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Abstract 

Evaporative spray cooling is a technique that utilizes the latent heat of evaporation of a cold liquid spray to 

rapidly cool a hot gaseous source.  During evaporation the liquid droplets are fixed at their boiling point, 

ensuring a large temperature differential between liquid and gas, and promoting high heat transfer rates.  

The application of note for this research is the infrared radiation (IR) suppression of naval vessel exhaust 

streams which have a distinctive radiative signature due to the hot carbon dioxide and water vapour within 

the exhaust.  Cooling of the exhaust stream greatly reduces this signature and limits the possibility of 

tracking by hostile sources [1]. 

Despite extensive and historical use in fields such as fire suppression, the detailed mechanics of evaporative 

sprays are incredibly complex and predictive simulation of these flows has only been made possible with 

the rapid increase in computational power over the last two decades [2].  This research presents a dual 

approach in which results from optical measurements of a scale naval vessel exhaust system equipped with 

evaporative spray cooling are compared with the findings of multi-phase spray flow computational fluid 

dynamics (CFD). 

Spray flow experiments were run at the Grant Timmins research facility on the Hot Gas Wind Tunnel 

(HGWT), a rig capable of emulating a scale naval vessel exhaust system.  With previous research focussing 

on direct spray measurement, an optical approach was undertaken utilizing a laser sheet to produce overall 

spray images and high-speed droplet imagery.  In conjunction with experimentation a spray flow CFD study 

was constructed within the ANSYS suite of software tools.  Given the complexity of real-world spray 

mechanics, simplified models form the bulk of the droplet-gas interaction within CFD and ensuring these 

models perform well together forms the crux of these simulations.   

The CFD results produced compare well with droplet velocity measurements, but spray spread and 

evaporation rates do not match experiment.  Despite this, it is likely that a robust predictive CFD 

methodology may yet be created in the same software suite given further inquiry.  
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1.0 Introduction 

Evaporative spray cooling is a technique used across many fields including fire suppression and the cooling 

of inlet air for power plant cooling towers [3].  This approach utilizes a cool liquid spray to remove heat 

from a hot gaseous target.  In the process of evaporation, the liquid droplets are fixed at their boiling point 

and all heat supplied is used in the phase changing process [4].  This drives a large temperature differential 

between the cooling droplets and hot gas, making evaporative spray cooling preferable to single-phase 

cooling solutions in many situations.  Water is an excellent spray source for most applications as its latent 

heat of evaporation greatly outstrips that of many other liquids and more energy must be transferred from 

the hot flow to enable evaporation. 

One of the core applications for evaporative spray cooling is infrared suppression.  In order to avoid 

detection from threats, many military vehicles will apply infrared suppression to their exhaust streams as 

the hot water vapour and CO2 gases radiate extensively in the short to long infrared wavelengths (1.4µm-

15µm) and can be detected at distances of several kilometres.  Infrared guided missiles are typically 

sensitive to the 3µm-5µm band while thermal imagers operate at longer wavelengths (8µm-15µm) [1].  To 

combat these sensors naval vessels have begun to employ evaporative spray cooling in their exhaust using 

readily available sea water to cool the hot gas flow.  In some cases, the addition of this extra water vapour 

to the plume can create a visual cloud and can increase the detectable IR signature due to the larger water 

vapour mass fraction.  As such, a balance must be struck between the effective cooling of the input spray 

and the effects of said spray on the plume signature. 

Despite the advantages and widespread use of evaporative spray cooling, the mechanics of these systems 

are not well understood.  Analysis of detailed droplet behaviour is difficult, and a single spray flow can 

contain millions of droplets which deform, collide, break up, transfer heat, and evaporate.  Modeling these 

systems is incredibly challenging and can push up against the limits of modern computing power in many 
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cases. Because of these limitations, modern evaporative spray cooling systems are often designed using 

empirical results and are modified using trial and error to produce the most desirable sprays. 

With recent advancements in the core models used for multi-phase flow in Computational Fluid Dynamics 

(CFD) software packages the ability to accurately simulate and predict the behaviour of spray flows is 

becoming more readily available.  It is hoped that with these new tools a methodology to predict the 

performance of IR suppression systems applied to naval vessel exhaust streams can be created. 

1.1 Objective 

The objective of the research presented herein is as follows: 

To create a multi-phase CFD methodology capable of accurately predicting the large-scale effects of 

evaporative spray cooling for the IR suppression of naval vessels and compare with experimental 

results. 

In addition to the above objective statement, goals defining the project’s methodology were also defined: 

• Utilize the Grant Timmins Hot Gas Wind Tunnel (HGWT) to create a scale version of a standard 

naval vessel exhaust system complete with spray suppression. 

• Run a test course of varying spray flow conditions on the experimental apparatus and measure the 

results for CFD comparison. 

• Capture IR imagery of experimental spray to determine the effect of water spray on the plume and 

compare with CFD. 

• Simulate the experimental apparatus and spray flow within the Fluent 18.1 CFD package. 

• Compare the results of simulation and experiment to gauge the validity of CFD simulation on 

modeling naval vessel exhaust flows. 
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Although out of the scope of this project, a continuing objective of this research topic is to create a CFD 

simulation capable of driving design for spray systems.  This requires a robust predictive model that would 

inform designers of the optimum spray properties and locations for cooling. 

The research presented herein is not the first foray into evaporative spray cooling research for this 

application, and previous work by Nathan Begg on the same experimental rig focussed on the overall spray 

cooling effect using direct measurement techniques to compare with CFD results [5].  This thesis focused 

instead on measuring the spray flow through optical techniques.  This approach was chosen to measure the 

following spray flow parameters: 

• Liquid droplet diameter distribution. 

• Liquid droplet velocities. 

• Liquid spatial concentration. 

• Liquid evaporation rates. 

• Spray penetration and spread angle. 

• Spray flow temperature distribution. 

2.0 Background and Literature Review 

The simulation of liquid spray flows consists of two main components: the models that govern the 

behaviour of the gaseous continuous phase which are described using a classical CFD approach, and the 

models that describe the interaction of the liquid droplets with the continuous phase.  Given the relatively 

recent advent of spray flow simulation, the models that dictate droplet behaviour are continually being 

advanced upon with new models being introduced to standard CFD packages annually. 

2.1 Computational Fluid Dynamics 

The classical field of CFD involves the analysis of a single-phase fluid exhibiting either laminar flow, 

turbulent flow, or some combination of the two.  Fluid flows are typically described by use of a continuity 
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equation, a momentum equation, and an energy equation.  The condensed forms of these equations when 

considering a finite volume of fluid are presented in Equations 1-3 [6]: 

 𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦:                              
𝜕𝜌

𝜕𝑡
+ ∇ ∙ [ρv⃗ ] = 0 1) 

 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛:                   
𝜕

𝜕𝑡
[𝜌𝑣  ] = 𝜌𝑔 − ∇𝑝 + ∇ ∙ 𝜏𝑖𝑗 2) 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛:                               𝜌
𝑑�̂�

𝑑𝑡
+ 𝑝(∇ ∙ 𝑣 ) = ∇ ∙ (𝑘∇𝑇) + Φ 3) 

Where 𝜌 is density, 𝑣  is a velocity vector, 𝑔 is the gravitational constant, 𝑝 is the static pressure, 𝜏𝑖𝑗 is a 

strain tensor, �̂� is internal energy, 𝑘 is thermal conductivity, 𝑇 is temperature, and Φ is described by 

Equation 4. 

 Φ = 2 [(
𝜕𝑢

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑧
)
2

] + (
𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
)
2

+ (
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
)
2

 4) 

Where 𝑢 is x-wise velocity, 𝑣 is y-wise velocity, and 𝑤 is z-wise velocity. 

Analytical solutions to the partial differential equations above are not available, and as such standard finite 

volume method CFD practice is to divide the fluid domain into small cells over which the above equations 

can be discretized.  Systems that contain turbulence add further time variant complexity and so turbulence 

models have been developed as a way to reduce computational costs. 

Many different turbulence models have been derived and they range in complexity and accuracy.  For the 

analysis presented herein the Two-Equation Reynold’s Averaged Navier-Stokes (RANS) models are 

considered.  More specifically the family of k-ε models is explored as they are relatively inexpensive in 

computational cost and have shown applicability across many spray flow systems [7].  Turbulence models 

that employ the RANS equations rely on the assumption that the time variant properties in Equations 1-3 

can be broken down into their mean value and a time fluctuating component as shown for x-wise velocity 

in Equation 5 [6]. 
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 𝑢 = �̅� + 𝑢′ 5) 

Where �̅� is the mean value, and 𝑢′ is the time fluctuating component. 

When this assumption is applied to Equations 1-3 and the equations are then time averaged, the following 

variations of the continuity, momentum, and energy equations are produced [6]: 

 𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦:                                     ∇ ∙ [ρv⃗ ̅] = 0 6) 

 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛:                
𝜕

𝜕𝑡
[𝜌𝑣 ̅] = 𝜌𝑔 − ∇�̅� + [∇ ∙ (𝜏𝑖𝑗̅̅ ̅ − 𝜌𝑣 ′𝑣 ′̅̅ ̅̅ ̅̅ )] 7) 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛:           𝜌
𝑑�̅�

𝑑𝑡
+ 𝑝(∇ ∙ 𝑣 ̅) = ∇ ∙ (𝑘∇�̅� − 𝜌𝑐𝑝𝑣 

′𝑇′̅̅ ̅̅ ̅̅ ) + Φ 8) 

These equations now contain products of time fluctuating quantities which are termed the Reynold’s 

stresses and Reynold’s heat fluxes for the momentum and energy equations respectively.  These changes to 

the original equations have not reduced the system complexity however, and assumptions must be made 

about the unknown Reynold’s stresses and heat fluxes to close the system, allowing for discretized 

calculation. 

Most RANS turbulence models employ the use of the Boussinesq hypothesis in which the Reynold’s 

stresses are assumed to be proportional to the mean velocity gradients [6].  This relationship is shown in 

Equation 9. 

 
𝜏𝑅 = − 𝜌𝑣 ′𝑣 ′̅̅ ̅̅ ̅̅ = 𝜇𝑡{∇v⃗ + (∇v⃗ )T} −

2

3
[𝜌𝑘𝑡 + 𝜇𝑡(∇ ∙ 𝑣 )] 

9) 

Where 𝑘𝑡 is the turbulent kinetic energy, and 𝜇𝑡 is the turbulent eddy viscosity. 

In a similar manner the turbulent heat fluxes may be calculated from the gradient of temperature as shown 

in Equation 10 [6]: 

 �̇�𝑅 =  𝜌𝑐𝑝𝑣 
′𝑇′̅̅ ̅̅ ̅̅ = 𝑘𝑡∇𝑇 10) 
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The family of k-ε models assumes that the turbulent eddy viscosity can be related to the turbulent dissipation 

rate ε and by defining both this turbulent dissipation rate alongside the turbulent kinetic energy, Equations 

6-8 can be closed and calculated using relatively modest computing power.  

The k-ε models lose applicability close to walls due to the large gradients in velocity and turbulent kinetic 

energy found there.  As such separate techniques must be used to model the near wall region and predict its 

flow.  Typical wall functions are based on empirical profiles that apply across most near wall flows.  The 

boundary layer along a wall consists of three layers [6]: 

▪ Viscous Sublayer (0 < 𝑦+ < 5) 

▪ Buffer Layer  (5 < 𝑦+ < 30) 

▪ Inertial Sublayer (30 < 𝑦+ < 200) 

Where 

 𝑦+ =
𝑦𝑢𝜏
𝜈

 11) 

 𝑢𝜏 = √
|𝜏𝑤|

𝜌
  12) 

Where 𝑦 is the distance perpendicular to the wall, 𝑢𝜏 is the friction velocity, 𝜈 is the kinematic viscosity, 

and 𝜏𝑤 is the wall shear stress. 

In the viscous sublayer the flow is almost entirely laminar, and turbulence is negligible.  Inside the buffer 

region both viscous and inertial effects are important, and in the inertial sublayer inertial forces dominate.  

The treatment of the near wall properties is dependant on the discretized grid resolution close to the wall.  

In flows where the center of the first wall-adjacent cell is within 𝑦+ ≈ 1 a standard two-layer model 

assuming a fully laminar region, and a fully turbulent region may be used [8].  This requires an extremely 

fine mesh and is unlikely to remain valid for the entire wall surface.  Alternatively, the commercial CFD 
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software ANSYS Fluent 18.1 provides enhanced wall treatment options for flows in which the 𝑦+ values 

of the wall adjacent cells range from 1-10. 

 

2.2  Multi-Phase Flow 

The study of fluid dynamics is a complex affair with even relatively simple geometric flows exhibiting 

detailed fluid behaviour such as turbulence and boundary layer effects.  The empirical and analytical 

analyses of the single-phase flows present in almost every aspect of life (i.e. air over an aircraft wing, blood 

through a vein, or water through a pump) have been the primary focus of fluid dynamics research for the 

last 100 years.  However, multi-phase flows are just as ubiquitous from avalanches and mud slides, to pump 

cavitation and the manufacturing of synthetic materials [9]. 

Brennan et al. defines multi-phase flows as “any fluid flow consisting of more than one phase or component” 

[9]. These flows run the gambit from dusty flows within air, bubbles in water pipes, to slurries and spray 

flows.  This addition of this second (or in some cases third) phase greatly increases the complexity of the 

system as the distinct phases must now transfer energy and momentum, drastically altering their behaviour 

from the solutions to classic single-phase flows. 

There are two main types of multi-phase flow: disperse flows, and separated flows [9].  Separated flows 

describe systems in which the phases interact at an interface and are not mixed to a great extent.  Examples 

include the air-water interface of the ocean’s surface, or the sand-water interface of the ocean floor.  

Disperse flows are those flows in which one phase presents as finite particles within the other and only 

makes up a small volume fraction of the dominant phase as seen in bubbly or spray flows. 

The multi-phase flow of interest for the research presented herein is the spray of water droplets within a 

high temperature, high velocity air stream.  The computation of droplet trajectory, droplet-air heat 

transfer/evaporation, and droplet deformation/breakup form the crux of the analysis for this style of flow.  

While the accurate CFD simulation of droplet breakup of a single particle under a variety of conditions has 
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been achieved, the approach used is not scalable to systems containing millions of droplets [10].  For spray 

flows of this magnitude approximate models must be introduced to predict the overall flow characteristics.  

Due to the approximate nature of these models, users looking to model multi-phase flows must become 

familiar with the assumptions used in their formulation to ensure that they can work together to produce an 

approximation of physical results. 

2.2.1 Droplet Trajectory 

One of the key components of multi-phase flows is the momentum interchange between the disperse and 

continuous phases.  In the case of spray flow droplet motion is heavily reliant on the lift and drag produced 

by the surrounding gas.  While direct solutions of the Navier-Stokes equations for each phase at resolutions 

fine enough to predict all salient flow features are theoretically possible, the computational power required 

for such a simulation is prohibitive [9].  As such simplifications must be made to reduce the computational 

cost. 

The standard approach to modeling disperse, multi-phase flows is to completely solve the continuous phase 

prior to introducing any effect from the disperse phase (the spray flow in the case of this experiment) [11].  

The continuous phase solution is converged in a fixed Eularian frame of reference through which the fluid 

passes through as is done in most single-phase flow computations.  Once converged, particles are then 

added at user defined injection sites and individually tracked in a Lagrangian reference frame that moves 

with the particles throughout the domain [11]. At each solution iteration the interaction between the 

individually tracked disperse particles and the previously solved continuous phase are computed.  This 

approach assumes that the large-scale structures of the continuous flow will not be greatly affected by the 

addition of the disperse phase. 

For the research at hand it is assumed that gravitational effects on the airborne droplets are minimal given 

their short residence time in the domain of interest (see Section 5.0).  Ansys Fluent predicts changes in 

particle trajectory in the absence of gravity using the following force balance [8]: 
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𝑑𝑣 𝑝
𝑑𝑡

=
𝑣 − 𝑣 𝑝
𝜏𝑟

 13) 

Where 𝑣 𝑝 is the velocity vector of the particle, 𝑣  is the velocity vector of the continuous air stream, and 𝜏𝑟 

is the droplet relaxation time defined as follows [12]: 

 𝜏𝑟 =
𝜌𝑝𝑑𝑝

2

18𝜇

24

𝐶𝑑𝑅𝑒𝑟
 14) 

In which 𝜌𝑝 is the droplet density, 𝑑𝑝 is the droplet diameter, 𝜇 is the molecular viscosity of the air, 𝐶𝑑 is 

the particle drag coefficient (further discussed in Section 2.2.4), and 𝑅𝑒𝑟 is the relative Reynold’s number 

between the droplet and surrounding airflow.  𝑅𝑒𝑟 is defined as follows: 

 𝑅𝑒𝑟 ≡
𝜌𝑑𝑝|𝑣 𝑝 − 𝑣 |

𝜇
 15) 

Where 𝜌 is the density of the continuous phase. 

2.2.2 Droplet Breakup 

One of the most complex phenomenon present in spray flows is the occurrence of droplet breakup.  When 

breakup occurs the parent droplet deforms and then sheds or splits into a number of child droplets.  The 

actual mechanics of this deformation and eventual breakup are highly dependent on the properties of the 

droplet and the surrounding gas flow. 

The most salient predictor of droplet breakup is the Weber number as defined in Equation 16 [13].  This 

parameter can be thought of as the ratio of deforming body forces acting on the droplet to the surface tension 

forces holding the droplet together.   

 𝑊𝑒 =
𝜌|𝑣 𝑝 − 𝑣 |2𝑑𝑝

𝜎𝑝
 16) 

Where 𝜌 is the density of the continuous phase, and 𝜎𝑝 is the surface tension of the droplet. 
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Below a critical Weber number droplet breakup will not occur, and while this critical value is not universally 

agreed upon, most literature appears to use a critical Weber number of approximately 10 [13-15].  This 

ambiguity in defining a critical Weber number stems from various definitions of breakup incipience within 

literature, alongside the difficulty of observing said breakup in experiment.  To this point Wirzba measured 

a variety of breakup times for droplets in near critical Weber number conditions and attributed this variation 

to their inability to easily observe the exact moment of breakup as droplets are often obscured by a fine 

mist [15]. 

Critical Weber number has also been shown to have a reliance on the Ohnesorge number.  With an 

Ohnesorge number of below 0.1 the critical Weber number was found to be around 12; however as the 

Ohnesorge number increased, the critical Weber number follows the trend shown in Equation 17 [13]. 

 𝑊𝑒𝑐 = 12(1 + 1.077𝑂𝑛1.6)   17) 

The Ohnesorge number can be thought of as the influence of the drop’s viscous effects on breakup and is 

defined in Equation 18 [13]: 

 𝑂𝑛 =
𝜇𝑝

(𝜌𝑝𝑑𝑝𝜎𝑝)
0.5     18) 

Where 𝜇𝑝 is dynamic viscosity of the droplet, and 𝜌𝑝 is the density of the droplet. 

