + + + +       (3.8) 

The first term expresses the convection of the transported Reynolds stress tensor [27]: 

( ' 'kij i j
k

C u u
x

ρ∂
≡
∂

)u         (3.9) 

The first term on the right hand side indicates turbulent diffusion [27] 

( ), ' ' ' ' 'T ij i j k kj i ik j
k

D u u u P u
x

ρ δ δ∂ ⎡≡ − + +⎢⎣∂
u ⎤

⎥⎦
,    (3.10) 

followed by the molecular diffusion term [27] 

( ), ' 'L ij i j
k k

D
x x

µ
⎡ ⎤∂ ∂

≡ ⎢∂ ∂⎣ ⎦
u u ⎥ ,       (3.11) 

and by the stress production term [27] 

' ' ' 'j i
ij i k j k

k k

u uP u u u u
x x

ρ
⎡ ⎤∂ ∂

≡ − +⎢ ∂ ∂⎣ ⎦
⎥ ,      (3.12) 

and the pressure strain term [27] 

  
'' ji

ij
j i

uuP
x x

φ
⎛ ⎞∂∂

≡ +⎜⎜ ∂ ∂⎝ ⎠
⎟⎟ ,        (3.13) 

and finally by the dissipation of turbulent kinetic energy [27] 

''2 ji
ij

k k

uu
x x

ε µ
∂∂

≡ −
∂ ∂

.        (3.14) 

It is now clear that the RSM can be quite computationally expensive if all of the above 

equations have to be solved for all 1 1' 'u u , 2 2' 'u u , 3 3' 'u u , 1 2' 'u u , 1 3' '  and u u 2 3' '  stress u u
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components.  By solving for all of the individual Reynolds stresses, a more realistic quantity 

can be calculated for the turbulent kinetic energy: 

( 1 1 2 2 3 3
1 ' ' ' ' ' '
2

k u u u u u u≡ + + )       (3.15) 

Fluent does not solve for the transport of  by default when the RSM is enabled, but has an 

option that allows for  to be solved globally in order to approximate a turbulent kinetic 

energy term for inlet boundary conditions.  The transport of turbulent kinetic energy will 

then be solved using the same term that is used in the k-ε model, although it has no affect on 

any other equations. Fluent will calculate values of k  to be displayed with the RSM from 

transported Reynolds stresses using (3.15).  The transport of the turbulent dissipation rate, 

k

k

ε , is computed in a similar fashion as in the k-ε model. 

 

Both k-ε and RSM turbulence models were used in this study to investigate turbulent 

behaviour for this particular problem.  A comparison between results produced by both 

models and computational expense is discussed in Section 3.4.2. 

 

3.2.4 Heat Transfer 

Thermal conduction, convection and radiation were modeled for all CFD simulations 

involving hot flow for this project.  Cold flow simulations did not solve for the energy 

equation, since heat transfer was negligible.  This assumption will be further explored in a 

later section.  

 

The governing equation for thermal energy transfer used for these simulations with the Non-

Premixed Combustion (NPC) model is [27]: 
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( ) t
i

i j p j

k Hu H S
x x C x

ρ
⎡ ⎤∂ ∂ ∂

h= +⎢ ⎥
∂ ∂ ∂⎢ ⎥⎣ ⎦

      (3.16) 

Where  is a thermal source term, often containing thermal radiative sources, and  is the 

total enthalpy as a function of species mass fractions [27]: 

hS H

j j
j

H Y H=∑          (3.17) 

where jY  is the mass fraction for species j and [27]: 

(
,

,
ref j

T

j p j j reT
H C dT h T= +∫ ),f j        (3.18) 

where ( ),j ref jh T  is the enthalpy of formation for species j at reference temperature .  refT

 

Radiative heat transfer can be simulated using several different models in Fluent.  Each 

model approximates the contribution of heat transferred radiatively in different ways and 

thus has different performance characteristics.  Each model is briefly reviewed below. 

 

The contribution of heat transfer due to thermal radiation is less than that of the other two 

forms.  Due to high velocities encountered and turbulent/chemical mixing in the region near 

the axis, heat transfer would be dominantly convective.  Nevertheless, it was still important 

to take this form of heat transfer into consideration. 

 

The radiative heat transfer models offered by Fluent are: Rosseland, Surface-to-Surface 

(S2S), Discrete Transfer Radiation Model (DTRM), Discrete Ordinates (DO) and P1. The 

Rosseland model consumes relatively little computational resources and requires little 
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memory.  However, it can only be used for optically thick media and must be used with a 

segregated solver.  

 

The S2S model solves for radiative heat transfer with the use of view factors.  It is effective 

at solving for some particular types of problems, but has many vital restrictions.  For 

instance, all surfaces are assumed diffuse and participating media cannot be simulated. 

Clearly the S2S is not a candidate for this particular problem, due to its inability to account 

for a radiating medium. 

 

The DTRM uses a form of ray tracing to predict radiative heat transfer.  All surfaces are 

assumed to behave diffusely and can only be used for optically thick media.  A large number 

of rays needs to be applied to achieve more accurate solutions, which consequently greatly 

increases computational expense.  

 

Both DO and P1 radiation models are considered the most robust and widely applicable of 

all models offered by Fluent.  The P1 model can account for particle scattering and for a 

wide range of optical thicknesses, which is ideal for combustion problems.  It can easily be 

applied for complex geometries, but has a tendency to lose accuracy when the optical 

thickness is small.  For these reasons, heat transfer is often exaggerated for heat sources 

when using the P1 model.  

 

The governing equation for radiative heat transfer when using the P1 model is [27]: 

44 G
i i

G a T aG S
x x

σ
⎡ ⎤∂ ∂
Γ + = +⎢ ⎥∂ ∂⎣ ⎦

      (3.19) 
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where  is a term consisting of the absorption and scattering coefficients, G is incident 

radiation and is a radiative source term,  

Γ

GS σ  is the Stefan-Boltzmann constant and a  is 

the absorption coefficient. 

 

3.2.5 Combustion Modeling 

It is convenient and appropriate to characterize flames as premixed and non-premixed 

combustion, depending on the manner in which fuel and oxidant enter the reaction zone.  

Both types of flames have distinct characteristics that require different numerical models.  

 

Fuel and oxidant enter the reaction zone in distinct streams for this particular problem, 

making this a non-premixed (diffusion) flame.  Therefore, premixed combustion theory will 

not be discussed in this report.  The basic structure of non-premixed combustion flames, or 

diffusion flames, is classical and well documented.  The structure of a laminar jet diffusion 

flame is illustrated below [10]: 

 

 

 

 

 

 

 

 

 

Figure 3.6: Illustration of the structure of a laminar diffusion flame [10] 
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The fundamental assumption in diffusion flame modeling is that if the problem is considered 

to have infinitely fast chemical reactions, a  ‘reaction sheet ’ (shown above) of an 

infinitesimally thin dimension separates fuel and products on one side and oxidant and 

products on the other.  Two diffusion-convection zones are present on both sides of the 

reaction sheet, where temperature and species gradients exist.  

 

The classic example of a diffusion flame shown in Figure 3.6 differs from this problem in 

that the oxidizer exits at the centre while fuel exits in the outer region.  Unburned fuel exits 

the nozzles in the internal diffusion-convection zone and mixes with oxygen slightly 

downstream where the chemical reaction initiates.   

 

It is convenient to classify different types of turbulent diffusion flames by comparing 

turbulent and chemical time scales.  Flow in turbulent combustion flames is often 

characterized by a turbulent Reynolds number, whereas turbulent and chemical time scales 

are evaluated with the Damköhler number [57]: 

 
ν

t
T

lu'Re =    
c

tDa
τ
τ

=     (3.20) 

Where  is the RMS velocity,  is the turbulent length scale, 'u tl tτ  and cτ  are the turbulent 

and chemical time scales respectively.  For the case of relatively short chemical time scales 

( ), the reaction zone is relatively thin and distorted/convected by the flow field.  

The internal structure of the flame is strongly influenced by turbulence and can be described 

as a wrinkled laminar flame, or flamelet.  Here the flame is wrinkled and stretched by 

turbulent forces.  Different classifications of diffusion flames are illustrated below. 

1Da >>
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Figure 3.7: Different regimes of turbulent diffusion flames [10]  
 

The relative turbulence level is denoted by , while  is the turbulent length scale 

relative to the effective length of the flame.  The time scale 

0.5 / lk U /t Ll e

kτ  indicates a measure of mean 

stretching rate, giving an indication of the local extinction /c kτ τ .  For a turbulent flame, 

thus having a turbulent Reynolds number greater than a critical value Re st
T c> , turbulent 

diffusion flames can be classified in three categories: (1) thickened flames, (2) perturbed 

flames in transition, and (3) wrinkled and stretched flames.  

 

Flamelet interactions are frequently present in region (2) and the steadiness of those 

flamelets may become questionable.  The structure of the flame is complicated by frequent 

extinctions followed by re-ignition by partially-premixed mixtures of fuel, oxidant and 

combustion products.  Vortices force flamelets to interact, greatly complicating the situation 

making it very difficult to model numerically.   
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Diffusion flames with very large Damköhler numbers are illustrated in Figure 3.7 by section 

(3).  The flame shown in Figure 3.6 is stretched and wrinkled by turbulent structures, and 

continues to change form as turbulent kinetic energy increases.  Such a flame is shown in 

Figure 3.8 where vortical structures force flamelets to interact in some regions while 

stretching the flame in others.  Many diffusion-reaction layers are thus present in a stretched 

and wrinkled turbulent diffusion flame. 

 

 

 

 
 

 
 
 

Flamelet interaction 
forced by vertex 

Stretching 

Flamelet interaction 
forced by vertex 

Figure 3.8: Dynamic structure of a turbulent flame [10] 
 

For the case of a thickened flame, which would have a low Damköhler number, turbulent 

mixing is relatively small in comparison to chemical reaction time.  Re-ignition is delayed 

making premixing more efficient.  The flame will resemble a premixed one slightly 

downstream when the Damköhler number is very small. 

 

Some fundamental assumptions made in Non-Premixed Combustion (NPC) are dependent 

upon the type of flame that is being simulated.  Chemical reactions are assumed to be very 

fast for a wrinkled flame and the NPC equilibrium model will use a probability density 

function (PDF).  Conversely, chemistry reacts at a finite rate in a thickened flame requiring 

more detailed combustion modeling that does not assume chemical equilibrium.  
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The Damköhler number is estimated by (3.21) that approximates the turbulent time scale 

using turbulent kinetic energy and its rate of dissipation, and the chemical time scale is 

estimated using the global reaction rate and density [25].  Turbulent time scales were 

calculated in the near region of the combusting jet from RSM simulations and the global 

reaction rate of propane and air was calculated using (3.22) [15, 25, 27]. 

 
k

Da
R

ε
ρ≈          (3.21) 

 [ ] [
aE

mRT
k r ]nR A T e Fuel Oxygenβ

⎛ ⎞−⎜ ⎟
⎝ ⎠=       (3.22) 

Where kR is the Arrhenius rate of chemical kinetics, and is defined in (3.22) for the global 

reaction of propane and air.  The pre-exponential factor for a specific reaction is represented 

by , the temperature exponent by rA β , activation energy by , universal gas constant aE R , 

temperature  and rate exponents are given by  and .  All of these values were taken 

from the Fluent database for the global reaction of propane and air to carbon dioxide and 

water vapour.  Calculated values of the Damköhler number in the near region of the jet were 

of the order of one thousand, indicating that chemistry is very fast and verifying that the 

NPC Equilibrium model is reasonable at handling combustion for this problem.  

T m n

 

Thermochemistry in NPC modeling in Fluent is reduced to a mean mixture fraction f  and a

mixture fraction variance 

 

2'f . d  The mixture fraction represents a mass fraction of burnt an

unburned elements of species originating from inlet boundaries.  Combustion is then 

effectively treated as a mixing problem of fuel and oxidizer.  Relationships between 

instantaneous mixture fraction and other scalars – such as species fraction, density and 
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temperature – are pre-processed and stored in Fluent as Probability Density Functions 

(PDF). 

 

The instantaneous mixture fraction is defined as [27]: 

 ,

, ,

i i ox

i fuel i ox

Z Z
f

Z Z
−

=
−

        (3.23) 

Where Zi is the fuel mass fraction for fluid element i, and oxidant and fuel subscripts refer to 

inlet conditions.  Consider an instantaneous mixture fraction that is defined by a mean and 

fluctuating component, similar to a fluctuating velocity component [27]: 

 'f f f= +          (3.24) 

The equation describing the transport of the mean mixture fraction becomes [27]: 

 ( ) ( )t

i i t i

u f f
x x x

µρ
σ
⎡ ⎤∂ ∂ ∂

= ⎢∂ ∂ ∂⎣ ⎦
⎥        (3.25) 

And the mixture fraction variance term is described by [27]: 

 ( ) ( )
2

2 2' 't
g t d

i i t i i

ku f f C f C f
x x x x

µρ µ
σ ε
⎡ ⎤ ⎛ ⎞∂ ∂ ∂ ∂

= + −⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂⎣ ⎦ ⎝ ⎠
2'ρ   (3.26) 

Where gC  and  are constants used in the NPC model in Fluent.  dC

 

Assuming chemical equilibrium, thermochemical scalars are related to mixture fractions as 

defined by the PDF.  The PDF predicts the probability of a scalar quantity (such as 

temperature, density etc.) for a particular value and time interval.  If we consider a mixture 

fraction that fluctuates with time [27]:  
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Figure 3.9: Graphical description of the estimation of scalar quantities  
using the Probability Density Function (PDF). 

 

The fluctuating component, f, on the right spends some interval of time in the viscinity of 

∆f.  The PDF, denoted by p(f), describes the probability of f  lying within this range and is 

defined as [27]: 

 1( ) lim it i
p f f

t
τ

→∞
∆ = ∑         (3.27) 

Where t is the time scale, ∆f denotes the band considered and τi is the time interval that f is 

in ∆f.  Thermochemical scalars are thus a function of the mixture fraction and enthalpy, and 

is approximated by [27]: 

 ( ) ( )
1

0
,i i f H p f dfφ φ= ∫        (3.28) 

The shape of the PDF profile can be assumed to be a double-delta or a β function in Fluent.  

The double-delta function can only be used for two-mixture fraction cases, while the latter 

can be used for cases that have either single or double mixture fractions.  The shape of this 

profile is strictly determined using mean mixture fractions and its variance.  A β -function 

was used in the creation of PDF files used in this research. 
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Computation time is minimized by calculating such quantities and storing them in a look-up 

table, which will then be referred to by the solver.  This makes PDF modeling quite 

attractive as it is relatively computationally efficient.  Figures 3.10 and 3.11 are example 3D 

graphs produced by PDF look-up tables in Fluent used in simulating this problem.  The first 

3D graph plots mean density as a function of the mean mixture fraction and variance, while 

the second illustrates the molar fraction of carbon monoxide as a  function of the mean 

mixture fraction and variance.  

