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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 sourdguring evaporation the liquid droplets are fixed at their boiling point,
ensuring a large temperature diéfatial between liquid and gas, and promoting high heat transfer rates.
The application of note for this research is the infrared radiation ([pression of naval vessel exhaust
streams which have a distinctive radiative signature due to the hot cholieand water vapouwithin

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

tracking ly hostile sourcefl].

Despite extesive and historical use in fields such as fire suppression, the detailed mechanics of evaporative
sprays aréncredibly complex and predictive simulation of these flows has only been made possible with
the rapid increase in computational power over thetlas decade$2]. This research presents a dual
approach in which results from opticakasurements of a scale naval vessel exhaust system equipped with
evaporative spray cooling are compared with the findings of 1piétse spray flow computanal fluid

dynamics (CFD).

Spray flow experiments were run at the Grant Timmins research familithe Hot Gas Wind Tunnel
(HGWT), a rig capable of emulating a scale naval vessel exhaust system. With previous research focussing
on direct spray measuremt, an optical approach was undertaken utilizing a laser tsheetduce overall

spray images artigh-speed droplet imageryn conjunction with experimentation a spray flow CFD study

was constructed within the ANSYS suite of software tools. Givercangplexity of realworld spray
mechanics, simplified models form the bulk of the drogks inteaction within CFD and ensuring these

models perform well together forms the crux of these simulations.

The CFD results produced compare well with droplelosity measurementdut spray spreadand
evaporationrates do not match experimentDespite this it is likely that arobust predictive CFD

methodology mayetbe created in the same software suite given further inquiry.
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1.0 Introduction

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

of inlet air for power plantcooling towerqd3]. 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 phasmging proces§t]. This drives a large temperature differential
between the cooling droplets and hot gas, making evaporative spray cooling preferable {ohsisgle
cooling solutions iimanysituations. Water is an excellentapsource for most applications as #sent

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 isrétfreuppression. In order to avoid
detection from threats, many military vehicles will apply infrared suppression to their exhaust streams as
the hotwater vapour an@€0, gasegadiate extnsively in theshort to longnfrared wavelength€l.4um

15um) and can be detected at distances of several kilometredrared guided missiles are typically
sensitive to the 3umBum band while thermal imagers operatéonger wavelengths (8pdbum)[1]. To

combat these sensoraval vesselfiavebegun to employ evaporative spray coolingheir exhaususing

readily available sea water to cool the hot daw f In some cases, the addition of this extra water vapour

to the plume can create a visual cl@amdicanincreasehe detectable IR signatudeie to thdarger water

vapour mass frdion. As sucha balance must be struck between the effective coofitige 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 vell understood Analysis of detailed droplet behaviour is difficulhdaa 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 pushgginst the tits of modern computing power in many



cases. Because tfese limitationsmodern 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 advaneeents in the core models used for mphiase flow in Corputational 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 wiittse new tosl a methodology to predict the

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

1.1 Objective

The objectiveof the research presented herisias follows:

To create a mulphase CFD methodology capable of accusat@edicting thelarge-scaleeffects of
evaporative spray cooling for the IR suppression of naval vessels and compare with experimental

results.
In addition to the above objective statemeoatals defining the projed® methodology were alsiefined:

9 Utilize the Grant Timmins Hot Gas Wind Tunnel (HGWT) to createadeversion of a standard
naval vessel exhausystemcomplete with spray suppression

1 Run atest course of varying spray floanditionson the experimental apparatus and measure the
resuts for CFD comparison

1 Capture IR imagery of experimental spray to determine the effect of water spray omtbeaphl
compare with CFD.

1 Simulate the experimental apparasusl spray flowwithin the Fluent 18.1 CFD package

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

modeling naval vessel exhaust flows.



Although out ofthe scope of this project, a continuing objective of this research topic is to create a CFD
simulation capable of driving design for sprayteyss This requires a robust predictive model that would

inform designers of the optimum spray properties aadtions for cooling.