Above the critical Weber number droplet breakup will occur and the breakup mode is dependent on the 

magnitude of the Weber number.  Figure 1 shows six of the possible droplet regimes as Weber number 

increases. 
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Figure 1 - Droplet breakup regimes [13] 

 

At a Weber number of approximately 10 the droplets begin to oscillate at their natural frequency.  

Vibrational breakup occurs when these oscillations become large enough to bisect the droplet, splitting it 

into two or more child droplets.  In most breakup models vibrational breakup is not considered as it operates 

on a much larger time scale than the other breakup modes [10].  Bag breakup and bag-and-stamen breakup 

occur within Weber numbers of 12-100.  In this case the surface tension is large enough to maintain a ring 

of fluid around the perimeter of the drop while the center inflates like a bag until breakup.  For bag-and-

stamen breakup the center of the drop does not inflate, but rather creates a pillar, or stamen.  Sheet stripping 
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occurs at Weber numbers between 100-350 and is characterized by “sheets” of liquid being pulled off the 

droplet which has been flattened into a disk.  Finally, wave crest stripping and catastrophic breakup occur 

at Weber numbers of over 350.  In wave crest stripping small waves on the surface of the droplet are 

constantly stripped away from the droplet rapidly diminishing its size.  Catastrophic breakup is similar, but 

with the droplet disintegrating before wave crest stripping can reduce its size significantly. 

Given the complexity of real-world droplet breakup, accurately modelling this phenomenon within CFD is 

non-trivial.  As previously discussed, particle and trajectory and drag are typically calculated assuming 

either a spherical droplet, or some variation of dynamic drag in which the droplet flattens to a disk.  This 

simplifying assumption immediately loses applicability to droplets undergoing most of the breakup modes 

shown in Figure 1 and as such droplet trajectory may not be calculated correctly during breakup. 

As the detailed mechanics of droplet breakup are currently too complex to model on thousands of different 

particles within a spray flow, Ansys Fluent provides four different droplet breakup models that can be 

employed within simulations.  These models were produced to approximate the breakup behaviour of very 

specific spray flows and as such their applicability to flows that deviate from the cases they were designed 

for must be questioned. 

2.2.2.1 Taylor Analogy Breakup 

The Taylor Analogy Breakup (TAB) model is based on an analogy between droplet oscillation and breakup, 

and the action of a mass-spring-damper system [16].  In this model the physical components of the mass-

spring-damper system are mapped directly to parameters of droplet deformation as shown in Table 1. 

Table 1 - TAB model analogies 

Mass-Spring-Damper Droplet Distortion 

Restoring spring force Surface tension 

External forcing Droplet drag 

Damping forces Droplet viscosity 
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Droplet distortion and oscillation are calculated along the path of the particle and once a critical value of 

oscillation is reached the particle breaks up into child droplets.  The velocity and size distribution of these 

child droplets are specified using model parameters. 

As the TAB model assumes only vibrational droplet breakup it is best suited to low Weber number flows.  

As the Weber number is increased the droplets in real flows begin to breakup in the more complex modes 

detailed above and the TAB model loses applicability.  

2.2.2.2 WAVE Breakup 

The WAVE model was produced as an alternative to the TAB model that applies to high Weber number 

flows.  This approach models droplet breakup as a function of the relative velocity between the continuous 

phase and the droplet itself.  This relative velocity is then assumed to cause Kelvin-Helmholtz instabilities 

along the surface of the drop and when the fastest growing of these instabilities becomes large enough the 

droplet is assumed to break up.  The size of the child particles is then directly related to the wavelength of 

the instability that caused breakup. 

As the TAB model does not apply to high Weber number flows, the wave model does not apply well to 

flows with low Weber numbers so care must be taken when selecting an appropriate breakup model. 

2.2.2.3 KHRT Breakup 

The KHRT model incorporates both Kelvin-Helmholtz instabilities along with the effect of Rayleigh-

Taylor instabilities to more accurately predict droplet breakup in both high and low Weber number flows 

[17].  It is typically used in nozzles which have a solid liquid core for some length.  In regions of high 

Weber number, the model results are similar to those obtained using the Wave model, while agreeing more 

closely with the TAB model in low Weber number regions.  This makes it an excellent choice for jet flows 

in which the flow properties vary significantly throughout the domain.  As such this model was selected for 

the research presented herein. 
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2.2.2.4 Stochastic Breakup 

Unlike the models presented above, the stochastic model does not use the parent droplet size as an indicator 

of droplet breakup.  Instead, the breakup of droplets is randomly initiated according to an empirical 

correlation, regardless of parent droplet size.  The child droplets produced are independent of parent droplet 

size and their size distribution is also sampled from correlation.  This method applies well to flows that are 

well documented empirically as it allows for the size distribution and stochastic parameters to be directly 

selected for. 

2.2.3 Droplet Heat Transfer 

Another complex portion of two-phase flow analysis is the heat transfer between the discrete and continuous 

phases.  Conjugate heat transfer must be considered as radiation, convection, and conduction all play roles 

in transferring heat between the droplets and the gas flow.  Droplet heat transfer models into six broad 

categories [18]: 

1. Constant droplet surface temperature 

2. Zero temperature gradient within the droplet (infinite thermal conductivity) 

3. Finite droplet thermal conductivity with no recirculation 

4. Effective conductivity models (recirculation is accounted for through a modified conductivity) 

5. Recirculation using vortex dynamics 

6. Full Navier-Stokes solutions 

The first model is quite simplistic and does not assume any variation of droplet temperature with time.  As 

such it is not very applicable to real world flows and does not see much use in modern day CFD.  At the 

other extreme models 5 and 6 are extremely complex and are beyond the current scope of many CFD 

simulations [18].  Most commercial CFD codes use the second type of model as a default for droplet heat 

transfer.  The addition of a finite thermal conductivity greatly adds to the computational complexity but is 

possible in some CFD packages. 
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The assumption of no temperature gradient within heated droplets has been proved inaccurate by 

experiment [19].  Temperature gradients within fuel droplets prior to combustion have been measured by 

use of two-colour laser induced fluorescence as shown in Figure 2.  Additionally, these temperature 

variations were not uniform as recirculation within the droplet transfers heat non-uniformly.  Despite these 

findings most CFD simulations assume no interior temperature gradient to reduce computational costs. 

 
Figure 2 - Fuel droplet temperature map [19] 

 

Ansys Fluent provides a set of heat transfer laws for droplets that cover heating, boiling, and evaporation.  

These models take into account heat transfer via convection and radiation but assume infinite thermal 

conductivity within the droplets [8].  This is to say that the droplet temperature remains uniform throughout 

all simulations. 

Much like trajectory models, most heat transfer models assume that the droplet remains constantly 

spherical.  This is not the case in real flows and additional complications are created because of it: boundary 

layer variation and separation around the droplet, droplet breakup, droplet wake recirculation, and 

radiation/absorption variation with droplet temperature gradients [20]. 



16 

 

2.2.4 Droplet Drag 

As discussed in the Droplet Trajectory section, particle motion is calculated in part using the droplet drag.  

In the simplest case the droplets within the system may be assumed to be spherical.  Drag over a spherical 

body has been extensively researched and correlations for drag coefficient with varying Reynold’s number 

can be found in most introductory fluid mechanics texts (see Figure 3).  The image below shows three 

regions: the laminar regime (Re 0-105), the drag crisis regime (Re ~105) in which the flow transitions 

between laminar and turbulent, and finally the turbulent regime (Re >5x105). 

 
Figure 3 – Drag variation with Reynold’s number for a spherical body [9] 

 

While the drag results for spherical bodies are well documented, droplets within real world spray flows are 

rarely spherical.  Aerodynamic forces deform droplets and cause breakup, during the process of which 

droplets can inhabit a range of complex shapes.  As such dynamic drag models have been developed to 

better approximate real-world flows. 

Ansys Fluent provides a dynamic drag law for droplet motion developed by Mather and Reitz in which it 

is assumed that the droplet’s drag varies between that of a sphere and that of a disk throughout its 

deformation as shown in Equation 19 [21]. 
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 𝐶𝑑 = 𝐶𝑑𝑠𝑝ℎ𝑒𝑟𝑒(1 + 2.632𝛾) 19) 

Where 𝛾 is the droplet deformation as defined in the Taylor Analogy Breakup Model, where droplet 

deformation is analogous to a mass-spring-damper system (this definition includes the effects of varying 

Reynold’s number).  In the case of no deformation (𝛾 = 0) the droplet drag is simply that of a sphere, and 

as the deformation approaches unity the droplet drag approaches that of a disk (𝐶𝑑 = 1.54).  This approach 

does not fully describe the variations in droplet drag during breakup modes such as bag breakup but is a 

significant step forward from the assumption of spherical particles. 

2.2.5 Particle-Wall Interaction 

In flows that feature solid geometries, droplet-wall interaction can play a large role on the overall flow 

behaviour.  In the case of infrared suppression of naval exhaust plumes spray runoff from solid surfaces 

can impact crew members on deck and must be accounted for.  Standard CFD packages allow for several 

types of particle-wall boundary conditions such as elastic collision, inelastic collision, and wall film.  In the 

case of elastic/inelastic collision all incident particles will rebound from the wall but will not be trapped or 

form films.   

The wall-film model that is provided in Ansys Fluent allows for droplets to be trapped by geometric walls 

and form a thin film which can transfer heat, evaporate, and shed droplets.  This model was designed 

specifically to apply to the interior of combustion engine cylinders to account for fuel-wall impingement 

and is subject to a restriction that any films must be under 500µm in thickness [8].  This restraint renders 

the wall-film model inapplicable to the spray flow presented herein where film thickness can grow to over 

a millimetre.  As such the elastic collision model was selected for all CFD simulations and the ability to 

predict spray runoff removed from the scope of project. 
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3.0 Experimental Setup 

In order to compare with simulation results, the Grant Timmins Hot Gas Wind Tunnel (HGWT), modelled 

as a scale version of a naval vessel exhaust system, was experimented upon using water spray to cool the 

hot gas plume.  The resulting flow was then illuminated via laser sheet and imaged for CFD comparison. 

3.1 Hot Gas Wind Tunnel 

The HGWT is capable of generating heated air in excess of 600°C at speeds of over 180 m/s.  The wind 

tunnel itself consists of a 40hp electric blower, inlet diffuser, combustion chamber, settling chamber, post-

combustion nozzle, and a length of exit pipe for flow development.  These features are shown in Figure 4.  

The blower drives a large pressure differential to accelerate the flow, while the diffuser slows the flow so 

that it does not cause flameout in the combustion chamber.  After combustion, the flow is then accelerated 

through the post-combustion nozzle and is passed through a length of pipe that allows for flow development. 

 
Figure 4 – Hot gas wind tunnel schematic [5] 

The HGWT does not contain a traditional testing chamber and instead expels the hot gas out the side of the 

Grant Timmins facility where it can safely disperse into the atmosphere.  A variety of nozzles can be affixed 

to the exit of the tunnel to alter the jet characteristics and other experiments on the same rig have included 

aerodynamic devices placed downstream of the exit to gauge their effects on the flow. 

The wind tunnel features a safety control system with limits on the blower pressure rise and high/low limits 

on the pressure drop across the combustion chamber.  If any of these criteria are not met combustion cannot 

be initiated.  Combustion is controlled via a natural gas line into the combustion chamber upon which a 
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user-controlled valve allows for a percentage of maximum fuel flow to be delivered to the combustor.  Each 

of the pressure limit switches also operates a valve on this main gas line and will stop the gas flow if the 

limit is tripped.  The temperature of the airflow is measured by two thermocouples placed approximately 

1m upstream from the wind tunnel exit.  To a achieve a specific temperature the user must alter the 

percentage of fuel flow until the temperature is reached. 

3.2 Air Nozzle 

As an alternative to evaporative spray cooling many military vehicles utilize air-air ejector systems for IR 

suppression.  These systems require exhaust gases to be accelerated through a nozzle and then passed 

through a shrouded mixing tube as shown in Figure 5.  The high velocity/high momentum exhaust gas then 

entrains cold ambient air into the mixing tube, which often has additional entrainment rings, and the exhaust 

gas is cooled, lowering the IR signature.  This cooling method is often employed on naval vessels and it is 

assumed for the purposes of this research that such an ejector system would be present [1].  This requires 

that the airflow leaving the wind tunnel be accelerated to a velocity comparable with a naval vessel exhaust 

fitted with ejector system. 
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Figure 5 - Air-air ejector complete with lobed nozzle and entraining diffuser [1] 

 

Acceleration of the airflow was achieved using a nozzle attached to the exit of the wind tunnel.  Given the 

constant pressure rise across the blower at the start of the wind tunnel (the blower rpm is not variable) the 

velocity through the exit nozzle is dependant only on the density of the air and the area ratio of the nozzle.  

As the temperature of the air is increased through fuel combustion the density rapidly decreases driving 

higher velocities of air through the nozzle.  A plot of air temperature versus nozzle exit velocity is shown 

in Figure 6. 
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Figure 6 - Nozzle exit velocity variation 

 

A schematic of the main air nozzle itself is shown in Figure 7.  This nozzle design was chosen as it has 

been used in past research on this same rig focussing on the effects of air-air ejectors on naval vessels and 

included locations to mount a spray system [5]. 
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Figure 7 - Air nozzle design [5] 

 

3.3 Spray Flow System 

When designing spray flows for evaporative cooling systems it is desirable to create droplets with as small 

a diameter as possible to increase the overall surface area that is exposed to the hot gas.  One method to 

produce such a spray flow is to utilize air atomizing spray nozzles.  These nozzles rely on a high-pressure 

air source to atomize a fluid jet and so produce droplets with diameters proportional to the air pressure 

supplied.  While these devices produce desirable spray parameters, they are expensive, require a large water 

pressure head to operate, require control systems for both the water and air streams, and may not be suitable 

to the adverse conditions found in naval vessel exhaust ducts. 

Another alternative to produce atomized spray flows is to use a pin impingement atomizer as shown in 

Figure 8.  Instead of high-pressure air, these atomizers simply impact the water jet onto a pin at velocities 

high enough to break up the flow into small droplets.  This requires minimal driving pressure and the 

nozzles are less susceptible to damage within exhaust systems due to their reduced complexity.  The 

downside of this nozzle type is that spray parameters are more difficult to control as the only driving 
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variable is the water pressure.  Additionally, slight variations in pin position or diameter of the nozzle 

opening can greatly affect the performance of the device. 

 
Figure 8 - BETE P66 Pin Impingement Spray Nozzle 

 

The spray nozzle chosen for the experiments presented herein is the BETE P66 Pin Impingement Spray 

Nozzle.   This nozzle has been used in real world IR suppression systems on naval vessels and was found 

by Davis Engineering to outperform other nozzles in its class.  The nozzle exhibits a desirable balance 

between driving pressure requirement and droplet diameter allowing for the use of municipal water supply 

pressure. At an operating pressure of approximately 30psi a droplet distribution with a Sauter mean 

diameter of approximately 150µm is produced (see Figure 9). 
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Figure 9 - BETE P66 Sauter mean diameter variation [22] 

 

Four P66 nozzles were used for this research as this combination provided sufficient spray flow to account 

for up to 15% of the air mass moving through the wind tunnel.  The spray nozzles were placed with equal 

spacing around the main air nozzle and were inset halfway along the length of said nozzle. The nozzles 

were then attached to brass nipples to avoid material damage due to the high temperatures near the nozzle 

exit.  From there vinyl tubing was hooked up to a municipal water supply source and along each tube a 

pressure gauge and ball valve were installed in order to monitor and vary the pressure supplied to each 

nozzle (see Figure 10).  Care was taken to alleviate stress along the tubes and minimize the constriction 

caused by excess bending. 
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Figure 10 - Wind tunnel exit with spray nozzles (left). Spray nozzle pressure control system (right) 

 

BETE specifications give a relation between the driving pressure of the nozzles and the spray mass flow 

that is produced.  This relationship is heavily dependent on device geometry and as the nozzles had been 

used in previous testing it was required that they be calibrated (see Appendix A.1 for details). 

3.4 Optical Equipment 

To capture the detailed features of the spray flow for CFD comparison a robust optical analysis was 

required.  Direct spray imaging was favoured over Schlieren imagery as the distinction between phases 

becomes difficult when using a Schlieren approach [2].  Two types of optical measurements were taken: 

large-scale flow imagery with the aim of capturing the time-averaged behaviour of the entire spray plume, 

and high-speed imagery taken to capture individual droplet diameters and velocities.  

3.4.1 Cameras 

Two cameras were used for experimentation: a FLIR Flea3 USB micro-camera, and a Photron SA5 high-

speed CMOS camera.  Utilizing a laser sheet for illumination, both cameras were set on tripods to directly 



26 

 

image the spray.  The Flea3 is a small scientific camera that captures black and white images at a resolution 

of three megapixels and frame rates of sixty frames per second (See Figure 11).  This camera was used for 

the large-scale spray imagery to determine parameters such as spray spread angles and spray penetration.   

 
Figure 11 - Flir Flea3 USB camera 

 

The SA5 is a high-speed scientific camera with a full resolution of one megapixel and the ability to reach 

frames rates of over 300,000 frames per second given a reduced region of interest.  Achievable frame rate 

is dictated by the amount of illumination present, and for this research the maximum frame rate achieved 

was 150,000 frames pers second.  The imagery captured by this camera was used to determine droplet 

velocities through particle image velocimetry (PIV). 
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Figure 12 - Photron SA5 high speed camera 

 

3.4.2 Spray Illumination 

Initial testing utilized a LED backlighting system to provide contrast between the spray and air flow.  This 

method results in the spray droplets appearing darker than the illuminated background as shown in Figure 

13.  While this illumination method did provide sufficient light to image the overall spray behaviour, there 

was not enough light to image particles at frame rates above approximately 10,000 fps.  At this frame rate 

droplets are not imaged sharply enough to provide diameter information and do not remain in frame long 

enough for PIV techniques to be feasible.  Additionally, given the depth of field of the lens used many of 

the droplets imaged were out of focus. 
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Figure 13 - LED backlight high speed image of wind tunnel exit.  Showing droplet cloud (center) and runoff 

(bottom) 

 

To provide more light for the cameras the illumination method was changed from LED backlighting to light 

scattering induced by a laser sheet.  To produce the sheet an MGL-F-532-2W laser module manufactured 

by Dragon Lasers was combined with three 1” round plano-concave lenses and mounted along a traverse 

above the wind tunnel exit.  The laser module and lens system are shown in Figure 14, while Figure 15 

shows the system, encased in a blackout enclosure for safety purposes, mounted to the cart traverse.  This 

system allowed the laser sheet to be traversed axially from the wind tunnel exit to approximately 3m 

downstream while the lens tube of the laser rig allowed for rotation of the sheet to provide both axial and 

transverse slices of the flow. 
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Figure 14 - Laser module and lens system. 

