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Abstract

Although boiling in pure liquids has been studied thoroughly, boiling in other
circumstances is less well understood. One area that haserbditile attention is
boiling of dilute emulsions in which the dispersed component has a bmwarg point
than the continuous component. These mixtures exhibit several surgréiagiors
that were unknown until the 1970’s. Generally, boiling of the dispersegaunt
enhances heat transfer over a wide range of surface teorpsratithout transition to
film boiling, but a high degree of superheat is required to inibaieng. In single-
phase convection the dispersed component has little effect on hesdéertradhese
behaviors appear to occur in part because few droplets in the emuwsntact
nucleation sites on the heated surface. No detailed andcalysionsistent model of
boiling in dilute emulsions exists at present.

The unusual behavior of boiling dilute emulsions makes them potentsafyldor
high heat flux cooling of electronics. High-power electronic devioasst be
maintained at temperatures below ~85 °C to operate reliably, even while genleeasit
fluxes of 100 W/crh or more. Current research, generally focusing on single phase
convection or flow boiling in small diameter channels, has not yet ifigehtan
adequate solution. An emulsion of refrigerant in water would be suékd to this
application. The emulsion retains the high specific heat and theonductivity of
water, while boiling of the refrigerant enhances the heat felansoefficient at
temperatures below the saturation temperature of water.

To better understand boiling dilute emulsions and expand the expeidimenta
database, an experimental study of boiling heat transfer fromizohial heated wire,
including visual observations, is performed. Emulsions of pentane in areddfC-72
in water are studied. These emulsions have properties sutalpieactical use in high
heat flux cooling applications, unlike most emulsions that have previbasly studied.
The range of the experimental study is extended to include emhéwodeng of the

continuous component, which has not previously been observed, in addition to boiling



of the dispersed component. In both regimes the heat transferccieseffs enhanced
compared to that of water.

Visual observations reveal the presence of large attached bubblbée dreated
wire, the formation of which coincides with the inception of boilingh@ heat transfer
data. At very low dispersed component fractions and low temperahoiéisng of
individual dispersed droplets is not observed. The large attached budresent a
new boiling mode that has not been reported in previous studies and is,sanuer
circumstances, the dominant mode of boiling heat transfer.

A model of boiling dilute emulsions is developed based upon the Euler{Batel
of multiphase flows. The general balance equations as developedey dnhd
Passman are applied to the present situation, thus providing a rigomdyshysically
consistent framework. The model contains three phases that regreseontinuous
component, liquid droplets of the dispersed component, and bubbles that nasult f
boiling of individual droplets. Mass, momentum, and energy transfer betie
phases are modeled based upon the behavior of and interaction between individual
elements of the dispersed phases. One-dimensional simulationsiogl@ boiling
droplet in superheated liquid are also performed, and the resuliseatéo develop the
closure equations of the larger model. Droplet boiling is assumedcir when a
droplet contacts a heated surface or a vapor bubble. Collisions betweg#ets and
bubbles and chain-boiling of closely-spaced droplets are considered.

The model is limited to the dispersed component boiling regime, andttdoss
not account for phase change of the continuous component. The model also does not
include the large attached bubbles revealed in the visualizationragpés. However,
simulations of boiling match several trends observed in the expmtaindata. The
model thus provides a physically consistent and partially validaitgtbrm for future

analytical and numerical work.
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1. Introduction

Boiling has long been recognized as an important heat transféamsm and has
been intensively studied for over a century. Boiling of pure liquidsvsg fairly well
understood, but surprising behavior is still encountered in some cianrast One
such area is boiling of dilute emulsions in which the dispersed compbaera lower
boiling point than the continuous component. Under these conditions, the degree of
superheat required for boiling is much higher than for pure liquids, and bithauis,
transition to film boiling) does not occur. This anomalous behavior veaswired in
the 1970’s (Mori, Inui, and Komotori, 1978) and has since been studied iegteisy
Bulanov and co-workers (Bulanov and Gasanov, 2007, 2008). Despite the experimental
studies that have been performed, there is as yet no detailedtand&g of how the
boiling process occurs.

An emulsion is a mixture of two immiscible liquids in which one ljthe
dispersed or droplet component) forms a suspension of many small slioglet other
liquid (the continuous component). An emulsion is considered dilute when the
dispersed component occupies ~5% or less of the emulsion by volumdhe
emulsions considered here, the dispersed component has a lower baiinthan the
continuous component. The primary purpose of this study is to understand what
happens when only the dispersed component boils, although experimentteade@
to higher surface temperatures to measure heat transfer when both compohents boi

Superheated droplets in an emulsion exist in what is callectta-stable state,
meaning that they remain liquid despite having a temperature abelVe their
saturation temperature. The meta-stable liquid would rapidly boilit batist either
first contact a liquid-vapor interface or experience someodatisturbance that initiates
boiling. Pure liquids are not often found in meta-stable statesibedhe walls of the
container holding the liquid contain nucleation sites — microscopiciesviesulting
from the manufacturing process, that retain gases. There imitand degree of
superheat above which nucleation occurs spontaneously, without the presange o
nucleation sites. Theoretical predictions of this limit are gdlyein good agreement
with experimental studies of boiling in isolated droplets. The maximum possibikedeg
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of superheat is a function of the liquid and the ambient pressure, tpically 100 °C

or more and is also greater than the point at which boiling oceutduite emulsions
(Bulanov and Gasanov, 2007, 2008). An understanding of the mechanisms that cause
individual droplets in the emulsion to boil is crucial to understandingpeedicting the

overall behavior of boiling emulsions.

Bulanov and Gasanov (2008) give a possible explanation of this behavidrdmase
chain-reaction boiling of the droplets due to the presence of impuntigse liquid.
They speculate that the droplets of the low-boiling-point liquid contaiccidles of
nano-particles, too small to be detected or filtered out by norneginsa These
floccules contain some trapped atmospheric gases absorbed on tlagiesurAs the
liquid temperature increases the gas comes out of solution and evwefual$ the
nucleus for a vapor bubble, which causes the droplet to boil. The rg@dsaen of a
boiling droplet creates a shockwave that breaks up floccules inearpy droplets, so
that they release their trapped gases and thus cause those dodptetediately boil as
well.  While this explanation agrees with much of their expemtaledata in a
gualitative sense, the physical processes are not modeled aih, a@eid there are
insufficient details in their papers to allow prediction of thénaweor of boiling
emulsions. Some experimental data for emulsions in which partiales been added
to the low-boiling-point liquid are contradictory as well (Bulanov, Gasarod
Tuchaninova, 2006).

The unusual characteristics of boiling dilute emulsions may be usefaldressing
an open problem in heat transfer engineering: high heat fluxngoof electronics.
High-power electronic devices, such as computer CPUs, must betamed at
temperatures below ~85 °C to operate reliably, even while producing heatdhikegh
as 100 W/crh(Thome, 2006). The bulk of recent research into this problem has been in
the areas of single-phase and boiling heat transfer in-siafleter channels. Often
called microchannels, these channels could potentially be etchetlydinéo the silicon
substrates of CPUs, thus providing an extremely short heat condpatiofor the heat

generated in the electronic junctions of the CPU (Tuckerman and Pease, 1981).



Experiments performed by Tuckerman and Pease (1981) demonsttdirghlacat
flux cooling can be achieved using single-phase convection to watkrsimanner.
However, at high heat flux the temperature increase along theh lesfg the
microchannel is significant. Further, high inlet pressure is requio force water
through the microchannels at a sufficient rate. Both of thesetgfplace stress on the
silicon substrate. For single-phase convection in simple mionoets tradeoffs
between low temperature rise in the liquid, low pressure drop, andeloyetature
difference between surface and fluid are unavoidable. Various pbterinods of
improving on this situation have been studied, including placing strsciareghe
microchannel (Kandlikar and Grande, 2004), electrical fields, and vibratergents
(Steinke and Kandlikar, 2004). The effect of these changes is to lpethe laminar
flow structure of the liquid in the microchannel, which improves heat transfer edshe
of increased pressure drop.

A separate set of problems are associated with the use of bodatgransfer for
high heat flux cooling. The most significant problem is that treg transfer fluid of
choice, water, has too high a saturation temperature to be useabforg electronics.
Other refrigerants and heat transfer liquids have lower saturi@mperatures, but they
also have much lower critical heat flux (CHF), typically wbklow 100 W/crh
(Wojtan, Revellin, and Thome, 2006; Zhang, Mudawar, and Hasan, 2007; Agostini et
al., 2007). Similar to single-phase heat transfer, some improveime@GHF can
obtained through the use of more complex geometries, such as afraysro-jets
directed into the microchannels (Sung and Mudawar, 2009). However,eshang
geometry alone produce only modest improvements in CHF, and moreicsighif
improvements have been demonstrated only by cooling the refrigeramlltbelow
room temperature and by allowing the surface temperature t@d8® °C as well
(Sung and Mudawar, 2009).

Boiling dilute emulsions offers an alternative to single-phase ankhdpdieat
transfer that combines the positive characteristics of bothttaeetfer methods. In an
emulsion of refrigerant in water, water makes up the bulk of théseon and gives the

mixture high heat capacity and thermal conductivity. With the graghoice of
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dispersed component, the droplets will boil rapidly at temperatwiesviB85 °C, thus
agitating the water flow and breaking up its laminar flow $tm&c (Bulanov, Skripov,
Gasanov, and Baidakov, 1996). Such agitation of the water may improvieamséesr

rates far more effectively than placing structures in themélaand will do so without
increasing the complexity of the channel itself.

A recent experimental study highlights the importance of thenaté contact
between refrigerant and water that is achieved in emulsions.udy sf mixtures of
water and FC-72in a flat microchannel shows that when the two fluids are not
thoroughly mixed beforehand, they segregate into separate patedl@ins in the
microchannel. When so separated, any boiling that occurs in the R@s7#qgligible
effect on the water stream, and no heat transfer enhancemerdireedldver the case
of a water-only flow (Roesle and Kulacki, 2008).

At present, understanding of boiling emulsions is very limited. Tbst metailed
description of how emulsions boil is that of Bulanov and Gasanov (2008), &tilt it
leaves many questions unanswered. The structure of the boundarynlay boiling
emulsion near a heated surface is not known. It is not known preaisehg¢ or how
boiling occurs within the boundary layer. It is not known how the boiliogldts and
bubbles influence each other. Also, the model of Bulanov and Gasanov is not
predictive of the heat transfer rate for any given conditions.

The purpose of this study is to develop and validate via experiment a physical model
of dilute emulsions undergoing boiling. The model is rooted in a ddtaihalysis of
the behavior of a highly superheated droplet undergoing boiling. Thetsetié the
boiling droplet on the surrounding fluid, and therefore any nearby dso@et also
considered. These boiling phenomena are linked to the overall behavior of the emulsion
using the Euler-Euler approach to modeling multiphase mixtures (Ruzab2). The
model developed here is the first to contain an internally considésatiption of the

mechanisms and physics of boiling dilute emulsions.

1 FC-72 is a Fluorinel!' Electronic Liquid manufactured by 3M. Its intended applications are leak
testing and electronics heat transfer applicatidtssnotable properties include low boiling pa{66.3 °C
at 1 atm pressure), low solubility in water, lowgadsity, and low surface tension.
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Numerical simulations of boiling emulsions are performed usingntbdel, and
these simulations are compared to experimental results. Theinespes examine
emulsions undergoing free-convection boiling on a horizontal heated wire, and
measurements of the heat transfer coefficient as well aalvaservations are carried
out. Although a potential application for this phenomenon is seen trtraeafer in
small-diameter channels, the natural-convection experiments pedoimthis study
offer a better opportunity to observe the detailed behavior of boilmglseons.
Experiments are performed with two combinations of fluids, FC-72 atemwand
pentane in water. Currently, the open literature does not contaidaaayon boiling
emulsions of these fluid combinations. The visual observations of thetrbaater
surface during boiling of these dilute emulsions, correlated Wweheat transfer data,
are also a new contribution to the literature base.