 

Figure 3.10: PDF chart of mean mixture fraction (X), scaled variance (Y) and density (Z) 
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Figure 3.11: PDF chart of mean mixture fraction (X), scaled variance (Y) and mole fraction of CO (Z) 

 

3.3 Numerical Setup 

3.3.1 Discretization 

Fluent discretizes the governing equations for transported quantities using a control volume 

based technique.  Governing equations are integrated about every control volume 

throughout the domain using one of several discretization schemes available for each 

quantity.  Although numerous methods have been developed and have been proven effective 

for some applications, Fluent offers some of the more widely used and stable techniques.  

All schemes are theoretically capable of producing the same results if the grid resolution is 

fine enough.  A commonly used dimensionless parameter referred to as the Peclet number 

( ) is often used to determine an appropriate discretization scheme.  Pe

 

The Power Law Scheme (PLS) was used to discretise all transported quantities for all CFD 

simulations used for this project.  The PLS is proficient at expressing conditions at both low 
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and high Peclet numbers, where other discretization schemes have difficulty with.  A 

compact form of the discretization of a transported quantity for one direction in a control 

volume is given by [47]: 

 
5

0.1
0, 1 0,e

E e e
e

F
a D F

D
⎛ ⎞

= − + −⎜ ⎟
⎝ ⎠

     (3.29) 

Where  is a coefficient used in the calculation of convection and diffusion about a control 

volume across the eastern face, where  and  are the diffusive and convective fluxes 

respectively.  Values for  for  < -10 and  > 10 are: 

Ea

eD eF

Ea Pe Pe

 E

e

a Pe
D

= −   (3.30a)  0E

e

a
D

=    (3.30b) 

And for -10 ≤  < 0 and 0 ≤  ≤ 10 are: Pe Pe

 ( )51 0.1E

e

a Pe Pe
D

= + −  (3.31a)  ( )51 0.1E

e

a Pe
D

= +   (3.31b) 

For Pe  > 10, the PLS is identical with the Hybrid Differencing Scheme, which is not 

offered by Fluent, but has the advantage of exploiting strengths from both the Upwind 

Differencing and Central Differencing Schemes.  The PLS is recommended by Patankar in 

approximating convection and diffusion for most problems [47]. 

 

3.3.2 Pressure/Velocity Coupling 

Several algorithms are available to couple velocity and pressure equations in Fluent, which 

are derived from the continuity equation.  The Semi-Implicit Method for Pressure-Linked 

Equations (SIMPLE) has been used for all numerical simulations for this project.  SIMPLE 
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was originally introduced to the CFD community by Patankar and Spalding to couple 

pressure and velocity equations on a staggered grid [55].  

 

The calculation guesses a pressure field and corrects for it every global iteration, and the 

algorithm is generally considered to be converged when continuity is maintained.  Any of the 

algorithms available in Fluent are capable of solving such problems and differ in 

computational cost and the rate of convergence.  The SIMPLE algorithm is the default 

pressure-velocity coupler in Fluent.  

 

3.3.3 Boundary Conditions 

Boundary conditions where chosen to match experimental conditions as closely as possible.  

Magnitudes of all inlet conditions were chosen to match experimentally measured values in 

[40].  All inlets were treated as velocity inlets, where the magnitude of each condition was 

chosen to match appropriate mass flow rates.  All outflow boundaries were treated as 

Pressure Outlets with a zero gauge pressure.  All solid walls were treated as adiabatic without 

any momentum conditions. 

 

Inlets were extended upstream from the gun face to match the physical geometry of the 

spray gun.  This allows flow in annular air and propane streams to develop before exiting to 

the reaction zone.  Numerical results will demonstrate the importance of recessing the 

powder air inlet, which will reveal a large recirculation zone created by mixing of the annular 

air and powder air streams. Boundaries for three dimensional wedges are shown in Figures 

3.12 and 3.13, while inputted values are tabulated in Table A.1 in the Appendix. 
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Figure 3.12: Boundary conditions for three dimensional grid  
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Figure 3.13: Boundary conditions near the gun face for 3D grids 
 

Mass flow rates for the three cases considered numerically and experimentally are shown in 

Table 3.2.  Mass flow rates for each case were chosen from [40] to be compared with 

previous and future work.  Note that propane is introduced only for hot flow simulations, 
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and is otherwise given a value of 0 g/s for cold flow.  Boundary conditions for each case is 

summarized in Table A.2 in the Appendix. 

Table 3.2: Mass flow rates for each case 
Inlet Case 1 Case 2 Case 3 

 [g/s] [g/s] [g/s] 
Annular Air 2.289 1.7403 2.6525 
Powder Air 0.840 0.619 1.226 

Propane 0.298 0.294 0.322 

 
 
3.3.4 Material Properties 

Material properties for hot flow simulations are dependent upon fluid mixtures of multiple 

species and temperature.  Density of the mixture is directly determined by the PDF look-up 

table created by Fluent (Figure 3.10), while other material properties – such as specific heat 

capacity – of elemental species are defined by a piecewise-polynomial as a function of 

temperature.  The latter can then be defined as a function of the concentration of varying 

elemental species and its respective material property, as given by (3.28).  Cold flow 

simulations do not solve for heat transfer and all temperatures are assumed uniform at 300 

K.  Thus, material properties are assumed constant at atmospheric pressure at 300 K for air 

for all cold flow simulations. 

 

Absorption coefficients are estimated for participating media (such as carbon dioxide and 

water vapour) for hot flow simulations using Fluent’s Weighted-Sum-of-Gray-Gases Model 

(WSGGM).  A compromise is made between highly detailed models that accommodate 

particular absorption bands and the very simple gray gas model by producing a total 

emissivity that is a function of individual gray gases (of a mixture), partial pressure of the 

absorbing gas, temperature and the path length.  
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3.3.5 Computation 

Preliminary simulations were performed on a typical desktop computer with a Pentium 4 - 3 

GHz processor and 1 GB of memory.  Computation times for two dimensional grids are 

tolerable to be executed on such a machine.  Even for very fine meshes that would solve for 

up to nine transport equations, Fluent would only need a day or two to reach convergence.  

 

Three dimensional wedges were created with a substantially greater number of cells than any 

two dimensional cases, and consequently consumed much greater computational resources.  

An initial three dimensional low resolution mesh with 0.76 million cells took over one 

month to solve on this desktop computer.  Surely this would be a very inefficient method to 

further investigate the problem in three dimensions.  

 

All of the remaining three dimensional cases were computed on the High Performance 

Computing Virtual Laboratory (HPCVL), which allows academic members of various 

institutions to remotely submit computationally intensive tasks.  The same case just recently 

mentioned could be solved in a few days (depending on the number of processors assigned) 

instead of one entire month.  Even the highest resolution grid (2.8 million cells) tested 

solving for 15 transport equations on 20 processors took just under two weeks to solve.  

Attempting to solve this case on a desktop computer would take the better part of a year to 

compute. 

 

3.3.6 Convergence Criteria 

Residuals of transport equations were evaluated simply for numerical stability but not for 

judging convergence.  Although residuals may become steady and meet generally accepted 
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criteria, the solution may not be converged over the entire domain.  Some scalar quantities of 

interest were recorded at particular locations for several periodic intervals to check 

convergence.  

 

Axial velocity and turbulent kinetic energy profiles were recorded at axial positions of 8D 

(4”) and 16D (8”) and along the centerline every 5000 iterations once residuals become 

stable.  Figure 3.14 gives an example of a convergence check for axial velocity after different 

number of iterations.  A solution was considered converged when there is no apparent 

difference in the scalar quantities being evaluated.  Changes in temperature profiles were also 

observed for hot flow simulations.  Granted that temperature was not measured 

experimentally, it does have a significant influence on the prediction of other scalars that are 

dependent upon thermochemical quantities.  
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Figure 3.14: Sample of convergence check for axial velocity at Z/D = 16 (Cold Flow) 
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3.4 Numerical Validation Study 

3.4.1 Grid Dependence 

Early numerical investigations were made in a two dimensional axisymmetric geometry in an 

effort to minimize computation time.  Unfortunately, the geometry to be simulated is not 

axisymmetric and three dimensional geometries were used thereafter.  As a consequence of 

the model improvement to give more realistic geometric representation in three dimensions, 

computational expense increased dramatically. 

 

Although numerous grids were created in 2D, their dependence on resolution will not be 

discussed here since the geometry needs to be simulated in 3D.  Several grids were 

constructed in 3D to examine the solution’s dependence on the size of the domain and grid 

resolution.  Grid, model and boundary condition dependence studies evaluated axial velocity, 

turbulent kinetic energy and temperature (only for hot flow) at Z/D = 4, 8 and 16 and along 

the centreline for Case 1.  To minimize the number of figures in this section, a selected 

number of profiles have been chosen for each dependence study to demonstrate any 

consistencies and discrepancies between the cases considered. 

 

The first grid created was a 15° wedge with an axial component of 502 mm and radial 

component of 260 mm.  These values were chosen to compare to an earlier numerical 

investigation performed by Matovic [40].  The second grid had comparable grid resolution as 

the first, where meshed edges on the gun face and interior volume resolutions were identical.  

This grid had a domain of 15° x 304.8 mm (12”) x 76.2 mm (3”).  No detectable change was 

noticed in axial velocity and turbulent profiles between the two domains (as shown in 
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Figures 3.15 and 3.16), so the smaller of the two was adopted to reduce computational 

expense. 
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Figure 3.15: Testing dependence of domain size for hot flow  
simulations by comparing axial velocity profiles at Z/D = 8  
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Figure 3.16: Testing dependence of domain size for hot flow  
simulations by comparing axial velocity profiles at Z/D = 16 

 

Another three dimensional wedge was created with a 7.5° angle (half of other grids) with 

comparable resolution as the coarse grid.  The motivation for performing this simulation was 

simply to verify in early CFD studies using three dimensional wedges that numerical 

predictions for cold flow simulations were independent of the wedge angle.  Combustion 

simulations were not executed using this grid because it would effectively treat the spray gun 

as having 48 nozzles instead of 24.  Figures 3.17 and 3.18 demonstrates the similarities in 
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predicted axial velocity and turbulent kinetic energy profiles for 7.5° and 15° (coarse grid) 

wedges for Case 1.  
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Figure 3.17: Testing dependence of wedge angle for cold flow  

simulations by comparing axial velocity profiles at Z/D = 8 
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Figure 3.18: Testing dependence of wedge angle for cold flow simulations  

by comparing turbulent kinetic energy profiles at Z/D = 8 
 

Coarse, medium and fine grids were constructed to evaluate the dependence of grid 

resolution on convected scalars.  The following graphs give a sample comparison of grid 

dependence for coarse and medium grids on axial velocity and turbulent kinetic energy 

profiles at Z/D = 8 for cold flow simulations for Case 1.  Velocity and turbulent kinetic 

energy profiles were compared at Z/D = 4, 8 and 16 and along the centreline for each grid. 

Temperature profiles were also evaluated for hot flow simulations. 

 115



Chapter 3. Numerical Modeling 

0

1

2

3

0 5 10 15 20 25 30

Axial Velocity [m/s]

R
ad

ia
l D

is
ta

nc
e,

 R
/D

Coarse Grid Medium Grid

 
Figure 3.19: Testing grid dependence for cold flow simulations  

by comparing axial velocity profiles at Z/D = 8  
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Figure 3.20: Testing grid dependence for cold flow simulations  

by comparing turbulent kinetic energy profiles at Z/D = 8  
 

Both grids have identical boundary conditions and utilize the same physical models in the 

same manner.  Predictions for velocity and turbulent quantities are practically identical, 

concluding that the coarse grid has sufficient resolution for solving cold flow cases.  Similar 

comparisons were made for hot flow calculations, and are as follows: 

 116



Chapter 3. Numerical Modeling 

0

1

2

3

0 10 20 30 40 50 60

Axial Velocity [m/s]

R
ad

ia
l D

is
ta

nc
e,

 R
/D

70

Coarse Grid Medium Fine Grid

 
Figure 3.21: Testing grid dependence for hot flow simulations by comparing axial velocity profiles at Z/D = 8 
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Figure 3.22: Testing grid dependence for hot flow simulations  

by comparing turbulent kinetic energy profiles at Z/D = 8 
 

The coarse grid has insufficient resolution to properly discretise the governing equations, 

and the fine grid verifies that the medium grid is adequate for this investigation.  It is 

understood that a higher quality mesh could have been created that could have potentially 

solved this problem in less time with a smaller iteration count.  Since the enhancement of 

grid resolution from the coarse to medium and fine grids was consistent, it is believed that 

results obtained for a higher quality mesh would not change final results but would reduce 

computation time.  
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False diffusion is a form of numerical error that is inherent in all CFD simulations and leads 

to the over-prediction of diffusion of scalars.  The effect of false diffusion is clearly 

dependent on the angle of flow relative to the grid and the size of the control volume, as 

shown in (3.32) for 2D grids.  It can become significant in a coarse grid with highly skewed 

flow.  The effect of false diffusion is typically proportional to the Peclet number and the 

direction of fluid travel [47].  

( )θθ
θρ

33 cossin4
2sin

xy
yxU

false ∆+∆
∆∆

=Γ       (3.32) 
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Figure 3.23: Peclet number contour for coarse grid resolution, hot flow Case 1 
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Figure 3.24: Peclet number contour for medium grid resolution, hot flow Case 1 
 

Unfortunately, Fluent does not have the capability of calculating false diffusion, but it can 

report the local Reynolds number, or Peclet number.  For three dimensional grids, the cell 

Reynolds number is defined in Fluent as: 

Recell
udρ
µ

=          (3.33) 

Where the critical dimension is defined as: 

( )1
3

celld V=          (3.34) 

Figures 3.23 and 3.24 illustrate Peclet contours near the gunface, where values of Pe would 

be the highest.  A considerable decrease in magnitude of experienced Pe is observed from 

the coarse to medium grid, which is further improved upon with the fine grid. 
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Although Peclet numbers are still higher than what would typically be considered reasonable, 

it has been shown that the results produced by the medium grid are independent of its 

resolution.  

 

3.4.2 Model Dependence 

Numerical modeling is required to predict turbulence, radiative heat transfer, combustion 

and turbulence/chemistry interaction for this problem.  Results produced with the k-ε model 

was compared with the RSM to determine the influence of using the more detailed, but more 

computationally demanding, RSM model on predicted scalars.  A comparison of axial 

velocity and turbulent kinetic energy contours and radial profiles at Z/D = 8 for cold and 

hot flows follow.  
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Figure 3.25: Comparing axial velocity predictions for k-ε and RSM  

turbulence models for cold flow at Z/D = 8 
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Figure 3.26: Comparing axial velocity predictions for k-ε and RSM  

turbulence models for hot flow at Z/D = 8 
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Figure 3.27: Comparing turbulent kinetic energy predictions for k-ε  

and RSM turbulence models for cold flow at Z/D = 8 
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Figure 3.28: Comparing turbulent kinetic energy predictions for k-ε  

and RSM turbulence models for hot flow at Z/D = 8 
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Figure 3.29: Axial velocity [a) k-ε, b) RSM {range 0-30 m/s, 5 levels}] and turbulent kinetic  

energy [c) k-ε, d) RSM {range 0-50 m2/s2, 5 levels}] contours for cold flow 
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Figure 3.30: Axial velocity [a) k-ε, b) RSM {range 0-100m/s, 5 levels}] and turbulent kinetic 

energy [c) k-ε, d) RSM {range 0-200 m2/s2, 5 levels} contours for hot flow 
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Numerical predictions of velocity and turbulent kinetic energy are in good agreement 

between both turbulent models for cold flow simulations in comparison to that of the 

combusting jet.  The magnitude and shape of the profiles for cold flow shown in Figure 3.25 

are very comparable, suggesting that the k-ε model is reasonable for handling turbulence of 

the air jet.  Figure 3.29 gives a comparison in velocity and turbulence contours using both 

turbulence models for both cold flows.  Again, velocity and turbulent predictions are very 

similar between k-ε and RSM models for cold flow.  Any gains in accuracy by implementing 

the RSM for numerical predictions of the air jet may not warrant the large increase in 

computational requirements. 