 
Figure 15 - Laser system enclosed within blackout box (left). Cart traverse mounted above wind tunnel exit (right) 

 

Given the high power of the laser system and the potential harm to both researchers and the general public, 

significant safety precautions were implemented in accordance with federal regulations and Queen’s health 

and safety requirements.  Details of these measures can be found in Appendix A.3.  Figure 16 shows a cell 

phone image of the resultant laser sheet and spray flow produced by this setup. 
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Figure 16 - Laser sheet operation with spray (cell phone image) 

 

3.5 Experimental Test Area 

As mentioned previously, the HGWT exits the side of the Grant Timmins wind tunnel facility into the semi-

enclosed testing area shown in Figure 17.  This area, enclosed on by two walls and a ceiling, provides ample 

room to observe the spray produced. 
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Figure 17 - Grant Timmins HGWT Testing Area 

 

A concrete pad approximately 3.7m long extends the length of the testing area and serves as a reasonably 

level surface upon which tripods can be mounted.  In order to illuminate the spray flow at any point along 

the concrete pad, a cart traverse and laser mounting bracket were constructed.  The laser and lens tube 

assembly is mounted on the bracket, which is in turn attached to the traversal cart as shown in Figure 18.   
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Figure 18 - Laser traversal cart CAD model 

 

The laser mounting bracket can be moved along the rail it is connected to allowing for minor adjustment of 

the laser’s position perpendicular to the spray flow.  The cart itself then runs along two rails set parallel to 

the spray flow (see Figure 19).  This system allows for the laser to be traversed along a 3m section of the 

testing area with fine adjustments being made to the laser rotation and position perpendicular to the flow. 
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Figure 19 - Laser cart traverse (laser mounting bracket not shown) 

 

3.6 General Instrumentation 

Alongside the optical system used to characterize the details of the spray flow, additional instruments were 

required to ensure the proper operation of the HGWT and confirm the more mundane aspects of the CFD 

such as the overall mass flow of the air and the temperature of the gas leaving the wind tunnel. 

3.6.1 Pressure Measurements 

Pressure measurements were conducted using a Dwyer 160-12 pitot tube which delivered both total and 

static pressures to a Dwyer 475-2-FM Handheld Digital Manometer for recording.  This manometer has a 

range of ±9.96𝑘𝑃𝑎 with a full-scale error of 0.5% under standard operating conditions.  Pitot tube 

measurements were taken at two locations: 1m upstream of the wind tunnel exit to gauge the mass flow of 
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the air stream, and at the plane of the nozzle exit to determine the acceleration of the airflow due to the 

nozzle. 

3.6.2 Temperature Control and Measurements 

The temperature of the air flow is dictated by the combustion of natural gas within the combustion chamber 

of the wind tunnel.  As such the air temperature can be controlled by limiting the amount of fuel supplied 

to the combustor.  Temperature measurements are taken 3.5m downstream from the combustion chamber 

to ensure the hot combustion gases have mixed well with the incoming air from the blower.  Two K-Type 

thermocouples are placed within the air flow at this point to create redundancy within the control system.  

Additional temperature measurements at the nozzle exit were taken with an Omega HH374 handheld digital 

thermometer. 

4.0 Computational Fluid Dynamics 

The CFD simulations presented herein consist of four major components: geometry/meshing, boundary 

conditions, solution parameters, and physical models.  All components must work together in order to 

produce simulation results that can predict physical behaviour.  This section will step into each one of these 

components and explain the choices made therein. 

4.1 Geometry and Meshing 

The geometry of concern for this analysis is relatively simplistic, consisting only of the exit air nozzle from 

the wind tunnel and a plenum of air large enough to avoid boundary condition effects.  The geometry created 

is idealized compared to the real-world nozzle with rounded edges and simple cylinders in place of the 

spray nozzles (See Figure 20). 

As the experimental setup was axisymmetric it was originally assumed that half of the geometry would 

have to be modeled to account for any gravity effects while the other half was assumed to be symmetric.  

After observing the real spray flow on the HGWT the simulation geometry was further reduced to a quarter 
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slice with two symmetry planes as it became apparent that the spray was not significantly affected by gravity 

within the 3m testing region downstream of the wind tunnel (see Figure 36 and Figure 37 in Section 5.2). 

 
Figure 20 Idealized spray nozzle geometry 

 

To ensure minimal boundary condition effects and reduce the numerical discrepancies caused by poor grid 

creation both a plenum and grid independence study were run (see Appendix B.1 and B.2).  These studies 

resulted in a grid of approximately 5M cells and a plenum large enough to encapsulate the resulting spray 

flow (see Figure 21). 

 
Figure 21 - Simulation plenum side view 

 

The mesh itself was volume filled with unstructured tetrahedrons in all freestream locations.  To capture 

the boundary layer effects close to solid geometry a rectangular inflation layer was utilized.  The inflation 
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layer was sized such that appropriate 𝑦+ values were found along the nozzle length (see Section 4.4.1).  

Figures Figure 22 through Figure 25 show the details of this mesh structure. 

 
Figure 22 - Mesh overview showing free stream unstructured mesh and inflation layers around main air nozzle walls 
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Figure 23 - Unstructured free stream mesh and inflation layers around nozzle inlet (looking downstream) 

 
Figure 24 – Closeup of inflation layers around rounded wall geometry 
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Figure 25 - Cross-section showing inflation layers around spray nozzle geometry 

 

4.2 Boundary Conditions 

Along the boundaries of the plenum, boundary conditions must be set to ensure that a closed system is 

provided to the solver.  These conditions include the pressure behaviour along plenum boundaries, velocity 

or mass flow inlets/outlets, thermodynamic properties, and restrictions on the behaviour of the secondary 

spray flow.  The primary boundary conditions are shown below in Table 2.  Figure 26 and Figure 27 show 

these boundary condition locations visually. 
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Table 2 - Primary boundary conditions 

Location Boundary Condition 

Nozzle Inlet Mass flow inlet: 1.47kg/s Hot Flow, 1.87kg/s Cold Flow 

Plenum Sides/Outlet Pressure Outlet/Inlet 

Symmetry Plane Symmetry 

Walls No Slip 

 

 

 
Figure 26 - Inlet boundary conditions showing plenum inlet (green), air nozzle inlet (purple), and air nozzle (red) 
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Figure 27 - Plenum boundary conditions 

 

A uniform mass flow inlet was decided upon in lieu of a velocity inlet as the velocity profile was found to 

be nearly uniform upstream of the main nozzle in the experimental tests (see Appendix A.2).  The mass 

flow measured at this upstream location was then used as the boundary condition for the nozzle inlet. 

In addition to the primary boundary condition parameters presented in Table 2 restrictions on the thermal 

characteristics, turbulence, and the discrete phase are required for each region of the domain.  Table 3 

through Table 5 show the thermal, turbulence, and discrete phase boundary conditions for each domain 

region respectively. 
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Table 3 - Thermal boundary conditions 

Location Boundary Condition 

Nozzle Inlet Constant Temperature: 773K Hot Flow, 300K Cold Flow 

Plenum Sides/Outlet Constant Temperature: 300K 

Symmetry Plane - 

Walls Adiabatic 

 

Table 4 - Turbulence boundary conditions 

Location Boundary Condition 

Nozzle Inlet 5% Turbulent Intensity, 10 Turbulent Viscosity Ratio 

Plenum Sides/Outlet 1% Turbulent Intensity, 10 Turbulent Viscosity Ratio 

Symmetry Plane - 

Walls - 

 

Table 5 - Discrete phase boundary conditions 

Location Boundary Condition 

Nozzle Inlet - 

Plenum Sides/Outlet Escape (droplets exit the boundary) 

Symmetry Plane - 

Walls Reflect (droplets rebound in perfectly elastic collisions) 

 

The boundary conditions governing the turbulent parameters are taken directly from a previous study 

conducted on the inlet of the same wind tunnel [23]. 
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4.3 Solution Parameters 

CFD simulations are solved by discretizing and calculating some form of the Navier Stokes equations across 

all mesh points within a domain (see Section 2.1).  Dependent on the solution schemes selected the form 

these equations are presented in, the way they are discretized, and the order they are solved, solutions may 

vary significantly.  Different solution parameters may benefit certain simulation types and must be selected 

properly to ensure efficient convergence and accurate flow features. 

4.3.1 Initialization 

Initialization of the flow field prior to calculation can greatly reduce the time to convergence as flow 

parameters may be set closer to their final value.  For the simulations in this research static initialization 

parameters were used for all cells.  Initialization values were set to the nozzle inlet conditions of 90m/s, 

700K, and the associated pressure and turbulence values.  This setup was found to converge the airflow 

only portion of the simulations faster than either Ansys Fluent’s hybrid initialization or initializing to 

ambient conditions.  

4.3.2 Solver 

Standard CFD codes offer two main solution formulations: pressure-based solvers and density-based 

solvers.  The two formulations differ in the order and method of solving the continuity and momentum 

equations.  Historically, density-based solvers have been utilized for high Mach number flows that include 

compressibility effects while pressure-based solvers were used for incompressible flow [8].  More recently 

the scope of both solvers has been extended to include the realm of the other and their selection now depends 

more on the physical models they are compatible with than the compressibility effects of the case [8]. 

For this research a pressure-based solver was selected as recommended by the Ansys Fluent theory guide 

for multi-phase mixtures [8].  Additionally, a steady (time invariant) solution was selected as the air flow 

is assumed to reach steady state.  The addition of the discrete phase does introduce time dependent elements 

to the simulation; however, the underlying solution to the continuous phase is assumed to be time invariant. 
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4.3.3 Discretization Scheme 

The equations governing pressure, momentum, and all other flow variables must be discretized spatially in 

order to be solved.  Many discretization schemes exist, with the most common being first order and second 

order schemes.  The names of these schemes refer to the order of accuracy of the discretization.  First order 

schemes apply well to flows whose velocities align well with the mesh cells and can greatly increase 

convergence efficiency in these simple cases.  For more complex flows in which the flow field is not directly 

aligned with cell boundaries first order discretization can produce inaccurate results stemming from 

accumulated numerical discretization error [8]. 

For this research the second order method was selected for pressure discretization while the second order 

upwind method was selected for all other flow variables (momentum, energy, turbulence values, etc.).  The 

upwind method utilizes values from the cell adjacent to the cell of interest in the opposite direction of flow.  

Additionally, the Least Squares Cell Based scheme was selected for the computation of all gradients within 

the discretization schemes. 

4.3.4 Pressure Velocity Coupling 

When using pressure-based solvers the method through which the pressure and velocity are coupled must 

be chosen.  These solvers rely on computing a pressure correction equation at each iteration which is created 

through manipulation of the continuity and momentum equations [8].  Ansys Fluent offers two types of 

pressure-velocity coupling: segregated methods and coupled methods.  In the segregated methods each 

equation is solved sequentially and as such only one equation is stored in memory at any given time.  

Alternatively, the coupled method solves two equations simultaneously, greatly increasing the memory 

requirements, but promoting faster convergence if the memory is available. 

Two of the most prominent segregated velocity-pressure coupling algorithms in Ansys Fluent are the 

SIMPLE and SIMPLEC algorithms.  SIMPLEC is used predominantly in simplistic flows where its 
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increased underrelaxation factors can aid rapid convergence; however, it is not well suited to complex 

flows.  For this reason, the Ansys Fluent default algorithm SIMPLE was selected for this research. 

4.3.5 Discrete Phase Parameters 

Alongside the parameters for the continuous airflow, the solution parameters that govern the discrete phase 

must be selected.  As previously discussed, each phase is modeled in a separate reference frame: the airflow 

in an overall Eulerian reference, and the droplets individually tracked in a Lagrangian reference frame.  

However, these two phases must still interact and the parameters in this section dictate how frequently and 

to what extent these phases interact. 

Of principal concern is the Discrete Phase Model (DPM) Iteration Interval, which is the number of 

continuous phase iterations per discrete phase iteration.  A higher value for this parameter allows the 

continuous phase more time to adjust to any differences introduced by the discrete phase droplets prior to 

the next discrete phase iteration.  While larger values yield increased solution stability, this greatly increases 

computation time as more continuous phase iterations are required.  A DPM Iteration Interval of 10 was 

used in this research as it was found to provide reasonable stability and did not promote excessive 

computation time. 

The DPM iterations themselves are unsteady (time variant) despite the underlying airflow exhibiting a 

steady state solution.  This requires that the solver be given a time step and a number of iterations with 

which to propagate droplets through the domain.  For this research a time step of 0.0001 seconds was 

selected.  The droplets were allowed to propagate for 10 iterations of this time step each DPM interval, 

allowing them to travel approximately 20cm each interval. 

4.3.6 Convergence Criterion 

Simulation convergence for the continuous phase (airflow only) portion of this research was gauged through 

observation of the standard residual values reported by Fluent (continuity, velocity, turbulent quantities, 

and energy), alongside several key flow variables that were monitored until they reached steady state 
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Figure 28 details the progression of the standard flow residuals for a hot airflow simulation in which the 

residuals are seen to reach steady state at relatively small values (<1e-03), giving a good indication of 

numerical convergence if not physical accuracy. 

 
Figure 28 - Hot air flow residual propagation 

 

Further convergence confirmation is found through monitoring the variables shown in Figure 29 below in 

which the variables are normalized by their initial values.  The variables can be seen to converge on steady 

state within 5000 iterations. 
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Figure 29 - Monitored variable progression 

 

Once spray flow is added to the domain convergence is more difficult to define due to the time variant 

nature of the droplet injections.  The Fluent theory guide recommends a set number of DPM iterations for 

discrete phase changes to take effect based on the discrete phase underrelaxation factor and the DPM 

iteration interval.  This relationship is shown in Figure 30. 
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Figure 30 - DPM source term update recommendation [8] 

 

For the simulations run during this research the discrete phase underrelaxation factor was set to 0.5.  From 

Figure 30 it then follows that a minimum of 10 source term updates are required for any discrete phase 

change to take effect.  Given a DPM interval of 10 continuous phase iterations per DPM iteration this 

requires a minimum of 100 iterations for any discrete phase change to take full effect on the solution.  

Assuming droplets take the same path every time they are released from injection, this would infer that 100 

iterations would be sufficient for convergence; however, due to the stochastic nature of the turbulent 

dispersion model droplet paths are somewhat randomized.  This precludes the ability to set a number of 

iterations and be confident in convergence.  Instead, the standard residual monitors were used to determine 

convergence. 

Figure 31 shows a well converged case of the hot spray flow that does not exhibit unphysical behaviour 

despite the oscillations in both the H20 and O2 monitors.  These oscillations do not appear to greatly affect 

the behaviour of the other residuals.  In comparison, Figure 32 shows a poorly converged cold spray flow 

case in which the oscillations in the H20 and O2 monitors are more severe and affect the other variables 

significantly.  In simulations where this large oscillatory behaviour occurred, unphysical mass flows and 
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droplet distributions were produced (see Section 6.0).  In the case of the cold spray flow, no fix was found 

to better converge the solution. 

 
Figure 31 – Hot spray flow residuals (well converged) 
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Figure 32 - Cold spray flow residuals (oscillatory numerical convergence) 

 

4.4 Physical Models 

Alongside the geometry and mesh there are a suite of physical models within Ansys Fluent that must be 

decided upon.  These models, which govern the development of turbulence, the behaviour of the discrete 

phase droplets, and the interaction between the two phases, must be selected judiciously such that they work 

well together to produce an approximation of real-world phenomenon. 

4.4.1 Turbulence Model 

The turbulence model selected for this research was the Realizable k-ε variant of the Reynold’s Averaged 

Navier-Stokes (RANS) models.  This model is well suited to thin shear layers such as those present in jet 

flows and has been used by two earlier graduate students in previous investigations on the same 

experimental rig [5, 7, 23].  Chen in particular did an extensive turbulence model study and found the k-ε 

family of turbulence models to greatly outperform the k-ω models, especially when considering the 

accuracy of turbulent mixing with the free stream [23]. 
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As the k-ε models do not apply well to near wall flow behaviour the enhanced wall treatment method was 

selected within Fluent.  This method works well in cases where the 𝑦+ value (see Section 2.2) of the wall 

adjacent cell ranges from 1-10 which was valid for all simulations in this research. 

4.4.2 Disperse Phase Models 

Given the complexity of the interaction between liquid droplets and a continuous gas stream in real world 

applications, significant simplifications must be made to allow feasible computation.  The drawback of this 

restriction is that the models devised for predicting the behaviour of the discrete phase are uncoupled from 

one another and often rely on differing assumptions.  The various discrete phase models that were selected 

for use in this research are shown in Table 6.  The models themselves are discussed in detail in Section 2.2. 

Table 6 - Discrete phase models 

Physical Phenomena Discrete Phase Model 

Droplet Trajectory Lagrangian Particle Tracking 

Droplet Drag Dynamic Drag Law 

Droplet Heat Transfer Ansys Droplet Heat Transfer Model 

Droplet Breakup KHRT Breakup Law 

Turbulent Dispersion Discrete Random Walk Model 

 

4.4.3 Injection Model 

Given the large variety in real world spray atomizers (see Section 3.3) Ansys Fluent provides a multitude 

of correlation-based injection models to approximate the behaviour of many common atomizers.  Modelling 

of the actual physical processes occurring within atomizers is difficult as the spray parameters are heavily 

reliant on the nozzle geometry.  In some cases, given only minute variations in geometry, cavitation can 

occur within the nozzle itself producing vastly different spray characteristics [24].  Despite having 

correlations that dictate near field spray behaviour for many common atomizers Ansys Fluent does not 

provide empirical correlations for pin impingement type atomizers. 
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In lieu of near-field spray correlations, a hollow cone point injection was selected for this research.  Point 

injections within Ansys Fluent require significant user definition, and while some parameters were known 

through BETE specifications and experimental calibration of the spray nozzles, others required estimation.  

In particular, the diameter distribution of the droplets exiting the BETE P66 atomizer was unknown.  This 

distribution heavily influences the trajectory and heat transfer of the droplets [25]. Ansys Fluent provides 

the ability to distribute the droplet diameters using a Rosin-Rammler style distribution.  The Rosin-

Rammler distribution is simply a continuous distribution function that has been found to fit a variety of real 

world particle size distributions from spray flows to the shredding of waste material [26].  This distribution 

assumes that the mass fraction of particles less than a certain diameter follows an exponential trend as 

shown in Equation 20 [26]: 

 𝑌 = 1 − 𝑒𝑥𝑝 (
−𝑑𝑝
𝑑0

)

𝑛

 20) 

Where 𝑌 is the mass fraction of particles of diameters less than 𝑑𝑝, 𝑑0 is the characteristic particle diameter 

defined as the diameter at which 63.2% of the particles are smaller (by weight), and 𝑛 is the uniformity 

constant which gives information about the skewness of the diameter distribution. 

Ansys Fluent takes as inputs for the Rosin-Rammler distribution the mean, maximum, and minimum 

diameters of the droplet distribution alongside the uniformity constant.  BETE specifications give an 

approximate trend of Sauter Mean Diameter with driving pressure (Figure 9 in Section 3.3), and this 

diameter was taken as the mean for input into Fluent.  For min and max diameters, the assumption was 

made that the droplet size did not vary from the mean more than a few hundred microns.  This assumption 

was based on the general uniformity of the droplets seen in the high-speed imagery; however, the actual 

diameter variation could be much greater.  Finally, the uniformity constant was left at the Ansys Fluent 

default of 3.5 as no information about the uniformity of the droplet distribution was available. 