The following chapter describes prior work that has been accomplishiibd area
of boiling emulsions. The chapter also provides background informatioelated
subjects that serve as a foundation for the work in this dissertalihe new model of
boiling dilute emulsions is developed in Chapter 3, and in Chapter 4 arioaime
solution procedure for the model is described. Chapter 5 describessthis 1of the

experimental study and compares them to numerical simulations.



2. Literature review

The literature on boiling emulsions is relatively sparse and Nt/ theoretical
work on the subject exists. In this section, the literature onnigo#imulsions is
reviewed, as well as some related topics that are impddamderstanding the main
subject. These topics include spontaneous nucleation in liquids and maxfetingr

phase droplet and particulate flows.

2.1. Spontaneous nucleation

Spontaneous nucleation refers to the formation of vapor nuclei in ahsaped
liquid independent of nucleation sites on a solid surface. There aragproaches
used to predict the degree of superheat necessary to cause spetardeation. One
approach is based on the mechanical stability of a fluid defayedn appropriate
equation of state. The other approach considers the microscopic dlrcsigtions
present in fluids, predicted by statistical mechanics.

Spontaneous nucleation generally does not occur in engineering plaet@ese
boiling will occur at nucleation sites on a heated solid surfadeb&ére the liquid
becomes sufficiently superheated to cause spontaneous nucleationconiitgons
necessary for spontaneous nucleation can be produced in the laboratory,rhangve
some experimental studies of spontaneous nucleation that have advancethnduhey
of the process are discussed in the following sections. Experimesialts are
generally in good agreement with the theoretical predictions of the linstgpefheat.
2.1.1. Thermodynamic limit of superheat

The thermodynamic limit of superheat may be predicted foam dér Waals fluid,
i.e., a fluid that obeys the Van der Waals equation of stat&iglr2.1, curve ABCDEF
represents an isotherm for a Van der Waals fluid with terhperéess than the critical
temperature. The curve ABEF represents an isotherm as is agyntaught in
engineering thermodynamics, where the straight segmenteBiesents a saturated
mixture.

Consider the behavior of a Van der Waals fluid &assislowly expanded

isothermally from a compressed liquid state (state A). The Will proceed along the
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Figure 2.1. Isotherm of a Van der Waals fluid on a P-v diagram.

curve shown in Fig. 2.1 to state B, where it is saturated liquid. eXpected behavior,
if the liquid is expanded further, is for nucleation sites to becactige on the walls of
the vessel containing the fluid. The fluid will then become a atdrmixture and
follow line BE. If no nucleation sites are present, however, itiigdl will instead

continue along the Van der Waals curve towards state C, entieeimgeta-stable liquid
state. This process can continue only up to state C. It is ibj@$sr a Van der

Waals fluid to exist in stable equilibrium between states ChamecausefP/qv >0.

State C, therefore, represents the thermodynamit &if superheat. (Blander and Katz,
1975)

This approach is not limited to Van der Waals fjidny fluid that exhibits a “Van
der Waals loop” (segment CD) will have a meta-&tdigjuid state with an upper bound
where the slope of the P-v curve crosses througb. zén fact, for most fluids the
thermodynamic limit of superheat predicted using Wan der Waals equation of state
is a bit too low when compared to experimental lisg8lander and Katz, 1975). Other
equations of state give more accurate resultspwadin there is some difficulty in
accurately modeling the state of meta-stable fluglag data from the stable liquid and

vapor regions.



2.1.2. Kinetic limit of superheat

The kinetic limit of superheat is found by considering the defisicguations that
occur in all fluids. In liquids, these density fluctuations takefdine of microscopic
vapor bubbles, bubble embryos. Most of these bubble embryos are ephemderal a
immediately collapse in on themselves due to surface tensionhiginlg superheated
liquid, some bubbles may pass a critical radiug, &Rd continue to grow. If the

formation of the bubble embryo is assumed to occur isothermally,

R, =R, +25 2.1)

cr

At the critical radius, the vapor pressure inside a bubble embialg balances the
ambient pressure and surface tension. This mechanical equilibsuomstable
however. An embryo that is larger than the critical radius gvibhw to macroscopic
size, while an embryo smaller than the critical radius wallapse. The rate at which
bubble embryos grow to the critical radius depends on the reactidic&jneghere the
reactions under consideration are evaporation from and condensation to tleevimibbl
The kinetic limit of superheat is defined as the temperatunhiah the rate of bubble
nucleation due to density fluctuations becomes large. The thedescribed in detail
by Blander and Katz (1975) and is summarized briefly as follows.

From statistical mechanics, the density of bubble embryos oka gize in a liquid

is related to the number density of molecules in the liquid by,

- W
Nembryo(c) = Npor€Xp k—-(I_C) , (2.2)
B

where W() is the work required to form a bubble embryo earihg molecules. At
equilibrium the number of embryos of each size amstant, so the rate at which
embryos grow from to +1 molecules must be independent of This requirement
leads to the formula for nucleation rate (Katzz8atg, and Reiss, 1966),
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j=_ P dc , (2.3)

(mekBT) 1 A(C)Nembryo(c)

where A() is the surface area of a bubble embryo containingolecules, which
typically can be determined by assuming that thebhaiis spherical in shape and that
the vapor inside behaves as an ideal gas.

Equation (2.2) can be substituted into Eq. (2.8}, dn expression for the work of
formation of an embryo is required before the ireg Eq. (2.3) can be solved. The
work of formation is usually evaluated under theuasption that the embryo remains in
mechanical equilibrium as it grows (Blander andZdt975). The right-hand side of
Eq. (2.1) is therefore used to describe the pressuthe embryo at all radii. Under this

assumption the nucleation rate is,

2 %ex - 16ps” (2.4)
pmB 3kgT(R, - R )?
where B has the value 2/3 and m is the mass oiicriholecule.

The assumption of mechanical equilibrium may not ¢&a&rect under all
circumstances, and several other scenarios have &eamined by Kagan (1960).
Kagan finds formulas for nucleation rate in whichbeyo growth is limited by each of
four alternative factors: viscosity, inertia, rateevaporation, and heat transfer. In each
case the pre-exponential factor of J differs, et éxponent remains unchanged. For
example, assuming that the embryo remains in creraguilibrium (P = P) instead of
mechanical equilibrium (P = P+ 2 /r) changes the value of the factor B from two-
thirds to one. Due to the rapid rise in the exmpiaé term with temperature, these
changes in the pre-exponential factor are irrelef@nmost liquids (Blander and Katz,
1975). The effects of non-ideal gas behavior ie bubble embryo are similarly
negligible when considering spontaneous nucleatibra pure substance (Katz and
Blander, 1973).



Table 2.1. Nucleation rates of FC-72 at atmospheric pressure (Chen et al., 2006).

T Psat i J
(K) (kPa) (kg/m?) (N/m) (m3sY

403.2 729.1 1320.9 0.0026 5.26 x40
404.2 745.0 1311.7 0.0025 1.24 x0
405.2 761.1 1302.8 0.0025 3.97 X410
406.2 777.5 1293.9 0.0024 2.26 XX10
407.2 794.1 1284.9 0.0023 2.78 10
408.2 811.0 1276 0.0023 8.71 X'10
409.2 828.2 1267.1 0.0022 0.81 X410
410.2 845.7 1258.1 0.0021 4.40 40
411.2 863.4 1249.2 0.0021 2.55 X310
412.2 881.3 1240.3 0.0020 3.07 X80
413.2 899.6 1232.8 0.0020 1.57 ¥10

Unlike the thermodynamic limit of superheat, this description of sp@wus
nucleation does not provide a definite temperature at which spontaneoestioachill
occur. In fact, Eq. (2.4) predicts a nonzero rate of nucleation for any superhgatkd li
To define the kinetic limit of superheat from this theory, one missi specify a
nucleation rate above which the liquid is considered to be boiling. alttipe, values
between 1& and 16° m®s! are generally found to give good agreement with
experiment (Blander and Katz, 1975; Chen et al., 2006). This rangeyés but the
exponential term of Eq. (2.4) changes extremely rapidly withpéeature for pure
liquids and so corresponds to a temperature range of less than tmeesdelThe terms
in the denominator of the exponential, T andirRrease with temperature, while the
surface tension in the numerator decreases with temperasrghown in Table 2.1 for
the heat transfer liquid FC-72, J increases by a factor of apmately 18 per Kelvin.
Other pure liquids have similar rates of increase in nucleation rate.

2.1.3. Experimental studies of spontaneous nucleation
Spontaneous nucleation may be produced in the laboratory, but care isdequir

prevent boiling at nucleation sites on solid surfaces. Nucleatedl avoided in a
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number of ways, including using glass capillary tubes, pulsed heatidgthe floating
droplet method (Skripov, 1974). A drawn and annealed glass capillbeyhas an
exceptionally smooth surface that contains few, if any, nuoleaites. Large degrees

of superheat were first studied using this method (Wismer, 1922he jpulsed heating
method an electrical heating element (such as a fine wirdilon &eater) is immersed

in the liquid under study. A pulse of electrical current applethé heater causes the
surface temperature to rise extremely rapidly, at a rat€0oPC/s or more. Both
nucleate boiling and spontaneous nucleation occur on the heater sorfihee first
several tens of microseconds, but the time scale is so shdtighaicleate boiling does

not dominate, and spontaneous nucleation may be observed (lida, Okuyama, and
Sakurai; 1994). This technique was developed by Pavlov and Skripov (1970) and
allows observation of higher nucleation rates than the other methods, hltheughort

time scales involved make observation and measurement of the phenomenon
challenging. The final technique, the floating droplet method, useditons most
similar to those found in dilute emulsions.

One of the first uses of the floating droplet method was by M@®989). Moore
created droplets of Freon-12 in water in a heated test chanmbeatlnegh pressure, and
then superheated them by slowly reducing the pressure in the chammbeiholding
temperature constant. An alternative approach was developed bysiWa&eand
Takata (1958), in which the droplet is instead heated at constasumgesThis is
accomplished by creating a column of dense, high-boiling-point lidwatl is heated
mostly at its top. The bottom of the column is held at a terhperdelow the
saturation temperature of the liquid under study. Small dropletseofiquid under
study are introduced at the bottom of the column, and they slowlyntesever warmer
liquid until nucleation occurs. This technique was used by sevarabktef researchers
to measure the limits of superheat of a wide variety ofdsjugenerally finding close
agreement with the kinetic limit of superheat (Blander and Katz, 1975; Skripov, 1974).

The effects of impurities in a liquid on its spontaneous nucleation &lavebeen
studied experimentally, mostly through the floating droplet methdslally the liquid

under study is distilled in an attempt to remove any microscopiiclea suspended in
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the liquid, as these are regarded as possible nucleation siteevétowarious studies

on the effects of suspended particles on nucleation as welliégstiom have produced
contradictory results (Kenrick, Gilbert, and Wismer, 1924; Apfel, 197%fasBerg,
1959). An elegant study by Buivid and Sussman (1978) shows that the suspended
particles themselves do not cause nucleation. Instead, gas entraihjprethe particles

can serve as bubble nuclei. They demonstrate this mechanismximg particles of
carbon black into pentane and then measuring the temperature at hibleiling

occurs after soaking the mixture for some time at temperaheas the saturation
temperature of pentane. They find that the longer the soalofithe mixture (during

which the gas entrapped in the patrticles is driven off), therdbseoiling temperature

of the droplets comes to the kinetic limit of superheat.

2.2. Continuum models of multiphase flows

Multiphase flow$ exist in a variety of forms in nature and in many industrial
processes. Some examples include the flow of sediment-ladenwater, boiling
liquids, sprays of liquid fuel in combustors, and the emulsions thaharsubject of
this study. These examples are classified as dispersed Heasuse in each case one
phase exists as many separate elements distributed throughouwthtire phase.
Although the equations that govern the motion of these flows is knowa Navier-
Stokes equations — it is generally impossible, or at least itigakdo solve directly for
the flow field in dispersed multiphase flows because there arentoty surfaces to
track individually.