 

Momentum and turbulence are evidently poorly predicted with the k-ε model for hot flow 

simulations with unsatisfactory results, as shown in Figures 3.26, 3.28 and 3.30.  As a 

consequence to this apparent improvement in accuracy with using the RSM, computation 

time roughly doubled and numerical stability became an issue which was not a concern for 

cold flow simulations.  The solution obtained for the k-ε model was used to initialize 

conditions when RSM was activated.  All other transport equations were disabled except for 

individual Reynolds stresses until residuals became steady.  Momentum and turbulent 

dissipation (ε) equations were then enabled until all residuals became steady.  Finally, energy, 

combustion and radiation equations were enabled allowing for all equations to be solved.  

Numerical stability was much more robust when the k-ε model was used, and did not require 

such attention.  Numerical simulations using the RSM model was only made for the medium 

three dimensional grid for Case 1 for cold and hot flows to evaluate the importance of 

improved turbulence modeling.  
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3.4.3 Sensitivity of Solution to Boundary Conditions 

Velocity magnitudes were chosen to produce mass flow rates for each individual inlet for 

low (Case 2), medium (Case 1) and high (Case 3) flow rates from the previous study [40].  

Unfortunately, turbulent quantities at any of the boundaries were unknown prior to this 

investigation.  Experimental measurements were made at the gun face to approximate 

turbulence at recessed inlet boundaries in the numerical simulation, and are tabulated in 

Appendix A. 

 

Boundary conditions for all inlets used a turbulent intensity that was measured 

experimentally and an effective hydraulic diameter that was determined by the duct size, as 

recommended by the Fluent manual [27].  Turbulent kinetic energy at inlet boundaries are 

reasonably represented by experimentally measured turbulent intensities.  The rate of 

dissipation of turbulent kinetic energy was approximated using the turbulent length scale 

(which is estimated from the hydraulic diameter), turbulent kinetic energy and an empirical 

constant.  

 

Both turbulent quantities at all inlet boundaries are therefore approximated, and may 

influence turbulent predictions downstream.  It is believed that turbulent boundary 

conditions have little influence on the prediction of velocity and turbulent quantities 

downstream due to the generation of turbulent kinetic energy in the core of the jet.  An 

additional simulation (Case B) was performed with the inlet turbulent intensity doubled of 

what was used in Case 1 (Case A).  The dependence of fluid flow downstream from the 

spray gun on turbulent boundary conditions at all inlets is evaluated in Figures 3.31-3.34 for 

cold and hot flows respectively. 
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Figure 3.31: Axial velocity profiles evaluating dependence on turbulent  

boundary conditions at Z/D = 8 for cold flow simulations 
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Figure 3.32: Turbulent kinetic energy profiles evaluating dependence on  

turbulent boundary conditions at Z/D = 8 for cold flow simulations 
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Figure 3.33: Axial velocity profiles evaluating dependence on turbulent  

boundary conditions at Z/D = 8 for hot flow simulations 
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Figure 3.34: Turbulent kinetic energy profiles evaluating dependence on  

turbulent boundary conditions at Z/D = 8 for hot flow simulations 
 

It appears that doubling the turbulent boundary conditions for all inlets does not have any 

appreciable affect on velocity and turbulent predictions downstream. Turbulent kinetic 

energy is not a conserved quantity and can be generated in a turbulent jet. The generation of 

turbulent kinetic energy downstream from inlets is appreciably more significant than inlet 

conditions.  Therefore, the solution is insensitive to turbulent boundary conditions 

downstream from velocity inlets. 
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Chapter 4 

Results and Discussion 

4.1 Numerical Results 

Numerous numerical simulations for this problem were performed using Fluent and varying 

many different parameters, such as the grid, boundary conditions and physical models.  The 

previous section discussed the dependence of the final solution on these parameters, and a 

set of six simulations will be presented in this section for hot and cold flow for all three cases 

using similar conditions.  

 

Due to the large increase in computational expense by the implementation of the RSM 

turbulence model, all cases presented here have used the k-ε model to predict turbulence 

unless otherwise specified.  The previous section considered a particular case that 

implemented the RSM to demonstrate the importance of improved turbulence modeling.  

Although velocity and turbulent predictions are generally more realistic by using the RSM, 

qualitative comparisons between the three cases for either cold or hot flows should be 

consistent regardless of which turbulence model is used. 

 

The following comparisons use the medium grid for both cold and hot flows, with boundary 

conditions and physical models discussed in Section 3.3.  Although only velocity and 
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turbulent measurements were made experimentally, this section will also discuss other 

transported scalars that are predicted by Fluent in an attempt to gain a greater understanding 

of their effects on the dynamic behaviour of the continuum.  Geometric lengths are 

expressed in dimensionless quantities relative to the powder air nozzle diameter of 12.5 mm 

(0.5”).  Table 4.1 summarizes exit velocities at each inlet, Reynolds numbers and air-to-fuel 

ratios at the gun face for all three cases considered. Note that cold flow simulations would 

have an exit velocity of zero for propane. 

Table 4.1: Fluid velocity, Reynolds numbers and air to fuel ratios for all cases 
 Case 1 Case 2 Case 3 

uAnnular Air (m/s) 163.10 124.00 189.00 
uPowder Air (m/s) 5.84 4.30 8.52 
uPropane (m/s) 24.70 24.36 26.69 

Reynolds Number  
(hot flow)  

12,201 9,948 15,528 

Air-to-Fuel Ratio 10.5 8.02 12.0 

 

4.1.1 Velocity Fields 

Axial velocity profiles are shown below for cold flow simulations for cases 1, 2 and 3 at axial 

positions of 8D (4”) and 16D (8”), and along the centerline.  Figures 4.1, 4.2, 4.4 and 4.5 

represent predicted axial velocity profiles for all three cases for hot flow simulations.  Axial 

velocity profiles along the centerline are shown in Figures 4.3 and 4.6.  Contours of axial 

velocity for all three cases for cold and hot flows are illustrated in Figures 4.7 and 4.8. Case 3 

has the highest flow rates for all three inlets, followed by Case 1, then Case 2.  It is not 

surprising that axial velocity profiles for hot and cold flows are predicted to be higher for 

Case 3 than the other two cases.  

 

Velocity profiles along the centerline in Figures 4.3 and 4.6 indicate negative velocities at 

Z/D < 2.  A relatively large recirculation zone is created by fluid exiting the annular air 
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stream at a high velocity and then mixing with air leaving the powder air exit at much lower 

velocity, as shown in Figure 4.9.  Axial velocity components downstream from this 

recirculation zone are positive throughout the remainder of the domain.  
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Figure 4.1: Axial velocity profiles for all three cold flow cases at Z/D = 8 
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Figure 4.2: Axial velocity profiles for all three cold flow cases at Z/D = 16 
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Figure 4.3: Axial velocity profiles for all three cold flow cases along the gun axis 
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Figure 4.4: Axial velocity profiles for all three hot flow cases at Z/D = 8 
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Figure 4.5: Axial velocity profiles for all three hot flow cases at Z/D = 16 
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Figure 4.6: Axial velocity profiles for all three hot flow cases along the gun axis 
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Figure 4.7: Axial velocity contours for cold flow a) Case 1, b) Case 2 and c) Case 3 {range 0-50 m/s, 5 levels} 
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Figure 4.8: Axial velocity contours for hot flow a) Case 1, b) Case 2 and c) Case 3 {range 0-100 m/s, 5 levels} 
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Figure 4.9: A relatively large recirculation zone exists near the gun face 

 

Axial velocity profiles along the axis (as shown in Figures 4.3 and 4.6) are somewhat similar 

in shape for both cold and hot flows.  Velocity magnitudes are higher for hot flow 

simulations after about 2D downstream from the gun face.  Fluid travels at approximately 
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the same speed farther downstream near 24D, where fluid diffusion is mostly dictated by 

spreading rather than by combustion.  Relative differences in velocity magnitudes for all 

three cases between cold and hot flows are fairly consistent. 

 

4.1.2 Turbulent Fields  

Turbulent kinetic energy (TKE) profiles are shown below for cases 1, 2 and 3 for non-

reacting and combusting jets at 8D and 16D and along the centreline.  Contour plots of 

turbulent kinetic energy for all three cases are shown in Figures 4.18 and 4.19 for cold and 

hot flows respectively.  Again, the following data have been computed with the k-ε 

turbulence model.  All six cases demonstrate similar turbulent trends along the centerline. 
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Figure 4.10: Turbulent kinetic energy profiles for all three cold flow cases at Z/D = 8 
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Figure 4.11: Turbulent kinetic energy profiles for all three cold flow cases at Z/D = 16 
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Figure 4.12: Turbulent kinetic energy profiles for all three cold flow cases along the gun axis 
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Figure 4.13: Turbulent kinetic energy profiles for all three cold flow  

cases along the gun axis (selected region of Figure 4.12) 
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Figure 4.14: Turbulent kinetic energy profiles for all three hot flow cases at Z/D = 8 
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Figure 4.15: Turbulent kinetic energy profiles for all three hot flow cases at Z/D = 16 
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Figure 4.16: Turbulent kinetic energy profiles for all three hot flow cases along the gun axis 
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Figure 4.17: Turbulent kinetic energy profiles for all three hot flow  

cases along the gun axis (selected region of Figure 4.16) 
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Figure 4.18: Turbulent kinetic energy contours for cold flow a) Case 1,  
b) Case 2 and c) Case 3 {range 0-50 m2/s2, 5 levels} 
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Figure 4.19: Turbulent kinetic energy contours for hot flow a) Case 1,  
b) Case 2 and c) Case 3 {range 0-200 m2/s2, 5 levels} 

 

Turbulent kinetic energy peaks much later downstream and reaches higher magnitudes with 

combustion than without (Figures 4.12 and 4.16).  Case 2 is considerably less turbulent than 

the other two cases in the near region of the gun (~ 2D) and further downstream (Z/D > 

8).  Peak values of turbulent kinetic energy profiles shown above for Case 3 are consistently 

greater than twice the peak value of Case 2.  In fact, peak values for Case 3 are consistently 

31% and 127% higher than for cases 1 and 2 respectively.  

 

It is important to observe that the relative differences in turbulent kinetic energy profiles 

among all three cases are consistent for both non-reacting and combusting jets.  Therefore, 

differences in combusting characteristics amongst the three cases do not appear to have any 

pronounced influence on differences of turbulent kinetic energy profiles.  Turbulence 
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experienced downstream from the gun for each case is propagated by inlet conditions.  

Differences observed in the above turbulent kinetic energy profiles are proportional to 

differences in inlet conditions at the gun face.  Contour plots of turbulent kinetic energy 

illustrate that levels of turbulence are much higher for Case 3 (Figures 4.18c and 4.19c) than 

Case 1 (Figures 4.18a and 4.19a) and Case 2 (Figures 4.18b and 4.19b) throughout the entire 

domain, and not just at 8D and 16D.  

 

4.1.3 Comparing Cold and Hot Flows 

Velocity and turbulent comparisons are made below for numerical predictions of cold and 

hot flows for Case 1.  

0

10

20

30

40

50

60

70

-2.5 -1.5 -0.5 0.5 1.5 2.5

Radial Distance, R/D

A
xi

al
 V

el
oc

ity
 [m

/s
]

Cold Flow Hot Flow

 
Figure 4.20: Axial velocity profiles for cold and hot flows at Z/D = 8 
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Figure 4.21 Axial velocity profiles for cold and hot flows at Z/D = 16 
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Figure 4.22: Axial velocity profiles for cold and hot flows along the gun axis 
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Figure 4.23 Turbulent kinetic energy profiles for cold and hot flows at Z/D = 8 
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Figure 4.24 Turbulent kinetic energy profiles for cold and hot flows along the gun axis 
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Figure 4.25: Axial velocity [a) cold flow, b) hot flow {range 0-60 m/s, 5 levels}] and turbulent  
kinetic energy contours [c) cold flow, d) hot flow {range: 0-100 m2/s2, 5 levels}] 

 

As would be expected, velocity magnitudes are generally much higher for the flame than in 

the cold jet due to thermal expansion of combusting gases.  Velocity profiles at axial 

positions of 8D and 16D reveal that velocity magnitudes are much higher in the flame, but 
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the two appear to have identical jet widths.  Expansion of combusting gases are predicted to 

diffuse predominantly in the axial direction and do not appear to affect the width of the jet 

using these simulations with the k-ε model.  Chigier’s findings of the decay of axial velocity 

for a cold and hot jet (as shown below) are similar to what is shown in Figures 4.22 and 

4.25a-b [14].  Turbulence was found to peak much earlier for the cold jet than for the flame 

in Chigier’s work, which was also found in Figures 4.24 and 4.25c-d.  However, Chigier 

found that magnitudes of turbulent kinetic energy were generally much higher for the cold 

jet than for the hot jet, which is not the case for numerical predictions shown above.  

 

Figure 4.26: Axial velocity, turbulent kinetic energy and temperature measurements  
made by Chigier along the axis of a diffusion flame [14] 

 

Fuel was not introduced numerically for cold flow simulations to match experimental 

conditions.  Propane was not used in cold flow experiments for obvious safety reasons.  

 

Dimensionless comparisons were made between numerical predictions and experimentally 

measured velocity components of cold and hot flows with respect to the Gaussian error 
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curve.  For a single, free, axisymmetric turbulent jet, Hinze has suggested that a Gaussian 

curve given by (4.1) gives very good agreement with experiments [28].  

( 2

,max
exp 108z

z

u
u

)ξ= −        (4.1) 

where ξ  is a nondimensional radial position with respect to the axial position, , and half 

jet width, a , given by [28]: 

z

r
z a

ξ =
+

         (4.2) 

Other investigators of circular jets have also found that this expression is a good 

representation of the distribution of axial velocity components in a spreading jet for most 

axial positions [28, 35].  Values estimated by the Gaussian error curve have been found to 

give slightly higher values near the apex and is under-predicted near the edges [28].  
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Figure 4.27: Mean velocity distributions in the air jet comparing numerical predictions,  

experimental measurements and the Gaussian error curve at Z/D = 8 
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Figure 4.28: Mean velocity distributions in the combusting jet comparing numerical 
predictions, experimental measurements and the Gaussian error curve at Z/D = 8 
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Figure 4.29: Mean velocity distributions comparing numerical predictions of the  
non-combusting and combusting jet, and the Gaussian error curve at Z/D = 8 

 

Dimensionless axial velocity profiles from numerical predictions and experimental results are 

very similar to the Gaussian error curve for the air jet (Figure 4.27).  However, velocity 

profiles of the combusting jet (Figure 4.28) are noticeably different in shape from the two 

numerical predictions, experimental results and the Gaussian curve.  

