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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 projectôs methodology were also defined: 

¶ Util ize 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]: 

 ὅέὲὸὭὲόὭὸώȡ                              
‬”

‬ὸ
ϽɳʍÖᴆ π 1) 

 ὓέάὩὲὸόά ὅέὲίὩὶὺὥὸὭέὲȡ                   
‬

‬ὸ
”ὺᴆ ”Ὣ ὴɳ Ͻɳ†  2) 

 ὉὲὩὶὫώ ὉήόὥὸὭέὲȡ                               ”
Ὠό

Ὠὸ
ὴ Ͻɳὺᴆ ϽɳὯɳὝ ɮ 3) 

Where ” is density, ὺᴆ is a velocity vector, Ὣ is the gravitational constant, ὴ is the static pressure, †  is a 

strain tensor, ό is internal energy, Ὧ is thermal conductivity, Ὕ is temperature, and ɮ is described by 

Equation 4. 

 ɮ ς
‬ό

‬ὼ

‬ὺ

‬ώ

‬ύ

‬ᾀ

‬ό

‬ώ

‬ὺ

‬ὼ

‬ό

‬ᾀ

‬ύ

‬ὼ

‬ὺ

‬ᾀ

‬ύ

‬ώ
 4) 

Where ό is x-wise velocity, ὺ is y-wise velocity, and ύ 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 Reynoldôs Averaged Navier-Stokes (RANS) models are 

considered.  More specifically the family of k-Ů 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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 ό ό ό 5) 

Where ό is the mean value, and όᴂ 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]: 

 ὅέὲὸὭὲόὭὸώȡ                                     ɳϽʍÖᴆ π 6) 

 ὓέάὩὲὸόά ὅέὲίὩὶὺὥὸὭέὲȡ                
‬

‬ὸ
”ὺᴆӶ ”Ὣ ὴɳӶ Ͻɳ† ”ὺᴆὺᴆ  7) 

 ὉὲὩὶὫώ ὉήόὥὸὭέὲȡ           ”
Ὠό

Ὠὸ
ὴ ϽɳὺᴆӶ ϽɳὯɳὝ ”ὧὺᴆὝ ɮ 8) 

These equations now contain products of time fluctuating quantities which are termed the Reynoldôs 

stresses and Reynoldôs 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 Reynoldôs 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 Reynoldôs 

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

Equation 9. 

 
†  ”ὺᴆὺᴆ ‘ Öɳᴆ Öɳᴆ

ς

σ
”Ὧ ‘ Ͻɳὺᴆ  

9) 

Where Ὧ is the turbulent kinetic energy, and ‘ 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]: 

 ή  ”ὧὺᴆὝ Ὧ Ὕɳ 10) 
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The family of k-Ů models assumes that the turbulent eddy viscosity can be related to the turbulent dissipation 

rate Ů 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-Ů 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]: 

Á Viscous Sublayer π ώ υ 

Á Buffer Layer  υ ώ σπ 

Á Inertial Sublayer σπ ώ ςππ 

Where 

 ώ
ώό

’
 11) 

 ό
ȿ†ȿ

”
  12) 

Where ώ is the distance perpendicular to the wall, ό is the friction velocity, ’ is the kinematic viscosity, 

and †  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 ώ ρ 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 ώ  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 ñany fluid flow consisting of more than one phase or componentò 

[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 oceanôs 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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Where ὺᴆ is the velocity vector of the particle, ὺᴆ is the velocity vector of the continuous air stream, and † 

is the droplet relaxation time defined as follows [12]: 
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In which ” is the droplet density, Ὠ  is the droplet diameter, ‘ is the molecular viscosity of the air, ὅ is 

the particle drag coefficient (further discussed in Section 2.2.4), and ὙὩ is the relative Reynoldôs number 

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

 ὙὩḳ
”Ὠ ὺᴆ ὺᴆ

‘
 15) 

Where ” 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.   

 ὡὩ
”ȿὺᴆ ὺᴆȿὨ

„
 16) 

Where ” is the density of the continuous phase, and „ 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]. 

 ὡὩ ρςρ ρȢπχχὕὲȢ   17) 

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

defined in Equation 18 [13]: 

 ὕὲ
‘

”Ὠ„
Ȣ     18) 

Where ‘ is dynamic viscosity of the droplet, and ” 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 ñsheetsò 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]. 
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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 Reynoldôs 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 ï Drag variation with Reynoldôs 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 dropletôs 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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 ὅ ὅ ρ ςȢφσς‎ 19) 

Where ‎ 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 

Reynoldôs number).  In the case of no deformation (‎ π) the droplet drag is simply that of a sphere, and 

as the deformation approaches unity the droplet drag approaches that of a disk (ὅ ρȢυτ).  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 ï 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 
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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 1ò 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 Queenôs 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. 
























































































































































































































