Given the complexity of multiphase flows, any practical modehaftiphase flow
must account for the interaction between phases without trackirealinterfaces
between them. Doing so necessarily requires making some asswsnggarding the

structure of the dispersed phase(s), and these assumptions limitarige of

2 The terms ‘phase’ and ‘component’ deserve claifin, as their usage is not uniform across altisie
of study. In this dissertation, ‘component’ reféssa distinct substance, while ‘phase’ identifiegh
substance and state of matter. For example, anpodmulsion of FC-72 in water contains two
components (FC-72 and water) but three phases (Vpd 2, liquid FC-72, and liquid water).

However, in the multiphase flow modeling literatuighase’ is often used generically and could réder
either a component or a phase, depending on homduke! is applied. In this Section, phase is used
this generic sense.
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applicability of any model of multiphase flows. Many moddisréfore exist for
various types of flows and geometries and at differing levels of complexigyityi, and
generality (Wallis, 1969), and modeling multiphase flows remamsaiive field of
study.

Increasingly, modeling efforts in multiphase flow are diredtedards the field of
computational fluid dynamics (CFD), the analysis of fluid flamd related phenomena
using numerical methods solved on computers. Approaches to CFD caallgdme
divided into one of three approaches: direct numerical simulatid¥S)D Euler-
Lagrange, and Euler-Euler (Rusche, 2002). These are illustratedaticadiynin Fig.
2.2. The DNS approach is the most computationally costly, as itesgimulating the
(usually very small-scale) motion of the surfaces dividing thesgdaas well as the
fluids themselves. This approach is often prohibitively costlyfléavs of engineering
interest. In the Euler-Lagrange approach, the motions of individualeats of the
dispersed phase are simulated but the internal behavior of eacbntlsmot. The
name Euler-Lagrange reflects the fact that the dispersed phasmulated using a
Lagrangian method (Newton’s laws of motion) while the continuous phasenulated
with an Eulerian method (the Navier-Stokes equations). Finally,Eiller-Euler
approach is the least computationally intensive because it dispaiteesimulating
individual elements of the dispersed phase at all. Instead, easshiphrapresented as a
continuous fluid that occupies a fraction of the total volumé3ouré and Delhaye,
1982, Gidaspow, 1994).

The most straightforward interpretation of the Euler-Euler amgpros that all the
guantities that are considered (phase fraction, velocity, temperaand so on) are
composite time- and space-averaged values. This is weddstaitCFD, in which the
flow domain under consideration is split into a number of discrete vsluand the
simulation proceeds by discrete time steps. While this impon has clear physical
meaning, it leads to a number of difficulties that are discussed in detaill §¥998).

One limitation of composite-averaged equationsnighe scale of the discrete
volumes and time steps. For a volume-averaged quantity of the digp®rase to be
meaningful, the volume over which averaging takes place must bedanggared to
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Figure 2.2. (a) Dispersed two-phase flow, (b) DNS approach wheeess as well as
fluid elements are simulated, (c) Euler-Lagrange approachrewhe
individual elements of dispersed phase are simulated, (d) Euler-Euler
approach where average volume fraction of each phase is simulated.

the average spacing between elements of the dispersed phastarlySifar a time-
averaged quantity to be meaningful, the averaging period must bedongared to the
transit time of an element of the dispersed phase through the vol@mehe other
hand, the sizes of the discrete volumes and time steps must beemphred to the
macroscopic flow features that the simulation is meant to captlires not always

possible to satisfy both of these requirements simultaneously (Hill, 1998).
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Another difficulty rises from correlation of fluctuations in theeeaged quantities.
Usually the composite-averaging process is accomplished bygaver over the
discrete volume first and then over time. The intermediate quanéh instantaneous,
space-averaged value — fluctuates in time. A number of new #aisesin the Navier-
Stokes equations due to correlations in the fluctuations of differamititjas, similar to
the Reynolds stress terms found in turbulent flows, and the physeaatings of the
new terms are not always clear (Hill, 1998).

These difficulties may be eliminated by abandoning the compaesiézaging
process altogether and instead using ensemble averages. Tiuachpmlso called
conditional averaging, yields averaged mass, momentum, and interngy &adasince

equations in a single averaging operation (Drew and Passman, 1999),

%+N><(e,r_iﬂi):(3, (2.5)
Tbl;_hlUl +N><(ell’_iUiUi):N>{ei (?, +TiRe)]+e|r_iBi +|:i +Ui,lq’ (2.6)
Er e

B8 Rider,Uia)= 6T : N0 - Ko fg; +aR+ @2.7)

er;S +eD; +E; +g ,G.

All quantities in Egs. (2.5) through (2.7) are averaged; the oveldrating averaging
is omitted henceforth for brevity. Internal energy, and velocity,U;, are mass-
weighted (Favré averaged). The body forck;iand the volumetric heating rate is S
The derivation of these equations is described in more detail in Appendix C.

The volumetric rate of mass transfer to phase i through inésfec ;. The
interfacial force applied to phase i from other phasds end the interfacial internal
energy transfer to phase i is EStress is decomposed into an average stfesand the
Reynolds stress[;"® Similarly, the heat flux is decomposed into the flux based on
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average temperature gradients, and the fluctuation heat fluxg"® The internal
energy equation also contains dissipation, [All of these terms must be defined
through either constitutive laws or other closure equations.

The fluid is generally assumed to be Newtonian so that, using Stokes’ assumption,

T=-PI+mNU+NTU-§I(N><U) : (2.8)

It is further assumed that the pressure is the same irpbask. If the Reynolds stress
is represented using Boussinesq’'s eddy viscosity hypothesis (Poy, 8GO stress

term in Eq. (2.6) is expressed,

N"[e. (Ti +TiRe)]:'e|NP+NX &(m+myr) NU; +NTU; - %'(N ;)

o (2.9)
=-gNP- Rix{gr Req.i).

For brevity, the effective viscous stress term is sometempgessed aResi, as shown
above. The term¥P; is absorbed into a fluctuating interfacial pressure term tly Hi
(1998). Hill (1998) and Rusche (2002) use a k-epsilon turbulence closure amadel
include an additional term that is a function of the turbulent kinetezgy. On the
other hand, Drew and Passman (1999) omitNH¢ term and use different average
velocities for the viscous and turbulent stresses.

The interfacial momentum transfer term in Eqg. (2.6) is decompadedseveral
individual forces. Drew and Passman (1999) identify drag, virtual,m#ssotation,
turbulent dispersion, and other forces. The expressions that adepbeléor these
forces are typically based on the forces that act on aesiagtesentative element of the
dispersed phase, and a correction is sometimes applied to accountefactions

between the many dispersed elements present in a multiphase flow.
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For flows in which the dispersed elements are small enough w&ulijected to

Stokes’ drag, the averaged drag force is (Ishii and Zuber, 1979),

18
Fp :d—zdmaff(Uc' Ug), (2.10)
d

where the subscripts d and c refer to the dispeasedcontinuous phases respectively,
dq is the characteristic diameter of the disperseunehts, and ¢ is the effective
viscosity of the mixture. The effective viscosiégcounts for the increased drag
experienced by dispersed elements when they areidety spaced (that is, wheg is
not near zero). Rusche and Issa (2000) developatmn factors as functions of that
may be applied to the single-element drag forcebidobly, droplet, and particulate
flows.

Drew and Passman (1999) express virtual massafitt,rotational forces,

DU, DyU
Fum = Cymedr ¢ E)tc B (E)td ' (2.11)
FL=-Cregrc(Ue- Ug)” (N” Ue), (2.12)
Fr =- Crer c(Ue - Ug)” (N” Ug), (2.13)

where Gn = %2 and ¢ = Cg = ¥%. They argue that the principle of objectivigguires
that G + G = G, for only in that case is the suf, + F. + Fr frame indifferent.
The three forces, taken individually, are not framdifferent. However, many
practitioners consider only the virtual mass foroeyirtual mass and lift forces, and
neglect the others (Behzadi, Issa, and Rusche,, ZB0dman et al., 1992, Hill, 1998,
Hao and Tao, 2003b). Further, experiments show ftiradispersed mixtures, the
virtual mass coefficient increases slowly with(Drew and Passman, 1999, Gosman et

al., 1992) while the lift coefficient rapidly deases towards zero with increasing
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dispersed phase fraction (Behzadi, Issa, and Rusche, 2004). Thipahsgrenay be
an indication that the form of Eqgs. (2.12) and (2.13) is not correct fperdisd flow.
Rusche (2002) examines other equations for lift that do not depend on rshbar i
average flow.

Gosman et al. (1992) and Drew and Passman (1999) both include an additional

turbulent drag force, which Drew and Passman express as,

3r.C
FTD=CTDZ —

eg|Uc - Ug[Te Ney, (2.14)
d

where for small particles{g = 1. Other interfacial forces include the Basset and Faxén
forces, as well as a half-dozen additional terms that DrewPasdman (1999) list but
do not name. These forces are neglected in simulations of muétiflbas In fact,
Gosman et al. (1992) find that only the drag force is signifit@nliquid-solid flows

and drag and virtual mass forces for liquid-gas flows.

Many practitioners are concerned only with describing the fl@hd ffor non-
reacting two-phase flows, so that= 0, and the internal energy equation is not solved.
One group that has used the Euler-Euler approach to successfullgtsirtwo-phase
flows with both heat and mass transfer between phases is Hao @if2l00&a, 2003b).
Hao and Tao numerically predict the melting of a packed bed of sphdiqaid flow
(2003b). Additional constitutive relations are required to model haasfar between
the phases due to convection and mass transfer due to melting. ‘Ehagy esergy
equation similar to Eq. (2.7) but expressed in terms of enthalpgrrétan internal
energy. They neglect the viscous dissipation and flow work termasyse Fourier’s
law to expresgy in terms of the mean temperature gradient. Their simuladons
laminar so they do not include the turbulent heat flux term. Hao andoraot attempt
to simplify the equations further or develop an analytical solutiom them. They
perform simulations of a packed bed of spheres of ice in a horiztmalof water
through a channel, with conditions matching those of earlier expegr{tdab and Tao,
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2003a). The results of the simulations match those of the expenveéiribr changes
in the depth of the packed bed as well as the mass of melted ice over time.