 

Hot flow simulations using the k-ε turbulence model predicts similar diffusion as what is 

expected by the Gaussian curve, as shown in Figure 4.29.  However, many authors have 
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found experimentally that combusting jets have thinner widths and greater diffusion near the 

axis than their non-combusting counterparts [14].   

 

4.1.4 Temperature Profiles 

Thermal energy transfer was calculated for all hot flow simulations, including conductive, 

convection and radiative forms of heat transfer.  Predicted fluid temperatures were used as a 

criterion for convergence of iterated solutions, as discussed in Chapter 3.  Temperature 

profiles are illustrated below for all three cases at 2D, 4D, 8D, 16D and along the centerline. 

Temperature contours for the three cases are shown in Figure 4.35.  
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Figure 4.30: Temperature profiles for all three cases at Z/D = 2 
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Figure 4.31: Temperature profiles for all three cases at Z/D = 4 
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Figure 4.32: Temperature profiles for all three cases at Z/D = 8 
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Figure 4.33: Temperature profiles for all three cases at Z/D = 16 
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Figure 4.34: Temperature profiles for all three cases along the gun axis 
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Temperature profiles follow the same general pattern for all three cases in the near region, 

except for Case 2, which appears to have a thicker flame at 2D.  Predicted temperatures at 

axial locations further downstream and along the axis are much higher for Case 2 than the 

other two cases.   

 

24D 
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R/D

Figure 4.35: Temperature contours for a) Case 1, b) Case 2 and c) Case 3 {range 1000-2000 K, 4 levels} 
 

The previous section has demonstrated that velocity and turbulent profiles were predicted to 

be much greater for cases with high flow rates, while temperature profiles appear to have the 

opposite relationship.  Since the fluid temperature is highly dependent upon the combustion 

of reacting chemical species, the rational for why Case 2 reaches higher temperatures may be 

explained by examining species concentration profiles of the three cases.  
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4.1.5 Species Concentrations 

Species concentrations for Case 1 are displayed in radial directions for several axial locations 

in the following figures.  Although numerous species participate in chemical reactions 

predicted by the equilibrium non-premixed combustion model in Fluent, only the most 

active reacting species will be discussed.  The species considered are: propane, oxygen, water, 

carbon dioxide and carbon monoxide.  Granted that the greatest concentration of any 

species in the domain is nitrogen, it is for the most part chemically inert and thus does not 

warrant further discussion.  
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Figure 4.36: Mass fraction profiles for all critical species at Z/D = 2 
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Figure 4.37: Mass fraction profiles for all critical species at Z/D = 4 
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Figure 4.38: Mass fraction profiles for all critical species at Z/D = 6 
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Figure 4.39: Mass fraction profiles for all critical species at Z/D = 8 
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Figure 4.40: Mass fraction profiles for all critical species at Z/D = 16 

 

In the near region of the jet (Z/D ~ 2), propane reacts with surrounding oxygen producing 

water vapor, carbon dioxide and carbon monoxide.  The core of the jet, which is near the 

axis at 0 ≤ R/D ≤ 0.4, contains mostly air that is ejected by annular air and powder air exits.  

Oxygen levels above approximately R/D > 0.7 represent ambient air that is entrained by 

momentum of the jet.  Some of the oxygen consumed by the surroundings reacts with fuel, 

while the rest of the propane uses oxygen supplied by the gun.  
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Combustion mostly takes place about 0.4 < R/D < 0.8 in the near region of the jet, where 

concentrations of fuel and combustion products are high.  As the flame progresses 

downstream, carbon monoxide undergoes further chemical reactions while propane is 

consumed very quickly.  Propane is completely consumed in the region between 4 < Z/D < 

6.  No noticeable amount of carbon monoxide is predicted for axial positions further than 

12D, and the only species with any appreciable concentrations downstream are carbon 

dioxide, water, oxygen and nitrogen (even though it is not discussed, it still consists of a large 

portion of the mixture). 

 

4.1.5.1 Comparing Species Profiles for All Three Cases in the Near Region 

In the near region of the jet, where chemically reacting species initially mix prior to and 

during combustion, an appreciable discrepancy is observed from species profiles among the 

three cases.  Many resemblances have been found between cases 1 and 3, while Case 2 

appears to have very different predicted concentrations.  Differences in chemical behavior of 

the interaction of various species may account for the dissimilarities found in predicted 

temperature profiles.  

 

Due to the large differences found in species distributions, Case 2 was allowed to further 

compute for an additional 5,000 iterations to verify that the solution was converged.  

Convergence criteria (as discussed in Section 3.3.6) did not test for changes in species 

concentrations, but was based on velocity, temperature and turbulent profiles.  Although any 

differences in species predictions would most likely permeate to temperature predictions, 

convergence was tested again using this criterion.  No apparent differences were observed in 

any of the species profiles, and the solution was converged.  The following set of figures 
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illustrate predicted mass fraction distributions in radial directions at axial positions of 2D and 

4D for all three cases.  Air leaves the powder air inlet from 0 ≤ R/D ≤ 0.5 and the annular 

air inlet at R/D = 0.62, while propane is injected at R/D = 1.44. 
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Figure 4.41: Mass fraction profiles for propane at Z/D = 2 for all three cases 
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Figure 4.42: Mass fraction profiles for oxygen at Z/D = 2 for all three cases 
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Figure 4.43: Mass fraction profiles for carbon dioxide at Z/D = 2 for all three cases 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

-1.5 -1 -0.5 0 0.5 1 1.5

Mass Fracion of CO

R
ad

ia
l D

is
ta

nc
e,

 R
/D

Case 1 Case 2 Case 3

 
Figure 4.44: Mass fraction profiles for carbon monoxide at Z/D = 2 for all three cases 
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Figure 4.45: Mass fraction profiles for water vapour at Z/D = 2 for all three cases 

 

The ratios of supplied air (from powder and annular air streams) to fuel for cases 1, 2 and 3 

are 10.5, 8.02 and 12.0 respectively, as shown in Table 4.1.  The stoichiometric air-to-fuel 

ratio of propane and air is 15.6.  Surely all of the propane exiting the gun will be consumed, 

regardless of whether it reacts with air supplied by the jet or with entrained ambient air.  

These air-to-fuel ratios are strictly used as an indication of the relative amount of air supplied 

relative to the fuel by the jet.  Case 2 has the lowest air-to-fuel ratio out of all the three cases, 

indicating that a greater amount of entrained air would therefore have to mix with the jet 

stream in order for all of the fuel to be consumed.  Figure 4.41 shows that propane is 

consumed much earlier for Cases 1 and 3, than in Case 2.  Higher concentrations of propane 

are found for Case 2 further in the radial direction.  Propane is entrained by the annular air 

stream as evidenced by peak propane concentrations near R/D = 0.7 (it is introduced at 

R/D = 1.4, Z/D = 0) and demonstrated in Section 2.3 of Figure 2.15.   

 

Predicted concentrations of oxygen for R/D ≤ 0.6 are shown in Figure 4.42 to be nearly 

identical for all three cases, which is the main stream of the jet.  Air that is entrained from 
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the ambient surroundings is represented by oxygen above about R/D ≥ 0.7 in Figure 4.42.  

The jet for Case 2 appears to be thicker than the other two, as revealed by raised oxygen 

profiles in the radial direction.  Entrainment of ambient air appears to be more significant 

for Case 2 at 2D and 4D than the other two cases, an expected observation given that a 

greater amount of oxygen is required from the surroundings to consume all of the propane 

ejected by the gun.  

 

The increased thickness of the jet at Z/D = 2 is shown by higher concentrations in the radial 

direction of propane, carbon dioxide, carbon monoxide and water.  The thickness of these 

profiles for all three cases begins to converge at about Z/D = 4.  Magnitudes for most 

profiles demonstrate much greater consistency at Z/D = 4 as well.  

 

Stoichiometric combustion of propane and air (4.3) theoretically occurs when sufficient 

oxygen is available and fuel can be completely oxidized [15].  Carbon dioxide is produced 

from carbon that is converted from propane, and oxygen that is taken from air.  Assuming 

stoichiometry, water is also produced from excess hydrogen and oxygen.  

( ) ( )3 8 2 2 2 2 25 3.75 3 4 3.76 5C H O N CO H O N+ + → + +    (4.3) 

In practice, many additional species are produced in intermediate chemical reactions. 

Subsequent chemical reactions occur downstream where carbon monoxide is almost entirely 

combusted into carbon dioxide.  The following chemical reactions are two of numerous 

reactions occurring in the flame, but account for the consumption of carbon monoxide 

downstream [15]. 

2
1

2CO O CO+ 2 2  (4.4)  2 2CO H O CO H+ +   (4.5) 
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4.1.5.2 Comparing Species Profiles for All Three Cases in the Far Region 

The following profiles illustrate mass fraction distributions for all significant species in the 

farther regions of the jet.  Note that propane profiles are shown for Z/D = 6 and 8, while 

profiles for other species are shown for Z/D = 8 and 16.  Concentrations of propane are 

negligible at Z/D = 16, and a better comparison can be made at Z/D = 6 where it continues 

to be consumed.  
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Figure 4.46: Mass fraction profiles for propane at Z/D = 6 for all three cases 

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

-2 -1 0 1 2

Mass Fraction of C3H8

R
ad

ia
l D

is
ta

nc
e,

 R
/D

Case 1 Case 2 Case 3

 
Figure 4.47: Mass fraction profiles for propane at Z/D = 8 for all three cases 
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Figure 4.48: Mass fraction profiles for oxygen at Z/D = 8 for all three cases 
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Figure 4.49: Mass fraction profiles for carbon dioxide at Z/D = 8 for all three cases 
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Figure 4.50: Mass fraction profiles for carbon monoxide at Z/D = 8 for all three cases 
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Figure 4.51: Mass fraction profiles for water vapour at Z/D = 8 for all three cases 
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Figure 4.52: Mass fraction profiles for oxygen at Z/D = 16 for all three cases 
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Figure 4.53: Mass fraction profiles for carbon dioxide at Z/D = 16 for all three cases 
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Figure 4.54: Mass fraction profiles for carbon monoxide at Z/D = 16 for all three cases 
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Figure 4.55: Mass fraction profiles for water vapour at Z/D = 16 for all three cases 

 

Similar to what was found in the near region of the jet, propane is consumed at a much 

lesser rate for Case 2 than the other two cases (Figures 4.46 and 4.47).  As previously 

mentioned, a relatively little amount of air is supplied with respect to the amount of fuel 

ejected for Case 2.  A greater amount of oxygen contributed by entrained air must therefore 

react with unburned propane.  This is observed by lower oxygen levels near the axis of 

Figure 4.48 and further in the radial direction, where ambient air is entrained.  
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It has been shown in this section that fuel is consumed very quickly for cases 1 and 3, 

whereas Case 2 burns propane much slower and thus has a relatively large reaction zone.  In 

addition, the velocity that these combustion products travel at are much lower for Case 2 

than the other two cases, as shown in Section 4.1.1.  Heat will be released over a greater 

region from chemical reactions for Case 2, allowing the fluid to reach higher temperatures 

than the other two cases.  Although a greater amount of heat will be generated by cases 1 

and 3, it is transported with greater speed.  Due to greater levels of momentum and 

turbulence in cases 1 and 3, a larger amount of ambient air will be entrained downstream.  

Mixing of hot combustion gases and relatively cool ambient air reduces the temperature of 

the overall mixture, which contributes to lower temperature predictions of high flow cases. 

 

Further improvements could be made to the grid that would have a greater influence on final 

results than increasing the resolution.  Buoyant effects are apparent, as evidenced by the 

downward shift of axial velocity profiles in Figures 4.66-4.73 for the experimentally 

measured combusting jet.  In order to properly simulate buoyant/gravitational forces, a 180° 

grid with a single vertical symmetry plane would have to be constructed.  Forces in the 

absolute vertical direction could then be treated properly, as opposed to a 15° symmetric 

wedge that is not too dissimilar from an axisymmetric domain.  

 

A half-sliced grid would have to contain approximately twelve times as many control 

volumes to maintain the same resolution.  Such a grid would require a significantly greater 

amount of time to compute than the cases already simulated.  It is expected that if a half-

sliced grid was created, velocity profiles would be lifted, but the shape of velocity and 

turbulent profiles would not change by an appreciable amount.  

 160



Chapter 4. Results and Discussion 

Limitations of physical models employed by Fluent also contribute to some of the 

inaccuracies of transported scalars.  Calculations of individual Reynolds stresses with RSM 

have proven to enhance turbulent predictions for combusting flows, but do not appreciably 

change results of cold flow simulations considerably.  It is thus arguable that the gain in 

accuracy by utilizing the RSM model for cold flow may not have warranted doubling the 

time required to solve the problem.  Much greater gains have been achieved with RSM 

modeling of the combusting jet.  

 

The non-premixed combustion equilibrium model was used for all hot flow CFD 

simulations, which assumes infinitely fast chemistry to simplify combustion modeling by 

treating chemical reactions at equilibrium.  More sophisticated chemical models are available 

in Fluent that do not assume chemical equilibrium and are capable of solving for a wide 

range of kinetic mechanisms.  Intermediate chemical reactions can be accounted for by such 

models, but require chemical kinetic data, such as CHEMKIN, to describe such reactions.  

The Eddy-Dissipative Concept (EDC) is a detailed model for finite-rate chemistry, which 

can account for complex turbulent/chemical interaction.  As a consequence for increased 

detail and robustness, the EDC model is quite computationally expensive.  