Although Rosin-Rammler type distributions apply well to a multitude of physical flows, it is not clear that 

they apply well to a pin impingement style spray atomizer.  However, Ansys Fluent only allows for uniform 
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droplet diameters if the Rosin-Rammler option is not selected, so it is assumed to be the more physically 

accurate option. 

5.0 Experimental Results 

Given the difficulty of measuring spray flow characteristics using direct techniques such as thermocouples 

and pitot tubes, a passive optical approach was used in this research.  The goal of this approach was to 

determine which spray parameters were available to two types of optical imagery:  large scale flow imagery 

in which a multitude of image frames were amalgamated to recreate the time averaged flow features of the 

spray, and high speed imagery set up with the intent to capture the behaviour of individual droplets as they 

pass through specific sections of the domain. 

In addition to the measurements above, direct pitot tube and thermocouple measurements were taken of the 

wind tunnel without spray flow to determine the wind tunnel mass flow and air temperature for input into 

CFD. 

5.1 Airflow Parameters 

The temperature of the wind tunnel airflow was measured using two K-type thermocouples, inset into the 

wind tunnel wall approximately 1m upstream of the wind tunnel exit.  The resulting measurements are 

shown below in Table 7.  Additionally, an Omega HH374 handheld digital thermometer was utilized in 

conjunction with a K-type thermocouple to confirm that the air temperature leaving the mouth of the exit 

nozzle matched that of the upstream thermocouples within error. 

Table 7 - Airflow temperature measurements 

Test Condition Airflow Temperature [°C] 

Cold Flow 30 ± 1.5 

Hot Flow 500 ± 1.5 
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It should be noted that while the above measurements have minimal error associated with them, they were 

taken over a short time period.  There are no temperature control systems associated with the wind tunnel 

and as such the temperature of the airflow often drifts up to several degrees over the course of minutes 

when set a specific fuel rate.  This is in part due to the radiation error found in the thermocouple 

measurements.  As the thermocouples are not shrouded, they see the relatively cool walls of the wind tunnel 

and radiate to them.  This artificially reduces the measured air temperature, causing an error in the reading.  

For this experimental setup the relative error in thermocouple measurement when the wind tunnel first turns 

on and the walls are at room temperature is approximately 6% (Further details found in Appendix A.8).  

This value decreases as the walls begin to heat up in the air flow and as such measurements were only taken 

after several minutes of wind tunnel operation to mitigate the radiation error present. 

In addition to the temperature measurements, pitot tube pressure readings were taken at the wind tunnel 

exit and 1m upstream to determine the airflow velocity and mass flow.  Both stagnation and static pressure 

measurements were obtained at each location from which the velocity of the air can be determined using 

the definition of stagnation pressure and assuming ideal gas behaviour: 

 𝑝0 = 𝑝 +
𝜌𝑢2

2
 21) 

 𝜌 =
𝑝

𝑅𝑇
 22) 

22) → 23) 𝑢 = √
2(𝑝0 − 𝑝)

𝑝
𝑅𝑇

 23) 

Where 𝑝0 is stagnation pressure, 𝑝 is static pressure, 𝑅 is the ideal gas constant, 𝑇 is temperature, and 𝑢 is 

the airflow velocity. 

Determination of the mass flow rate at the upstream testing location required that the velocity profile be 

measured.  The entrance length for fully developed turbulent flow is dependent on Reynold’s number 

(Equation 24), and was found to be approximately 8m for the hot flow case [27]. 
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 𝐿𝑒 = 4.4𝐷(𝑅𝑒)
1
6  24) 

The upstream testing location is 3.5m downstream from the pipe entrance and as such the flow is not fully 

developed.  A pitot tube traverse was set up to obtain the velocity profile of the cold flow at this location, 

the results of which are shown in Figure 33.   

 
Figure 33 - Measured velocity profile 

 

As the flow is not fully developed standard power law velocity profiles for turbulent flow do not describe 

the entire profile.  Instead, a combination of a power law profile with a constant velocity region was used 

to mimic the measured values.  From this it was determined that the mass flow could be approximated using 

a centerline velocity measurement coupled with a correction factor as shown in Equation 25 (details in 

Appendix A.2). 
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 �̇� = 𝜌𝐴(0.987𝑢𝑐𝑒𝑛𝑡) 25) 

Using the above correlation, the mass flow measurements for each test case are shown in Table 8.  These 

mass flow measurements were then used as input boundary conditions for the CFD simulations. 

Table 8 - Mass flow calculations 

Test Case Mass Flow [kg/s] 

Hot Flow 1.48 ± 0.05 

Cold Flow 1.88 ± 0.09 

 

5.2 Large-scale Flow Imagery 

The individual frames which make up the large-scale flow imagery were taken using the Flir Flea3 USB 

camera.  In order to produce a time averaged representation of the entire spray flow at all points along the 

3m laser sheet traverse, hundreds of images were required across ten different locations.  Camera exposure 

and shutter speed settings were locked for all experiments allowing for images to be compared directly.  

Shot locations were chosen to ensure overlap between frames as the brightness of the laser sheet is not 

perfectly uniform, causing one side of the sheet to be brighter than the other (see Appendix A.3 for laser 

sheet calibration details). 

Individual image frames yield a snapshot of the spray flow (Figure 34), but to obtain a time averaged 

representation of the spray several hundred images must be taken.  Individual frames were amalgamated 

using a maximum intensity operation in which only pixels of the highest value in the collection of images 

were selected.  This process has the effect of overlaying each droplet into a single image so that the extent 

of the spray flow can be visualized (Figure 35). 
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Figure 34 - Individual image frame (86cm from nozzle) 

 
Figure 35 - Amalgamated image after max intensity operation (86cm from nozzle) 

 

After producing the combined images at each of the ten traverse locations a stitching operation was used to 

create an overall representation of the spray flow.  Reference images were then taken at each location to 

allow for accurate placement of each image within the overall panorama (see Appendix A.5 for details).  

These spray flow panoramas were taken for two test cases: hot wind tunnel flow (500°C), and cold wind 

tunnel flow (30°).  The resultant images are shown in Figure Figure 36 and Figure 37.
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Figure 36 – Hot (500°C) spray flow reconstruction 

 

 
Figure 37 – Cold (30°C) spray flow reconstruction 
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The above images show a stark difference in evaporation rates and overall spray spread; however, these 

differences are difficult to quantify.  The standard approach to determining spray spread and penetration is 

to use a pixel value threshold to determine the “edge” of the spray.  This threshold level is arbitrary, and 

values used in literature range from 3%-10% with little consistency [2].  Test results using threshold values 

within this range were unsatisfactory as results varied significantly with small changes in the cut-off value. 

To produce more quantitative results, images were created at each traverse location using a summation 

operation through which all pixel values from the individual 8-bit images were added together.  As each 8-

bit image allows for pixel values in the range of 0-255 their summation must be housed in a 32-bit image.  

These 32-bit images contain the refracted light from all the droplets captured and can be analyzed in more 

detail than the max intensity images (see Figure 38). 

 
Figure 38 - 32 bit summation operation image 

 

A MATLAB script was written to extract the pixel intensity distribution around the centerline of the jet at 

each of the traverse locations and then plot these distributions for comparison (see Appendix A.5).  This 

script averages the intensity distribution across several hundred lines of pixels in the brightest region of the 

laser sheet.  Figure 39 and Figure 40 show the resultant plots for both hot and cold flow.  Given the well-
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behaved nature of the curves produced it is apparent that these distributions bear some relation to the amount 

of water present in the airstream at each location. 

 
Figure 39 - Cold flow image intensity distribution 
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Figure 40 - Hot flow image intensity distribution 

 

In both the hot and cold cases, the intensity peak diminishes with distance from the wind tunnel exit as the 

spray spreads out and droplets evaporate.  Of interest is position one of the hot flow traverse, which exhibits 

a significant trough in the intensity peak.  As the spray nozzles are inset into the periphery of the wind 

tunnel exit nozzle the spray must penetrate to the center of the air jet.  In the case of the hot flow, evaporation 

rates near the wind tunnel exit are too large for significant penetration.  This can be seen visually on the left 

side of Figure 36 and Figure 38 and results in the intensity trough in Figure 40. 
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The intensity curves produced in Figure 39 and Figure 40 are well behaved and may contain information 

about how much water is in the air at each traverse location.  For an accurate correlation to be made further 

empirical measures are required; however, the curves produced in the hot and cold cases can still be 

compared with one another.  It is assumed for the purposes of this comparison that the area underneath the 

intensity curves correlates directly with the amount of spray flow in the air at that location.  For this 

correlation to hold several broad assumptions are required: 

• The spray flow is axisymmetric such that droplets which may leave the plane of the laser are 

replaced by droplets entering the plane at an equal rate.   

• There is minimal evaporation before the first traverse location in the cold flow case (i.e. the entire 

mass flow from the spray nozzles is captured under the curve produced at position one). 

• The magnitude of light scattered by droplets does not vary significantly with diameter 

• The effects of any saturated pixels within the original raw imagery are minimal. 

• The effects of surface area change with droplet breakup are minimal 

Figure 41 shows a comparison of the area under the intensity curves produced above for both the hot and 

cold cases.  The y-axis of this plot has been normalized by the water mass flow leaving the spray nozzles 

such that the variation of spray mass flow can be visualized at each traverse location. 
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Figure 41 – Approximated spray mass flow correlation form intensity curves 

 

The resultant evaporation rates show that in the cold case approximately 20% of the spray flow has 

evaporated within 3m, while in the hot case evaporation is closer to 60%.  These values are likely lower 

than the true evaporation rates as the scattering efficiency of the droplets does not vary significantly with 

the diameters theoretically present in the spray flow [28].  This means that as the droplets break up the 

liquid surface area increases and more light is scattered towards the camera, distorting the measured 

evaporation rates (assuming equal scatter in all directions).  Without further experimentation the results 

presented in Figure 41 are difficult to verify but can be compared tenuously against CFD solutions. 
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5.3 High Speed Imagery/PIV 

Alongside overall flow imaging, high speed imagery was used to measure the velocity of individual 

droplets.  The Fastcam SA5 was positioned at two locations along the traverse and was zoomed to the 

largest extent possible while still allowing for sharp focus on the plane of the laser.  This zoom level, which 

gave a field of view of approximately 14cm x 14cm at a resolution of 1MP, was chosen to make the spray 

droplets as large as possible in the view of the camera.  This setup allows for easier particle tracking as each 

particle covers the maximum number of pixels in the resulting images. 

High speed imagery requires a balance of light level and frame rate (and by extension shutter speed).  As 

frame rates increase the camera sensor is exposed to light for shorter periods of time which requires greater 

illumination to ensure the images are adequately exposed.  Given that the spray droplets only remain in the 

plane of the laser for very short time intervals (50µs on average), it was determined that a minimum frame 

rate of 50,000fps was required for particle tracking.  This frame rate allows the camera to capture 2.5 frames 

of the average droplet, and while this is not ideal, it is sufficient to estimate droplet velocity.  Further 

increasing the camera frame rate to 100,000fps and 150,000 allowed for more image frames with which to 

measure velocity at the cost of requiring higher light levels. 

In order to capture a statistically relevant amount of droplet information several thousand frames of data 

were taken at each traverse location and at three different frame rates.  The individual images were then run 

through Trackmate, a particle tracking software implemented in the open source image editing platform 

ImageJ [29].  Trackmate allows for a significant level of user input when defining tracking parameters such 

as particle quality and spatial constraints on the tracks themselves.  These details can be found in Appendix 

A.4.  Figure 42 shows a visual example of the droplet tracks created by Trackmate, alongside two faint 

droplets being tracked (highlighted in circles). 
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Figure 42 - Tracks and active droplets in Trackmate PIV software (lines coloured by mean velocity) 

 

Droplet velocities were measured for both hot and cold flow at two traverse locations.  The resulting 

measurements are shown in Table 9 through Table 11.  As previously discussed, the average track length 

of the 50k frame rate measurements is low which introduces significant variance in the overall track 

velocity.  Having both a higher number of total tracks and a longer average track duration, the 100k and 

150k measurements are much more reliable.  Despite these advantages, the standard deviation in velocity 

remains high for all measurements as droplet velocity varies in time and likely with droplet diameter. 

Table 9 - Cold flow PIV measurements 52cm downstream 

Frame Rate 
Average Velocity 

[m/s] 

Velocity Std. 

Deviation [m/s] 

Number of 

Tracks 

Average Track 

Length [frames] 

50k 61.0 7.7 50 2.3 

100k 73.8 5.4 134 6.4 

150k 74.1 4.8 146 7.4 
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Table 10 - Cold flow PIV measurements 128cm downstream 

Frame Rate 
Average Velocity 

[m/s] 

Velocity Std. 

Deviation [m/s] 

Number of 

Tracks 

Average Track 

Length [frames] 

50k 56.6 9.2 14 3.6 

100k 65.9 9.8 99 4.3 

150k 64.1 8.5 124 6.0 

 

In the hot flow test case, the evaporation rates were such that imaging droplets at the secondary traverse 

location (128cm downstream) was impossible as droplets were too small and disperse to capture significant 

amounts of data.  Additionally, with the airflow velocity in the hot case being significantly higher, a 50k 

frame rate was not sufficient to capture track information.  As such only one location was measured in the 

100k and 150k frame rates. 

Table 11 - Hot flow PIV measurements 52cm downstream 

Description 
Average Velocity 

[m/s] 

Velocity Std. 

Deviation [m/s] 

Number of 

Tracks 

Average Track 

Length [frames] 

50k - - - - 

100k 131.0 12.6 13 3.2 

150k 145.5 14.0 43 3.7 

6.0 Computational Results 

The simulation results produced within this study were highly dependent on the input parameters described 

in section 4.3.  As such the procedure for determining the effect of any individual parameter was to control 

all other variables and run a suite of simulations (see Appendix B.3 for test matrix and results).  This, in 

addition to the nebulous convergence conditions described in section 4.3.6, made it difficult to determine 

an appropriate end point to the test suite.  While it is likely that some adjustment of the input parameters 
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would yield more accurate behaviour, the results presented in this section were the most physically accurate 

achieved within the study. 

6.1 Flow Visualization 

Initially it was assumed that the overall spray flow images produced during experiment (Figure 36 and 

Figure 37) could be directly compared with flow visualization of the CFD results to verify parameters such 

as spray spread angle and penetration.  As discussed in section 5.2 these values are difficult to quantify due 

to a poor definition of the outer limits of the spray plume.  These same limitations apply to the flow 

visualization of the CFD results.  Despite this, visualization of the CFD spray flow serves to illustrate the 

convergence issues that plagued the cold flow simulations. 

Figure 43 through Figure 46 show two visualizations of the droplet distribution within both the cold and 

hot flows.  The first image of each flow case uses a constant diameter for each droplet in the spray while 

the second scales the droplet diameters by a factor of 50 (hence the large red droplets present at the mouth 

of the spray nozzles).  In both cases droplets are coloured with relation to diameter. 
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Figure 43 - Cold flow visualization, constant droplet diameter 

 
Figure 44 - Hot spray flow, constant droplet diameter 
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Figure 45 - Cold flow visualization, variable droplet diameter 

 
Figure 46 - Hot flow visualization, variable droplet diameter 
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When comparing the constant droplet diameter images (Figure 43 and Figure 44), it is apparent that the 

spread of the droplets is significantly lower in the hot flow case as is to be expected due to evaporation; 

however, the diameter distribution is difficult to gauge as the droplets at the small end of the scale dominate 

the images.  The variable diameter images (Figure 45 and Figure 46) give a better representation of the 

diameter distribution within the flow, but many droplets are not visible due to their small relative diameters. 

Of interest are the pockets of larger droplets distributed downstream in the cold flow case, best shown in 

Figure 45.  This behaviour, alongside the aberrant evaporation results in section 6.2, are thought to be a 

result of the oscillatory numerical convergence that often occurs in this style of multi-phase flow (see 

Section 4.3.6 for details).  In comparison, the droplet diameters in the hot flow are well distributed (Figure 

46) and likely better represent physical behaviour. 

6.2 Spray Mass Flow 

To compare with the approximate spray mass flow rates extrapolated from the large-scale flow imagery, 

planes corresponding to the tripod traverse locations were created within the CFD plenum as shown in 

Figure 47.  After the simulations had converged, droplets passing through these planes were monitored over 

the course of 60 DPM iterations.  The mass and location of these droplets were then recorded and analyzed 

to produce curves comparable to those found in Figure 39 and Figure 40. 

 
Figure 47 - Discrete phase sampling planes 
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As discussed in Section 4.3.6, oscillatory numerical convergence issues created unphysical behaviour in 

the cold flow case.  In analyzing the droplets crossing the planes of interest it was found that their overall 

mass flow varied wildly instead of displaying the expected decreasing trend.  This is likely the result of the 

time variant nature of multi-phase CFD simulations and despite test runs in which excessive iterations were 

used to reach steady state, the mass flow irregularities remained. 

In comparison, the mass flow histograms produced from the hot flow simulations (Figure 48) follow a 

similar trend to the curves in the hot flow large-scale imagery (Figure 40).  The lack of droplets found near 

the center of the spray flow is accounted for by the symmetry plane in the simulation plenum as no air, or 

spray, can cross this plane. 

 
Figure 48 - Hot mass flow histogram 
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Further integrating the curves in the above figure yields the mass of spray lost to evaporation as shown in 

Figure 49.  The produced trend matches what is to be expected of physical evaporation with the droplet 

mass flow decreasing as it progresses downstream from the wind tunnel exit. 

 
Figure 49 - CFD evaporation rates 

 

6.3 Droplet Velocities 

For direct comparison with the droplet velocities measured in experiment, CFD droplet velocities were 

analyzed in the same region of interest.  Given the high-speed camera field of view of approximately 14cm 

around the spray flow centerline, droplets within a radius of 7cm around the centerline were sampled in the 

CFD simulations.  Table 12 details these results: 
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Table 12 - Simulation droplet velocities 

Location 

Downstream [cm] 
Cold Flow [m/s] std. dev. [m/s] Hot Flow [m/s] std. dev. [m/s] 

52 79 12 142 13 

128 75 13 135 15 

 

6.4 Cooling Effectiveness 

The cooling effectiveness of the spray flow within the CFD simulations is detailed in this section.  Despite 

a lack of experimental validation for these findings they may be useful as reference for further research.  

The figures below compare temperature contour plots of simulation cases with and without spray flow.  

While the spray flow does penetrate the core jet flow and reduce the temperature gradients, it is expected 

that this overall cooling greatly underpredicts real world performance due to the experimental results in 

Section 5.2. 