The research presented herein is not it& foray into evaporative spray cooling research for this
application and pre&ious work by Nathan Begg on the same experimental rig focussed on the syexgall
cooling effectusing directmeasurement techniques to compare with CFD rel§]ltsThis thesisfocused
instead on measuring the spray flow through optical technidu@s approach washoserto measure the

following sprayflow parameters:

1 Liquid droplet diameter distribution
9 Liquid dropletvelocities

9 Liquid spatial concentration

1 Liquid evaporation rates

1 Spray penetration and spread angle

1 Spray flow temperature distribution

2.0 Background andliterature Review

The simulation of hjuid spray flows consists of two main components: the models that govern the
behaviour of the gaseousntmuous phase which are described usirdpssi@al CFD approachand the
models that descrilibe interactionof the liquid droplés with the continuas phase. Given the relatively
recent advent of spray flow simulaticthe models that dictate dropleghaviour arecontinually being

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

2.1 Computational Fld Dynamics

The claskal field of CFD involves the analysis ofsinglephasefluid exhibiting either laminar flow,

turbulert flow, or some combination of the twéluid flows are typically described by use of a continuity



equation, a momentum equationdaan energy equatio The condensed forms of these equations when

considering a finite volume of fluid are presente&dnationsl-3 [6]:

0£¢00g 6 QO w l:,—bﬂONé T 1)
DEAaQE DEE I Qi do(I)(‘)'QéTIé—b”lh) »rQnn ot 2)
0t Qi Olgodd 0 € & "Ebr]flilm noYyY R 3)

Where” is densityipis a velocity vector,Qis the gravitational constant,is the static pressuré, is a

strain tensorp is internal energyQis thermal conductivityYis temperature, anj is described by

Equation4.
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Whereo is x-wise velocity,b is y-wise velocity, and is zwise velocity.

Analytical solutions to the partial differential equations above are not available, and as such standard finite
volume method CP practice is to divide the fluid domain into small celer which the above equations
can be discretizedSystems tht contain turbulence add furthténe variantcomplexity andsoturbulence

models have been developasia wayo reduce computationabsts.

Many different turbulence models have been derived and they range in complexity and adearabsg.
analysis pesented herein the TWlbqu at i on R eaged dNaviiStakes ARANS) models are
considered. More specifically the family otk nels @& explored as they are relatively inexpensive in
computational cost and have shown applicability across suayflow systemg7]. Turbulence models
that employ the RANS equations rely on the assumption that the time variant properties in EGt&tions
can be broken down into tlenean value and a time fluctuating component as shownvasecvelocity

in Equation5 [6].



Whereo is the mean value, anibs the time fluctuating component.

When this assumption is applied to Equatid#&and the equations are then time averagedotlmving

variations of the continuity, momentum, and energy equations are prdéjiced
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These equations now contain products of time flu
stresseandReyn ol dé6s heat fluxes for the momentum and ene
the original equations have not reduced the system complexity however, and assumptions must be made

about the unknown Reynol doée thesysteneal@sving foralisctetizdde a t fl

calculation.

Mo s t RANS turbulence models employ the wuse of th
stresses are assumed to be proportional to the mean velocity griglientais elaionship is shown in

Equation9.
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Where'Q is the turbulent kinetic energy, ahdis the turbulent eddy viscosity.

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

in Equationl0 [6]:
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Thefamilyofk0 model s assumes that the turbulent eddy vi
rate U and by defining #&angsdethe tirbulent kinetic énargFeuationsd i s s i p

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

ThekU models | ose applicability cl ose tuwentkiaetid s due
energy found there. As such separate techniques must be usedgiache 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 alongwall consists of three laye[§]:

A ViscousSublayer T ® U
A Buffer Layer VL @ OT
A Inertial Sublayer OTm W CTT
Where
., GD
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Wherewis the distance perpendicular to the wall,is the friction velocity, is the kinematic viscosity,

andt is the wall shear stress.

In the viscous sublayer the flow is almost entirely laminar, and turbulence is nlegligibide the buffer
region both viscous and inertial effects are importamd, in the inertial sublayer inertial forces dominate.
The treatment of the near wall perties is dependant on tHescretized gridesolution close to the wall.
In flows where the center of the first wadldjacent cell is withinh ~ p a standardwvto-layer model
assuming a fully laminar region, and a fully turbulent region may be[B8ked his requires an extremely

fine mesh and is unlikelio remain valid fothe entire wall surface. Alternatively, the commercial CFD



software ANSYS Fluent 18.provides enhanced wall treatment options for flows in whichahevalues

of the wall adjacent cells range frorriLQ.