 

4.2 Comparing Experimental and Numerical Results 

4.1 CFD vs. EFD: Cold Flow 

All numerical results presented in this section use the medium 3D grid for Case 1.  Many of 

the following comparisons include numerical simulations that have used both k-ε and RSM 

turbulence models.  Although turbulence is truly a three dimensional phenomena, 

experimental velocity measurements made with the LDA system used only two velocity 
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components.  Turbulent kinetic energy is defined by (3.15), which involves velocity 

fluctuations in all three directions.  Phillips and Stewart have suggested that for a free jet, 

velocity fluctuations in tangential and radial directions are comparable [28].  Thus, 

2 'u u3 '           (4.6) 

Turbulent kinetic energy in the experimental case is therefore approximated by: 

( )2
1 21 ' 2 '2k u u+ 2         (4.7) 

Figure 4.56 plots predicted individual Reynolds stresses for 2
1 'u , 2

2 'u  and 2
3 'u  for Case 1 

hot flow using the RSM at 8D.  Tangential and radial stresses are very similar and are roughly 

half of the axial stress component.  This approximation thus appears reasonable for 

approximating turbulent kinetic energy when the tangential component is unknown.  This 

assumption is only applicable when comparing normalized turbulent intensity profiles of 

experimental results and predictions made with the k-ε model. 
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Figure 4.56: Axial, radial and tangential Reynolds stresses predicted for Case 1 hot flow at Z/D = 8 

 
 
Comparisons are also made between experimentally measured and predicted Reynolds 

stresses (using RSM) in the axial direction.  The above assumption does not have to be made 

for these comparisons, since the directional turbulent quantities are solved for directly. 
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In an effort to minimize the number of figures shown in this chapter, comparisons between 

predicted and measured values will only be made for Case 1.  The following graphs (Figures 

4.57 to 4.65) compares axial velocity and turbulent profiles for the air jet for experimental 

and numerical simulations using both k-ε and RSM turbulence models. 
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Figure 4.57: Axial velocity profiles along the centreline measured experimentally  

and predicted with k-ε and RSM turbulence models for cold flow 
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Figure 4.58: Axial velocity profiles measured experimentally and predicted with  

k-ε and RSM turbulence models for cold flow at Z/D = 8 
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Figure 4.59: Axial velocity profiles measured experimentally and predicted with  

k-ε and RSM turbulence models for cold flow at Z/D = 16 
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Figure 4.60: Normalized turbulent intensity profiles measured experimentally and predicted  

with k-ε and RSM turbulence models for cold flow at Z/D = 8 
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Figure 4.61: Normalized turbulent intensity profiles measured experimentally and predicted  

with k-ε and RSM turbulence models for cold flow at Z/D = 16 
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Figure 4.62: Axial Reynolds stress profiles measured experimentally and predicted  

with the RSM turbulence model for cold flow at Z/D = 8 
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Figure 4.63: Axial Reynolds stress profiles measured experimentally and predicted  

with the RSM turbulence model for cold flow at Z/D = 16 
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Figure 4.64: Reynolds shear stress profiles measured experimentally and predicted  

with the RSM turbulence model for cold flow at Z/D = 8 
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Figure 4.65: Reynolds shear stress profiles measured experimentally and predicted  

with the RSM turbulence model for cold flow at Z/D = 16 
 
 
 

Turbulent intensities in Figures 4.60 and 4.61 have been normalized by the source velocity 

( ) for the annular air stream, thus: 0u

0

*100%kI
u

=         (4.8) 

Error bars have been added to experimental velocity data sets in Figures 4.57-4.59 for total 

estimated error and uncertainty, as discussed in Section 2.4.  Both axial velocity and 

turbulence are in very good agreement with both k-ε and RSM turbulence models for cold 

flow simulations.  Predictions of momentum and turbulence are very comparable in 

magnitude and demonstrate similar trends between the two models.  Individual Reynolds 

stresses are also relatively well predicted by Fluent, showing similar trends as what was 

measured experimentally.  The relatively poor tracking ability of Talc powder is a contributor 

to differences between calculated and measured turbulent quantities.  Although better 

agreement is found between predictions made with the RSM and experiment, the large 

increase in computational expense may not be warranted by the improvement in turbulence 

modeling for cold flow simulations. 
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4.2.2 CFD vs. EFD: Hot Flow 

Experimental velocity profiles for hot flow are shifted downwards by 1.9 cm and 4.1 cm at 

8D and 16D respectively.  These were adjusted for ease of visual comparison of the 

magnitudes and shape of velocity profiles.  Buoyant forces are clearly an issue for 

combustion where temperature gradients and varying species mixtures result in density 

gradients; however these factors do not to have any significance for cold flow.  Due to the 

difficulty of determining the centre of any radial profile, velocity measurements were not 

made along the axis of the flame. 

 

Experimental and numerical results for hot flow simulations are compared below, 
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Figure 4.66: Axial velocity profiles measured experimentally and predicted with  

k-ε and RSM turbulence models for hot flow at Z/D = 8 
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Figure 4.67: Axial velocity profiles measured experimentally and predicted with  

k-ε and RSM turbulence models for hot flow at Z/D = 16 
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Figure 4.68: Normalized turbulent intensity profiles measured experimentally and predicted  

with k-ε and RSM turbulence models for hot flow at Z/D = 8 
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Figure 4.69: Normalized turbulent intensity profiles measured experimentally and predicted  

with k-ε and RSM turbulence models for hot flow at Z/D = 16 
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Figure 4.70: Axial Reynolds stress profiles measured experimentally and predicted  

with the RSM turbulence model for hot flow at Z/D = 8 
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Figure 4.71: Axial Reynolds stress profiles measured experimentally and predicted  

with the RSM turbulence model for hot flow at Z/D = 16 
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Figure 4.72: Reynolds shear stress profiles measured experimentally and predicted  

with the RSM turbulence model for hot flow at Z/D = 8 
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Figure 4.73: Reynolds shear stress profiles measured experimentally and predicted  

with the RSM turbulence model for hot flow at Z/D = 16 
 
 
 

As shown in Figure 4.66, the axial velocity profile at Z/D = 8 is predicted to be fully 

developed, but is found experimentally to be still in the developing stage at this axial 

location.  Velocity predictions with RSM are much higher near the axis and lower in the 

radial direction in comparison to predictions with k-ε.  This would suggest that the Reynolds 

stresses were poorly predicted by the Boussinesq approximation in these regions, and would 

affect momentum calculations accordingly when using the k-ε model.  Both turbulence 

models appear to over-predict diffusion of the flame, as evidenced by experimental data. 

 

A much greater difference is observed between both numerical turbulent predictions for hot 

flow compared to cold flow simulations.  Turbulent kinetic energy is predicted with k-ε 

several orders of magnitude higher than experimentally measured.  Although a disagreement 

remains between turbulent quantities measured and predicted by RSM, the difference 

between numerical and experimental results is significantly reduced.  Turbulence is much 

more anisotropic for hot flow simulations, and thus requires improved modeling techniques, 

such as the RSM.  
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Very similar experimental work has been done by Chigier on velocity and turbulence of a 

diffusion flame with a laser Doppler anemometer [14].  Chigier has found that turbulence is 

suppressed near the axis of the flame in the region of Z/D = 10 (as shown in Figure 4.75), 

which is very comparable to what is investigated in this report (Figure 4.74).  Wu et. al. also 

observed turbulence suppression by a flame in similar experiment work [61].  The 

suppression of turbulence is partly due to the increase in turbulent kinematic viscosity as a 

result of temperature rise and fluid acceleration due to changes in velocity gradients [14]. 

 

Experimentally measured axial velocity and turbulent kinetic energy radial profiles by Chigier 

are shown in Figure 4.75 to be compared with experimental results of this work in Figure 

4.74.  Velocity components are clearly higher for the flame than for the cold jet for both 

cases.  Although magnitudes of velocity and turbulence are different, both figures 

demonstrate nearly laminar flow near the axis of the flame and higher levels of turbulent 

kinetic energy for the non-reacting jet.   
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Figure 4.74: Axial velocity and turbulent kinetic energy measured experimentally at 8D 
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Figure 4.75: Axial velocity, turbulent kinetic energy and temperature  

measurements made by Chigier for a diffusion flame [14] 
 

Despite strong experimental evidence in this work and in Chigier’s, CFD predictions do not 

show turbulence suppression due to combustion.  Chigier has also found that turbulent 

kinetic energy is in fact lower for hot flow than cold flow cases in some regions.  Turbulent 

kinetic energy increases gradually for hot flow and peaks much later than without a flame 

[14].  

 
Experimental uncertainties and errors were minimized as much as possible to produce high 

quality data.  Many sources of experimental uncertainty and error have been discussed and 

quantified in Section 2.4.  The one area that has the greatest influence on LDA 

measurements is seeding the gaseous phase with tracer particles.  

 

The difficulty in quantifying the experimental error in velocity measurements due to 

inadequate particle tracking is a result of the large variation in size.  Many particles found in 

Talc powder are capable of following fluid fluctuations with very little slip, comparable to 

higher quality and much more expensive tracers (such as those discussed in Section 2.4.10).  
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However, there is an appreciable percentage of Talc that is incapable of providing adequate 

particle tracking and the contribution of experimental error varies proportional to its size.  

 

It is impossible to decipher whether an instantaneous velocity measurement is reasonable 

without knowing the size of the particle.  However, most LDA researchers would have 

greater confidence in instantaneous velocity measurements because the size distribution of 

the seeding particles used would most likely be below the critical size for the application.  

 

Particles above 2.5 µm were shown in Section 2.4.10 to be unable to follow turbulent 

fluctuations of 425 Hz with a 1% slip component.  Although smaller Talc particles are 

capable of providing satisfactory particle tracking, larger particles will give a poor indication 

of momentum and turbulence.  Therefore, mean and RMS measured velocities will be under-

predicted for larger particles.  

 

Particle slip error has been estimated using CFD predictions using the RSM and the particle 

size distribution shown in Figure 1.32.  Although this estimation is dependent upon the 

accuracy of numerical simulations and the statistical representation of Talc particle sizes, it is 

used to approximate the order of magnitude of experimental error.  Figures 4.66 and 4.67 

include error bars that account for measurement and sampling uncertainties and particle slip 

error. 

 

A much greater discrepancy between experimental measurements and CFD predictions has 

been observed between cold and hot flows.  Particle tracking requirements are much greater 

for the flame than for the air jet due to higher levels of velocity and turbulent frequency of 
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the flame.  Characteristic time scales (as given in (1.10)) are much greater, as are critical 

turbulent frequencies (as given in (1.9)) of the flame.  Seeding properties of Talc are 

reasonable for the air jet, but may not meet requirements of the flame.  

 

Early experimental investigations used Titanium Dioxide as a tracer material, but found that 

particle agglomeration was significant and would give poor flow tracking.  This effect was 

not observed with Talc, which is most likely because of its hydrophobic qualities.  

 

While discrepancies in magnitudes of velocity and turbulent intensities between experimental 

and numerical results are partially contributed by inadequate flow tracking characteristics of 

tracers, the difference in the shape of velocity profiles would be consistent even if better 

tracers were used.  If anything, tracer slip would make the profiles smoother, but the 

presence of a local velocity minimum at the jet centre at 8D (Figure 4.66) indicates that the 

flow development is longer in reality than predicted by the CFD models. 
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Chapter 5 

Conclusions and Recommendations 

5.1 Conclusions 

A comprehensive description has been presented of numerical and experimental 

investigations of the dynamic structure of a turbulent air and combusting jet.  Improvements 

in experimental techniques have allowed for superior velocity measurements to be made 

over previous research endeavors, and for turbulent quantities to be evaluated.  Further 

development of numerical models have allowed for more realistic predictions of the 

transport of scalar quantities by the implementation of advanced turbulence modeling and 

more realistic grid generation. 

 

Solving for individual Reynolds stresses with the RSM has proven to be worthwhile for 

estimating turbulence of the diffusion flame.  Turbulence calculations with the k-ε model for 

cold flow simulations are more generally in accord with those of the RSM than for hot flow 

simulations.  Anisotropic turbulence has been observed to become appreciable with 

combusting flows, necessitating for more sophisticated modeling techniques than what is 

offered by the isotropic k-ε model.  As a consequence to improved momentum and 

turbulent predictions, computation time has roughly doubled by the implementation of the 

RSM model.  
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Further developments have also been made with respect to the grid that is utilized by Fluent 

in the prediction of dynamic behavior of fluids in this combusting jet.  Three dimensional 

simulations of a 15° wedge allowed for the geometry to be properly modeled, which was an 

issue for the treatment of propane in a two dimensional axisymmetric domain.  

Consequently, the solution became rather computationally expensive and required the use of 

high performance computing hardware.  

 

Validation of the numerical analysis was made with an experimental investigation using the 

laser Doppler anemometry (LDA) technique.  Accuracy of any measurements made with an 

LDA system is ultimately limited by the ability of the particulate phase to mimic the 

behaviour of the continuous phase up to turbulent frequencies of interest.  Experimental 

errors were encountered due to the relatively large size of tracers used in this work.  

Contribution of experimental error due to tracer slip was modest for the air jet but became 

quite significant for the flame.  

 

Velocity and turbulent measurements were made using this LDA system for three cases of 

low, medium and high flow rates that were compared with numerical simulations.  The goal 

of this analysis was to gain confidence in numerical models by validation of experimental 

results.  Adequate agreements between predicted and measured values of velocity and 

turbulence accomplish this goal, giving greater insight to the structure of the jet. 

 

Investigations described in this work have evaluated the dynamics of fluid behavior of this 

turbulent diffusion flame, and is one phase of an ongoing research project.  Developments 

of the comprehensive computational fluid dynamic model have been validated for the 

 176



Chapter 5. Conclusions and Recommendations 

gaseous phase of the jet.  Results produced by this research project can be used in further 

investigations of two phase flow, involving thermally sprayed particles.  

 

5.2 Recommendations 

Improvements could be made in future experimental research involving any optical 

measurements that require particle seeding.  Talc powder is an excellent alternative to many 

manufactured seeding particles available to the fluid dynamic community for some particular 

applications.  However, Talc was not the most appropriate material to seed the fluid streams 

for the combusting jet due to the increased flow tracking requirements needed by the flame 

which would necessitate smaller tracers.   

 

Since the cost of baby powder (that contains Talc) is substantially lower than that of other 

materials, it may be worth while to investigate filtering larger particles from any sample.  The 

other alternative would be to use tracers from LDA suppliers, such as TSI or Dantec, that 

have superior particle tracking abilities.  Very little material is consumed during 

experimentation, and the cost of seeding may be justified by improved velocity 

measurements.  

 

An attempt was made to seed ambient air in order to evaluate the effects of entrainment. 

Techniques used did not have enough confidence to adequately seed the flow without 

affecting the continuum.  Unfortunately, all literature found with regard to entrainment of 

jets estimated the rate of entrainment of ambient fluid with respect to momentum of the 

fluid exiting the jet but did not measure it [32, 51].  The only literature found that actually 

seeded ambient fluid surrounding a jet was a closed-loop system using suspended tracers in 
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water [20].  If further experimental evaluations are made of velocity measurements, it may be 

worth while to consider the prospect of adequately seeding the ambient fluid to measure air 

entrainment.  

 

Further developments of the numerical model could be made on the grid that is used by 

Fluent.  Buoyant and gravitational effects can be properly simulated with the use of a half-

sliced grid, which would have a single vertical symmetry plane.  Buoyant forces have been 

observed to be significant in experimental work of the gaseous phase.  Gravitational forces 

could become significant when the discrete phase is modeled in future numerical analyses.  

Computational requirements to solve for such a grid would be astronomical, and would 

clearly require the use of high performance computing.  

 

Fluent recommends that improved combustion modeling can be achieved with the 

computationally expensive Eddy-Dissipative Concept (EDC) model, as it accounts for non-

equilibrium effects which limit the performance of the non-premixed combustion 

equilibrium model [25].  The authors of [25] report that although computational expense is 

greatly increased by improved modeling techniques, it is often justified by the gain in 

accuracy and excellent agreement with experimentally measured quantities.  Intermediate 

chemical reactions that occur at finite-rates can be accounted for with detailed kinetic 

mechanisms inputted by the user.  The accuracy of the EDC model is governed by these 

kinetic mechanisms, which can become incredibly detailed and computationally expensive.  