 
Figure 50 - Temperature contour comparison (nozzle exit) 
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Figure 51 - Temperature contour comparison (0.47m downstream) 

 

 
Figure 52 - Temperature contour comparison (1.03m downstream) 
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7.0 Results Comparison 

To determine the validity of the simulation results the findings from CFD and experiment are compared in 

this section.  As was previously discussed, a comparison of spray spread using the overall spray flow images 

produced in both CFD and experiment is difficult due to the inability to accurately define and edge to the 

spray.  Instead, Figure 53 compares hot spray spread using the liquid concentration/mass flow curves 

presented in Sections 5.2 and Error! Reference source not found..  This image shows that while the core 

jet flow near the wind tunnel exit is similar, the CFD underpredicts the spread of the spray flow.  Cold spray 

results are not compared due to converge issues in the cold flow simulations. 

 
Figure 53 - Spread comparison between CFD and experiment 
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Evaporation rates are further compared in Figure 54 in which the CFD results greatly underpredict the 

approximated evaporation rates found in experiment.  Furthermore, the experimental results are also likely 

underpredicting real world evaporation as discussed in section 5.2 

 
Figure 54 – Hot spray flow evaporation rate comparison 

 

Finally, the droplets velocities obtained through PIV measurement are compared with CFD results in Table 

13 and Table 14.  Only the 150k frame rate PIV measurements are used in this comparison as they were 

deemed the most accurate due to the higher number of particle tracks recorded and the increased in-frame 

time of the droplets.  These comparisons show similar velocities 52cm downstream of the wind tunnel exit 

in both the hot and cold cases, but the CFD appears to underpredict the reduction of droplet velocity with 

distance as shown in the 128cm cold flow comparison.  No comparison was made for the 128cm hot flow 

case as PIV measurements could not be taken at this location (see Section 5.3). 
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Table 13 - Cold flow droplet velocity comparison 

Location 

[cm] 
PIV [m/s] CFD [m/s] 

 PIV std. dev. 

[m/s] 

CFD std. dev. 

[m/s] 

52 74 79 5 12 

128 64 75 9 13 

 

Table 14 - Hot flow droplet velocity comparison 

Location 

[cm] 
PIV [m/s] CFD [m/s] 

PIV std. dev. 

[m/s] 

CFD std. dev. 

[m/s] 

52 146 142 14 13 

8.0 Conclusions 

The aim of the research presented in this report was to create a reliable CFD methodology for the prediction 

of large-scale spray flow effects and verify these results through experimentation.  While both simulation 

and experiment present interesting findings and can serve as a foundation for further research, limitations 

in both approaches lead to discrepancies in the results and tenuous validation.  Despite this, it is expected 

that further iteration on the methods presented herein may yet allow for the accurate prediction of real-

world spray flows. 

8.1 Experimental Conclusions 

The optical measurement approach utilized in this research was novel to the HGWT rig and as with most 

initial design iterations drawbacks in both construction and experimental design limited the number and 

accuracy of the measurable parameters.  The following conclusions detail both the benefits and drawbacks 

of this approach: 

• The use of tripods for both the large-scale and high-speed flow imagery introduces angular and 

positional error to the images that is difficult to account for, especially when multiple tripod 

locations are used to create a singular image (see Appendix A.5). 
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• Parameters such as spray spread angle and penetration are nebulous as a pixel value threshold must 

be decided upon to indicate the “edge” of the plume.  Standard threshold values in literature range 

from 3%-10% of maximum pixel value with little consistency between sources [2]. 

• Approximate evaporation rates can be determined from time averaged imagery; however, due to 

effects such as surface area change with mean droplet diameter, further validation is required.  This 

could take the form of direct spray sampling at points of interest to compare with image 

measurements. 

• Thermal expansion of the HGWT structure reduces the alignment accuracy of the laser sheet.  This 

misalignment is difficult to measure and results in imperfectly centered laser sheets. 

• The single laser sheet used to illuminate the spray flow was not adequate to measure droplet 

diameters.  The amount of light scattered by droplets varies significantly with proximity to the laser 

sheet and this changes their apparent diameter. 

• Garnering PIV data through use of a high-speed camera and single laser sheet is a robust and quick 

way to sample droplet velocities throughout a spray flow. 

8.2 CFD Conclusions 

The field of multi-phase flow simulation is rapidly evolving and new physical models, in conjunction with 

increased computational power, have given researchers greater predictive power than ever before.  Despite 

this, spray flow CFD is a relatively recent advancement and many of the models present in commercial 

CFD codes were created with specific flow cases in mind.  The general applicability of some models is not 

well vetted thus leaving the user to determine the applicability of each model to their case.  The following 

conclusions were made over the multitude of simulations run for this research: 

• Solution convergence is heavily dependent on the time step allotted to the discrete phase and the 

number of discrete phase iterations per discrete phase interval.  Small variations in these values 

drastically alter solution properties. 
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• The oscillatory convergence behaviour found in many of the simulation tests lead to unphysical 

billowing of the spray flow boundary and improper spray mass flow propagation as seen in Section 

6.2. 

• The hot spray flow simulations run in this study greatly underestimate the evaporation rates and 

spray spread found in experiment. 

• Droplet velocities predicted by simulation correspond well with experimental values near the wind 

tunnel exit but underestimate the velocity decay further downstream. 

• Radiation between the air flow, droplets, and the surroundings may play a large part in the 

behaviour of the spray.  This may be part of the reason that CFD results underpredict evaporation 

rates. 

• The lack of knowledge about the droplet diameter distribution coming off the spray nozzles greatly 

impacted the overall trajectory and evaporation characteristics of the CFD spray flow. 

9.0 Recommendations 

Given the results and conclusions presented in the previous sections, a number of recommendations can be 

made for future research on this topic: 

• IR imagery of the spray flow would allow for better simulation validation and would fit well with 

the current experimental setup. 

• The addition of a secondary laser sheet to the experimental rig would allow for droplet diameter 

and velocity measurements in unison through the use of Phase Doppler Interferometry [2]. 

• Direct measurement of the spray flux at various distances downstream would yield validation for 

the approximate evaporation rates produced using the large-scale flow imagery. 

• Modification of the experimental rig such that the camera mount and laser sheet are locked on 

parallel tracks would greatly reduce the positional and angular errors caused by manual tripod 

placement. 
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• The addition of a laser alignment system would mitigate the affect of the wind tunnel’s thermal 

expansion and allow for correction throughout testing. 

• Further exploration of the discrete phase input parameters such as discrete phase time step and 

discrete phase interval may yield more consistent simulation convergence 

• Direct experimentation on cold spray flow is significantly easier to implement due to minimal 

evaporation.  Further direct measurements could be used to validate a cold spray flow CFD model 

which could then be adapted to hot spray with greater confidence. 

• Implementation of radiation models within CFD simulations to better predict the conjugate heat 

transfer present in the spray may yield more accurate evaporation results. 

• An analysis of the spray nozzle droplet distribution using direct imaging of just the spray in absence 

of wind tunnel flow would allow for a much more accurate implementation of the spray flow within 

CFD. 
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Appendix A: Experimental 

A.1 Spray Nozzle Calibration 

Four spray nozzles were used in the course of the hot gas wind tunnel experiments in order to cool the 

primary air using water spray.  The nozzles are BETE P66 Fine Atomization spray nozzles, consisting of 

an orifice and a pin upon which the water impinges and then atomizes (Figure ). 

 
Figure A.1 - BETE P66 Fine Atomization Spray Nozzle 

BETE specifications give the overall flow rate through the P66 nozzles as a function of driving pressure 

[22].  This relation is shown in Equation A.1). 

 𝑄 = 1.71√𝑃𝑏 A.1) 

Where 𝑄 is the flow rate in L/min, and 𝑃𝑏 is the driving pressure in bar. 

Out of the six P66 spray nozzles available four were selected for calibration.  These were the nozzles that 

appeared to have the most consistent impingement pin orientation.  Upon visual inspection it was readily 

apparent that even within the four best nozzles the orientation of the impingement pin varied significantly 

(see Figure A.2), and it was assumed that this would greatly affect nozzle performance. 
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Figure A.2 - Impingement pin variance 

The nozzle calibration process consisted of running each spray nozzle through the available driving pressure 

range (10-55 psi) in increments of 5 psi.  At each point the nozzle spray was collected in a bucket for a set 

period of time (4 minutes) and then weighed.  The resultant flow rate was then calculated by dividing the 

mass by the time taken for each test (assuming a water density of 1.0kg/L).  These trends were then plotted 

and compared with the BETE specification as shown in Figure A.3. 

 
Figure A.3 - Initial spray nozzle calibration 
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As is readily apparent from the figure above the four spray nozzles trend well with the BETE spec, but do 

not come close to matching the predicted performance.  It was assumed that this was due to the varying pin 

orientation as discussed above. 

In attempt to correct the performance of the P66 nozzles the pin orientation was altered to be more 

consistent.  BETE support provided information on factory standards for pin orientation and specified that 

the pin should be centered over the orifice at a height of approximately 0.065”.  Pliers were used to visually 

center the pin heads, while shim stock was used to measure the gap height.  Figure A.4 shows the effect of 

these adjustments on pin centering. 

 
Figure A.4 - Original pin orientation (top) and modified pin orientation (bottom) 

Pin centering was carried out visually while the gap height was measured to 0.065” +/- 0.005” using the 

shim stock.  After adjustment the nozzles were recalibrated using the same procedure described above.  

Figure A.5 shows the resultant change in performance due to the pin adjustment. 
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Figure A.5 - Recalibrated spray nozzle performance 

While the pin adjustment did not align the spray nozzle performance exactly with the BETE spec, it can be 

seen that nozzles 1, 2, 3, and 5 share very similar characteristics.  Due to the underperformance of nozzle 4 

(thought to be because of oxidation around the orifice constricting the flow) nozzle 5 was introduced to 

replace it. 

Despite not matching the trend predicted by the BETE spec, a simple polynomial curve fit very closely 

matches the average performance of the four selected spray nozzles as shown in Figure 6.  This curve fit is 

described by Equation A.2. 

 𝑄 = 5𝑥10−6𝑃𝑏
3 − 0.001𝑃𝑏

2 + 0.0931𝑃𝑏 + 0.5301 A.2) 
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Where 𝑄 is the flow rate in L/min, and 𝑃𝑏 is the driving pressure in psi.  This equation is then used going 

forwards to predict the performance of the spray nozzles within the experiment. 

 
Figure A.6 - Average nozzle performance and curve fit 
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A.2 Hot Gas Mass Flow Calibration 

The Grant Timmins Hot Gas Wind (HGWT) tunnel is a test facility capable of producing a jet of air at 

temperatures up to 650°C and velocities of up to 200 m/s.  This wind tunnel features an external test 

chamber in which devices can be placed to test their effect on the air stream.  Figure 1 shows the components 

which make up the HGWT [23].  An initial blower provides input air which is then decelerated into the 

combustion chamber.  The heated air then passes through a settling chamber and is accelerated into the exit 

pipe via a nozzle.  The HGWT is approximately 18m long with an exit pipe ID of 200mm.  Various 

nozzle/diffuser attachments can be appended to the end of the inlet testing to alter the flow properties. 

 
Figure A.7 - Grant Timmins Hot Gas Wind Tunnel 

Dependant on the temperature of air and on the type of nozzle/diffuser attached to the end of the inlet 

section the mass flow within the wind tunnel can vary significantly.  Because of this it is necessary to 

measure the mass flow at a range of performance points so a predictive model can be used in actual testing. 

The mass flow was measured indirectly through use of a Dwyer 160 series pitot tube complete with (1) 

total pressure port, and (8) static pressure ports.  This pitot tube was placed just upstream of the exit nozzle 

within the inlet section of the HGWT.  These pressures were then read using a 475-3-FM Dwyer digital 

manometer capable of reading differential pressures up to 49.82kPa. 

The development length of the flow exhibiting the combustion chamber of the HGWT was found to be 

approximately 8m.  As the testing section is 3.5m downstream from the combustion chamber the flow has 

not fully devloped.  Because of this the standard correlations describing the velocity in fully developed 
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turbulent pipe flow cannot be applied without modification.  It is assumed that due to the shorter 

development length available that that the air will resemble plug flow as the viscous effects from the pipe 

walls have not had time to reach the jet core. 

To measure the velocity profile within the pipe the pitot tube was set on a rudimentary traverse capable of 

moving the pitot tube head from the wall of the pipe to the centerline.  Velocity was determined through 

the differential pressure measured through the pitot tube as per Equation A.3. 

 𝑣 = √
2

𝜌
(𝑝0 − 𝑝)          A.3) 

Where 𝑣 is velocity, 𝜌 is the air density, 𝑝0 is the total pressure as measured by the pitot tube, and p is the 

static pressure as measured by the pitot tube. 

It is assumed that the air density follows ideal gas law as described in Equation A.4. 

 𝜌 =
𝑝

𝑅𝑇
 A.4) 

Where 𝑅 is the ideal gas constant (0.287𝑘𝐽/𝑘𝑔𝐾), and 𝑇 is the temperature in Kelvin. 

The resulting velocity profile is shown in Figure A.8. 
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Figure A.8 - Measured Velocity Profile 

To simplify the calculation of the air mass flow the average velocity of the air stream must be found.  This 

requires integration of measured velocity profile.  As discussed briefly above, standard empirical curve fits 

for fully developed turbulent pipe flow do not readily apply to the case at hand due to the shorter 

development length available.  This is detailed in Figure A.9 which compares three power law profiles 

governed by Equation A.5 that accurately describe fully developed turbulent flows at various Reynold’s 

numbers and the measured velocity profile [30]. 

 𝑢(𝑟) = 𝑢𝑚𝑎𝑥 (1 −
𝑟

𝑅
)

1
𝑛

 A.5) 

Where 𝑢 is the axial velocity, 𝑟 is the distance of the pitot tube from the centerline, 𝑅 is the radius of the 

pipe. 
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Figure A.9 - Empirical vs Measured Velocity Profiles 

It is readily apparent that the power law profiles do not adequately describe the measured results for the 

reasons discussed above.  To better describe the measured values, it was assumed that the viscous affected 

region of the measured velocity profile would follow the shape of a power law profile, while the rest of the 

flow remains at a constant velocity.  This behaviour is readily observed in Figure A.9 and is curve fit using 

a combination of a 11th power law profile and a constant velocity region in Figure A.10. 
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Figure A.10 - Velocity profile curve fit approximation 

To determine the average velocity of the entire curve fit presented in Figure A.10 the average velocity of 

the viscous affected region governed by the power law profile must be found. 

The average value of a function can be described mathematically by: 

 �̅� =
1

𝑏 − 𝑎
∫ 𝑦(𝑥) 𝑑𝑥
𝑏

𝑎

 A.6) 

When applied to the velocity profile function: 

 𝑢(𝑟) = 𝑈𝑚𝑎𝑥 (1 −
𝑟

𝑅
)

1
𝑛

 A.7) 

 
1

𝑅
∫ 𝑢(𝑟)
𝑅

0

=
1

𝑅

(

 
𝑈𝑚𝑎𝑥𝑛(𝑟 − 𝑅) (1 −

𝑟
𝑅)

1
𝑛

𝑛 + 1

)

 {
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𝑟 = 0
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𝑅
𝑅
)
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𝑛 + 1
−
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�̅� =
1

𝑅
(
𝑈𝑚𝑎𝑥𝑛𝑅(1)

1
𝑛

𝑛 + 1
) 

�̅� = (
𝑈𝑚𝑎𝑥𝑛

𝑛 + 1
) 

�̅� = 𝑈𝑚𝑎𝑥 (
𝑛

𝑛 + 1
) 

When combined with the constant velocity at the center of the jet the average velocity of the entire cross 

section is as follows: 

 𝑢𝑎𝑣𝑔 = 𝑈𝑚𝑎𝑥(𝑋) + �̅�(1 − 𝑋) A.9) 

Where 𝑈𝑚𝑎𝑥 is the constant plug velocity, �̅� is the average velocity of the viscous affected region, and 𝑋 is 

the fraction of cross section covered by the constant velocity region (approximately 84%).  Equations A.8 

and A.9 can then be combined to determine 𝑢𝑎𝑣𝑔 as some percentage of 𝑈𝑚𝑎𝑥: 

 

A.8 →A.9 𝑢𝑎𝑣𝑔 = 𝑈𝑚𝑎𝑥(𝑋) + 𝑈𝑚𝑎𝑥 (
𝑛

𝑛 + 1
) (1 − 𝑋)  

𝑢𝑎𝑣𝑔 = 𝑈𝑚𝑎𝑥 (𝑋 + (
𝑛

𝑛 + 1
) (1 − 𝑋)) 
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𝑢𝑎𝑣𝑔 = 𝑈𝑚𝑎𝑥 (0.84 + (
11

11 + 1
) (1 − 0.84)) 

 𝑢𝑎𝑣𝑔 = 0.987𝑈𝑚𝑎𝑥 A.10) 

Finally the mass flow is simply found for all experiments by taking the centerline velocity and applying the 

following equation: 

 �̇� = 𝜌𝐴(0.987𝑢𝑚𝑎𝑥) A.11) 

Where 𝜌 is the density (determined by the temperature and ideal gas law), and 𝐴 is the cross sectional area 

of the pipe. 
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A.3 Laser Standard Operating Procedure 

 

A.Wadey and M.Zawislak 

Dept. of Mech. and Mat. Eng. 

Queen’s University 
 

Note: Instructions are for qualified personnel not the general public. Please contact A. Wadey and use the 

rest of the thesis to better your understanding of the equipment and procedures. Good luck. 

Introduction: 

This document describes the standard operating procedure for using a class 4 (iv) 2W continuous wave 

laser for flow visualization in the Grant Timmins Lab of A.M.Birk. The scope of this document is limited 

to the use of the specific MGL-F-532-2W laser module (serial number 17010229), a 2W green F series 

product from Dragon Lasers, by students of Dr. A. M. Birk. Other laser systems are not covered under this 

document. 

Laser Safety 

Training and Safety Equipment: 

All personnel working with the laser must complete the laser safety training required by Queen’s University 

Health and Safety. Details can be found at the Queen’s University H&S web site. This entails signing-out 

a video, watching said video and signing a document acknowledging you did so. The video communicates 

the dangers of various laser classes, their usefulness and the necessary precautions that must be taken to be 

a responsible operator.  

All students must get a retina scan before working with the laser as per the Queen’s University rules. If 

damage is done to the workers eyesight another scan may be performed in order to confirm the damage.  

More information about this testing can be found through the Queen’s Health and Safety website. 
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Special Safety Equipment: 

All users must be familiar and properly use the associated safety equipment: 

i. Wavelength specific laser safety glasses (OD>5) must always be worn during laser alignment and 

operation. 

a. we have a pair of OD 7 laser safety glasses from THORlabs which will protect your eyes 

from the direct beam 

 

Figure A.11: certified laser safety glasses with OD 7 (left) shown beside alignment glasses (right) not to be used as 

certification is not displayed on the item  

ii. Metal shielding is used during alignment to mitigate the risk of spectral reflections upstream of the 

optics. The metal cover ensures an operator standing upstream of the cover end and above the 

device is at no risk from the direct beam and minimal risk of spectral reflection. 

a. More on alignment later. 
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Figure A.12: a half cylinder of aluminum is used to eliminate spectral reflection  

iii. Blackout supplies are not rated to absorb the direct beam but rather act to increase signal to noise 

ratio on the inside while reducing light pollution to their surroundings. These supplies take the form 

of a black foam-board box (primarily 5 sheets of THORlabs part # TB4 and rated blackout tape), 

and black spray paint all of which have been applied to the laser mounting system at the exit of the 

Grant Timmins (GT) Hot Gas Wind Tunnel (HGWT) for the safety of other personnel besides the 

main operator and vehicles in the vicinity. Photos of the blackout techniques used for the HGWT 

will be discussed in the laser usage section as the specifics will need to be adapted to individual 

projects. 