2.2 Multi-Phase Flow

The stug of fluid dynamics is a complex affaivith even relatively simple geometric flows exhibiting
detailedfluid behaviarr such as turbulence and boundary layer effects. efgrical and analytical
analy®sof the singlephase flowgresenin almost evenaspect ofife (i.e. air over an aircraft wing, blood
through a vein, or water through a pump) have beeprihtary focus of fluid dynamics research for the
last 100 yearsHowever, multiphase flows are just as ubiquitous from avalanches and mud sligesyp

cavitation andhe manufacturing of synthetic materifds.

Breman et al. definesmuli h a s e fahydluidglowacaensidfiig of more than one phase or component
[9]. These flows run the gambit from dusty flows withir, bubbles in water pipgto slurries and spray
flows. This addition of this second (or in some cases third) phase greatly increases thecitpmiptbe
system as the distinct phases must now transfer energy and monmanaistoally altering thie behaviour

from thesolutions to classisinglephase flows

There are two main types of mdfthase flow: disperse flows, and separated flf8js Separatedlows
describe sgtems in which the phases interact at an interface and are not mixed to a greaEesraples
include the awwater interfface® t he oceano6s -waler ihtarface ,of the ocean flo®r. s an d
Disperse flows are those flows irhigh one phase pgents as finite particles within the otterd only

makes up a smalolumefractionof the dominant phases seen in bubbly or spyr flows.

The multiphase flow of interest for the research presented herein is the spray of water aribpieta
high tenperature, high velocity air stream. The computation of droplet trajectory, deoplbeat
transfefevaporationand droplet defonation/breakup form the crux of the analysis for this style of flow.

While theaccurateCFD simulation ofiroplet breakupfaa single particle under a variety of conditions has



been achieved, the approach used is not scalable to systetaming millions of dropletdl0]. For spray

flows of this magnitude approximate models must be introduced to predict the overall flow characteristics.
Due tothe approximate nature of these modatgers looking to model mulphase flows must become
familiar with the assumptionssed in their formlation to ensure that they can work together to produce an

approximation of physical results.

2.2.1DropletTrajectory

One of the key components of myfthase flows is the momentum interchange between the dispaise
continuous phase In the case of spraydw droplet motion is heavily reliant on the lift and drag produced
by the surrounding gas. While direct solutiai the NavieiStokes equations for each phase at resolutions
fine enough to predict all salient flow features are thezalyi possible, th computational power required
for such a simulation is prohibitij8]. As such simplifications must be made to reduce the compuahtion

cost.

The standardpproactio modeling dispersenulti-phase flowss to completely solve the continuous phase
prior to introducingany effectfrom the disperse phagie spray flow in the case of this experimgmf)].
The continuous phassdution is convergedn afixed Eularian frame of referendbrough which théluid
passes throughs is done in most singfghase flow computations. Oncenvergedparticles are then
added auser definednjection sites and individually tracked in hagrangian reérenceframethat moves
with the particles throughout the domditil]. At each solution iteration the interaction between the
individually tracked disperse particles and tireviouslysolved continuous phase are computdchis
approach assumes that the larggale structures of the continuous flow will not be greatly affecyetidd

addition of the disperse phase.

For the research at hand it is assumed that gravitational effects on the airborne droplets are minimal given
their stort residence time in the domain of interéste Sectiorb.0). Ansys Fluent predicts changes in

particle trajectoryn the absence of gravitysing the following force balang8]:
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Wherew is the velocity vector of the particlg,is the velocity vector of the continuous air stream,and

is the drplet relaxation time defined dsllows [12]:
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In which” is the droplet densityQ is the droplet diameter, is the molecular viscosity of the adr, is
the particle drag coefficient (further dissesl inSection2.2.4, andYQi s t he r el ati ve

between the droplet and surrounding airflo¥Q is defined as follows:
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Where” is the density of the continuous phase.

2.2.2Droplet Breakup

One of the mostomplex phenomenon present in spray flows is the occurremrefgét breakup. When
breakup occurs the parent droplet deforms and then sheds or splits into a number of dbilsl ditye
actual mechanics of this deformation and eventual breakup dry digpendent 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 Eg6§ti8h This
parameter can be thought of as the ratio of deforming body forces actingiooptet to tle surface tension

forces holding the droplet together.