In a separate study, Hao and Tao (2004) use an Euler-Euler moderltates flow
and heat transfer in a laminar flow of a liquid laden with padicf encapsulated phase
change material (PCM). The governing equations are sitoiltrose obtained in the
previous study, although they are simpler in this case becausedh®ey mass transfer
between the encapsulated PCM and the carrier fluid. The spenifi@lpy of the
particle component is used to differentiate between solid, partradlyed, and liquid
PCM, and the bulk properties (density, specific heat) of the PG dafined
accordingly at each point. Thermal equilibrium within each PCNMigbaris assumed,
although not between the PCM and the carrier fluid. The study aiesuflow in a
microchannel with a diameter of 122 um and particle sizes beti@dnand 10 pum.
No experimental data under such conditions exist for direct compabsbthe authors
find qualitative agreement between their results and experimeritsrped at larger
scales. Further numerical simulations are made with the go&hdihg optimal
operating conditions for such particle-laden flows (Xing, Tao, ldad; 2006). These
simulations are performed at a larger scale so that tbedittons can be matched to
experiments. The authors again find reasonably good agreemenexpigniment,
although sensitivity of both experiment and simulation to the floet itdmperature
near the melting temperature of the PCM leads to large uncertainty in ths.resul

Determination of the properties of each phase can be problematic. berkegpt in
mind that in an Euler-Euler model of multiphase flow, a collectiodisdrete dispersed
elements is represented as a fictitious continuous fluid. The pespeftthe fictitious
fluid are not the same as those of the fluid that makes up thé disjpersed elements.
The property for which this distinction is most important is visgositMany
correlations exist for the effective viscosity of multiphas&tures, but for an Euler-
Euler model some method is required to split up the effective vigdostween the
phases of the mixture. Xing, Tao, and Hao (2006) take the approacttimg $kee

viscosity of the continuous phase equal to that of the pure fluid anghiaggsithe
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‘excess’ viscosity to the dispersed phase using a weightedgevéased on volume
fractior?,

ﬁC rTC
(2.15)

my = (M - ecmyJeq™

This linear relationship between the phase viscosities is asshynXing et al., without
justification. They find that this approach, when implemented in a mcehe
simulation, gives results that more closely match their exjgetzh data than assigning

a fixed value of 0.01 kg/m-s tay. A more rigorous approach by Soo (1967) for

suspensions of solid particles in gas results in a distributiorsobsity based on mass

fractions,
— edr d
= 1-dd
m e.r . Mt
(2.16)
—_ edr d
my e My -

Regardless of the method used to assign viscosity to each jphasiable empirical

relation must be selected to determine the effective mixture viscosity, 1

2.3. Boiling emulsions

Several experimental studies of the heat transfer perforntdrnoaling emulsions
have been performed over the past few decades. Emslsire opaque due to the
scattering of light at the surfaces of the droplets, and dimest observation of the

boiling process in experiments is generally impossible. Theréfteeis known about

% An over bar on a fluid property indicates the mp assigned to the phase in the Euler-Euler model
So, | is the viscosity of the liquid that makes up thepdets in the emulsion, while 4 is the viscosity

assigned to the phase that represents the droplets.
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Figure 2.3. Apparatus used by Mori et al. to measure the heatetraoefficient of
boiling emulsions (Mori, Inui, and Komotori, 1978).

the detailed behavior of a boiling emulsion at the heated surfastairinteractions
may occur between the two components. The complex structure efitulsion makes
theoretical predictions difficult as well.

An early study of boiling emulsions by Mori, Inui, and Komotori (1978)
investigates boiling emulsions of water and oil. The oils used halregopoints of at
least 196 °C, so the water is the low-boiling-point liquid. Their stalers a wide
range of mass fractions of water, from 10 to 95%. None of the iemsilgsed in this
study can therefore be considered dilute emulsions. As shown i@.8jgViori et al.
measure boiling heat transfer from a thin heated wire in quie$icetht They use
emulsifiers to produce stable emulsions with average droplet size less thran 6

Mori et al. find that for oil in water emulsions a significa@mperature overshoot
occurs before boiling is initiated, as shown in Fig. 2.4 (&he designation ‘oil in
water’ indicates that water makes up more than half of theunsixso that the structure
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Figure 2.4. Heat transfer data of Mori et al. for (a) oil atew emulsions using KF 96
synthetic oil and 1% Tweé&¥ 80 emulsifier and (b) water in oil emulsions
using Spafh” 80 emulsifier. All percentages are on mass basis (Mori, Inui,
and Komotori, 1978).

of the emulsion may be assumed to be droplets of oil disperseden wdbri et al.
suggest that the large temperature overshoot is a result @ peetting of the heated
wire by the oil. Once boiling begins the oil is driven off, causirsybsequent decrease
in surface temperature. They also find that, in a few caslsilofg at high heat flux,
the surface temperature may suddenly increase by ~200 °C , thbickpeculate may
be due to rewetting of the wire by oil. They find that the braaisfer coefficient of the
emulsion may be better or worse than that of pure water degeadithe emulsifier
used, but the type of oil generally does not have any effect. Thegbloeat transfer
coefficient generally decreases with increasing oil concentration.

Mori et al. also study water in oil emulsions anndfthat some of the trends
identified in oil in water emulsions continue, ases in Fig. 2.4(b). Water in olil
emulsions require higher temperature overshootsrbeboiling begins, typically
between 50 and 100 °C, and have lower heat transfer coefficients. thdilal in

water cases, for water in oil emulsions the type of oil does haweffect on the heat
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Figure 2.5. Apparatus used by Ostrovskiy. Components include (1) chd&joeort,
(3) and (4) auxiliary heaters, (7) thermocouple sleeves, (8)rh€a®
condenser, (13) pressure gage, (14) agitator (Ostrovskiy, 1988).

transfer coefficient. Mori et al. do not speculate on the boilieghanism of water in
oil emulsions.

Some of the difficulties specific to studying boiling emulsi@me illustrated by
Ostrovskiy (1988). The apparatus used by Ostrovskiy to study pool bdaifing
emulsions is shown in Fig. 2.5. He uses emulsions of water and var@rdiqtids
with low boiling points, so that water is the high boiling point liquide dbes not use

emulsifiers, and instead uses an agitator inside the apparatosuksife the mixture
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and maintain the emulsion. He does not report the droplet sizies efriulsions. The
opacity of the mixture is used as an indicator that the mix$ueenulsified. Ostrovskiy
measures heat transfer from a vertical cylinder with 6.6 namelier and 70 mm heated
length, in contrast to the heated fine wire used by Mori et al.

For emulsions of water and R-113, Ostrovskiy finds that emulsions cowtdifi
and 40% water have approximately the same boiling heat tramsf&icient as pure R-
113. This result is similar to the findings of Mori et al. forinilvater emulsions using
Tweer™ 80" emulsifier. Ostrovskiy does not note any difference in the degfe
superheat required to initiate boiling. Ostrovskiy also investigatadsions of water
and butyl alcohol. Butyl alcohol is partially soluble in water, andimgi the two
liquids produces two water-butyl alcohol solutions with different dexssbut the same
saturation temperature. He finds that there is little diffiezan the boiling heat transfer
coefficient for the less dense solution, the more dense solution, ansie@mubf the
two solutions.

Finally, Ostrovskiy investigated emulsions of water and benz&he. boiling heat
transfer coefficients for these emulsions are shown in Fig.Ah@nteresting feature of
these boiling curves is that their slope for the emulsions is howgdr than for pure
liquids. These results are unlike those of other emulsions studi€aktogvskiy, in
which both the emulsions and the pure liquids showed similar dependeraatof
transfer coefficient on heat flux. For these benzene and watdsiens, hy (q")%2
which is close to the behavior of single-phase turbulent free coometip (g7)°%).
Ostrovskiy attributes this behavior to the fact that, at the heeédheat is removed
by convection to the water, and the water is stirred by the bodfnguperheated
benzene droplets in a turbulent-like manner.

However it is noteworthy that the portions of the boilingvesrin Fig. 2.6 that
follow the hu (g")°2 curve all correspond to temperature differences of less than.20 °C

Ostrovskiy does not report the bulk temperature of the emulsion isuteidasonable to

* Tween 80 is a trademark of ICI Americas. Alsownas Polysorbate 80, it is a nonionic surfactant.
Span 80 (Sorbitan monooleate) is also a nonionfastant, and is a trademark of Croda International
PLC.
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Figure 2.6. Heat transfer coefficient for boiling water-benzenelsans. (1) water;
(2) benzene; (3) to (7) 20, 40, 55, 70, and 80% benzene, respectively
(Ostrovskiy, 1988).

assume that the bulk of the emulsion could not have become signifisaptyheated,
else Ostrovskiy would have observed the “sudden foaming in the bepidrted by
Mori et al. Under this assumption, the temperature of the heatiedesunust be less
than 20 °C above the saturation temperature of the benzene. The téda et al.
indicate that superheats of greater than 20 °C are often needetiate imiling. It is
possible that the boiling curves for water-benzene emulsions report€sbtovskiy
resemble single-phase free convection because there was not, anfalboiling taking
place. This would also explain the increase in the slope of thadoilirves for the 55,
70, and 80% benzene emulsions at high heat flux. For all three clnwedope of the
curve changes at a temperature difference of approxim2@etZ, which is where the
water in the emulsion would be expected to begin boiling as well.

That such a simple point as whether or not boiling was taking paceclear
highlights some of the difficulties of investigating boiling enmhsi. The large degree
of superheat required to initiate boiling means that a surfagendy a temperature
greater than the saturation temperature of the low-boiling-point liquid is nmiaoiffto
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ensure that boiling takes place. The opacity of emulsions abnerevents direct
observation of the heated surface, unless special effort is méae design of the test
apparatus. Mori et al. watched for bubbles on the free surface of the emulsiomhabove
heated wire to indicate boiling. It appears that the desigrstrbvskiy’s apparatus did
not permit similar observations.

2.3.1. Dilute emulsions

A number of experimental studies of boiling dilute emulsions have pedormed
by Bulanov and co-workers in the past twenty-five years (Bulanovip®krand
Khmyl'nin, 1984; Bulanov, Gasanov, and Turchaninova, 2006). Dilute emulsions are
those in which the low boiling point liquid is the dispersed component akdsmgp
less than ~5% of the mixture by volume. They find that very highedsgsf superheat
are necessary to cause boiling of the dispersed component, gonilee findings of
Mori et al., and they reason that this is due to the fact thadrthy@ets, not being in
contact with the heated surface, must undergo spontaneous nucledteynaldo show
evidence for a boiling mode that they call chain activation of atiole sites, in which
the explosive boiling of one highly-superheated droplet causes nearby drofletisas
well.

Early experimental studies by Bulanov et al. find that boilingteiemulsions have
several favorable characteristics. In these studies the |dinghpoint liquid is water,
and is dispersed in oil that has high saturation temyeratin both pool and flow
boiling it is found that the heat transfer coefficient is alvaigher for the emulsion
than for the pure oil. In flow boiling experiments the improvemeriteiat transfer is
found to increase with increasing mass fractions of water, ugto(B8lanov, Skripov,
and Khmylnik; 1993), as shown in Fig. 2.7. In contrast, in pool boiling expetsntiee
heat transfer coefficient is independent of masstfon for fractions above 1%
(Bulanov, Skripov, Gasanov, and Baidakov; 1996), as shown in Fig. 2.8. The emulsion
undergoes nucleate boiling under a very wide range of surface somgsrwithout any
sign in the heat transfer data of transition to film bgil{rig. 2.9). Bulanov et al.

speculate that film boiling cannot occur because lbiling of dispersed droplets
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generates insufficient vapor (Bulanov, Skripov, Gasanov, and Baidakov; 1996). The
points in Fig. 2.8 corresponding to emulsions with surfactants showhthatfects of
surfactants are ambiguous, which is similar to the findings of Mori et%8j1

One unfavorable characteristic identified in dilute emulsion boilsxghe high
degree of superheat required to initiate boiling of the dispesegponent, often 60 °C
or more (Fig. 2.9). In one study, however, the water is found to boilweitp little
superheat (Bulanov, Skripov, and Khmyl'nin; 1984). In this case only, at low
superheats the heat transfer coefficient is sometimes redweted that of pure oil.
This suggests that the suddenness of the boiling of highly-superhdratgldts is
essential to the heat transfer improvement, possibly because dis &auses
turbulence in the surrounding liquid. The authors are unable to findeasgn for the
abnormally early initiation of boiling in this study.

Bulanov et al. have explored several other aspefttsoiling dilute emulsions,
including the effects of the droplet size and the addition of sarfeectand suspended
particles. They find that the degree of superheat required fondpdaioccur decreases
with increasing droplet size in the emulsion, although once boilingtiated the heat

transfer coefficient has little dependence on the droplet sige ZFi0) (Bulanov and
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Figure 2.9. Pool boiling heat transfer coefficients for (1) wa(gy, R-113, (3)
transformer oil, (4) water in oil emulsion, and (5) R-113 in wataslsion
(Bulanov and Gasanov, 2008).
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35 m (Bulanov and Gasanov, 2006).