Registration: 

Before using the laser, it must be registered with Queen’s University Health and Safety. A radiation safety 

officer must inspect the setup for approval. 

Laser Operation Warning: 

When the laser is ON there must be warnings in place as per the Queen’s University H&S code: 

i. Signage on all doors leading to the space where the laser is operating and near the laser setup 

(within peripheral vision of the laser control module at a minimum) 
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Figure A.13: Example of OSHA sign to communicate a dangerous laser is in use through a doorway or window 

 

Figure A.14: warning label on the laser system showing the laser type, serial number, class, light source direction 

and general danger. 

ii. While laser is in use the entirety of the Grant Timmins facility is designated as the laser control 

area.  This designation requires that all personnel within the facility wear appropriate safety 

equipment within the facility while the laser is in use. 

iii. A light indicating the laser is powered ON 
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a. The front panel of the laser module clearly indicates when the control module is ON/OFF, 

when the laser is powered, when the laser is on and an alarm light if an unexpected problem 

occurred (due to overheating for example). 

 

Figure A.15: A portion of the laser control module front panel showing the available indicator lights. A key hole is 

also shown which must be used to power the laser. 

b. A rotating red signal light is setup in plain view of the wind tunnel exit and is always active 

during laser operation 
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Figure A.16: Laser warning light located near wind tunnel exit to ensure visibility 

iv. Turning on the laser requires a key be inserted into the laser control module. This key is to be 

removed and safely stored when not in use. Powering the laser is thus a deliberate act. 

v. The laser itself has a screw-on lens cover which must be removed prior to use. This cover protects 

the laser nozzle and decreases the likelihood of unexpected dangerous laser discharge, see towards 

the top of Figure A.14. 

vi. Do not aim outside windows, at vehicles, at people, at hazardous and flammable material under 

any circumstances 

vii. Disconnect main power lines when it is not necessary for the equipment to be operating 

a. Clean up cables to reduce tripping and dropping hazards 
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b. Do not open the laser or power module as you may damage the electronics/optics, 

specialized tools and technical training are required 

c. Do not open the laser module especially if the power is connected 

Emergency Stop: 

The laser may be powered down, turned off, many ways. 

i. Emergency off button, labeled ‘Emerg.stop’ circular red button, located on the laser control module 

front panel. (see Figure 5) 

ii. Flip the I/O power switch on the front of the laser control module (Figure 5) 

iii. Remove the interlock key on the rear of the laser control module (Figure 6) (I imagine this still 

allows any capacitors to discharge whereas the emergency stop is an actual disconnect so expect 

the laser to dim before turning off over a currently unknown timeframe on the order of a second) 

 

Figure A.17 - Laser control module rear side including interlock key in bottom right of image. 

iv. Take the key out of the laser control module. 

v. Unplug the laser control module from the power outlet either at either end. 
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vi. If the laser control module is connected to a PC through the signal interface, then it can be remotely 

stopped from the PC itself or a PC wirelessly connected to it through screen sharing software 

(TeamViewer for example). 

In Case of Emergency/Accident: 

If there is an accident with the laser it will be shut down immediately. Anyone injured by the laser will be 

taken to hospital by the quickest means possible and EMS will be contacted. The accident will be reported 

in writing to the laser safety officer and investigated to improve practices. 

Follow-up: 

• Always clean-up work area by removing any garbage and putting away tools 

• Make improvements to this document as more experience is gained to increase safety, clarity, 

and efficiency. 

General Operation 

References: 

Changchun New Industries Optoelectronics Tech. Co. Ltd., 2017. Operation Instruction for CNI Model 

with PSU-H-FDA, Changchun P.R. China: CNIlasers. 

 

Also see A.Wadey’s thesis and supplementary documentation for further information on design and 

operation as related to the HGWT apparatus. 

Hardware: 

i. Laser Unit: 

a. Dragon Lasers 2 Watt Ggeen laser Class 4 model MGL-F-532-2W serial # 17010229 
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ii. Laser Safety Glasses: 

a. THORlabs OD=7 certified laser safety glasses 

iii. Pelican Hardcase 

a. 100x45x15 cm 

Warnings: 

i. Laser should be mounted on a stable, level and thermally dissipating surface 

ii. During storage and operating the temperatures should remain between 10 degrees Celsius and 35 

degrees Celsius. Rate of change should be minimized. 

a. CNI lasers are designed with ESD protection and will shutdown to protect the unit 

iii. Relative humidity should not surpass 60% and operate the unit must be operated under normal 

aeration or a large enclosure. 

iv. Do not open the unit and touch any elements of the PC board this will likely result in damage 

v. Do not block the fan inlet or vents within a few (~5) cm 

vi. Only use with outlet voltage or power supply within the bounds labeled on the back of the module 

Features: 

i. Main power switch I/O 

ii. Key switch ON/OFF 

iii. Emergency button, kill switch 

a. Main power and key need to be reset upon use 

iv. Status LEDs 

v. Signal interface and interlock options 

a. Make sure main power and key switch are OFF before inserting anything into rear panel 



104 

 

vi. Trigger input voltage greater than 1V is required for laser to operate.  Anything less than 1V and 

the laser beam will not activate. 

Operation: 

This described how to turn the laser ON and OFF as per the manufacturer instructions and applies with all 

use.  

Pre-use: 

i. the area will be inspected to ensure nothing has been tampered with and no one is in the area that 

should not be. 

ii. the laser signage will be setup 

iii. an announcement is made to everyone in the building that the laser will be turned on 

iv. laser warning red light is switched ON 

Use: 

i. Attach the laser head to the power supply firmly and secure locking ring 

ii. Connect power cord from power supply module to AC power outlet of suitable range 

iii. Connect the auxiliary trigger power supply 

iv. Use/apply appropriate safety equipment! 

v. Remove the aperture cover of the laser 

vi. Set on the auxiliary trigger power supply low to provide a <1V signal 

vii. Switch ON the main power 

a. Red LED “power” light turns on 

viii. Turn Key switch to ON state 

ix. Turn up the auxiliary trigger power supply >1V to produce laser.  Further increasing voltage to 5V 

will vary laser power 

a. Green LED “laser” light turns on 

b. Allow 15 minutes to stabilize 

c. Always operate laser at the minimum power required to produce desired signal 
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x. During unexpected problem, electrical or thermal, red “alarm’ light turn on 

a. Switch main power off OFF and reset the key switch 

b. Wait ~5-10 minutes before restarting the laser 

xi. The laser will be not be left unattended while it is on. 

xii. Turn OFF the system by switching the key to OFF then by the main power switch and auxiliary 

power switch 

xiii. Replace the laser aperture cover 

Post-use: 

i. Everyone in the building will be informed that the laser is off 

ii. Unplug connections and store in secure location 

iii. Initiate any other suitable clean-up 

 

Figure A.18: Laser optics system setup during alignment procedure. Note auxiliary trigger power supply to the right 

of the laser control module 

 

Warranty and Maintenance 
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i. Warranty is one year from the shipping date 

ii. Warranty is void if the unit is treated outside the terms of this agreement: 

a. Misuse, abuse, improper handling/storage or in any way outside the authorization and 

guidance supplied by the manufacturer 

b. Original identification markings have been altered, removed or the unit has been opened 

c. An claims unrelated to product quality and workmanship are not valid 

iii. Contact a CNI representative for questions related to this product: 

a. sales@cnilaser.com 

b. +86-431-85603799 (China) 

Emergency Stop: 

See the laser safety section. 

Optical Alignment 

Introduction: 

In this section assembly and alignment of the optics to generate a laser sheet are outlined as applies to flow-

visualization on the HGWT. Different lenses can produce greater laser spreading rates and flatten the 

Gaussian shape of the final laser sheet. Optics can be adjusted to fit new user needs. It is advisable to design 

the optics to minimize the degrees of freedom thereby simplifying the alignment at the expense of limiting 

the scope.    

Tools and Hardware: 

New items are bolded. 

i. Laser Unit: 

mailto:sales@cnilaser.com
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ii. Laser Safety Glasses: 

iii. Pelican Hardcase 

iv. Laser Sheet Optics Lenses 

a. 3 x 1” round cylindrical plano-concave lenses foc -25mm 

b.  25.4mm x -25mm FL, Uncoated Beam Shaping PCV Cylinder Lens 

(Edmund Optics part # 34-621) 

v. Frosted Alignment Disk 

a. 1” alignment disk with inner diameter 1mm hole for diffusing a nonaligned beam 

(THORlabs part # DG10-1500-H1-MD)  

vi. Universal Post Holder 

a. 1” length post holder for 1/2” diameter optical posts with spring-loaded thumb screw 

(THORlabs part # UPH1)  

vii. Optical Post 

a. ½” diameter 1” length optical post metric 4 mm setscrew (THORlabs part # TR1) 

viii. Rotating Mount 

a. 60mm square cage for rotating 2” diameter optics about 360 degrees and 4mm tap 

(THORlabs part # LCRM2/M) 

ix. Threaded Round Cage 

a. 2” diameter with outer threads and 1” diameter inner threads for SM1 (THORlabs part # 

LCRM2/M) 

x. 2 x Slotted Lens Tubes 

a. Lens tube for 1” optics used with provided 6 x 1” retainment rings (SM1RR) 3” threaded 

depth (THORlabs part # SM1L30C) 

xi.  Allen key set 

a. Generic fold out metric Allen key collection 

xii. Spanner Wrench for Retainment Rings 
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a. Specialized tool for moving SM1RR 1” retainment rings (THORlabs part # SPW602) 

b. Graduated outer sleeve allows for accurate ring depth measurement 

 

Figure A.19: THORlabs’ spanner wrench for retainment rings is shown in use. Note the graduations on the side to 

indicate depth for accurate focal length measurement. Use of standard small screwdriver is both difficult and may 

lead to a scratched lens. 

 

Figure A.20: A reasonably aligned laser sheet generated by three cylindrical lenses 

Indicators of Poor Alignment: 

• Laser beam relative to lens 

o If beam is not in the center of the lens the light will refract causing misalignment of 

downstream optics or a misplaced laser sheet 

• Laser beam perpendicular to lens plane 

o If the beam enters the lens at an angle (even in the center) reflection will cause a widening 

of the laser sheet or another laser sheet under severe angles 

• Lenses plane parallel to each other 

o Reflection will cause a wider laser sheet 
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• Cylindrical axes are aligned on all lenses 

o Rotation of the lens will cause rotation and skew in the laser sheet  

 

 

Figure A.21: Illustration of the lens and cylindrical cut out axis referred to in alignment procedures 

 

Figure A.22: A misaligned laser sheet shown on a target of white cardboard generated from 2 cylindrical lenses and 

the laser system which is perpendicular to the target. Of note are the two laser sheets, the Gaussian distribution of 

laser energy observed at the target and the reflection off a side wall coated with glossy light color paint. Note the 

center of the sheet is saturating the camera. 
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Design to Limit Degrees of Freedom: 

• An optical grade lens tube is used to ensure the lenses are both coaxial and the lens are parallel 

• A single optical post and fixed laser system forces a singular freedom in optic height and one 

rotation angle about the axis of the post 

• The entire lens tube is secured to a rotating mount about the lens tube axis and can thus be zeroed 

to create a vertical laser sheet 

• Lenses will be fixed by retainment rings to the lens tube depth specified by the focal length 

• Each cylindrical lens can rotate about the lens tube axis, one degree of freedom per lens, changing 

the angle of the cylinder axis 

Observing the Laser: 

There are several safe methods that can be used to aid in alignment. Wearing the certified laser safety 

glasses (OD=7’s) blocks all of the green laser light, this makes alignment difficult. 

• Use of handheld laser pointer: 

o A 1mW laser pointer (class 3) can be used with the alignment glasses and poses no fire risk 

or risk to exposed skin. 

o Using the laser pointer, even by hand, can be used to check if the optics need major or 

minor adjustments 

•   Smartphone camera: 

o Pictures, recording and real time viewing of the laser sheet on the target can be achieved 

by using a personal smartphone digital camera or any similar convenient device  
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Procedure: 

Pre-alignment: 

i. Wear laser safety glasses (OD=7’s) at all times, not just when laser is off 

ii. Protect exposed skin 

iii. Label any doors into the room with laser operation signage and cover windows to avoid exposure 

to surroundings 

iv. Turn laser warning red light ON 

v. Cover the gap between the laser and the lens tube with the half cylinder of sheet metal to ensure no 

direct or specular reflection can hit an operating standing above the shield 

vi. The direct beam from the laser should not hit a solid surface. Use the laser pointer before serious 

alignment to check if the main beam will completely miss the optics. 

vii. A highly reflective and diffuse surface, such as white cardboard, should be used as the target for 

the laser sheet 

Alignment (after prerequisites from pre-alignment are met): 

i. Mount the laser on a level and stable surface over one meter away from the target 

a. Use the experimental mount where appropriate 

ii. Measure the elevation of the laser (from the floor or table) and mark this elevation on your target  

iii. Install lens that will be closest to the laser with the cylindrical axis parallel to the laser mounting 

plane and with the curved side facing the laser 

iv. Adjust lens height and rotation as necessary 

v. Use the laser pointer to ensure the beam will hit somewhere on the lens, no misses 

vi. Turn trigger power supply to greater than 1V 

vii. Turn the laser ON  

viii. The beam sheet should be vertical and maximum intensity should be at the laser elevation 
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a. Adjust lens rotation about its central circular axis and lens elevation accordingly 

b. If two laser lines are observed adjust the optics rotation about the mounting post 

ix. Satisfied with the location and concentration of the laser sheet for one lens turn laser OFF 

x. Install the next downstream lens at 2 x focal length (50mm)  

a. The separation will alter the sheet divergence and can be adjusted 

xi. Repeat alignment check for the second lens (steps v – ix) 

xii. Continue until all necessary lens are secured to achieve desired sheet size and quality 

a. Make note if lase sheet measurements for your records 

xiii. Double check laser is OFF and unplugged before removing your glasses and cleaning up your work 

area 

xiv. Make adjustment to this procedure as necessary to improve success rate and transparency    

Emergency Stop: 

See the laser safety section. 

HGWT Operation 

Introduction: 

In this section the aligned laser optic system is supported in position outdoors, above the outlet of the 

Queen’s University HGWT. Directions are given on how to mount the laser optic system and the safety 

precautions are outlined. This is specific to flow-visualization experiments performed in evaporative spray 

cooling within the hot jet of the HGWT as per A. Wadey’s research.  For general laser operation and 

alignment refer to those sections. Safety requirements outlined earlier apply to all laser use. 

 

 



113 

 

Tools and Hardware: 

New Items are Bolded: 

i. Laser Unit 

ii. Laser Safety Glasses 

iii. Pelican Hardcase 

iv. Laser Sheet Optics Lenses 

v. Frosted Alignment Disk 

vi. Universal Post Holder 

vii. Optical Post 

viii. Rotating Mount 

ix. Threaded Round Cage 

x. 2 x Slotted Lens Tubes 

xi. Allen key set 

xii. Spanner Wrench for Retainment Rings 

xiii. 1 x FLIR Flea3 USB3 CMOS Cameras 

a. FL3-U3-32S2M-CS, 3 Mp 59 fps monochrome (Serial # 15569439) 

b. 1 x USB3 extension cables 

xiv. Camera mounts: 

a. Manfrotto tripod with three-way tilt head 

b. Manfrotto ball head  

xv. Laser/Optics Mounting Bracket 

a. 4 item set of machined aluminum plates (optics plate, rail plate, 2 x gusset plate) 

xvi. Aluminum T-slotted framing support 

a. 2” by 2” quad rail extruded aluminum connected to form laser support structure (see Figure 

19) (McMaster-Carr part # 47065T501) 
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b. 6 x corner brace (McMaster-Carr part # 47065T218) 

c. 4 x sliding tube mounts (McMaster-Carr part # 47065T89) 

d. Sliding carriage mount for 2” rails (McMaster-Carr part #s 47065T965) 

xvii. Blackout Supplies 

a. Blackout box to limit exposure and increase signal-noise-ratio, SNR, made from blackout 

board (THORlabs part # TB4) and blackout tape (THORlabs part # T137-2.0) to surround 

the laser and optics while mounted on the supports 

b. Matte black spray paint to reduce reflectivity of outlet ground surfaces 

xviii. Fasteners are not listed 

Optics Assembly: 

Details of how the optics and laser are assembled. 

i. The laser is mounted to a machined aluminum plate with side gusset plates and a rear plate for 

securing to the wind tunnel mounting structure 

a. Standoffs are used to elevate the laser off the plate. Allowing the optics to be elevated is 

easier to design as the original elevation was too short for most post type systems. Air flow 

under the unit is also beneficial to the fan flow. 
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Figure A.23: the laser head is secured to the aluminum mounting bracket, note the use standoffs and washers to 

stabilize the elevated laser. Cardboard is used to gently hold the machine screws in their holes, access to which is 

partial obscured by the laser 

ii. The assembly of the optics uses a swiveling post holder system 

a. Align the post holder such that the center of the post would be aligned with the laser 

aperture 

b. The middle of three holes in the aluminum plate is used in this case because both lens tubes 

will be held 

 

Figure A.24: Post hold with thumb screw holding an optical post awaiting further components 

iii. Assemble the rest of the optic holders 
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a. A rotating cage hold a 2” disk. The disk subsequently supports two lens tubes, one from 

each side. 

b. Lens tubes hold 1” cylindrical lenses pinched by retainment rings to hold them in place. 

Rings are adjusted with specialized spanner wrench to a precise depth without damaging 

the lenses. 

 

Figure A.25: Two angles of the lens holder assembly illustrating how the parts interact 

iv. Once assembled the optics can proceed to be aligned 

Mounting and Preparation: 

Details of the HGWT mounting structure 

i. A moveable support structure was created primarily from T-slotted extruded aluminum and is 

secured above the wind tunnel exit. 

a. The structure has a mounting cart attached on the inside of the upper rail. Two set screws 

allow for its position to be fixed. 

b. The support position is just downstream of the HGWT outlet and is traversable along an 

8ft long section of steel tubing. 
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Figure A.26: the optical and laser support structure prior to securing the aluminum mounting bracket. The rail cart 

is visible on the upper rail. 

ii. The laser is then mounted to the rail cart via the six mounting fasteners as per Figure 17. 

a. This is a relatively difficult procedure and requires two people to complete safely 

 

Figure A.27: SolidEdge image of the final optics assembly and laser mounting 

iii. Mount the blackout box covering over the laser assembly once the laser has been positioned. 

a. The blackout box is designed to fit within the aluminum extrusion frame and serves to 

block all sightlines to the raw laser beam 



118 

 

 

Figure A.28 - Blackout box mounted to shroud laser optics 

iv. Connect laser control module and trigger power supply to laser 

a. Due to cable length restrictions the laser control module and trigger power supply must be 

mounted at the same height as the laser as shown in Figure 19 

b. This mounting height requires a ladder in order to turn on the laser and adjust the trigger 

power supply 

c. In an emergency situation this reliance on a ladder to access laser controls is unacceptable 

and as such a master power bar MUST be connected to all laser components and be 

mounted at ground level for access to an easy emergency shutoff (Figure 20). 
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Figure A.29 - Laser control module and trigger power supply mounted at height with laser 

 

Figure A.30 - Master power bar mounted at ground level and used as an easily accessible emergency shutoff 

v. Laser system is now ready for use.  See “Operation” section for details. 

vi. After use the laser control module, trigger power supply, blackout box, and laser assembly must be 

removed and stored inside to prevent weather damage. 