.o i O
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Where” is the density of the continuous phase, ané the surface tension of the droplet.
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Below a critical Weber number droplatealup will not occur, and while thisitical value is not universally
agreed upon, most literature appears to use a critical Weber number of approxim@t@&y 3]0 This
ambiguity in defining a critical Weber number stems from varidefinitionsof breakup incipiencevithin
literature, alongside the difficulty of observing said breakup in experiment. To this point \Wiezasared

a variety of breakup tinssfor droplets in near critical Weber number conditions and attributed thatma

to thar 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
Ohnesoge number of bele 0.1 the critical Weber number was found to be around 12; however as the

Ohnesorge number increas#ug critical Weber number follogthe trend shown in Equatidry [13].

©Q pcp p8TxOE ° 17)
The Ohnesorge number can be thought of aandishe i nf
defined in Equatiod8[13]:
6 ——s 0 ° 18)

Where' is dynamic viscosity of the droplet, ahdis the density of the droplet.

Above the critical Weber number droplet breakup will occur and the breakup mddeendent on the
magnitude of the Weber numbeFigure 1 shows six of the possible droplet regimes as Weber number

increases.
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Figure 1 - Droplet breakup regimeld 3]

At a Weber number ofpproximately10 the droples begin to oscillate atheir natural frequency.

Vibrational breakup occurs when theseilhstions 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 largeirhe scale than the other breakup mdd€3.

occur within Weber numbers of 41200.

Bag breakup and bandstamen breakup

In this case the surface tension igdagnough to maintain a ring

of fluid around the perimeter dfie drop while the center inflates like a bag until breakup. Foabdg

stamen breakup the center of the drop does not inflate, but rather creates a pillar, or stamen. Sheet stripping

11



occursat Weber numbers between 3G 0 and i s chataotefikteduby Behag
droplet which has been flattened into a disk. Finally, wave crest stripping and catastrophic breakup occur

at Weber numbers of ov@50 In wave crest strippg small waves on the surface of the droplet are
constantlystripped away from the droplet rapidly diminishing its size. Catastrophic breakup is similar, but

with thedroplet disintegramg before wave crest stripping can reduce its digeifecantly.

Given the complexity ofealworld droplet breakup, accuratatyodelling this phenomenon within CFD is
nonttrivial. As previously discussed, particle and trajectory and drag are typically calculated assuming
either a spherical droplet, or some variatiomphamic drag in which the droplet flattens to a disk. This
simplifying assumption immediately loses applicability to droplets undergoing most of the breakup modes

shown inFigurel and as such droplet trajectory may not be calculated correctly during breakup.

As the detailed mechanics afoghlet breakup are currently too complex to model on thousands of different
particles within a spray flow, Ansys Fluent providesr different droplet breakup models that can be
employed within simulations. These models were produced to approximateakappbehaviour of very
specific spray flows and as such their applicabilitfldars that deviate from theaseghey were designed

for must be questioned.

2.2.2.1Taylor Analogy Breakup
The Taylor Analogy Breakup (TAB) model is based on an analogy betweeptdrsgillation and breakup,
and the action of a masgringdamper systerfil6]. In this modethe physical components of the mass

springdamper system are mapped directly to parameters of droplet deformation as shatle 1n

Tablel - TAB model analogies

MassSpringDamper | Droplet Distortion

Restoring spring force| Surface tension
External forcing Droplet drag

Damping forces Droplet viscosity

12



Droplet distortion and oscillation are calculated along thk patheparticle 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 assumesly vibrational doplet 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.

2.2.2.2WAVE Breakup

The WAVE model was produed 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 tlsumed to caesKelvinrHelmholtz 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 tbagtaoél

the nstability that caused breakup.