Gasanov, 2007). The addition of particles may advance or retard thieobbsding,
depending on the interaction of the particles with the low-boiling-plogid and
dissolved gases. In general, adding carbon particles to emulsiohschnwater is the
low boiling point liquid reduces the boiling delay owing to the tendesfcgarbon
particles to attract noncondensable gases (Section 2.1.3). On thdaniercarbon
particles may increase the boiling delay when the low boilingtpigjuid is an organic
substance such as pentane or ether because the carbon also abdigibd (Bellanov
and Gasanov, 2008). Surfactants are found to delay the onset of boiling, faghe
shown in Fig. 2.11. They speculate that the increased delay doeoasise the
surfactant coats the surface of any suspended particlesllaasvireibble embryos and
thus interferes with nucleation. However, these explanations do cairdador all of
the experimental data (Bulanov, Gasanov, and Turchaninova; 2006).

Based on these experimental results, Bulanov (2001) has developeddivng
model of boiling dilute emulsions. He assumes that each drtetboils does so
randomly, as in spontaneous nucleation, while ingite thermal boundary layer
surrounding a heated surface. Boiling does not dependontact with the heated
surface itself. When a droplet boils it rises out of the thebmandary layer owing to
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Figure 2.11. Boiling delay at T= 36 °C for (1) pure oil; and water in oil emulsions
with (2) trisodiumphosphate emulsifier, (3) caustic soda emuls#ret (4)
no emulsifiers (Bulanov and Gasanov, 2008).

buoyancy, and its place is taken by more emulsion. This proceskisisated
schematically in Fig. 2.12. The probability of boiling is basedhennucleation rate of
the low boiling point liquid in the emulsiongs) and the time of residence of the droplet
in the thermal boundary layer. The residence time is a functidheofate at which
droplets boil and the thickness of the thermal boundary layer.

Bulanov makes some contradictory assumptions regarding the temperafilesin
the thermal boundary layer. For the purpose of calculating the nanoleate, Bulanov
assumes that the fluid temperature in the thermal boundary layefasm and equal to
the heated surface temperature. For the purpose of calculatirigickeess of the
boundary layer, he assumes a linear temperature profile. Bulaswmasdumes that the
energy required to boil the droplets is provided by the liquid surrounding e that
the temperature in the boundary layer decreases as droplet$ besle assumptions are
inconsistent with each other and make a detailed examination dkettevior of the
emulsion in the boundary layer impossible.

In mathematical terms, for a monodisperse emulsion in which dsoeteer the
boundary layer as saturated liquid and bubbles exit as saturated vagwatheansfer

to the boiling droplets is,
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Figure 2.12. Bulanov’s model of boiling emulsion.

Q= Adeyr dirg[L- expl- JogrVat)] (2.17)

The expression - exp(- Jeﬁth) represents the probability that a droplet boils during

residence time in the boundary layer, wheregxJs the effective nucleation rate and V
is the volume of a droplet. For a monodisperse emulsion, this probaddiity
represents the fraction of droplets, and therefore the fraction oediwplid, that boils.
In Eq. (2.17),  is the thickness of the thermal boundary layer, A is theebeairface
area, anay is the volume fraction of droplets, so that.& represents the total volume
of droplet liquid in the boundary layer. The boiling heat transfer iabbtained by
dividing Eq. (2.17) by the droplet residence timeThe boiling heat transfer coefficient
may therefore be expressedtas Q/At (T, - Ty)-

Next, Bulanov equates the droplet residence time to the time eddoir a bubble
to rise through the thermal boundary layer due to buoyancy. Assumainthé bubbles
are small enough to be subjected to Stokes drag and that tbersling liquid is

motionless, the bubble rise time is,
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where Ar is the Archimedes number of the bubble. Using this ckasdict time in the
equation for the heat transfer coefficient, Bulanov expressdsoilireg Nusselt number

as,

_ hd, Ar Pr

Nu =A, eall- expl- o Vgt )] (2.19)

keff

Bulanov uses the bubble diameter as the characteristic length hMutiselt number.
The factor of 18 in Eq. (2.18) is absorbed into an adjustment paratetehich must

be obtained from experimental data. Bulanov calls the Prandtl number {(2.19) the
“mixed” Prandtl number, as it contains both droplet and emulsion progertie
Pr=myCpq/Kef -

Equations (2.18) and (2.19) cannot be solved yet because the boundary layer
thickness in Eq. (2.18) is unknown. Bulanov estimates the boundary layer fisidckne
assuming that heat transfer through the boundary layer occyrsréyconduction, and
that the temperature profile in the boundary layer is linear. Uthdse assumptions,

the conductive heat flux through the boundary layet.is(T; - Tsat)/dt . Bulanov sets

this flux equal to the convective heat flux expressed in ternteeofNusselt number,

NuKs (Ts - Tsar)/dp , with the result, = d/Nu. The characteristic time can therefore

be expressed by,

_ 18dir g

= : (2.20)
ArNumg

Equations (2.19) and (2.20) can be solved iteratively for the boiling resafer

coefficient.
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Equation (2.19) indicates that the boiling heat transfer coefficiamtsvavith the
droplet volume fraction. But, as shown in Fig. 2.8, experimental data show that for pool
boiling the heat transfer coefficient is independent of dropletidrador fractions
above ~1%. Bulanov explains this discrepancy by noting that when sheafs=
droplet boils, the energy required to vaporize the droplet comes frosutrminding
liquid, so boiling droplets cause the average temperature of thei@miadlslecrease. If
the droplet fraction is large enough, the temperature of the emulgll fall to the
saturation temperature of the droplet liquid before all the dofledl. For a given
volume of emulsion, V, in the thermal boundary layer, the enthalpy relqoireaporize

all of the droplets in the volume Mir 4e4 and the sensible enthalpy that may be used

to vaporize the droplets isV[cp’Crc(l- ed)+cp’dr ded](TS- Tsat). The maximum

droplet fraction for which all the droplets are completely vapdrigg, can be found

by equating these two enthalpies to give,

Cp,cr C(T - Tsat)

r difg + (Cp,cr c” Cp,dr d)(T - Tsat)

eqp = (2.21)

Bulanov usesy in Eqg. (2.19) in place of the actual droplet fraction except for very
dilute emulsions.

This model is employed not to predict heat transfer rates, bdetermine the
values of the parameters And Jx based on experimental data. Values found for A
vary between 0.046 (Bulanov, 2001) and 0.038 (Bulanov and Gasanov, 2007; 2008).
The factor A is generally found to have a single value for a given setmérarental
data. On the other hand, the value ef dhanges with temperature and other
experimental parameters, as shown in Fig. 2.13. One striking isethdit, according to
this model, the nucleation rate for an emulsified liquid is much higher than faquic |
alone (compare curves 1 and 3 in Fig. 2.13). This difference sagpestalthough
Bulanov’s model is developed assuming that superheated droplets bpibritgrseous

nucleation, some other mechanism must be responsible.
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Figure 2.13. Nucleation rate J of water (1) and emulsified dropfe®s113 (2), water
(3), pentane (4), and ethanol (5). (Bulanov and Gasanov, 2008)

Bulanov and Gasanov theorize that the elevated nucleation rate i® dimain
activation of nucleation sites. They claim that nucleation in tlo@lekls occurs on
floccules of particles with size of the order of 100 nm. The fl@scabntain gases that
were adsorbed from the surrounding liquid when they were at lopet@ture. When
the droplet enters the thermal boundary layer, the gas is desarbethé floccule and
can serve as a nucleation site. When one highly superheated thamfseit does so
explosively and generates a shockwave that travels for sonanadisthrough the
surrounding liquid. If a second droplet is close enough, as the shockwaes fiass
causes floccules within the droplet to break up, thereby liberatomge of their
absorbed gas and inducing nucleation in that droplet as well. Thusrabchbng
mechanism is set up.

The experimental evidence accumulated by Bulanov and co-workeratexlitat
some boiling mechanism must exist aside from spontaneous nucleatisontribf the
central components of their theory of chain boiling (the breakupoofules within a
droplet due to a shockwave) have so far not been shown to occur (Buladov a

Gasanov, 2005; 2007). The Bulanov model contains a number of assumptions that are
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required to produce a solvable set of equations, but these assumptionsakésat
impossible to use the model to gain any deeper insight into the beludviboiling
emulsions. The most significant of these assumptions are thentiperature in the
thermal boundary layer is uniform and that the boiling of dropletthénthermal

boundary layer can be treated probabilistically.
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3. A model of boiling emulsions

Understanding the behavior of boiling dilute emulsions requires consiteait
heat and mass transport at multiple scales. First, the msehéyi which individual
droplets boil and their behavior must be understood. Recall that thenesupid work
of Bulanov and co-workers shows that a boiling mechanism existslditican to
spontaneous nucleation, although their explanation in terms of the lyeakirof
floccules seems to be purely speculative. Second, the effetts bbiling droplets on
the overall flow and heat transfer of the emulsion must be modeled.

In this section, a model of boiling emulsions is developed based on observabl
phenomena. Interactions between superheated droplets and their surrotvadingsy
cause boiling are characterized. This information on the behavidieidual droplets
is used to define the parameters of a model of boiling emulsioesl loasthe Euler-
Euler approach. This model is used in numerical simulations of balmglsions,

which are partially validated by experiment.

3.1. Droplet temperature distribution

Different approaches may be taken to formulate the energy lkakuaations.
Similar to the momentum equations (Eq. 2.6), a separate endaggddor each phadse
may be maintained, along with additional relations for the rateneirgy transfer
between the phases. This approach is necessary when the ratetadriséer between
phases that are not in thermal equilibrium is important, such asatadd Tao’s
(2003a, 2003b) experiments on melting spheres of ice in water flow. eCthér hand,
if the phases are nearly in thermal equilibrium, it is posstleombine the individual
phase energy balances into a single mixture energy balandes approach is
considerably simpler (Bouré and Delhaye, 1982).

The small size of the droplets present in emulsions suggestghthahermal
disequilibrium between phases should be negligible, but a simple ianalyshe

temperature distribution in a droplet can be performed to verifyctimslition. The

® Recall that, in this dissertation, ‘componentersfto a distinct substance, while ‘phase’ ideggifboth
substance and state of matter (Section 2.2).
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maximum possible temperature variation within a droplet would ochenwhe fluid in
the droplet is stationary. In general this will not be trueeasing in the flow
surrounding the droplet will induce circulation within the droplet, which lp to
equalize temperatures. The worst case scenario of conductivedreder inside the
droplet is easily analyzed. The response of a liquid droplet srnatttemperature
changes can thus be characterized by examining the case oplat dubjected to a
uniform, steadily-rising surface temperature.
Following the solution method suggested by Arpaci (1991), the sphegricall

symmetrical temperature field inside the droplet is,

¥ 2
T(r,t)= - 2CRg (-2)° exp-a 2t gin B +£(r2- R§)+Ct- (3.1)
ra (np)3 Ry R 6a

n=1

The first term of Eqg. (3.1) is the transient response, the secamdigethe steady
temperature distribution in the droplet, and the last term accoantthd steadily-
increasing boundary temperature. The variable C representdehs racrease of the
temperature of the surrounding fluid, angd IR the droplet radius. This temperature
distribution is illustrated in Fig. 3.1.

According to this analysis, the magnitude of the steady-&tatperature variation
inside a droplet varies with the square of the ditoglameter. For the very small
droplets present in an emulsion, the temperature variation should atspaltie The
most rapid heating that a droplet would experiersc&vhen it enters the thermal
boundary layer next to a heated surface. If Eq. (3.39pplied to a representative
droplet of FC-72 with diameter 10 um, even a rapid heating rate ofC/8(pfoduces a
temperature difference inside the droplet of no more than 0.014 °C. ehiperature
difference is negligible when compared to the large degreepsriseat required for
boiling in emulsions, as discussed in Section 2.3. The lowest-orderietna term of
Eqg. (3.1) decays with a time constant of 86 us, leo dteady-state temperature

distribution is attained very rapidly. According to this restigrefore, it is reasonable
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Figure 3.1. Temperature distribution within a quiescent droplet sedjectsteadily-
rising surface temperature (Eq. 3.1).

to use a single mixture energy balance equation rather thandinalivenergy balances

for each phase.