The value in any gain in accuracy by using such a chemistry model when considering the 

added computational requirements is debatable. 
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Appendix 

Appendix A: Boundary Conditions in Fluent 

Table A.1: Details of boundary conditions for three-dimensional 15° wedge simulations 
BOUNDARY CONDITION DETAIL (CASE 1) 

  Momentum Turbulence Thermal Species 
Powder Air Velocity 

Inlet PAu  = 5.84 m/s 

PAm = 0.840 g/s 

Turbulence 
Intensity = 5% 
Hydraulic 
Diameter = 
0.0125 m 

T = 300 K 
εinternal = 1 f  = 0 

'f  = 0 

Annular Air Velocity 
Inlet AAu = 163.1 m/s 

AAm = 2.289 g/s 

Turbulence 
Intensity = 7% 
Hydraulic 
Diameter = 
0.00025 m 

T = 300 K 
εinternal = 1 f  = 0 

'f  = 0 

Propane Velocity 
Inlet Pu = 24.696 

Pm  = 0.298 g/s 

Turbulence 
Intensity = 6% 
Hydraulic 
Diameter = 
0.0006 m 

T = 300 K 
εinternal = 1 f  = 1 

'f  = 0 

Gun Face Wall N/A N/A Heat Flux =  
0 W/m2

N/A 

Left Face Pressure 
Outlet 

Gauge Pressure = 0 
Pa 

Turbulence 
Intensity = 10% 
Length Scale = 1 
m 

N/A N/A 

Right Face Pressure 
Outlet 

Gauge Pressure = 0 
Pa 

Turbulence 
Intensity = 10% 
Length Scale = 1 
m 

N/A N/A 

Top Face Pressure 
Outlet 

Gauge Pressure = 0 
Pa 

Turbulence 
Intensity = 10% 
Length Scale = 1 
m 

N/A N/A 

Exit Pressure 
Outlet 

Gauge Pressure = 0 
Pa 

Turbulence 
Intensity = 10% 
Length Scale = 1 
m 

N/A N/A 
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Appendix 

Table A.2: Details of velocity inlets for three-dimensional simulations for all three cases 
Inlet Case 1 Case 2 Case 3 

 [g/s] , [m/s] [g/s] , [m/s] [g/s] , [m/s] 

Annular Air 2.289, 163.1 1.7403, 124.0 2.6525, 189.0 
Powder Air 0.840, 5.84 0.619, 4.30 1.226, 8.524 

Propane 0.298, 24.696 0.294, 24.36 0.322, 26.685 
 

Appendix B: Experimental Data 

Table B.1: Experimental data for cold flow Case 1 at 8D (4”) 
Vertical 

Displacement 
[cm] 

Axial 
Velocity 

[m/s] 

Radial 
Velocity 

[m/s] 

RMS Axial 
Velocity 

[m/s] 

RMS 
Radial 

Velocity 
[m/s] 

Number of 
Samples 

[#] 

-2 4.05 -0.63 1.86 1.32 1955 
-1.8 5.16 -0.22 2.04 1.44 1924 
-1.6 7.18 0.34 2.85 2.02 1890 
-1.4 8.83 0.57 3.62 2.56 1873 
-1.2 12.23 0.72 4.28 3.03 1947 
-1 15.52 0.93 5.39 3.81 1889 

-0.8 18.99 1.11 6.45 4.56 1946 
-0.6 22.61 1.26 6.82 4.82 1863 
-0.4 26.69 1.21 7.13 5.04 1912 
-0.2 29.3 0.96 6.94 4.91 1929 

0 31.66 0.92 6.43 4.55 1921 
0.2 29.93 1.04 6.71 4.74 1889 
0.4 26.94 1.17 7.24 5.12 1958 
0.6 22.77 1.06 7.07 5 1952 
0.8 20.57 1.02 6.22 4.39 1913 
1 15.85 0.92 5.63 3.97 1953 

1.2 13.44 0.84 4.51 3.19 1945 
1.4 11.11 0.52 4.06 2.87 1958 
1.6 8.65 -0.13 3.53 2.5 1899 
1.8 6.18 -0.55 3.02 2.14 1885 
2 4.07 -0.69 2.44 1.73 1888 
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Table B.2: Experimental data for cold flow Case 1 at 16D (8”) 
Vertical  

Displacement 
[cm] 

Axial  
Velocity 

[m/s] 

Radial 
Velocity 

[m/s] 

RMS 
Axial 

Velocity 
[m/s] 

RMS 
Radial 

Velocity 
[m/s] 

Number 
of 

Samples 
[#] 

-3 5.01 0.05 1.75 1.24 1882 
-2.8 5.41 0.2 1.96 1.39 1887 
-2.6 6.02 0.37 2.14 1.51 1958 
-2.4 6.43 0.52 2.18 1.54 1901 
-2.2 7.1 0.63 2.22 1.57 1921 
-2 8.23 0.66 2.47 1.75 1936 

-1.8 8.98 0.77 2.68 1.9 1886 
-1.6 10.05 0.84 2.79 1.97 1916 
-1.4 10.28 0.83 2.94 2.08 1962 
-1.2 11.59 0.75 3.14 2.22 1924 
-1 12.2 0.71 3.18 2.25 1914 

-0.8 12.98 0.56 3.36 2.38 1970 
-0.6 13.57 0.44 3.45 2.44 1881 
-0.4 13.87 0.32 3.52 2.49 1937 
-0.2 13.95 0.27 3.57 2.52 1886 

0 14.48 0.29 3.51 2.48 1897 
0.2 14.36 0.28 3.53 2.5 1884 
0.4 13.64 0.37 3.49 2.47 1927 
0.6 13.41 0.43 3.56 2.52 1907 
0.8 12.97 0.56 3.54 2.5 1889 
1 12.21 0.66 3.42 2.42 1944 

1.2 11.44 0.78 3.31 2.34 1966 
1.4 10.86 0.82 3.26 2.31 1904 
1.6 9.95 0.88 3.11 2.2 1910 
1.8 9.15 0.93 2.99 2.11 1889 
2 8.44 0.67 2.84 2.01 1975 

2.2 7.59 0.54 2.53 1.79 1890 
2.4 7 0.48 2.21 1.56 1894 
2.6 6.28 0.43 1.93 1.36 1889 
2.8 5.99 0.29 1.76 1.24 1973 
3 5.27 0.12 1.69 1.2 1954 
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Table B.3: Experimental data for cold flow Case 1 along the gun axis 
Axial  

Displacement 
[in] 

Axial  
Velocity 

[m/s] 

RMS 
Axial 

Velocity 
[m/s] 

# of 
Samples 

[#] 

1 48.32 5.08 1855 
1.5 55.23 4.08 1864 
2 51.75 3.63 1871 

2.5 46.68 4.33 1812 
3 41.17 5.66 1816 

3.5 36.07 6.32 1857 
4 31.55 6.51 1869 

4.5 27.06 6.1 1880 
5 24.31 5.75 1908 

5.5 20.75 5.24 1807 
6 18.92 5.13 1923 

6.5 17.33 4.54 1841 
7 16.06 4.32 1823 

7.5 15.32 3.92 1858 
8 14.81 3.51 1814 

8.5 12.96 3.43 1867 
9 12.24 3.11 1811 

9.5 11.91 3.15 1867 
10 9.18 2.87 1814 

10.5 8.92 2.67 1904 
11 8.27 2.38 1843 

11.5 6.88 2.16 1881 
12 6.03 2.07 1842 

 
 

Table B.4: Experimental data for hot flow Case 1 at 8D (4”) 
Vertical  
Displace 

-ment 
[cm] 

Axial  
Velocity 

[m/s] 

Radial 
Velocity 

[m/s] 

RMS 
Axial 

Velocity 
[m/s] 

RMS 
Radial 

Velocity 
[m/s] 

# 
of 

Samples 
[#] 

-1.60 17.73 0.99 1.32 1.02 1806 
-1.40 25.82 1.17 1.98 1.34 1813 
-1.20 32.33 1.38 2.45 1.42 1903 
-1.00 42.28 1.63 3.62 1.73 1916 
-0.80 51.79 1.95 4.89 1.83 1880 
-0.60 66.86 1.96 4.45 2.08 1917 
-0.40 70.97 1.77 3.64 1.69 1833 
-0.30 70.47 1.54 2.79 1.55 1804 
-0.20 69.27 1.43 2.12 1.33 1870 
-0.10 66.29 1.23 1.83 1.19 1894 
0.00 66.02 1.01 1.39 1.04 1829 
0.10 71.18 1.21 1.63 1.12 1882 
0.20 73.84 1.56 2.32 1.40 1881 
0.40 69.92 1.71 2.49 1.78 1875 
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0.60 64.93 1.94 3.47 2.07 1883 
0.80 60.80 1.92 4.11 2.15 1879 
1.00 53.59 1.96 4.88 1.92 1866 
1.20 48.44 1.80 3.89 1.73 1857 
1.40 38.31 1.67 2.27 1.67 1795 
1.60 34.23 1.45 1.67 1.43 1884 
1.80 28.99 1.14 1.24 1.06 1816 

 
 

Table B.5: Experimental data for hot flow Case 1 at 16D (8”) 
Vertical  
Displace 

-ment 
[cm] 

Axial  
Velocity 

[m/s] 

Radial 
Velocity 

[m/s] 

RMS 
Axial 

Velocity 
[m/s] 

RMS 
Radial 

Velocity 
[m/s] 

# 
of 

Samples 
[#] 

-1.90 16.92 0.53 1.43 1.01 1801 
-1.70 19.53 0.74 1.58 1.12 1852 
-1.50 20.69 0.80 1.99 1.22 1897 
-1.30 22.49 0.89 2.32 1.30 1804 
-1.10 24.48 0.75 2.75 1.94 1854 
-0.90 26.84 0.72 3.05 2.16 1826 
-0.70 27.95 0.65 3.06 2.17 1835 
-0.50 29.06 0.50 3.21 2.27 1802 
-0.30 31.20 0.32 3.29 2.43 1814 
-0.10 32.61 0.10 3.27 2.31 1800 
0.10 31.37 0.15 3.29 2.17 1802 
0.30 31.54 0.44 3.1 2.07 1905 
0.50 30.30 0.65 3.06 2.04 1854 
0.70 29.59 0.74 3 2.00 1809 
0.90 27.97 0.79 2.98 2.01 1899 
1.10 26.62 0.87 2.51 1.46 1842 
1.30 24.57 0.97 2.1 1.31 1816 
1.50 22.17 0.83 1.64 1.16 1894 
1.70 19.49 0.73 1.5 1.06 1844 
1.90 17.29 0.64 1.32 0.93 1812 
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Appendix C: Visual Basic Code For LDA Signal Processor 

(Program B) 

‘Initialize data acquisition card 
Private Sub cmdInit_Click() 
Dim iError, icount, iPCIVersion As Integer 
Dim lSN, lInstMem, lInstSpeed As Long 
     
iError = SpcInitPCIBoards(icount, iPCIVersion) 
If (iError = 1) Then     ' Board number is already initialized 

iError = SpcGetParam(0, 2000, lBrdType) 
MsgBox "Board number is already initialized. Start is allowed, the old definition will be 
used" 
bInitDone = True     ' Start is allowed, the old definition will be used 

Else 
iError = SpcGetParam(0, 2000, lBrdType) 
iError = SpcGetParam(0, 2030, lSN) 
iError = SpcGetParam(0, 2100, lInstSpeed) 
iError = SpcGetParam(0, 2110, lInstMem) 
MsgBox "MI." & Hex$(lBrdType) & " sn: " & lSN & " Speed: " & (lInstSpeed / 1000000) & " 
MHz, Mem: " & (lInstMem / 1024 / 1024) & " MBytes" 

     bInitDone = True  'initialisation is done 
End If 
End Sub 
 
' ********************************************************************* 
' Start: setup and start board and display data 
' ********************************************************************* 
Private Sub cmdStart_Click() 
     
Dim iError As Integer          'Error code from the card 
Dim lcount As Long             'General counter variable 
Dim lErrorCode As Long 
Dim lErrorReg As Long 
Dim lErrorValue As Long 
Dim lStatus As Long 
Dim lChEnable As Long 
Dim lInstSpeed As Long 
Dim lPts As Long 
Dim lrec As Long 
Dim nBursts As Long 
Dim nBurstLength As Long 
Dim nFFTLength As Long 
Dim dSRateMHz As Double 
Dim lSRate As Long 
Dim lFSRange As Long 
Dim dTriggerLevel As Double  ' Specified as percent of FSR 
Dim lTriggerParam As Long 
Dim dPreTrigger As Double   ' Specified as percent of Pts 
Dim lPostTrigger As Long 
Dim dSigData1() As Double 
Dim dSigData2() As Double 
Dim dSigDataBurst1() As Double 
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Dim dSigDataBurst2() As Double 
Dim dSigData_new1() As Double 
Dim dSigData_new2() As Double 
Dim dPsdData1() As Double 
Dim dPsdData2() As Double 
Dim dFreqShift1 As Double 
Dim dFreqShift2 As Double 
Dim dVconst1 As Double 
Dim dVconst2 As Double 
Dim nChannels As Long 
Dim dSNRLimit0 As Double 
Dim dSNRLimit1 As Double 
Dim lPeakBin1 As Long 
Dim lPeakBin2 As Long 
Dim dFreq1() As Double 
Dim dFreq2() As Double 
Dim dSNR1() As Double 
Dim dSNR2() As Double 
Dim dVel1() As Double 
Dim dVel2() As Double 
Dim dSpecWindow() As Double 
Dim TEMP() As Double 
Dim bPassed As Boolean 
Dim sApplyVelocityLimits As String 
Dim sApplyChartRefresh As String 
Dim dUpperCH0 As Double 
Dim dLowerCH0 As Double 
Dim dUpperCH1 As Double 
Dim dLowerCH1 As Double 
Dim VelMean1 As Double 
Dim VelMean2 As Double 
Dim VelMin1 As Double 
Dim VelMin2 As Double 
Dim VelMax1 As Double 
Dim VelMax2 As Double 
Dim StDev1 As Double 
Dim StDev2 As Double 
Dim TrialNum As Double 
Dim MyTime As String 
Dim MemSize As Long 
Dim TimeStampNum As Long 
Dim TimeStampSize As Long 
Dim lrecStart As Long 
Dim dSamplePassed As Long 
Dim SNRMean1 As Long 
Dim SNRMean2 As Long 
       
dSamplePassed = 0 
TrialNum = Cells(18, 9) 
lPts = Fix(Cells(1, 12).Value / 64) * 64                   ' Points per burst 
nBurstLength = 2 ^ Fix(Log(Cells(2, 12).Value) / Log(2))  ' Burst length 
nFFTLength = 2 ^ Fix(Log(Cells(3, 12).Value) / Log(2))   ' Fast Fourier Transform length 
nBursts = Cells(4, 12).Value 
dSRateMHz = Cells(5, 12).Value                            'Scan rate in MHz 
lSRate = Fix(dSRateMHz * 1000000)                        'Scan rate in Hz 
lFSRange = Cells(6, 12).Value                              'Full Scale Range (FSR) 
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dTriggerLevel = Cells(7, 12).Value 
lTriggerParam = Fix(31 * dTriggerLevel / 100)  'Fixed Trigger level 
dPreTrigger = Cells(8, 12).Value 
lPostTrigger = Fix(lPts * (1 - dPreTrigger / 100) / 64) * 64 
dFreqShift1 = Cells(9, 12).Value 
dFreqShift2 = Cells(10, 12).Value 
dVconst1 = Cells(11, 12).Value 
dVconst2 = Cells(12, 12).Value 
nChannels = Cells(13, 12).Value 
dSNRLimit0 = Cells(14, 12).Value 
dSNRLimit1 = Cells(15, 12).Value 
dUpperCH0 = Cells(18, 12) 
dLowerCH0 = Cells(19, 12) 
dUpperCH1 = Cells(20, 12) 
dLowerCH1 = Cells(21, 12) 
MemSize = 2 * nBursts * lPts    'Memory size for multiple recording, for two channels 
TimeStampSize = 8 * 2 * nBursts 
    