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

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

2.2.2.3KHRT Breakup

The KHRT model igorporates both KelviHelmholtz instabilities along with the effect of Rayleigh
Taylor instabilities to more accurately predict droplet breakumth high and low Weber number flows

[17]. It is typically usedn nozzles whicthave a solid liquid core for some length. régions of high
Weber number, theodelresultsare similar to those obtained using Wave modelwhile agreeing more
closely with the TAB model in low Weber number regions. This makeseikegllent choicéor 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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2.2.2.4Stochastic Breakup

Unlike the models presented abptree stochastic model does ngeuthe parent dpbet 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 gk distribution isalsosampled frontorrelation. This method applies well to flows that are

well documented empirically asallows for the size distribution and stochastic paramétebe directly

selected far

2.2.3Droplet Heat Transfer

Another complex pion 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 dropletsl the gas flow Droplet heat transfer models into gixoad

categorie$18]:

1. Constant droplet surface temperature

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

3. Finite droplet thermal conductivity with mecirculation

4. Effective conductivity mdels (recirculation is accounted for through a modified conductivity)
5. Recirculation using vortex dynamics

6. Full NavierStokes solutions

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

such it is ot 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 scapg @FD
simulationg18]. Most commerciaCFD codes use the second type of nhedea 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 iwitheated droplethas been proved ineurate by
experimen{19]. Temperature gradients withfoel droplets prior to combustidmave been measurbeg
use of twecolour laser induced fluorescence as showrrigure 2. Additionally, these temperature
variations were not uniform as recirculation within the droplet transeasroruniformly. Despite these

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

70 Experimental data
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Figure 2 - Fuel droplet temperature mgf9]

Ansys Fluent provides a sef heat transfer laws for droplets that cover heating, boiling, and evaporatio
These models take into account heat transfer via convection and radiation but assume infinite thermal
conductivity within the droplet8]. This is to say that theroplet temperature remains uniform throughout

all simulations.

Much like trajectory models, most heat transfer models assume that the dropletsreomsitantly
spherical.This is not the case in real flows and additional complicaomsreatetiecase of it boundary
layer variation and separation around the droplet, droplet breakup, droplet wake recirculation, and

radiation/absorption variation with dropteimperature gradienf20].
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2.2.4Droplet Drag

As discussed ithe DropletTrajectory sectionparticle motion is calculated in part using the droplet drag.

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

body has been extensively researched and correldtiodsagce f f i ci ent wi th varying
can be found in most introductory flurdechanicdexts Gee Figure3). The image belowghows three

regions: the laminar regime (Rel@), the drag crisis regime (Re ~°10n which the flow transitions

between laminar and turbulent, and finally the turbulent regime-ER&().
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While the drag results for spherical bodies are well documented, droplets within real world spray flows are
rarely spherical Aerodynamic forces deformiroplets and cause breakup, durihg process of which
droplets canrihabit a range of complex shapes. As such dynamic drag models have been developed to

better approximatesatworld flows.

Ansys Fluent provides a dynamic drag law for droplet motiorld@ed by Mather and Reitz in whiigh
i s assumed t hrag varieshbetwedrr tlap of @ sphese add that of a disk throughout its

deformation as shown faquation19[21].
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Where | is the droplet deformationsadefined in the Taylor Analogy Breakup Mogdelhere droplet
deformation isanalogous to a maspringdamper systenthis defintion includes the effects of varying
Reynolds number) In the case of no deformatigh ( 17) the droplet drag is simply that of a sphere, and
as the deformation approaches unity the droplef dpproaches that of a disk (  p& 3. This approach
does not fully desdve the variations in droplet drag during breakup modes such dsrdwgupbutis a

significant step forward from the assumption of spherical particles.

2.2.5ParticleWall Interacton

In flows that feature solid geometries, drophatll interaction can play a large role on the overall flow
behaviour. In the case of infrared supprassf naval exhaust plumes spray runoff from solid surfaces
can impact crew members on deck and rbesiccounted for. Standard CFD packages allow for several
types of particlavall boundary conditions such as elastic collision, inelastic collision, alidilm. In the
case of elastic/inelastic collision all incident particles will rebound from thiebwawill not be trapped or

form films.

The wallfilm model that is provided in Ansys Fluent allows for droplets to be trapped by geometric walls
andform a thin film which can transfer heat, evaporate, and shed droplets. This model was designed
specfically to apply to the interior of combustion engine cylinders to account fomfaklimpingement

and is subject ta restriction that any films must leder 500um in thickneg8]. This restraint renders

the wallilm 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

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

In order to compare with simulation resuttee Grant Timmins Hot Gas Wind TunrfelGWT), modelled
as a scale version of a naval vessel exhaust system, was experimented upeatasiggray to cool the

hot gas plume. The resulting flow was thiminated vialaser sheetnd imaged for CFD comapison

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 iself consistof a 40hpelectricblower,inlet diffuser, combustion chamber, settling champest
combustion nozzle, and a length of exit pipe for flmvelopment. These features are showFigure4.