3.2. Balance equations

A model of boiling emulsions can be developed using the Euler-Euleoagtpr
Because the degree of superheat required for boiling may varyywiBelanov,
Gasanov, and Turchaninova; 2006), the phase of the dispersed component cannot be
easily determined based on temperature or other macroscopic @®pértne mixture.
Instead, the liquid droplets and vapor bubbles must be treated as esgbpasts. The
boiling emulsion is then modeled as a three-phase flow, where baikhgomdensation
of the dispersed component results in mass transfer betweerophet ¢ghhase and the
bubble (vapor) phase. This approach also makes it possible to tailoitutivest
relations (for quantities such as viscosity or drag) to the dr@plé bubble phases
individually.

Conservation of mass is applied separately to each phase. Timg lodiliquid
droplets is modeled as transfer of mass from the droplet pbatbe tvapor bubble

phase, denotedh. The droplet and carrier liquids are immiscible so there imass
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transfer between them. It is assumed that the temperaturee @nmulsion remains
below the saturation temperature of the continuous liquid, so that evapooétthe
carrier liquid into the bubbles is negligible. The Boussinesq appabixim for
buoyancy is applied, so the density for each phase is assumedaskent except for
the buoyancy term in the momentum equations. Relations for thefrdtoiling are
developed in the following sections, based on the detailed behavior bfufte and

vapor particles. Starting with Eq. (2.5), the mass balance for each phase is,

%m@cuc):o, (3.2)

T 4 RifeyUy) =+ 33)
b

Teq , & . m

ﬂt+N><(edUd) o (3.4)

Linear momentum is conserved for each phase individually. The moment
equation for each phase is obtained by applying the Boussinesq apgirorito Eq.
(2.6) and expressing the stress tensor as in Eq. (2.9). The onlydvodyid gravity.
Expressions for the interfacial force terms are developed ifollogving section. The
notationF;; indicates the average force exerted on phase i by phase | ofvalyee
basis. Although the flow is assumed to be laminar in generalx@ession for .t
based upon the agitation of the flow by the boiling droplets is lojese in the
following sections as well. It is assumed that the pressurtearkrature are the same
in each phase.

It is also assumed that the droplet and bubble phases do not exest doreach
other directly. This assumption results from the fact that bulabliss only within the
thermal boundary layer. Outside the boundary layer, the bubbles quicklynsenide
the subcooled emulsion. Within the boundary layer, the droplets are supdrbeshat
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when a droplet and bubble collide, the droplet boils. Thus collisions e&etlugbbles
and droplets result in mass transfer rather than momentum trémetfecen the two

dispersed phases. Under these assumptions the phase momentum balances are,

- o €[ ~ ~ 2
1 (0cU0) +RiecUcU) =R 22 (my +mr) UG + T, - Z(R0)
c (3.5)
- re—CNP+ng[l- bc(T' TC,O)]+%+%’
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%(ebUb)+N ><ebUbUb): N X ebﬁb NUb +NTUb - %(N xUb)|

b (3.6)
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%(edud)+N>‘(edUdUd): N x ?:" Nugy +NTUy - 5(N Ug)l
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The large degree of superheat required for boihdilute emulsions suggests that
large temperature differences will be presentanvdl of boiling dilute emulsions. If it
is assumed that fluid velocities are not very latge contribution of kinetic energy to
the conservation of energy equation becomes nblgigiThe internal energy equation
is therefore used rather than the full energy egnatAs mentioned above, the phases
are assumed to be in thermal equilibrium, so alsingxture energy equation is used
rather than one equation for each phase. StasittgEq. (2.7), the dissipation and heat
source terms are neglected, and the internal enemgpressed in terms of temperature
(assuming constant specific heat for each phashg phase internal energy equations

are then added together to give,
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The summations in Eq. 3.8 represent sums over all the phasesmulston. The
symbol kg is the effective thermal conductivity of the emulsion apdskhe turbulent
thermal conductivity. The fourth term, the sum of the interfaciat transfer into each
phase, does not sum to zero due to phase change of the dispersed contpom&der,
for example, the case of a droplet boiling as described in AppendiXh&re is heat
conduction in the droplet to the droplet-bubble interfagggBegative), but there is no
heat conduction into the bubble. Instead, evaporation ocouis positive, and equal
to -Ed/iyg). In the absence of phase change, the interfacial energfetrégrsns sum to

zero. The fourth term may therefore be rewritten in tesfrtbe boiling rate,- mig .

The last term in Eqg. (3.8) may be eliminated by rewriting fttet two terms of the

equation,

T

. ® . _
T ericy; > eric,;UyNT+T ¢ riﬂ—t'”iN"(qui) =

(3.9)
Noq(kes +ke)NT]- migg + ¢ TG.

v,i |

According to the phase continuity equation (Eqg. 2.5), the expression milgges in
the third term of Eq. (3.9) is equal to the mass transfer ratelt has already been
assumed that the temperature is the same in each phaseeaideable to assume also
that the temperature at the interface between phases is edo@laverage temperature
within the phases, so that the third and sixth terms of Eq. (3.9) @atcelhe resulting

mixture internal energy equation is,
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it @ricvi ™ &ricy,;U; RT =R o{(kegr + Kk )NT] - mig. (3.10)

The above seven equations (Eqgs. 3.2-7, 10) contain eight unkngwns: 4, Up,
Ue, Ug, T, and P. The requirement that the volume fractions sum to apdenused to
eliminate one fraction as an independent variable, to bring the numhegygaifons and
unknowns into agreement. Several equations are also required tohtsosgstem of
equations to define fluid properties for each phase as well abddorces and mass

transfer between the phases. These closure equations are developed in gwioext s

3.3. Closure equations
3.3.1. Momentum transfer

The forces between phases in Egs (3.5)-(3.7) must be defined. By Newtod’
law of motion,F¢q = -Fq4c andF¢, = -Fpe, SO only two sets of interfacial forces need to be
defined. The droplets and bubbles in emulsions are sufficiently smétlat the flow
around them is Stokes’ flow. Equation (2.10) is therefore used toediie drag force
on each phase.

The small size of the droplets and bubbles in an emulsion also rheatiseir drift
velocity, relative to the carrier fluid, is very small. Examg the formulas for virtual
mass, lift, and rotational forces (Eg. 2.11 — 2.13) reveals that ak tforces are
proportional to the difference in velocity between the dispersea@mthuous phases.
Because the velocity difference is very small for emulsitivese forces are negligible.
The turbulent drag (Eqg. 2.14) is also neglected, both because it istmogloto the
velocity difference between continuous and dispersed phases and bibeatleas is

assumed to be laminar. Therefore the interfacial force terms are,

_ - 18y

ch =~ Fed _—2(Ud - Uc)’ (3.11)
dg
- 18eyn
I:bc:'Fcb:%(Ub' Uc)- (3.12)
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3.3.2. Mass transfer

Mass transfer occurs between the bubble and droplet phasegasdtaft boiling
and condensation. Two causes of boiling will be considered: contacdredroplets
and a heated surfaces and collisions between droplets and bubbles. It will be shown that
spontaneous nucleation is not a significant cause of boiling in dilulésiems. Chain
boiling will be considered as well, where boiling droplets collidéhvather nearby
droplets. Condensation of bubbles will be modeled as well.
3.3.2.1Chain boiling

Chain boiling can occur when one boiling droplet causes adjacent droplett &s
well. Bulanov and Gasanov (2008) also discussed chain boiling and attribtatetea
production of shock waves by boiling droplets. However, as is discus#gupendix
A, there is no indication that a shock forms when a highly-supedhehbplet boils.
Another possible mechanism for chain boiling is simple contact eetilee boiling
droplet and an adjacent droplet.

The probability of a liquid droplet being close enough to a boiling droplatake
contact depends on the maximum diameter achieved by the boilingtriya local
volume fraction of liquid droplets, and the motion of the adjacent dropldts.inertial

response time due to Stokes drag of a particle (Peskin, 1982) is,

t _ 2 Rg r d
inertial — & :
9 m

(3.13)

Using this formula, the inertial response time of a typical dtqgle~ 10 um) in water
is greater than the length of time required for a droplet tb Bdius, the droplets that
surround a boiling droplet can be assumed to be stationary during they hpidicess.
Any droplet whose distance from a boiling droplet, measured cententer, is less
than R+Rmax Will contact the boiling droplet, where B is the maximum radius
achieved by the droplet during the boiling process.

This distance limit describes a sphere of volume @3 Rna)’ centered on the

boiling droplet. Clearly, if the number density of droplets in the simlis great
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enough that several droplets are contained in this volume on averag@naeaction
that causes most of the liquid droplets in the volume to boil verglyapan occur.
Such chain reactions are probably responsible for the “sudden foamthg lulk”
reported by Mori, Inui, and Komotori (1978) that brought some of theirrempets to
a sudden halt. That such a phenomenon is reported only by Mori etradsidikely
due to the fact that other researchers have not carried out thetrdresfer experiments
with the bulk temperature of the emulsion near the saturation tetape of the low-
boiling-point liquid. Because most experimenters examine heaffdrainem a fine
wire and use a bulk temperature significantly lower than the loWrgepoint liquid
saturation temperature, there never exists a large volume oheafed emulsion. It is
anticipated that under most circumstances the conditions necessaych a chain
reaction will not exist over a large volume.

Some chain boiling may occur at volume fractions lower than thosessery for
the sustained chain reaction described above. From elementary prpbabdry, the
probability that a volume V does not contain a droplet when dropletdistrédouted
randomly is exp(-hV). The probability of the volume containing at least one droplet is
therefore 1-exp(-\W). If it assumed that one and only one droplet is caused to boill
when at least one droplet is less than the distag¢R.Rx from a boiling droplet and
that the distribution of droplets around a boiling droplet is independené efumber of
droplets that have already boiled in the chain reaction, the probadiligxactly
droplets boiling in a chain reaction is [1-expiM)] exp(-NsV). The average number

of droplets in such a chain reaction is then,

(3.14)

The quantity NV can be expressed in terms of the droplet volume fraction and the

droplet and maximum bubble radii as,
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NGV =e, 1+Rmax _q (3.15)
d d Rd

The rates of boiling by other causes described in the followingoss should be
multiplied by Eq. (3.14).
3.3.2.2Boiling by wall contact

As discussed in Section 2.3.1, dilute emulsions reach very high defieserheat
before boiling occurs because most of the droplets suspended in théoendolshot
contact the heated surface. Because the temperature of thel lsemtace is
significantly greater than the saturation temperature of iy@ets, any droplets that do
come in contact with the surface will quickly boil. Whether ana/ Ineany droplets
will contact a solid surface depends on the flow geometry and conditloslould be
noted that this boiling mechanism is not limited to heated surfanes the emulsion is
highly superheated, any wetted surface that is not actively cowni# have a
temperature above the saturation temperature of the droplet.

Various forces may bring droplets into contact with wetted sestad-or example,
if the droplets are not neutrally buoyant, they will tend to esettl rise and must
eventually encounter the walls of the vessel that contains thesiemulin the case of
flow in a vertical duct, non-neutrally buoyant droplets may migiateards the walls
due to lift forces (Haber and Hetsroni, 1971). For droplets witlcgaritly high Stokes
numbers, the momentum of the droplet may carry it into contact witeti@d surface
either when the flow changes direction suddenly (e.g., in the preskaneobstacle) or
due to turbulent eddies (although this study will generally be limited to laminas)flow

In most cases the number of droplets contacting a heated sdéideswill be very
small compared to the total number of droplets, but this procesproilide a constant
supply of vapor bubbles to induce nucleation in other superheated dropben the
liquid droplets are denser than the carrier liquid, any force tlag<®a droplet into
contact with a surface will act in the opposite direction on theltrag vapor bubble,
directing it back into the body of the flow. In the Euler-Euler apph to modeling

multiphase flows, this behavior can be modeled by changing the bowwutatigion at
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Figure 3.2. Bubble-droplet collisions. (a) Collision assuminggsitdine motion (b)
Volume around a bubble in which a bubble-droplet collision can occur (c)
Actual motion of bubble and droplet around each other.

heated surfaces to set the mass flux of droplet phasehmteutface equal to the mass
flux of bubble phase departing the surface. Boiling caused by coHisietween these
bubbles and droplets in the body of the flow are discussed in the next section.
3.3.2.3Collisions between droplets and bubbles

A superheated liquid droplet will boil when it contacts a liquéghar interface such
as a vapor bubble. Such contact can occur when bubbles and droplets cofiigléoow
their relative motion. The relative motion may arise from ghgan the carrier liquid
or from differing drift velocities of the droplets and bubbles.