'Initialize dynamic arrays using spreadsheet read limits 
ReDim bBurstData(1 To 2 * lPts) As Byte 
ReDim dSpecWindow(1 To nBurstLength) As Double 
ReDim dSigData1(1 To MemSize / 2) As Double 
ReDim dSigData2(1 To MemSize / 2) As Double 
ReDim dSigDataBurst1(1 To lPts) As Double 
ReDim dSigDataBurst2(1 To lPts) As Double 
ReDim dSigData_new1(1 To nFFTLength) As Double 
ReDim dSigData_new2(1 To nFFTLength) As Double 
ReDim dPsdData1(1 To (nFFTLength / 2)) As Double 
ReDim dPsdData2(1 To (nFFTLength / 2)) As Double 
ReDim dFreq1(1 To nBursts) As Double 
ReDim dFreq2(1 To nBursts) As Double 
ReDim dVel1(1 To nBursts) As Double 
ReDim dVel2(1 To nBursts) As Double 
ReDim dSNR1(1 To nBursts) As Double 
ReDim dSNR2(1 To nBursts) As Double 
ReDim TEMP(1 To MemSize) As Double 
ReDim TEMP2(1 To MemSize) As Double 
ReDim plTimeStamps(1 To MemSize) As Byte 
ReDim aTimeStamp(1 To 2 * nBursts) As Double 
ReDim bBurstData2(1 To 2 * MemSize) As Byte 
ReDim aTime(1 To nBursts) As Double 
      
'Checking for velocity limits and defining upper and lower values: 
sApplyVelocityLimits = StrConv(Cells(17, 13), vbLowerCase) 
If sApplyVelocityLimits = "yes" Then MsgBox "Velocity limits will be applied! " 
         
'Check to refresh chart every processed sample: 
sApplyChartRefresh = StrConv(Cells(23, 13), vbLowerCase) 
       
'Clear old data: 
Sheets("PSD").Select 
Sheets("PSD").Range("A2:F2").Select 
Sheets("PSD").Range(Selection, Selection.End(xlDown)).Select 
Selection.ClearContents 
Sheets("PSD").Range("A1").Select 
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Sheets("Data-CH1").Select 
Sheets("Data-CH1").Range("A2:F2000").Select 
Selection.ClearContents 
Sheets("Data-CH1").Range("A1").Select 
 
Sheets("Data-CH0").Select 
Sheets("Data-CH0").Range("A2:F2000").Select 
Selection.ClearContents 
Sheets("Data-CH0").Range("A1").Select 
      
Sheets("Command").Select 
Range("H6:i9").Select 
Selection.ClearContents 
Range("H12:i16").Select 
Selection.ClearContents 
Range("I19:I25").Select 
Selection.ClearContents 
Sheets("Command").Range("A1").Select 
     
' ----- calculate the window function ----- 
For lcount = 1 To nBurstLength 
dSpecWindow(lcount) = 0.54 - 0.46 * Cos(2 * 3.141592654 * (lcount - 1) / (nBurstLength - 1)) 
Next 
   
' ----- check for initiation done ----- 
If Not bInitDone Then 

MsgBox "Please init board first" 
Else 

' ----- setup board for recording ----- 
'reset the board and flush FIFO 
iError = SpcSetParam(0, 0, 0) 

       iError = SpcSetParam(0, 30030, 1)            ' channel 0 50 ohm coupling 
iError = SpcSetParam(0, 30130, 1)                ' channel 1 50 ohm coupling 
iError = SpcSetParam(0, 30010, lFSRange)     ' channel 0 input range [mV] 
iError = SpcSetParam(0, 30110, lFSRange)      ' channel 1 input range [mV] 

         iError = SpcSetParam(0, 11000, 1)                ' enable channel 0 for recording 
If nChannels = 2 Then 

iError = SpcSetParam(0, 11000, 2)       ' enable channel 1 for recording 
End If 
iError = SpcSetParam(0, 10100, lPostTrigger)   ' posttrigger 
iError = SpcSetParam(0, 20030, 1)                ' internal PLL enabled 
iError = SpcSetParam(0, 20100, 0)                ' no external clock output 
iError = SpcSetParam(0, 20110, 0)                ' no clock output 
iError = SpcSetParam(0, 20000, lSRate)           ' sample rate specified 
iError = SpcSetParam(0, 40000, 20040)            ' enable channel trigger mode 
iError = SpcSetParam(0, 40200, 10000)            ' enable channel 0 rise trigger mode 
iError = SpcSetParam(0, 40201, 10020)            ' disable channel 1 rise trigger mode 
iError = SpcSetParam(0, 42000, lTriggerParam) ' set channel 0 trigger level 
iError = SpcSetParam(0, 220000, 1)              'Enables multiple recording mode 
iError = SpcSetParam(0, 10100, lPostTrigger)     'modified...defines post trigger, 

essentially pre-trigger 
iError = SpcSetParam(0, 10000, MemSize)      'Defines the total amount of samples to 

record 
iError = SpcSetParam(0, 47000, 12)               'Standard TimeStamp mode set 
iError = SpcSetParam(0, 47000, 0)                'Resets the counter of the timestamp 

module to zero 
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' ----- start and check for error ----- 
If (SpcSetParam(0, 0, 10) <> 0) Then            ' this is the polling start 

iError = SpcGetParam(0, 999999, lErrorCode) 
         iError = SpcGetParam(0, 999998, lErrorReg) 
         iError = SpcGetParam(0, 999997, lErrorValue) 
        MsgBox ("Error: " & lErrorCode & " in Register " & lErrorReg & " at Value " & lErrorValue) 
Else 

Do 
              iError = SpcGetParam(0, 10, lStatus) 'Wait for "ready" status 

Loop Until lStatus = 20 
             
 ‘Get data from card: 

iError = SpcGetData8(0, 0, 0, MemSize - 1, bBurstData2(1)) 
 

'Timestamp: 
iError = SpcGetData8(0, 9999, TimeStampNum, (TimeStampSize + 2), plTimeStamps(1)) 

             
If iError <> 0 Then 

MsgBox "Read data -> Return value: " & iError 
End If 

             
'Convert data from Bytes to Double 
For lcount = 1 To MemSize 

TEMP(lcount) = Byte2Dbl(bBurstData2(lcount)) 
TEMP2(lcount) = Byte2Dbl(plTimeStamps(lcount)) 

Next 
 

For lcount = 1 To MemSize / 2 
dSigData1(lcount) = TEMP(2 * lcount - 1) 
dSigData2(lcount) = TEMP(2 * lcount)  

         Next 
                

For lcount = 1 To lPts 
             Worksheets("PSD").Cells(lcount, 1).Value = lcount 

Next 
         

For lcount = 1 To nFFTLength / 2 
Worksheets("PSD").Cells(lcount, 2).Value = lcount 

         Next 
 
End If     'Polling start 
          
Call TimeStamp(TimeStampSize, plTimeStamps, nBursts, MemSize, aTimeStamp, aTime, 
lSRate) 
          
For lcount = 1 To nBursts 

Worksheets("Data-CH0").Cells(lcount + 1, 6).Value = aTime(lcount) 
Worksheets("Data-CH1").Cells(lcount + 1, 6).Value = aTime(lcount) 

Next 
               
For lrec = 1 To nBursts        

lrecStart = (lrec - 1) * lPts + 1 
     'Collecting burst data from section of large array: 

For lcount = 1 To lPts 
              dSigDataBurst1(lcount) = dSigData1(lrecStart + lcount - 1) 
              dSigDataBurst2(lcount) = dSigData2(lrecStart + lcount - 1) 
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              Worksheets("PSD").Cells(lcount, 3).Value = dSigDataBurst1(lcount) 
              Worksheets("PSD").Cells(lcount, 5).Value = dSigDataBurst2(lcount) 
         Next 
         'Process signal for channel 1: 
         Call SignalCleaning(lPts, nBurstLength, nFFTLength, dSigDataBurst1, dSigData_new1) 
         Call Psd(nFFTLength, nBurstLength, dSigData_new1, dSpecWindow, dPsdData1) 

Call FindFrequencyAndSNR(nBurstLength, nFFTLength, dSRateMHz, dPsdData1, 
lPeakBin1, dFreq1(lrec), dSNR1(lrec)) 

                  
dFreq1(lrec) = dFreq1(lrec) - dFreqShift1 

         dVel1(lrec) = dFreq1(lrec) * dVconst1 
         
         'Process signal for channel 2: 

Call SignalCleaning(lPts, nBurstLength, nFFTLength, dSigDataBurst2, dSigData_new2) 
         Call Psd(nFFTLength, nBurstLength, dSigData_new2, dSpecWindow, dPsdData2) 

Call FindFrequencyAndSNR(nBurstLength, nFFTLength, dSRateMHz, dPsdData2, 
lPeakBin2, dFreq2(lrec), dSNR2(lrec)) 

                  
         dFreq2(lrec) = dFreq2(lrec) - dFreqShift2 

dVel2(lrec) = dFreq2(lrec) * dVconst2 
                   
         For lcount = 1 To nFFTLength / 2 
              Sheets("PSD").Cells(lcount, 4).Value = dPsdData1(lcount) 

             Sheets("PSD").Cells(lcount, 6).Value = dPsdData2(lcount) 
Next 

         
         'Check to see if processed signal passes: 

bPassed = True 
         If sApplyVelocityLimits = "yes" Then 
              If dVel1(lrec) < dLowerCH0 Or dVel1(lrec) > dUpperCH0 Then 

              bPassed = False 
              End If 
              If dVel2(lrec) < dLowerCH1 Or dVel2(lrec) > dUpperCH1 Then 

     bPassed = False 
End If 

End If 
         
         If dSNR1(lrec) < dSNRLimit0 Or dSNR2(lrec) < dSNRLimit1 Then 
              bPassed = False 

End If 
         
         If bPassed = True Then   'Data is written only if processed signal passes 
              'Write processed data for Channel 0: 
              Worksheets("Data-CH0").Cells(lrec + 1, 1).Value = lrec 
              Worksheets("Data-CH0").Cells(lrec + 1, 2).Value = lPeakBin1 
              Worksheets("Data-CH0").Cells(lrec + 1, 3).Value = dFreq1(lrec) 
              Worksheets("Data-CH0").Cells(lrec + 1, 4).Value = dVel1(lrec) 
              Worksheets("Data-CH0").Cells(lrec + 1, 5).Value = dSNR1(lrec) 
         
              'Write processed data for Channel 1: 
      Worksheets("Data-CH1").Cells(lrec + 1, 1).Value = lrec 

Worksheets("Data-CH1").Cells(lrec + 1, 2).Value = lPeakBin2 
Worksheets("Data-CH1").Cells(lrec + 1, 3).Value = dFreq2(lrec) 
Worksheets("Data-CH1").Cells(lrec + 1, 4).Value = dVel2(lrec) 
Worksheets("Data-CH1").Cells(lrec + 1, 5).Value = dSNR2(lrec) 
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dSamplePassed = dSamplePassed + 1 
End If 

         
        'Refresh charts: 

If sApplyChartRefresh = "yes" Then 
ActiveSheet.ChartObjects("Chart 11").Activate 

             ActiveChart.Refresh 
             ActiveSheet.ChartObjects("Chart 10").Activate 
             ActiveChart.Refresh 
            ActiveSheet.ChartObjects("Chart 23").Activate 
             ActiveChart.Refresh 
            ActiveSheet.ChartObjects("Chart 24").Activate 

ActiveChart.Refresh 
End If 

         
'Running Statistics: 
Range("h6").Value = lPeakBin1 

         Range("h7").Value = dFreq1(lrec) 
         Range("h8").Value = dVel1(lrec) 
         Range("h9").Value = dSNR1(lrec) 
         Range("i6").Value = lPeakBin2 
         Range("I7").Value = dFreq2(lrec) 
         Range("I8").Value = dVel2(lrec) 
         Range("I9").Value = dSNR2(lrec) 
         
         If bPassed = True Then 
              VelMean1 = VelMean1 + dVel1(lrec) 

StDev1 = StDev1 + (VelMean1 / lrec - dVel1(lrec)) ^ 2 
              SNRMean1 = dSNR1(lrec) + SNRMean1 
              If lrec = 1 Then 

VelMin1 = dVel1(lrec) 
VelMax1 = dVel1(lrec) 

ElseIf VelMin1 > dVel1(lrec) Then 
                  VelMin1 = dVel1(lrec) 

ElseIf VelMax1 < dVel1(lrec) Then 
VelMax1 = dVel1(lrec) 

End If 
VelMean2 = VelMean2 + dVel2(lrec) 
StDev2 = StDev2 + (VelMean2 / lrec - dVel2(lrec)) ^ 2 
SNRMean2 = dSNR2(lrec) + SNRMean2 

                
If lrec = 1 Then 

VelMin2 = dVel2(lrec) 
VelMax2 = dVel2(lrec) 

ElseIf VelMin2 > dVel2(lrec) Then 
VelMin2 = dVel2(lrec) 

ElseIf VelMax2 < dVel2(lrec) Then 
VelMax2 = dVel2(lrec) 

End If 
  

Range("h12").Value = VelMean1 / dSamplePassed 
Range("h13").Value = ((1 / dSamplePassed) * StDev1) ^ 0.5 
Range("h14").Value = VelMin1 
Range("h15").Value = VelMax1 
Range("h16").Value = SNRMean1 / dSamplePassed 
Range("i12").Value = VelMean2 / dSamplePassed 
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Range("i13").Value = ((1 / dSamplePassed) * StDev2) ^ 0.5 
              Range("i14").Value = VelMin2 
   Range("i15").Value = VelMax2 

Range("i16").Value = SNRMean2 / dSamplePassed   
End If 

 
Range("i19").Value = lrec 

Next 
        
'Refresh charts: 
ActiveSheet.ChartObjects("Chart 11").Activate 
ActiveChart.Refresh 
ActiveSheet.ChartObjects("Chart 10").Activate 
ActiveChart.Refresh 
ActiveSheet.ChartObjects("Chart 23").Activate 
ActiveChart.Refresh 
ActiveSheet.ChartObjects("Chart 24").Activate 
ActiveChart.Refresh 
         