Blackout: 

i. A blackout box has been made to enclose the laser optics and entire mounting structure 

a. The box is made to fit within the T-slotted aluminum structure and must be placed so as to 

prevent any reflections of the beam from escaping the optics setup. 
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b. The box is not rated to handle the direct beam so only previously aligned optics should be 

used. 

c. The box should be removed after every use so as to avoid damage from the weather. 

ii. Mate black spray paint was used to spray a wide line on the concrete floor outside the wind tunnel 

in any region impacted by the laser 

a. The paint is rated to high temperatures as it is intended for protecting metals used in 

cookware and automotive application 

 

 

Figure A.31: painted black line upstream of the HGWT test section 
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A.4 Particle Image Velocimetry 

The particle velocity data measured within this experiment was extrapolated through use of TrackMate, a 

particle tracking module written for the open source scientific image processing platform ImageJ [29].  

Trackmate allows for particle tracking within a “stack” of images (a collection of images related both 

spatially and temporally) subject to a plethora of user inputted parameters and constraints. 

TrackMate utilizes a LoG (Laplacian of Gaussian) based particle tracker to detect particles within each 

frame which is described by Trackmate’s authors as follows: 

This detector applies a LoG (Laplacian of Gaussian) filter to the image, with a sigma suited to the 

blob estimated size.  Calculations are made in the Fourier space.  The maxima in the filtered image 

are searched for, and maxima too close to each other are suppressed.  A quadratic fitting scheme 

allows for sub-pixel localization 

After entering an estimated diameter for the particles within the image stack the detector finds particles and 

then presents the user with a quality histogram from which detected particles can be cropped to a specific 

quality (Figure A.32). 
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Figure A.32 - Trackmate quality thresholding 

 

After detection and initial thresholding identified particles can be displayed for user review as shown in 

Figure A.33. 
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Figure A.33 - Particle display and tracking 

 

After all desired particles have been identified tracks must be created.  TrackMate offers a variety of 

trackers, however the LAP tracker, produced by [29], was selected for this research as it allows for the 

greatest user input on factors such as linearity and gap closing.  The authors give the following description 

of the LAP tracker: 

This tracker is based on the Linear Assignment Problem mathematical framework.  Its 

implementation is adapted from the following paper: Robust single-particle tracking in live-cell 

time-lapse sequences – Jaqama et al., 2008, Nature Methods. 

Tracking happens in 2 steps: First sports are linked from frame to frame to build track segments.  

These track segments are investigated in a second step for gap-closing (missing detection), splitting 

and merging events. 

Linking costs are proportional to the square distance between source and target spots.  Penalties 

can be set to favor linking between spots that have similar features.  Solving the LAP relies on the 

Jonker-Volgenant solver and a spare cost matrix formulation, allowing it to handle very large 

problems. 
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Penalties on frame-to-frame linking, gap closing, splitting, and merging can be applied based on a variety 

of input variables (position, particle quality, intensity, etc.).  Despite the ability of the water droplets to 

break up and coalesce, the image quality was such that both the splitting and merging features of the LAP 

tracker were disregarded.  In order to produce reasonable tracking behaviour significant penalties were 

applied to the amount of vertical motion allowable when creating tracks and closing gaps within tracks.  

Figure A.34 shows the resultant tracks without verticality penalties and many erroneous tracks are produced 

resulting from the tracker jumping between non-related droplets.  Figure A.35 shows the same tracking 

results with the addition of the verticality penalty which greatly reduces the number of erroneous tracks. 

 
Figure A.34 - Track creation with no verticality penalty 
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Figure A.35 - Track creation with vertical penalty 

 

Created tracks can be cropped further by placing thresholds on the track duration, quality, velocity, and the 

statistical qualities of each of these components.  A minimum track duration of three frames was set to 

remove the high variance in velocity found when only two frames of data were provided to the tracker.  

After tracking is complete all track and particle data can be exported for analysis with information regarding 

time, position, track velocity, quality, and many other variables. 
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A.5 Large Scale Flow Imagery 

In order to reproduce the overall spray flow behaviour multiple traverse locations were imaged using the 

FLIR Flea3 camera.  Ten image locations were selected along the 3m traverse to allow for reasonable 

overlap between the images taken from each location (see Figure A.36). 

 
Figure A.36 - Spray imagery setup 

 

To ensure reasonable exposure the laser cart traverse was also moved such that the laser sheet was centered 

in the camera’s field of view for each location.  Individual image frames did not contain sufficient 

information about the spray (Figure A.37) and as such 200 frames of image data were captured at each 

traverse location.  These images were then added together using a maximum intensity operation in which 

the maximum pixel values are selected from the stack of images (Figure A.38).  This operation has the 

effect of superimposing areas of high liquid concentration between images and results in the time-averaged 

behaviour of the spray. 
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Figure A.37 - Single image frame 86cm downstream 

 
Figure A.38 - Max intensity image 86cm downstream 
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After max intensity images were taken at each traverse location a stitching operation was required to 

visualize the overall spray flow.  To aid in this a reference image including a scale was taken at each location 

prior to the spray flow imagery.  As the camera was not moved between the reference and spray shots it 

can be assumed that the size scale is the same in both.  Figure A.39 shows an example reference image. 

 
Figure A.39 - Reference image including size scale 

 

The open source image software ImageJ was used to measure the scale in each imaged and provide a length 

to pixel ratio.  Several locations were measured on each reference image to produce the image scale (Figure 

A.40).  A representative measurement sample is shown in Table 1 
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Table A.1 - Reference image measurement results 

Line 
Length 

[pixels] 

1 119.5 

2 119.1 

3 118.6 

4 118.6 

5 119.6 

6 119.6 

Mean 119.1 

Std. Dev 0.5 

Scale 

[pix/m] 2383 

 

 
Figure A.40 - Reference image measurements 

 

Slight variations in camera tripod position result in differing scales at each traverse location requiring that 

images be adjusted prior to stitching to ensure the size scale is consistent.  The image with the smallest 

pixel to metre ratio was used as a baseline and all other images were scaled down to match.  This approach 

was used instead of scaling up the images to match the largest reference as the algorithms used in scaling 

down pixel values preserve more information than having to infill pixels when scaling up. 
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At each traverse location the axial distance from the mouth of the wind tunnel to the center pin on the 

reference images was measured, allowing for the spatial coordinates of each image to be found.  Using 

these coordinates, alongside the assumption that the reference pin remains at the same elevation throughout 

the traverse, the reference images can be stitched together as shown in Figure A.41. 

 
Figure A.41 - Stitched reference images 

 

Finally, the same coordinates used in the reference stitch can be utilized to produce the overall spray flow 

results for both the hot and cold flow as shown in Figure A.42 and Figure A.43. 

 
Figure A.42 - Stitched hot flow image 

 
Figure A.43 - Stitched cold flow image 
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A.6 Liquid Volume Fraction 

In addition to the maximum intensity images created to produce the overall spray panoramas, summation 

images were created in attempt to extract quantitative data from the pixel values.  The same raw images 

were used for this operation (see Appendix A.6 for details); however, the pixel values of each raw image 

were summed together rather than utilizing the maximum intensity operation.  As the raw images contained 

8-bit pixel values, the resulting amalgamated image is 32-bit allowing for a broad range of pixel values 

from the individual raw frames.  Figure A.44 shows a sample summation image alongside the region of 

interest for analysis. 

 
Figure A.44 - Summation image 62cm downstream 

 

Because the pixel values from each raw image are added together to create the summation images, they 

contain all the visual droplet information from each of the 200 raw frames at each traverse location. Given 

this, it is reasonable to assume that the distribution of pixel intensity values may relate to the concentration 

of liquid droplets within the airflow.  To plot the pixel intensity distribution around the centerline of the jet 

at each traverse location the MATLAB script below was written.  Given the variation in light intensity 

across the laser sheet only one section of each summation image was analyzed to ensure similar lighting 

characteristics.  The highlighted section of Figure A.44 above shows a sample region of interest that is 
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several hundred pixels wide.  The intensity distributions within this region were then averaged to create the 

final result. 

% Water Mass Flow Image Intensity Correlation % 
% Alex Wadey _ 2019-10-14 % 
  
x_total = 2048; 
y_total = 1536; 
line_center = 0.75; 
sample_spacing = 250; 
scale = 33.475; %Pixels/cm% 
m_dot = 0.31; %kg/s% 
  
%compute the start and end lines of the sample area 
strt = line_center * x_total - sample_spacing; 
fin = line_center * x_total + sample_spacing; 
  
f_path = "D:\Libraries\Desktop\Experiment Backup\Large Scale Flow Imaging\Flea Test 6 - Cold 27PSI\Sum 

Images\"; 
  
hot = false; 
  
i=1;  
while(i<=10) 
    %read image in 
    Img = imread(f_path + "SUM" + i +".tif"); 
     
    %Find the average value of every vertical pixel across a sample_spacing 
    %number of lines 
    j=1; 
    while(j<=y_total) 
       Avg(j)=mean(Img(j,strt:fin)); 
       j=j+1; 
    end 
     
    %Create an array of traverse location image 
    A(:,i) = Avg; 
    i=i+1; 
end 
  
%Find the maximum value of any traverse location and the location in the 
%array at which it occurs (M - max, cent - location) 
[M,I] = max(A); 
cent = max(I); 
low_cent = min(I); 
  
%Slide every array down to the lowest value to bottom out the graph. 
%Commented out b/c it may mess with area calculation 
%min_val = min(A); 
%A = A - min_val; 
  
A = A./max(M); 
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i=1; 
while(i<=10) 
    if(i==1 && hot==true) 
        B{i} = A(I(i)+1-low_cent-55:y_total,i); %shows full graph 
        %B{i} = A(I(i+1)+32:y_total,i); %shows centerline up to laser 
    else 
        B{i} = A(I(i)+1-low_cent:y_total,i); %shows full graph 
        %B{i} = A(I(i):y_total,i); %shows centerline up to laser 
    end 
    len(i) = length(B{i}); 
    i=i+1; 
end 
  
%Cut off any long tails from each of the traverse location plots 
min_len = min(len); 
i=1; 
while(i<=10) 
    B{i} = B{i}(1:min_len,:); 
    i=i+1; 
end 
  
% non-dimensionalize the y axis 
Y = ((1:min_len)-low_cent)/(min_len/2); 
  
hold on; 
  
i=1; 
while(i<=10) 
    plot(B{i},Y); 
    %Find the area under each curve 
    Area(i) = 2*trapz(B{i}); 
    i=i+1; 
end 
  
%Plot details 
title("Image Intensity vs Distance from Centerline"); 
ylabel("Distance from Centerline"); 
xlabel("Image Intensity"); 
legend({"Pos 1 - 41cm", "Pos 2 - 62cm","Pos 3 - 79.5cm", "Pos 4 - 103cm", "Pos 5 - 121.5cm", "Pos 6 - 139.5cm",... 
    "Pos 7 - 160cm", "Pos 8 - 179.5cm", "Pos 9 - 201.5cm", "Pos 10 - 221cm"},"Location", "northeast"); 
ylim([-1,1]); 
  
 

From the above script the following plot was created for both the hot and cold flow cases. 
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Figure A.45 - Pixel intensity distribution plot for cold flow 
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A.7 Experimental Error Analysis 

Although few direct measurements were taken for this research the uncertainty in these measurements must 

be accounted for.  The following section details the uncertainty propagation methods used and gives hand 

calculation examples prior to introducing an automated approach. 

Assuming independent variables the uncertainty of a function 𝐺 = 𝑓(𝑥1, 𝑥2, … 𝑥𝑛) may be estimated using 

the following equation: 

 𝑒𝑔 = √(
𝜕𝐺

𝜕𝑥1
𝑒1)

2

+ (
𝜕𝐺

𝜕𝑥2
𝑒2)

2

+⋯(
𝜕𝐺

𝜕𝑥𝑛
𝑒𝑛)

2

 A.12) 

Where 𝑒 is the uncertainty associated with each variable. 

The example given below details this approach for the centerline velocity measurement of the hot gas wind 

tunnel at 500°C. 

A Dwyer 475-2-FM handheld digital manometer was used in conjunction with a Dwyer 160-12 pitot tube 

to capture both static and stagnation pressures.  This manometer has a range of ±9.96𝑘𝑃𝑎 with a full-scale 

error of 0.5% under standard operating conditions.  In a sample measurement the following values were 

recorded: 

 𝑝0 = 9.1𝑘𝑃𝑎 + 101.325𝑘𝑃𝑎 = 110.4𝑘𝑃𝑎 A.13) 

 𝑒𝑝0 = 0.05𝑘𝑃𝑎 A.14) 

  

 p = 6.9𝑘𝑃𝑎 + 101.325𝑘𝑃𝑎 = 108.2𝑘𝑃𝑎 A.15) 

 𝑝𝑃 = 0.05𝑘𝑃𝑎 A.16) 

 

Where 𝑝0 is stagnation pressure, 𝑝 is static pressure, and 𝑒 in both cases is the full-scale error associated 

with the manometer. 
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Temperature measurements were taken with an Omega HH374 handheld digital thermometer that exhibits 

a range of -200°C – 1372°C and an accuracy rating of ±0.1% 𝑜𝑓 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 0.7°.  For the sample 

measurement taken the temperature and associated error are as follows: 

 𝑇 = 773𝐾 A.17) 

 𝑒𝑇 = 1.5𝐾 A.18) 

Assuming ideal gas behaviour density is a function of temperature and static pressure.  The following 

procedure details the uncertainty propagation for density where 𝑅 is the gas constant equal to 0.287
𝑘𝐽

𝑘𝑔𝐾
: 

𝜌(𝑃, 𝑇) 
  

 
𝜌 =

𝑃

𝑅𝑇
=

108.2𝑘𝑃𝑎

0.287
𝑘𝐽
𝑘𝑔𝐾

(773𝐾)
= 0.488

𝑘𝑔

𝑚3
 

A.19) 

 

 

𝛿𝜌

𝛿𝑃
=

1

𝑅𝑇
=

1

(0.287
𝑘𝐽
𝑘𝑔𝐾

) (773𝐾)
= 4.51𝑥10−3

𝑘𝑔

𝑘𝐽
 

A.20) 

 

 

𝛿𝜌

𝛿𝑇
= −

𝑃

𝑅𝑇2
= −

108.2𝑘𝑃𝑎

(0.287
𝑘𝐽
𝑘𝑔𝐾

) (773𝐾)2
= −6.31𝑥10−4

𝑘𝑃𝑎 𝑘𝑔

𝑘𝐽𝐾
 

A.21) 

 

  

𝑒𝜌 = √(
𝛿𝜌

𝛿𝑃
𝑒𝑃)

2

+ (
𝛿𝜌

𝛿𝑇
𝑒𝑇)

2

…

= √(4.51𝑥10−3
𝑘𝑔

𝑘𝐽
(0.05𝑘𝑃𝑎))

2

+ (−6.31𝑥10−4
𝑘𝑃𝑎 𝑘𝑔

𝑘𝐽𝐾
(1.5𝐾))

2

 

A.22) 

 

  

𝑒𝜌 = √(2.255x10−4
𝑘𝑔

𝑚3
)
2

+ (9.465𝑥10−4
𝑘𝑔

𝑚3
)
2

= ±𝟗. 𝟕𝟑𝒙𝟏𝟎−𝟒𝒌𝒈/𝒎𝟑 
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Unit Check: 

𝑘𝑔 𝑘𝑃𝑎

𝑘𝐽
=
𝑘𝑔𝑃𝑎

𝐽
=
𝑘𝑔 (

𝑁
𝑚2)

(𝑁𝑚)
=
𝑘𝑔

𝑚3
 

 

The software package EES was used to automate the uncertainty propagation procedure and to check the 

hand calculation presented in this appendix.  The resulting uncertainty for density from the software is 

shown in Figure A.46 and is identical to the uncertainty calculated by hand. 

 
Figure A.46 - EES density uncertainty calculation 

 

In a similar manner the uncertainty for velocity, which is a function of static pressure, stagnation pressure, 

and density, was also calculated by hand and compared to EES results.  This process is shown below: 

𝑈(𝑃0, 𝑃, 𝜌) 
  

 U = √
2(𝑃0 − 𝑃)

𝜌
= (

2𝑃0
𝜌
−
2𝑃

𝜌
)

1
2
 A.23) 

 

  

𝛿𝑈

𝛿𝑃0
=
1

𝜌
(
2𝑃0
𝜌
−
2𝑃

𝜌
)
−
1
2
=

1

𝜌 (
2𝑃0
𝜌 −

2𝑃
𝜌 )

1
2

=
1

(2𝜌(𝑃0 − 𝑃))
1
2
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𝛿𝑈

𝛿𝑃0
=

1

(2(
0.488𝑘𝑔
𝑚3 ) (110.4𝑘𝑃𝑎 − 108.2𝑘𝑃𝑎))

1
2

= 0.0216(
𝑘𝑔

𝑚3
𝑃𝑎)

−
1
2
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𝛿𝑈

𝛿𝑃
= −

1

𝜌
(
2𝑃0
𝜌
−
2𝑃

𝜌
)
−
1
2
=

−1

𝜌 (
2𝑃0
𝜌
−
2𝑃
𝜌
)

1
2

=
−1

(2𝜌(𝑃0 − 𝑃))
1
2
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𝛿𝑈

𝛿𝑃
=

−1

(2(
0.488𝑘𝑔
𝑚3 ) (110.4𝑘𝑃𝑎 − 108.2𝑘𝑃𝑎))

1
2

= −0.0216(
𝑘𝑔

𝑚3
𝑃𝑎)

−
1
2
 

  

 

 

𝛿𝑈

𝛿𝜌
= −

𝑃0 − 𝑃

𝜌2
(
2(𝑃0 − 𝑃)

𝜌
)

−
1
2

=
−(𝑃0 − 𝑃)

𝜌2 (
2(𝑃0 − 𝑃)

𝜌
)

1
2

=
−(𝑃0 − 𝑃)

(2ρ3(𝑃0 − 𝑃))
1
2

=
−(𝑃0 − 𝑃)

1
2

√2𝜌
3
2
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𝛿𝑈

𝛿𝜌
=
−(110.4𝑘𝑃𝑎 − 108.2𝑘𝑃𝑎)

1
2

√2(0.488
𝑘𝑔
𝑚3)

3
2

= −97.29𝑃𝑎
1
2 (
𝑘𝑔

𝑚3
)
−
3
2
 

  

 

 𝑒𝑈 = √(
𝛿𝑈

𝛿𝑃0
𝑒𝑃0)

2

+ (
𝛿𝑈

𝛿𝑃
𝑒𝑃)

2

+ (
𝛿𝑈

𝛿𝜌
𝑒𝜌)

2
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𝑒𝑈 =

√
  
  
  
  
  
  
  
  
 

(0.0216(
𝑘𝑔

𝑚3
𝑃𝑎)

−
1
2
(50𝑃𝑎))

2

+ (−0.0216(
𝑘𝑔

𝑚3
𝑃𝑎)

−
1
2
(50𝑃𝑎))

2

…

+(−97.29𝑃𝑎
1
2 (
𝑘𝑔

𝑚3
)
−
3
2
(
1.47𝑥10−3𝑘𝑔
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2  
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𝑚

𝑠
)
2

+ (1.08
𝑚

𝑠
)
2
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𝑚

𝑠
)
2

= ±𝟏. 𝟓
𝒎

𝒔
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= (
𝑚3

𝑘𝑔
)

1
2

(
𝑘𝑔

𝑚𝑠2
)

1
2
=
𝑚

𝑠
 

  

𝑃𝑎
1
2 (
𝑘𝑔

𝑚3
)
−
3
2
(
𝑘𝑔

𝑚3
) = 𝑃𝑎

1
2 (
𝑘𝑔

𝑚3
)
−
1
2
=
𝑚

𝑠
 (𝑓𝑟𝑜𝑚 𝑎𝑏𝑜𝑣𝑒) 

  

 

The EES results for velocity uncertainty are shown in Figure A.47. 