Calculation of the rate of collisions between bubbles and drogletsmplicated by
the fact that they do not travel in straight lines when pasdiwgg do each other.
Instead, both droplets and bubbles tend to follow the streamlines obirttoeireding
liquid. Therefore, a droplet-bubble pair that may have collided ey travelled in
straight lines, as shown in Fig. 3.2(a), will instead move aroacti ether without
touching, as shown in Fig. 3.2(c).

If the behavior shown in Fig. 3.2(c) is neglected, the calculatiothefrate of
potential collisions between bubbles and droplets is relativefyygbtforward. As
shown in Fig. 3.2(b), in the rest frame of a droplet, nearby bubldes mith velocity

Up-Ug. The bubble and droplet are represented by points located at their centers. As the
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bubble moves, over a time period it sweeps out a cylindrical volume with radius

Ry+Ryand heightUy, - Uy|Dt. The bubble will collide with any droplet whosenger is

within this volume. In a mixture with many bubblaad many droplets, the rate of
potential collisions is,

_ 9egey|Uq - Up|(Rg +Rp)* .
coll,0 16p Rg R%

(3.16)

Equation (3.16) does not reflect the actual rateadlisions, however, because it
does not account for the tendency of bubbles anglebs to curve around each other
without contact. The ratio between the numberadfia collisions and the number of
potential collisions given by Eq. (3.16) is knowa the collision efficiency. The
collision efficiency between two droplets has betudied for several decades in the
context of raindrop formation in clouds. Studié<allision efficiency of bubbles and
droplets suspended in liquid are not found in ikerdture. However, for very small
droplets the Reynolds number of the flow around dheplet during steady rising or
settling is close to zero so that the Stokes apmraton is valid for the flow around the
droplets. As long as this condition holds, anithé droplets are treated as solid spheres,
the collision efficiency for two particles depermidy on their relative size, and not on
the properties of the surrounding fluid or the dbsoscale of the particles. The
portions of tables of collision efficiency develapéy Pinsky, Khain, and Shapiro
(2001) for droplets in clouds that fall within t&&okes flow regime (d < 20 um (Beard,
1976)) may therefore be used directly. Using thazda, the collision efficiency,, for
particles in the range 4Ry/Ry 6 may be approximated as,

2

& - 0.00738 &
Ry Ry

h =0.00051 + 0.03165. (3.17)
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It should be noted that Pinsky et al. treat their droplets a$ gafticles, neglecting the
effects of circulation within the droplets. More accurate dgoliifficiencies could be
calculated by considering the viscosity ratios between dhigcles and the surrounding
fluid, but such data are not available.

Shearing of the continuous liquid will also cause patrticles in the tiboslide past
one another. However, given the small particle diameters fouathutsions and the
very small collision efficiencies of particles in Stokes floonly extremely strong
shearing motion would produce a significant number of collisions. 3Jdusce of
collisions may need to be considered in emulsions with larger lpartic in flows of
moderate velocity through small-diameter channels. In this studyveoywthis source
of collisions will be neglected. In turbulent flows the relatiffects of turbulent eddies
on bubbles and droplets must also be considered carefully. This stiliadypvgider
only laminar flows so that these effects may be neglected.

An equation for the rate of mass transfer due to this mechanisboilaig is
required for use in the balance equations derived in Section 3.2. fEhatrahich
droplets boil due to collisions is equal to the rate at which amiissoccur multiplied by
the average chain boiling length derived in Section 3.3.2.1. The rateseftraasfer

may be obtained by multiplying the rate at which droplets boil by the mass aflatdr

_3(Rq +Ry)?
Meoll =€5€4T ¢|Uq - Up|h] (d—R3b)-

b

(3.18)

3.3.2.4Spontaneous Nucleation

As described in Section 2.1, a sufficiently superheated liquid will goder
spontaneous nucleation triggered by density fluctuations in the ligigdation (2.4) is
easily adapted to predicting the rate of nucleation of supethehtgplets in an
emulsion by multiplying by the volume fraction of the droplet phasewever, the
experimental studies by Bulanov et al. discussed in Section 2.3.1 shoboiliveg in
dilute emulsions occurs over a wide temperature range starting at teimgefar lower

than the kinetic limit of superheat. In contrast, as Table 2.lirdles, the rate of
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spontaneous nucleation changes very rapidly (5y- 10 per degree Celsius for most
pure liquids). Therefore, boiling due to spontaneous nucleation is negkgitégt in
cases where the heated surface reaches the kinetic limifpefheat. Such cases are
outside the scope of this study.

The pressure fluctuations caused by a boiling droplet should be censaiewell.
When a droplet first begins to boil it accelerates the surroundjogl loutwards, thus
increasing the pressure in the nearby liquid. The incrgag=sure has the effect of
momentarily suppressing spontaneous nucleation in adjacent dropldegrbgsing the
pressure difference in the denominator of the exponential factog.if2&). On the
other hand, when the bubble enters its final deceleration stagprdéksure in the
surrounding liquid is decreased and the probability of spontaneous nucleation i
adjacent droplets rises. As the bubble oscillates around its eguilildiameter the
pressure in the surrounding liquid also oscillates, thus providing nmoeeperiods in
which the probability of spontaneous nucleation is elevated. Theitmdg of these
oscillations quickly diminishes, however.

The effect of these pressure oscillations is also small. piidssure inside a boiling
droplet remains positive, so the maximum possible decrease isumes the
surrounding liquid is less than the ambient pressure. Near the Kimetiof superheat
(see Section 2.1.2), the saturation pressure of fluids changes r@jatiger and Katz,
1975). Therefore, for an emulsion near atmospheric pressure, thentaoyecrease
in pressure caused by a boiling droplet has an effect equivaleaisittg the emulsion
temperature by only a few degrees. As noted above, emulsions bebiil tat
temperatures far lower than the kinetic limit of superheat, s® effect is also
negligible. It is possible that this effect may become sigmt for emulsions at high
pressures, but this is also outside the scope of this study.
3.3.2.5Condensation

For emulsions in which the bulk temperature is lower than the asiatur
temperature of the dispersed fluid, condensation of bubbles will occurtivemove
out of the thermal boundary layer. Nucleation is not a concern hemadeethe surface

of the bubble provides a liquid-vapor interface upon which condensation can occur
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The rate of condensation will be limited by heat transfer ftoenbubble. A rough
estimate of the rate of condensation may be obtained based uponethw retat

transfer from a sphere of radiug. R=or a sphere in quiescent fluid,

The heat transfer rate from a bubble at its saturation temperaturesiotber
q=4pk Ry, (Teae- T). (3.20)

The rate of condensation is obtained by dividing Eq. (3.20) by the lh&ait of
vaporization of the dispersed fluid. If it is assumed that the thexadfer rate remains
constant during the collapse of the bubble, the mass transfer rate doledensation

for the emulsion is obtained by multiplying by the bubble number density,

. Kk
Mgong = MIN - 3ebi—02(Tsat- T)O . (3.21)
fg™b

Becausemis defined as positive for boiling in the balancgi&ions, the mass transfer
rate due to condensation must be negative. Tlab/sie gives only a rough estimate
because it neglects the shell of droplet liquidt tgeows around the bubble as it
collapses. For emulsions in which the two compthdrave very different thermal
conductivities (such as water and FC-72), the ihp&the droplet liquid is expected to
be large. The condensation process is not asairas the boiling process, however, so
this estimate is considered adequate.
3.3.3. Pseudo-turbulent effects

The relations developed in the preceding sectionsnass and momentum transfer
between the phases accounts for the averaged belwdiine droplets and bubbles in

the emulsion. This approach neglects one poténtiaiportant effect of boiling
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droplets. Some of the improved heat transfer that is obsendsalimy emulsions has
been attributed to agitation of the emulsion caused by boiling drofBeianov,
Skripov, Gasanov, and Baidakov, 1996; Ostrovskiy, 1988). The effects of tlaioagit
can be modeled in an Euler-Euler model by borrowing a technique ttrdoalence
modeling.

In many turbulent flows, the most significant effect of the &sEdle turbulent
eddies on the averaged large-scale behavior of the flow is ansearedhe rate of
momentum transport in the direction of the mean velocity gradieteirildw. This
effect occurs because the turbulent eddies move elements ohdastg fluid into
regions of slow moving fluid, and vice-versa. The effect can be modeled by intrgduci
a turbulent kinematic viscosity,r, in the equations used to model the mean flow.
Similarly, the turbulent eddies also cause an increase in tefréeat transfer in the
direction of the mean temperature gradient, which can be modeleatrbgiucing a
turbulent thermal diffusivity, . Experimental studies have found that for fluids with
Prandtl numbers near one, the turbulent Prandtl numbesx, BRY -, is near 0.85 (Pope,
2000; Kays, Crawford, and Weigand, 2005). It is therefore only negdssanodel the
turbulent viscosity, and then the turbulent thermal diffusivity can benautaising the
Reynolds analogy.

One approach to modeling the turbulent viscosity is to expresshegproduct of a

characteristic lengthand a characteristic velocity u*,

U (3.22)

The characteristic length represents the size of a turbedkeht, and the characteristic
velocity can be thought of as the average velocity of the gddie turbulent flow,
determining u* and is a subtle and complex problem (Pope, 2000). On the other hand,
in boiling emulsions both quantities can be related directly toptbperties of the
boiling droplets.

When a droplet boils it displaces the liquid around it, and it soregble to assume
that the surrounding liquid moves radially and symmetrically owutsvaif the volume
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of the initial droplet is small compared to the volume of the bubblaipdacement r

of a fluid element initially located a distangg from the center of the droplet is,
3
Dr = (riﬁit + Rﬁ)‘/ = Tinit - (3.23)

The magnitude of the displacement therefore decreases quicklgistémce from the
boiling droplet. At a distance of twice the bubble radius the dispiant is less than
0.1 R, so it is reasonable to use this distance as a cutoff — theaaspent due to
boiling of liquid outside of this radius is insignificant. The averdgplacement of the
liquid in this volume may be obtained by integrating Eq. (3.23) overahane, and
the result is approximately 0.16,.R This displacement is directed radially outwards
from the droplet, but for this pseudo-turbulent model only the component of the
displacement perpendicular to the direction of a mean gradient floehé important.
The average displacement in one dimension is half the radial cBepdat, so = 0.08
Rp.