If TrialNum = 1 Then 

Sheets("Statistics").Select 
             Sheets("Statistics").Range("A2:M2000").Select 

Selection.ClearContents 
             Sheets("Statistics").Range("A1").Select 
             Sheets("Command").Select 
End If 
       
Worksheets("Statistics").Cells(TrialNum + 1, 1).Value = TrialNum 
Worksheets("Statistics").Cells(TrialNum + 1, 2).Value = nBursts 
Worksheets("Statistics").Cells(TrialNum + 1, 7).Value = VelMin1 
Worksheets("Statistics").Cells(TrialNum + 1, 8).Value = VelMin2 
Worksheets("Statistics").Cells(TrialNum + 1, 9).Value = VelMax1 
Worksheets("Statistics").Cells(TrialNum + 1, 10).Value = VelMax2 
Worksheets("Statistics").Cells(TrialNum + 1, 11).Value = dSamplePassed / nBursts 
       
If dSamplePassed <> 0 Then 

Worksheets("Statistics").Cells(TrialNum + 1, 3).Value = VelMean1 / (dSamplePassed) 
             Worksheets("Statistics").Cells(TrialNum + 1, 4).Value = VelMean2 / (dSamplePassed) 

Worksheets("Statistics").Cells(TrialNum + 1, 5).Value = ((1 / (dSamplePassed)) * StDev1) 
^ 0.5 
Worksheets("Statistics").Cells(TrialNum + 1, 6).Value = ((1 / (dSamplePassed)) * StDev2) 
^ 0.5 
Worksheets("Statistics").Cells(TrialNum + 1, 12).Value = SNRMean1 / dSamplePassed 

             Worksheets("Statistics").Cells(TrialNum + 1, 13).Value = SNRMean2 / dSamplePassed 
End If 
     
Range("I18").Value = TrialNum + 1 
Range("I21").Value = dSamplePassed 
Range("I22").Value = dSamplePassed / nBursts * 100 
Range("I24").Value = aTime(nBursts) 
Range("I25").Value = aTime(nBursts) / nBursts 
        
End If   'Init check 
End Sub 
 
‘Subroutine to save data to a text file 
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Private Sub cmdSave_Click() 
Dim sCurrentFileName As String 
Dim sCurrentFilePath As String 
Dim sSaveFileName As String 
Dim sSaveFileFullName As String 
Dim sCurrentDate As String 
Dim sCurrentTime As String 
Dim sTecPlotTitle As String 
Dim nBursts As Long 
Dim lrec As Long 
Dim TrialNum As Double 
Dim VelMean1 As Double 
Dim VelMean2 As Double 
Dim VelMin1 As Double 
Dim VelMin2 As Double 
Dim VelMax1 As Double 
Dim VelMax2 As Double 
Dim StDev1 As Double 
Dim StDev2 As Double 
       
nBursts = Cells(4, 12).Value 
TrialNum = Cells(20, 8) 
VelMean1 = Cells(17, 12) 
VelMean2 = Cells(17, 13) 
StDev1 = Cells(18, 12) 
StDev2 = Cells(18, 13) 
VelMin1 = Cells(19, 12) 
VelMin2 = Cells(19, 13) 
VelMax1 = Cells(20, 12) 
VelMax2 = Cells(20, 13) 
   
sCurrentFilePath = ActiveWorkbook.Path 
sCurrentFileName = ActiveWorkbook.Name 
sCurrentDate = Format(Date, "yyyy-mm-dd") 
sCurrentTime = Format(Time, "hh-mm-ss") 
sSaveFileName = sCurrentDate & "_" & sCurrentTime & ".dat" 
sSaveFileFullName = sCurrentFilePath & "\" & sSaveFileName 
    
Windows(sCurrentFileName).Activate 
     
Open sSaveFileFullName For Append As #1 
sTecPlotTitle = "Title = """ & sSaveFileName & Chr(44) & " Laser data""" 
Print #1, sTecPlotTitle 
sTecPlotTitle = "Zone F=Point" 
Print #1, "Trial #: ", TrialNum 
Print #1, "" 
Print #1, "Channel 1:" 
Print #1, "" 
Print #1, "NO.   |   Peak Position | Frequency (Mhz) |   Velocity (m/s)      |     SNR(dB)           |         
Time" 
     
For lrec = 1 To nBursts 

Print #1, Cells(lrec + 1, 1).Value, _ 
Cells(lrec + 1, 2).Value, _ 

             Cells(lrec + 1, 3).Value, _ 
             Cells(lrec + 1, 4).Value, _ 
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             Cells(lrec + 1, 5).Value, _ 
             Format(Cells(lrec + 1, 6).Value, "yyyy-mm-dd, hh:mm:ss") 
Next 
     
Print #1, "" 
Print #1, "" 
Print #1, "Channel 2:" 
Print #1, "" 
Print #1, "NO.   |   Peak Position | Frequency (Mhz) |   Velocity (m/s)      |     SNR(dB)           |         
Time" 
     
For lrec = 1 To nBursts 

Print #1, Worksheets("Data-CH1").Cells(lrec + 1, 1).Value, _ 
             Worksheets("Data-CH1").Cells(lrec + 1, 2).Value, _ 
             Worksheets("Data-CH1").Cells(lrec + 1, 3).Value, _ 
  Worksheets("Data-CH1").Cells(lrec + 1, 4).Value, _ 
             Worksheets("Data-CH1").Cells(lrec + 1, 5).Value, _ 
             Format(Worksheets("Data-CH1").Cells(lrec + 1, 6).Value, "yyyy-mm-dd, hh:mm:ss") 
Next 
     
Print #1, "" 
Print #1, "Statistics for Trial # ", TrialNum 
Print #1, "" 
Print #1, "Variable                |       Channel 1           |         Channel 2" 
Print #1, "Mean Velocity = ", VelMean1, VelMean2 
Print #1, "Standard Deviation = ", StDev1, StDev2 
Print #1, "Minimum Velocity = ", VelMin1, VelMin2 
Print #1, "Maximum Velocity = ", VelMax1, VelMax2 
 
Close #1 
        
MsgBox sSaveFileName & " has been saved into folder """ & sCurrentFilePath & """" 
     
End Sub 
 
‘Subroutine to clean LDA signal 
Private Sub SignalCleaning(lPts As Long, nBurstLength As Long, nFFTLength As Long, _ 
                           ByRef dSigData() As Double, ByRef dSigData_new() As Double) 
                            
Dim dSigData_Peak As Double 
Dim nSigData_Peak_Index As Long 
Dim lcount As Long 
Dim nRangeMin As Long 
    
'------Find the maximum of dSigData----- 
dSigData_Peak = Abs(dSigData(1)) 
nSigData_Peak_Index = 1 
For lcount = 2 To lPts 

If dSigData_Peak < Abs(dSigData(lcount)) Then 
            dSigData_Peak = Abs(dSigData(lcount)) 

nSigData_Peak_Index = lcount 
End If 

Next 
    
'-----Verify appropriate range of data used for dSigData_new: 
If (nSigData_Peak_Index - nBurstLength / 2) < 0 Then 
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nRangeMin = 0 
ElseIf (nSigData_Peak_Index + nBurstLength / 2) > lPts Then 

nRangeMin = lPts - nBurstLength 
Else 

nRangeMin = nSigData_Peak_Index - nBurstLength / 2 
End If 
        
'-----Pass nBurstLength long data into the dSigData_new----- 
For lcount = 1 To nBurstLength 
  dSigData_new(lcount) = dSigData(nRangeMin + lcount) 
Next 
End Sub 
 
‘Subroutine to calculate difference frequency and signal SNR value 
Private Sub FindFrequencyAndSNR(nBurstLength As Long, nFFTLength As Long, dSRateMHz 
As Double, _dPsdData() As Double, lPeakBin As Long, dFreq As Double, dSNR As Double) 
 
Dim lcount As Long 
Dim dTotalArea As Double 
Dim dPeakArea As Double 
Dim dPeakValue As Double 
Dim dAveragelevel As Double 
Dim lScaling As Long 
Dim lStartSearch As Long 
Dim lPeakZoneStart As Long 
Dim lPeakZoneEnd As Long 
Dim nPeakHWidth As Long 
     
lStartSearch = 5 * (nFFTLength / nBurstLength) + 1 
nPeakHWidth = 3 * (nFFTLength / nBurstLength) 
             
' Search for the peak value 
dPeakValue = 0 
lPeakBin = lStartSearch 
For lcount = lStartSearch To (nFFTLength / 2) 

If dPsdData(lcount) > dPeakValue Then 
dPeakValue = dPsdData(lcount) 
lPeakBin = lcount 

End If 
Next 
             
' Find the Signal to Noise Ratio (SNR) 
dTotalArea = 0# 
dPeakArea = 0# 
                          
For lcount = lStartSearch To nFFTLength / 2 

dTotalArea = dTotalArea + dPsdData(lcount) 
Next 
lPeakZoneStart = lPeakBin - nPeakHWidth 
If lPeakZoneStart < lStartSearch Then lPeakZoneStart = lStartSearch 

lPeakZoneEnd = lPeakBin + nPeakHWidth 
If lPeakZoneEnd > (nFFTLength / 2) Then lPeakZoneEnd = nFFTLength / 2 
     
For lcount = lPeakZoneStart To lPeakZoneEnd 

dPeakArea = dPeakArea + dPsdData(lcount) 
Next 
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dTotalArea = Abs(dTotalArea - dPeakArea) 
dAveragelevel = dTotalArea / (nFFTLength / 2 - (lStartSearch - 1) - (2 * nPeakHWidth + 1)) 
dSNR = 10 * Log(dPeakArea / dAveragelevel) / Log(10) 
             
dFreq = dSRateMHz * lPeakBin / nFFTLength 
             
End Sub 
 
‘Subroutine processing Fast Fourier Transform (FFT) 
Sub Psd(m As Long, msig As Long, fin() As Double, win() As Double, fsd() As Double) 
 
' Initialize the first msig real elements of a complex array ff(1 to m) by a product of the 
' input signal, fin(1 to msig) and the spectral window win(1 to msig). Return the power 
' spectral density in fsd(1 to m/2) - only the left half, since the input is the real sequence. 
' Apply window to the signal, then Calculate Fast Fourier Transform  
 
Const CC As Double = 6.28318530717959 
Const KON As Integer = 1 
Dim i As Long, j As Long, k As Long 
Dim im As Long, i2 As Long, i2m As Long 
Dim kk As Long, kmax As Long 
Dim wr As Double, wi As Double 
Dim wpr As Double, wpi As Double 
Dim wpom As Double, Theta As Double 
Dim pomr As Double, pomi As Double 
Dim ff() As Double 
     
ReDim Preserve fin(1 To m) As Double 
ReDim Preserve win(1 To m) As Double 
ReDim ff(1 To 2 * m) As Double 
ReDim fsd(1 To (m / 2)) As Double 
    
For i = 1 To msig 

ff(2 * i - 1) = fin(i) * win(i) 
Next 
     
j = 1 
For i = 1 To (2 * m) Step 2 

If (j > i) Then 
pomr = ff(j) 
pomi = ff(j + 1) 
ff(j) = ff(i) 
ff(j + 1) = ff(i + 1) 
ff(i) = pomr 
ff(i + 1) = pomi 

End If 
k = m 

line1: 
If k > 2 And j > k Then 

j = j - k 
k = k / 2 
GoTo line1 

End If 
j = j + k 

Next i 
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kmax = 2 
line3: 
 
If ((2 * m) > kmax) Then 

kk = 2 * kmax 
Theta = CC / (KON * kmax) 
wpr = -2 * Sin(0.5 * Theta) ^ 2 
wpi = Sin(Theta) 
wr = 1 
wi = 0 
For k = 1 To kmax Step 2 

For i = k To (2 * m) Step kk 
j = i + kmax 
pomr = wr * ff(j) - wi * ff(j + 1) 
pomi = wr * ff(j + 1) + wi * ff(j) 
ff(j) = ff(i) - pomr 
ff(j + 1) = ff(i + 1) - pomi 
ff(i) = ff(i) + pomr 
ff(i + 1) = ff(i + 1) + pomi 

Next i 
wpom = wr 
wr = wr * wpr - wi * wpi + wr 
wi = wi * wpr + wpom * wpi + wi 

Next k 
kmax = kk 
GoTo line3 

End If 
 
' Calculate PSD and retun it 
For i = 1 To m / 2 

i2 = 2 * i 
i2m = i2 - 1 
fsd(i) = Sqr(ff(i2m) * ff(i2m) + ff(i2) * ff(i2)) 

Next 
End Sub 
 
‘Subroutine to convert #’s from bytes to double 
Public Function Byte2Dbl(ByVal Value As Byte) As Double 
 
Dim TEMP As Double 
TEMP = Value 
If Value > 127 Then 

Byte2Dbl = TEMP - 256 
Else 

Byte2Dbl = TEMP 
End If 
End Function 
‘Subroutine to calculate timestamps 
Private Sub TimeStamp(TimeStampSize As Long, plTimeStamps() As Byte, nBursts As Long, 
MemSize As Long, aTimeStamp() As Double, aTime() As Double, lSRate As Long) 
 
Dim n As Long 
Dim i As Long 
Dim a1 As Long 
Dim a2 As Long 
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Dim b1 As Long 
Dim b2 As Long 
Dim c1 As Long 
Dim c2 As Long 
Dim d1 As Long 
Dim d2 As Long 
Dim e1 As Long 
Dim e2 As Long 
Dim f1 As Long 
Dim f2 As Long 
Dim g1 As Long 
Dim g2 As Long 
Dim h1 As Long 
Dim h2 As Long 
Dim C As Long 
Dim TimeStart As Long 
 
C = 256 
i = 1 
aTimeStamp(1) = 0 
 
For n = 1 To nBursts * 2 - 1 

a1 = plTimeStamps(i) 
b1 = plTimeStamps(i + 1) 
c1 = plTimeStamps(i + 2) 
d1 = plTimeStamps(i + 3) 
e1 = plTimeStamps(i + 4) 
f1 = plTimeStamps(i + 5) 
g1 = plTimeStamps(i + 6) 
h1 = plTimeStamps(i + 7) 
a2 = plTimeStamps(i + 8) 
b2 = plTimeStamps(i + 9) 
c2 = plTimeStamps(i + 10) 
d2 = plTimeStamps(i + 11) 
e2 = plTimeStamps(i + 12) 
f2 = plTimeStamps(i + 13) 
g2 = plTimeStamps(i + 14) 
h2 = plTimeStamps(i + 15) 

 
aTimeStamp(n + 1) = (((((((((((((h2 - h1) * C + g2) - g1) * C + f2) - f1) * C + e2) - e1) * C + 
d2) - d1) * C + c2) - c1) * C + b2) - b1) * C + a2 + C - a1 
i = n * 8 + 1 

Next 
     
For n = 1 To nBursts * 2 - 1 

aTimeStamp(n + 1) = aTimeStamp(n) + aTimeStamp(n + 1) 
Next 
     
TimeStart = aTimeStamp(2) / lSRate 
     
For n = 2 To nBursts 

aTime(n) = aTimeStamp(n * 2 - 1) / lSRate - TimeStart 
Next 
     
End Sub 
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