The blover drives a larg pressure differentiab accelerate the floywhile the diffuser slows the flow so

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

through the postombustion nozzle and passethrougha lengh of pipethatallowsfor flow developnent.

r settling ~ post-combustion

mlet diffuser—, | chamber ‘
] | nozzle
centrifugal blower pipe \

§ o 1 T N
AN I o —
T ,,T g wind tunnel exit -/

combustor

Figure41 Hot gas wind tunnel schemafts]

The HGWT does not contain a traditional testing chamber and instead expels the hot gas @ubthieesid
Grant Timmins facility where it can safely deyseinto the atmosphere. A variety of nozzican baffixed
to the exit of the tunnel to alter the jet characteristics and other experionethis same rigaveincluded

aerodynamic devicgdaceddownstream of the exit to gauge their effects on the flow.

The wind tunnel features a safety congydtem with limits on the blower pressure rise and high/low limits
on the pressure drop across the combustion chamber. If any of these criteria @&tecoatlpastion cannot

be initiated. Combustion is controlleth a natural gas line into the combastichamber upon which a
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usercontrolled valve allows for a percentage of maximum fuel flow to be delivered to the combustor. Each
of the pressure limit siiches also operates a valve on this main gas line andteyilthe 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 specifipeeture the user must alter the

percentage of fuel flow uihthe temperature is reached.

3.2 Air Nozzle

As an alternative to evaporative spray cooling many military vehicles utilizerajector systems for IR
suppression These systems require exhauategto be acceleratethrough a nozzleand then passed
through ashroudednixing tube as shown iRigure5. The high velocity/high momentum exhaust gas then
entrains cold ambient air into the mixing tyldich often has adddnal entrainment ringsand the exhaust

gas is cooledowering the IR signatureThis cooling methods often employedn naval vessels and it is
assumed for the purposes of this researchstiaian ejector system would Ipeesen{l1]. This requires

that the airflowleaving the wind tunride accelerated to a velocity comparable with a naval vessel exhaust

fitted with ejector system.
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Figure5 - Air-air ejector complete with lobed nozzle and entraining diffitser

Acceleration of the airflow was achieved using a nozzle ladtheo the exit of thevind tunnel. Given the
constant pressure rise across the blower at the start of the wind tunfdb@berpm is not variable) the
velocity through the exit nozzle is dependant only on the density of thedathe area ratio tiie nozzle

As the tenperature of the air is increased through fuel combustion the density rapidly decreases driving
highervelocities of air through the nozzle. A plot of air temperature versus nozzle exit velocity is shown

in Figure®.
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Air Flow Velocity Variation with Temperature
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Figure 6 - Nozzle exit velocity variation

A schematic of the maiair nozzle itself isshown inFigure7. This nozzle design was chosen as it has
been used in past research on this same rig focussing on the dfféci@inejectors on navalessels and

included locations to mount a spray sys{5].
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Figure 7 - Air nozzle desigfb]

3.3 Spray Flow System

When designing spray flows for evaporative coolipgtams 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 gatho@te me
produce such a spray flow is to utilizie atomizing spray nozzles. These nozzles rely bighpressure

air source to atomize a fluid jet and so produce droplets with diameters proportional to the air pressure
supplied. While these devices gure desirable sprgparameterghey are expenge,require a large water
pressure head to operatequire control systems for bathewater 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 isise a pin impingement atomizer as shown in
Figure8. Instead ohigh-pressurair, these atomizersimply impactthe water jet onto a piat velocities
high enoughto break up the flow into small dropletshis requires minimal driving pressureandthe
nozzlesare less susceptibléo damage within exhaust systemue to their reduced complexityThe

downside of this nozzle type is thsppray parameters are morefidifilt to control as the onlgriving
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variableis thewater pressure Additionally, slight variatiors in pin position or diameter of the nozzle

opening can greatly affect the performarnd the device.