 
Figure A.47 - EES velocity uncertainty calculation 

 

All additional uncertainty calculations were carried out using the EES software package. 
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A.8 Thermocouple Radiation Error 

The thermocouples within the wind tunnel flow radiate to the cooler steel walls enclosing the hot gas flow.  

This radiation may add significant error to the thermocouple readings until the walls have heated up to a 

similar temperature as the air flow.  The following analysis attempts to quantify the order of magnitude of 

this error as detailed information about the emissivity of the thermocouples and the convective heat transfer 

coefficient of the airflow are unknown. 

It is assumed that the steel heads of the thermocouples are relatively oxidized due to their extended time 

just downstream of the combustion chamber and as such the emissivity is assumed to be around 0.7. 

Convective heat transfer is approximated using the Nusselt number of the air flow as follows: 

Calculation of Reynold's number: 

 
𝑉 = 95

𝑚

𝑠
 

A.28) 

  
 𝐷 = 0.2𝑚 A.29) 

 
𝜌 = 0.488

𝑘𝑔

𝑚3
 

   

 

A.30) 

 
𝜇 = 35.47𝑥10−6

𝑁𝑠

𝑚2
 

 
A.31) 

 
𝑅𝑒𝐷 =

𝜌𝑉𝐷

𝜇
=
(
0.488𝑘𝑔
𝑚3 ) (95

𝑚
𝑠 )

(0.2𝑚)

(35.47𝑥10−6
𝑁𝑠
𝑚2)

= 2.61𝑥105 

 

A.32) 

Calculation of friction factor for smooth pipe [31]: 

 
𝑓 = (0.79 ln(𝑅𝑒𝐷) − 1.64)−2 

A.33) 

  

𝑓 = (0.79 ln(2.61𝑥105) − 1.64)−2 = 0.015 
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Calculation of approximate Nusselt number using a correlation for forced turbulent convection within a 

smooth pipe [31]: 

  

 
𝑃𝑟 = 0.715 

 
A.34) 

  
𝑁𝑢𝐷 =

((
𝑓
8)
(𝑅𝑒𝐷 − 1000)𝑃𝑟)

1 + 12.7 (
𝑓
8)

1
2
((𝑃𝑟)

2
3 − 1)

 

 

A.35) 

𝑁𝑢𝐷 =

((
0.015
8

) (2.61𝑥105 − 1000)0.715)

1 + 12.7 (
0.015
8

)

1
2
((. 715)

2
3 − 1)

= 392 

  
Calculation of approximate convective heat transfer coefficient: 

 
𝐿 = 3.5𝑚 

 
A.36) 

 
𝑘 ≈ 50

𝑊

𝑚𝐾
 

 
A.37) 

 
𝑁𝑢𝐷 =

h𝐿

𝑘
 

A.38) 

 

h =
𝑁𝑢𝐷𝑘

𝐿
=
392 (

50𝑊
𝑚𝐾 )

3.5𝑚
= 5,600

𝑊

𝑚2𝐾
 

  

In equilibrium the heat transferred to the thermocouple via convection of the hot gas is equal to the amount 

radiated to the cool walls as follows: 

 
𝜎 = 5.67𝑥10−8 

 
A.39) 

 
휀𝑝 = 0.7 

 
A.40) 
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h(𝑇𝑓 − 𝑇𝑝) = 𝜎휀𝑝(𝑇𝑝

4 − 𝑇𝑠
4) 

 
A.41) 

Solving Equation A.41) allows for the calculation of the thermocouple temperature accounting for radiation 

error.  Figure A.48 shows the variation in the thermocouple reading based on the wall temperature of the 

wind tunnel.  Upon start up the maximum radiation error is approximately 2.5° or 6% of the measurement.  

This error decreases as the walls heat up to match the airflow. 

 

 
Figure A.48 - Thermocouple radiation error with wall temperature variation 
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Appendix B: Computational 

B.1 Plenum Independence Study 

In order to minimize the effects of the simulation boundary conditions on the overall CFD solution a plenum 

independence study was run.  This study was run for the continuous flow case only (airflow without the 

presence of spray) as the spray boundary condition on all plenum extremities was set to escape.  This means 

that the droplets in the domain simply pass across these boundaries and are no longer tracked by the 

simulation.  The only effect of plenum size on the discrete phase droplets is how far into the domain they 

are tracked, and so the plenum must encompass at minimum the locations where data was taken during 

experimentation. 

For the continuous phase two different plenum sizes were tested.  Figure B.1 and Figure B.2 show a visual 

comparison between plenums, while the actual dimensions are compared in Table B.1 where 𝑟𝑛 is the air 

nozzle exit radius (0.0754m). 

 
Figure B.1 - Small plenum 
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Figure B.2 - Large plenum 

Table B.1 - Plenum dimensions 

Plenum Horizontal 

Length 

Vertical 

(Right-hand) 

Vertical 

(Left-hand) 

Large Plenum 50rn 14rn 7rn 

Small Plenum 30rn 7rn 3.5rn 

 

The small plenum contains the experimental region with a small buffer zone, while the large plenum adds 

significant air space around all plenum boundaries.  In both plenum cases the solutions were run to 

convergence (see Section 4.3.6 for convergence criterion), and propagation of two key airflow 

characteristics were monitored for comparison.  To ensure both the continuity and energy equations were 

not affected by the boundaries the propagation of the point velocity at wind tunnel exit and the temperature 

uniformity 2m downstream were chosen. 

Figure B.3 and Figure B.4 show the development of these key values for both the small and large plenum 

as the simulations progress towards convergence over the course of 10,000 iterations.  It is apparent that 

the centerline velocity at nozzle exit converges to the same value within several hundred iterations while 

the temperature uniformity takes approximately 6,000 iterations to achieve a stable value.  This is consistent 

with all simulations run as the energy takes much longer to propagate through the domain than the velocity 

field.  
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Figure B.3 - Point velocity plenum comparison 
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Figure B.4 - Temperature uniformity plenum comparison 

 

In addition to the values presented above several other results were compared between plenums after 

convergence had been achieved.  Table B.2 shows the results of these comparisons: 

Table B.2 - Plenum comparison variables 

Variable 
Distance 

Downstream 
Small Plenum Large Plenum Difference 

Temperature 

Uniformity 

1m 0.908 0.899 0.9% 

Temperature 

Uniformity 

2m 0.957 0.954 0.7% 

Pressure 

Uniformity 

1m 0.502 0.497 0.7% 

Pressure 

Uniformity 

2m 0.551 0.545 1.0% 

Centerline 

Temperature [K] 

1m 699.9K 699.9K 0.0% 

Centerline 

Temperature [K] 

2m 430.7 431.2 0.1% 

Centerline Velocity 

[m/s] 

1m 175.0 175.0 0.0% 
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Centerline Velocity 

[m/s] 

2m 60.9 61.1 0.3% 

 

Given the minimal variance in the monitored variables between the two plenum sizes the small plenum was 

utilized for all simulations in this research.  Another considering factor for choosing this plenum size was 

the computational limits present for this research.  The large plenum required extensive cell counts (10M 

plus) to mesh with a relatively coarse grid which may have been too extensive for the computing power 

available once the secondary phase was introduced. 
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B.2 Grid Independence Study 

Alongside the plenum independence study, a grid independence study was run as the discretization errors 

that accumulate in coarse meshes may affect solution integrity.  To this end the Grid Convergence Method 

(GCI) was used to ensure the errors present were within reason [32].  This process compares key flow 

variables in fully converged solutions across several grid densities with the assumption that as the grid is 

refined the discretization error lessens.  This trend can then be tracked and extrapolated upon to give an 

estimation of the discretization error magnitude. 

Given the time dependent nature of the multi-phase simulations alongside the increased computational cost 

the grid independence study was only carried out for the single-phase case (airflow only).  Discretization 

errors in the secondary phase droplets was minimized in the solution parameters by using node-based 

averaging for all discrete phase source terms.  The decreases the solution reliance on grid density. 

 GCI begins with selecting at least three grid sizes characterized by a representative cell size.  In the case 

of this research this size was taken as the body sizing of the free stream mesh cells.  Grid densities are 

selected such that the ratio of characteristic sizes is greater than 1.3 as shown in B.1 [32]. 

 
ℎ2
ℎ1
= 𝑟21 > 1.3 B.1) 

 

Where ℎ2 is a coarse grid sizing, ℎ1 is a fine grid sizing, and 𝑟21 is the ratio between the two. 

Table B.3 details the characteristic grid sizes selected for this study alongside total cell count.  The size 

ratio between all grid cases was held at 1.3. 
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Table B.3 - Mesh sizing 

Variable Name Characteristic Size [mm] Total Cell Count 

ℎ1 6.54 10.9M 

ℎ2 8.50 5.2M 

ℎ3 11.05 2.6M 

ℎ4 14.37 1.5M 

ℎ5 18 0.9M 

 

After each grid case has been sufficiently converged (see Section 4.3.6for convergence criterion) key flow 

variables are selected for comparison (there is no limit on the number of variables chosen).  If Φi denotes 

the variable of interest in the solution of grid 𝑖 then Equation B.2 defines the variable difference between 

grids [32]: 

 휀21 = 𝜙2 − 𝜙1 B.2) 

From these definitions the following equations then define the apparent order of the CGI method 𝑝 for each 

variable. 

 𝑝 =
1

ln(𝑟21)
|ln |휀32/휀21| + 𝑞(𝑝)| B.3) 

 𝑞(𝑝) = ln (
𝑟21
𝑝
− 𝑠

𝑟32
𝑝
− 𝑠

) B.4) 

 𝑠 = 1 ∗ 𝑠𝑔𝑛 (
휀32
휀21

) B.5) 

Once calculated the apparent order 𝑝 then allows for extrapolation to the ideal value for each variable using 

the various grids as shown in Equation B.6: 

 𝜙𝑒𝑥𝑡
21 =

𝑟21
𝑝
𝜙1 − 𝜙2

𝑟21
𝑝
− 1

 B.6) 
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Finally, the approximate relative error, extrapolated relative error, and the grid convergence index with 

25% safety factor can be calculated using Equations B.7, B.8, and B.9 respectively.  It should be noted that 

these values are calculated using only results from the two finest grids (i.e. ℎ1 and ℎ2) 

 𝑒𝑎
21 = |

𝜙1 − 𝜙2
𝜙1

| B.7) 

 𝑒𝑒𝑥𝑡
21 = |

𝜙𝑒𝑥𝑡
21 − 𝜙1

𝜙𝑒𝑥𝑡
21 | B.8) 

 𝐺𝐶𝐼𝑓𝑖𝑛𝑒 =
1.25𝑒𝑎

21

𝑟21
𝑝
− 1

 B.9) 

These values are reported for all selected flow variables in Table B.4: 

Table B.4 - Grid independence study results 

Variable Approximate 

Relative Error 

Extrapolated 

Relative Error 

Grid Convergence 

Index (25% Safety) 

Pressure Uniformity (1m) 2.4% 6.4% 8.0% 

Centerline Temperature (1m) 0.4% 0.5% 0.6% 

Centerline Temperature (2m) 0.2% 0.0% 0.0% 

Centerline Velocity (2m) 0.0% 0.0% 0.0% 

 

These results can be presented visually by comparing the selected variables, normalized by the extrapolated 

ideal value 𝜙𝑒𝑥𝑡
21 , with the characteristic grid sizing ℎ, normalized by the finest grid size ℎ1.  The 

approximate relative error is then denoted by error bars around the finest grid case markers (at 1 on the x-

axis), while the extrapolated relative error is denoted by error bars around the ideal value for each variable 

(0 on the x-axis).  Figure B.5 details this interpretation of the grid study results. 
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Figure B.5 - GCI results comparing parameter variation with grid density 

 

As can be seen in the image above the variable with the highest approximate and extrapolated error is the 

pressure uniformity 1m downstream from the exit nozzle.  Both the centerline temperature at 1m and 2m 

downstream rapidly approach the extrapolated value as the grid size decreases with minimal error at the 

finest mesh.  The centerline velocity 2m downstream appears to have converged on the ideal value even at 

the coarsest mesh. 

The results of the grid independence study indicate that while temperature and velocity measurements are 

sufficiently independent of mesh size, the pressure uniformity (and hence mixing effectiveness) of the 

system still retains grid dependence even at the finest mesh.  Given the computational requirements on grids 

of over ten million cells for this case study it was determined that the finest grid was reasonable for the 

research presented herein despite the expected 8% numerical error in flow mixing. 
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B.3 Computational Test Matrix 

Achieving an approximation of physical results from full scale spray flow simulations proved non-trivial 

and given the multitude of inputs which affect the solution a test matrix was introduced to ensure individual 

inputs analyzed.  The following table shows progress of these tests alongside brief notes describing each 

test’s outcome.  Several testing rounds were run as experimental data added to the CFD simulations.  These 

round are denoted by the test number postscript A,B,C.  These tests do not include the additional studies 

conducted for plenum and grid independence (discussed in Appendix B.1 and B.2). 

Table B.5 - CFD test matrix 

Test Number Test Focus Notes 

0.0A Hot continuous phase 

convergence 

Rectangular plenum 

No spray nozzle geometry 

mediocre convergence 

0.1A Hot continuous phase 

convergence 

Tweaked energy URF to 0.7 

Better convergence 

1.0A Hot spray flow convergence Poor convergence 

Unphysical spray structures 

Unphysically low temperature region 

1.1A Hot spray flow convergence Removed node based DPM averaging 

Solution did not converge 

1.2A Hot spray flow convergence Changed drag from dynamic to constant 

spherical 

Similar spray structures to 1.0A 

Unphysically low temperature region 

Very poor convergence 

1.3A Hot spray flow convergence Removed turbulent dispersion of particles 

Well converged, but no spread of droplets 

1.4A Hot spray flow convergence Longer DPM time step (0.0005s to 0.001s) 

Oscillation of spray flow boundaries 

No unphysical structures (i.e. rings found in 

1.0A/1.2A) 

Unphysically low temperature region 

Poor convergence 

1.5A Hot spray flow convergence Reduced URFs for DPM sources and energy 

More spray oscillation than 1.4A 

Small unphysically low temperature region 

Best spray convergence thus far 

1.6A Hot spray flow convergence Longer DPM interval (10 to 25 iterations) 

Significant spray ring artifacts 

Reasonable convergence 

Small unphysically low temperature region 

1.7A Hot spray flow convergence Long DPM interval (25) 

More steps per interval (10 to 25) 



153 

 

Ring structures and severe oscillation 

Unphysically high and low temperature regions 

0.0B Hot continuous phase 

convergence with spray nozzle 

geometry 

Added spray nozzle geometry 

Air mass flow adjusted to match experiment 

Air temperature adjusted to match experiment 

Tracking well for convergence 

More iterations required to fully reach steady 

state 

0.1B Cold continuous phase 

convergence 

Spray nozzle geometry 

Fully converged 

1.0B Hot spray flow convergence Increased number of tracking steps (500 to 

1000) 

Turbulent viscosity limited in small region 

Spray oscillation 

Unphysically low temperature region 

1.1B Hot spray flow convergence Lowered energy URF to 0.5 

Poor temperature mixing 

Spray oscillation 

Unphysically low temperature region 

1.2B Hot spray flow convergence Shortened DPM time step (0.001s to 0.0001s) 

Minimal spray flow oscillation 

Small unphysically low temperature region 

Reasonable convergence 

Shorter time step  

1.3B Cold spray flow convergence Reasonable residual convergence but with 

oscillation 

Severe spray oscillation 

1.4B Hot spray flow convergence Droplet diameter spread adjusted to match 

experiment 

Reasonable convergence 

Small unphysically low temperature region 

1.5B Full revolve hot spray flow test Full revolved plenum tested 

Similar result to 1.4B 

Large data file makes for difficult post 

processing 

1.6B Full revolve hot spray flow 

gravity test 

Gravity added to simulation 

No gravity effects found within plenum 

Gravity and full revolve plenum discontinued 

0.0C Finalized hot air flow All experimental values added 

Plenum and grid finalized through studies 

Good convergence 

0.1C Finalized cold air flow All experimental values added 

Plenum and grid finalized through studies 

Good convergence 

1.0C Hot spray flow convergence Reduced number of spray streams (500 to 50) 

Droplet diameter spread adjusted to match 

experiment 

Good convergence 

No unphysical temperature regions 

Low evaporation rates 
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1.1C Hot spray flow convergence Droplet breakup model constants tweaked 

(CL=0) 

No real change 

1.2C Hot spray flow convergence Changed to update DPM sources every flow 

iteration 

Better evaporation 

Relatively severe spray oscillation 

Poor convergence 

1.3C Hot spray flow convergence Added coupled mass-heat to solution 

Spray flow oscillation 

Reasonable convergence but with residual 

oscillation 

1.4C Finalized hot spray flow Removed update DPM sources every flow 

iteration 

No spray flow oscillation 

No unphysical temperature regions 

1.5C Cold spray flow convergence Changed H2O/O2 URF to 0.5 

Spray flow oscillation 

Unphysical droplet propagation 

1.6C Finalized cold spray flow Changed H2O/O2 URF to 0.7 

Spray flow oscillation 

Unphysical droplet propagation 

 

 