Figure 8 - BETE P66 Pin Irpingement Spray Nozzle

The spraynozzle chosen for the experiments presented herein is the BETEifP&Gpingement Spray
Nozzle. This nozzle has been used in real world IR suppressistems on naval vessels and was found
by Davis Engineering to outderm other nozzles in its classThe nozzle exhibits a desirable balance
between driving pressurequirement and droplet diameter allowingttoe use omunicipal water supply
presswe. At an operating pressure of approximately 30psiraplet distribtion with a Sauter mean

diameter of approximately 150pis producedseeFigure9).
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Figure 9 - BETE P66 Sauter mean diameter variatj@aa]

Four P66 noZes were used for this research as this combination @adadfficient spray flow to account

for up to 15% of the air mass moving through the wind tunmbk spraynozzles were placewith equal

spacing aroundhe main air nozzle and were inset halfwalpng the length of said nozzle. The nozzles
were then a#ichedto brass nipples to avoid material damage due to the high temperatures near the nozzle
exit. From therevinyl tubing was hooked up to municipal waer supply source and along each tube a
pressure gauge and ball valve were installed in order totoroand vary the pressure supplied to each
nozzle (sed-igure10). Care was taken to alleviate stress along the tubes and meéniingizzonstriction

caused by excess bending.
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Figure 10- Wind tunnel exitvith spray nozzles (left). Spray nozatessure control system (right)

BETE specification give a relation between the driving pressure of the nozztetharspray mass flow
that is produced. This relationship is heavily dependent on device geontbiag #me nozzles had been

used in previous testing it was required that they be calibfseedppendix A.1for details)

3.4 Optical Equipment

To capture theletailed features of the spray flow for CFD comparison a robust optical analysis was
required. Direct spray imaging was favoured over Schlieren imagerhadglistinction between phases
becames difficult when using a Schlieren appro§2h Two types of optical measurements were taken:
largescale flow imagery with the aim of capturing thediaveraged behaviour of the entire spray plume,

and highspeed imagery taken to capture individual droplet diameters and velocities.

3.4.1Cameras

Two camerawere used foexperimentationa FLIR Flea3 USB micrgamera, and Photron SA5 high

speed CMOS camar Utilizing a laser sheet for illuminatioboth cameras were set on tripods to directly
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image the sprayThe Flea3 is a small scientific camera tagtures black and white imagesaatesolution
of three megapixeland frame rates dfixty frames pesecond $eeFigurell). This camera was uséat

the largescak spray imagery to determine parameters such as spray spreasl amgjispray penetration.

Figure 11 - Flir Flea3 USB camera '

The SAS isa highspeed scientific camera with a full resolutionoofe megapixehnd the ability to reach
frames rates of over 300,06@mes per secongiven a redoed region of interestAchievable frame rate
is dictated by the amount dflumination presentandfor this research the maximum frame rate achieved

was 150,000 frames pers secorithe imagery captured by this camera was used to determine droplet

velodties through particle image velocimetry (PIV).

26



Figure 12 - Photron SA5 hgh speed camera

3.4.2Spray lllumination

Initial testing utilized a LED backlighting system to provide contrast between the spray and air flow. This
method reslts in the spray droplets appearing darker than the illuminated backgaswidwn irFigure

13. While this illumination method did provide sufficient light to image the overall spray behaviour, there
was not enough light to inge particlesat frame rates above approximately 10,000 fps. At this frame rate
droplets are not imagl sharply enough to provide diameter information and do not remain in frame long
enough forPIV techniquego be feasible. Additionally, giventhe depttof field of the lens used amy 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 camerdeetillumination method was changed from LED backlighting to light
scattering induced by a laser she&b pioduce the sheetn MGL-F-532-2W laser module manufactured

by Dragon Laserwvas combined with threk 6 r o u rcohcapel lemseamd mounted along traverse

above the wind tunnel éxi The laser moduland lens system are shownHRigure 14, while Figure 15

shows the systenencased in a blackout enclosure for safety purposes, mdortteel cart taverse. This

system allowed the laser sheet to be traversed axially from the wind tunnel exitrdairmpgely 3m
downstream while the lens tube of the laser rig allowed for rotation of the sheet to provide both axial and

transverse slicesf 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 drdgotential harm to both researchers and the general public,
significant safety precautions wereilape nt ed i n accordance with feder al
and safety requirements. Details of these measures can be found in Appendiight816 shows a dé

phone image of the resultant laser sheet and spray floduped by this setup.
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