The characteristic velocity can be thought of as the volume-gaenzelocity of the
liquid being displaced. A value for u* can be expressed as the produtte
volumetric rate of droplet nucleation, the volume of displaced liquidh@éng droplet,

and the average displacement of the liquid,

u" =J(016Ry) gp(sz)3 = 128JVyR,,. (3.24)

An expression for the turbulent viscosity is then obtained by sulosgittiiese values

for u* and into Eq. (3.22). The result is,

nr = 013V, Rp,2. (3.25)
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For use in an Eq. (3.5), the nucleation rate in Eq. (3.25) can be exbiressans of the

rate of mass transfer between the droplet and bubble phases,

M = O.]m:—c R,2. (3.26)
b

As discussed above, the Reynolds analogy may be used to obtain antutibedenal
conductivity from Eqg. (3.26),

ky = O.lmcp’C%sz. (3.27)
b

This model accounts for the net displacement outwards of the contingoic li
when isolated droplets boil. However, the analysis in Appendikods that when a
droplet boils the bubble initially grows to a radius significantygér than its
equilibrium size and then oscillates for some time through radipdrsion and
contraction. These repeated displacements of the surrounding ligyidesult in a
much larger effect than the single outwards displacement moketed However, the
precise effects of the oscillating bubble on the surrounding liquidnateknown,
especially when several droplets boil in proximity to each otinedn regions where
there is strong shearing of the continuous liquid. If the agitatfaiie surrounding
liquid is not precisely equal to Eqg. (3.26) and (3.27), it is reasonable to model the effect
as at least being proportional to these equations.

3.3.4. Effective viscosity

Equations (3.5-7) require an effective viscosity to be assignecttopkase, which
is generally not equal to the viscosity of the fluid that consstuhat phase. As
described in Section 2.2, there does not appear to be any consensus in tine |d@erit
how this problem should be approached. In this study a two step pi®eespted, in
which an effective viscosity for the mixture is calculated #rah is distributed to the

phases of the mixture.
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It is worthwhile to start by considering the desired asymptbébavior of the
correlations for effective viscosity. First, when only one phageesent the effective

viscosity should be equal to that of the fluid, thafis® m ase ® 1. Itis important

that each phase exhibit this behavior because, #nemgh the emulsions to be studied
are dilute, the volume fraction of the bubble phasg be much higher than the average
volume fraction of the droplet phase where boilaogurs. The volume fraction of the
droplet phase may also become large locally inscaseh as droplets settling onto a
horizontal surface.

At the other extreme, the effective viscosity oplaase should go to zero as its
volume fraction approaches zero. Recall that tifectve viscosity of a dispersed
phase represents its ability to transmit stressutyin interactions between elements of
the dispersed phase, independent of interactiotvgeba the dispersed phase and the
continuous phase. When the volume fraction of dlepersed phase is small, the
elements of the dispersed phase are widely sedaaate should have very little direct
interaction with each other.

None of the strategies for assigning effective ag#ty to each phase described in
Section 2.2 exhibit these asymptotic behaviorsthénabsence of theoretical arguments
for any particular weighting of viscosities betwedle phases, in this study the mixture
viscosity is weighted by the local volume fractmineach phase,

My = €Mk » (3.28a)
M, =€ Myt (3.28b)
my = €gMeg - (3.28¢)

This method of assigning effective viscosity ensuhatm ® 0 ase; ® O

A correlation for the effective viscosity of thextire is required. The correlation

should be as simple as possible so that it cansbd in numerical simulations and it
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must be valid for a wide range of phase fractions of the disggphase. The latter
requirement rules out most theoretical correlations, such as tlieweeleped by Taylor
(1932), because they are generally valid only for dilute mixturbsny empirical
correlations exist for effective viscosity of liquid-vapor mixsireinder various
conditions. One correlation that has been shown experimentally toiddarabubbly
flow and that has the correct asymptotic behavior for dilutdures is that of Beattie
and Whalley (1982),

my =Mmy(1- e, )1+ 25e,)+me, . (3.29)

It is assumed that this correlation can be expanded to include tpersid phases

linearly,
My = MecL+ 25(e, +eq)] + ey +myey. (3.30)

3.3.5. Effective thermal conductivity

The effective thermal conductivity of the mixture must alsal&i#ned. The use of
a single energy equation for the mixture obviates assigning ctivities to each phase
individually. A similar difficulty is encountered here as in tHetermination of
effective viscosities: a simple theoretical model existse(hi@ the form of Maxwell's
effective medium theory), but it is applicable only to cases whewalume fraction of
the dispersed phase is small (Maxwell, 1904). Correlations teatadid for higher
fractions exist, both theoretical and empirical, but all are muohe ncomplicated.
However, the more complex correlations generally fall closeéhéo results of the
effective medium theory even at moderate fractions (Buyevich, 1982, wsill be
assumed here that the effective medium theory holds. It is fusdsarmed that the
effects of the bubble phase and the droplet phase are additive. efatorr for the

mixture effective thermal conductivity is therefore,
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4. Numerical model

The model of boiling emulsions described in the preceding chaptaplemented
in a numerical solver so that simulations of boiling emulsions mgyekdermed. The
numerical approach borrows heavily from Rusche (2002), as adapted tplanult
dispersed phases by Silva and Lage (2007), and the interested seadeouraged to
consult that source for further details of the numerical method.

The numerical solver uses the finite volume numerical method inepin using
the OpenFOAN™ (Field Operation and Manipulation) computational fluid dynamics
(CFD) package. OpenFOAM is a free CFD package written in C++ and distributed
under the GNU General Public License (GPU). It provides aribof routines for
manipulating volumetric fields and setting up and solving padifédrential equations
using the finite volume approach. Details about the operation of OpeiEbAnd its
numerical implementation of vector and differential operators mdgwel in the User
Guide (2009) and Programmer’s Guide (2009).

This chapter describes the numerical solution procedure of the u@gsbped in
the previous chapter. Coupling between pressure and velocity is thanie the
Pressure Implicit with Splitting of Operators (PISO) altfori. The PISO algorithm is
a predictor-corrector type procedure in which, at each time step, a prediatiaale for
the new velocity field and then the new pressure field is solvedteatttontinuity is
enforced. The phase volume fraction, velocity, and temperature etwuate linked
nonlinearly through the mass transfer rate as well as buoyaocgach time step
consists of an outer loop in which the volume fraction, velocity, andaenpe fields

are solved iteratively as well as inner loops for the volume fraction and vdieilty.

4.1. Finite Volume Nomenclature

It is necessary to introduce quite a bit of new nomenclature wileshow the
equations developed in the previous chapter are discretized and sohadorf@rmust
recognize that in the finite volume approach the solution domain tsrdplia series of
cells separated by faces. The dependent variables of cBajter;, T) are considered

cell-centered variables, meaning that they are defined at ther acd each cell in the

57



domain. One can also have face-centered variables, which areddefithe center of
each face in the domain. A cell-centered variable can leepoiated to the face
centers, which is indicated with the subscript F. One importaatdewctered variable

used in the following solution procedure is the phase volumetrid fluXhe volumetric
flux is defined asf; = S{U; )F, that is, the dot product of the cell face area vector and
the phase velocity extrapolated to the cell faces.

Averaging of a variable over several neighboring cells isotdzl with angular

brackets, with a subscript indicating the pattern of cells overhv@i@raging takes

place. For example(,ei>N is the average of over the same cells used for computing

the gradient. This operation is important in dealing with the '1'8/@1 which appears

in the phase-intensive momentum equation below. In gendel,should become
small ase; ® 0. However the case can arise in whicks zero in a cell but not in a
neighbor cell. In such a case it is not possiblditide by the value of; in the cell in

guestion, but the average val(m)N is guaranteed to be nonzero whee is nonzero

(recognizing also that is non-negative). Ruche (2002) adds an additistaddilizing

~

factor, L.
(&) +D

The mass, momentum, and energy balance equatiertseated implicitly in time,
so the result of discretizing each balance equasiasystem of algebraic equations that

must be solved simultaneously. Implicit discretima is denoted| [x]||, where the

operator is discretized implicitly in terms of the variable (Terms without the
double brackets are discretized explicitly.) Adirhs in an equation that are treated
implicitly must be discretized in terms of the sawsiable. Systems of equations
resulting from implicit discretization are denotegth script variables. For example,
the generic balance equation (Eg. C.1) may be atiged implicitly in its first two

terms as,
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ﬂr[Y] R U ]| = Rix +rz (4.1)

Here, is the system of linear algebraic equations representindigbeetized balance
equation. In this example, in the absence of a specific mode] foe diffusion term
must be discretized explicitly. A number of operators may nowefi@ed to refer to
specific features of the system of equations (Rusche, 2002). S@ugant ones are

p and |y for the diagonal and off diagonal components of the matrix coeffscient

respectively. The source vector is denoted gy Finally, the H operator is defined,

H? s= NY. (4.2)

where is the dependent variable of the discretized equations.

4.2. Momentum equations
4.2.1. Phase-intensive momentum equation

As the volume fraction of a phase becomes small, the phase momeniatiores
(Eq. 3.5-3.7) become singular. The solution adopted by Rusche (2002)ivedothe
momentum equation by the phase volume fraction, which gives the phessiie
momentum equation. For brevity, it is helpful to briefly return todbeeric phase
momentum equation of Chapter 2 (Eqg. 2.6) and represent the viscousestressnply
with Regj, as in Eq. (2.9). The momentum equation is first divided through bytglens
(which is assumed constant) and the first three terms are expanded,

UiE+N><eiUi)+ ﬂUI"'U >NU + INxReffl"'RefflxN_e:
It fit ri Fi
(4.3)
F
- e NP +¢ b; +r_+_ Ui G.
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According to the phase mass balance equation (Eq. 2.5), therfnsbit€&q. (4.3) is
equal toU;G/r; . It is assumed that the average phase velddityis equal to the
average velocity of fluid entering the phase across an intetfaceso that the first term
and last term of Eq. (4.3) are equal and cancel out. Then dividing thrgugh phase

volume fraction, one obtains the phase intensive momentum equation,

T9i U U HRR o + R et == NP gl (- T )+ 1 (4.4)
it € I &l

Here the generic body fordg has been replaced with the gravitational force as in Egs.
(3.5-7). Equation (4.4) contains two terms that contain the phase volwterfra the
denominator. The fourth term should always be finite beclse® 0 ase ® 0,

and the term is discretized as described in Seetibrio avoid division by zero in the
numerical algorithm. The final term does not pnésa problem for the dispersed
phases because, according to Egs. (3.11-12), ttezfacial force term for each
dispersed phase goes to zero as the volume frawtithie phase goes to zero. However,
if the volume fraction of the continuous phase banome small at any location during
a simulation careful treatment of the interfaciick terms for the continuous phase is
required. A method for handling such a situat®described in a later section.
4.2.2. Discretization of the momentum equation

Rusche (2002) splits the effective phase stress antiffusive component and a

correction,

Refo,i = - Nggr ;NU; (4.5a)

I(NxU;) (4.5b)
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so thatRDs + RS = Re , in accordance with the definition of the effective stress in

Eq. (2.9). Rusche then discretizes the left hand side of Eq. (4.4) as,

Ull e N .
.=||%+uNx(fi[ui1F)u+N><niFe AUl |- ol
(4.6)
[U]anlF _+D HN"( N[U])H"'NxReffl <e|>\|—el_+_D>Rgff-
i/

Next, interfacial momentum transfer is considered. Rusche (2002)sdes
methods for discretizing lift, drag, and virtual mass forces. & shidy, only drag

forces are considered and the same semi-implicit method is ufkd. drag force

applied to phase i by phase j is,

18en
F== (u; - luili). (4.7)
The phase volume fraction and diameter in Eqg. (4.7) are those of thesddsphase.

The implicit portion of the drag force is combined with Eq. (4.6),

b= b=- LM [Up]] (4.8a)
dir b
18 18e
c= c¢~° 2bn'leff [Uc] b [Uc] d (4.8b)
dbecrc dd cl ¢
SR LA ]H (4.80)
dr g
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The complete phase momentum equation can then be expressed in sestizelis

form,

(i)pUi=(i)y- ¥+9[1' b, (T - Ti,o)]+1d8§:reff Uj. (4.9)

Equations (4.8) and (4.9) are equivalent to thesph@omentum balance equations
given in Chapter 3, Eqgs. (3.5-7), with the additafnthe momentum transfer closure
equations, Egs. (3.11) and (3.12).
4.2.3. PISO Algorithm

Equation (4.9) is not solved directly. Insteadjsitused to define predictor and
corrector equations for the face volumetric flwhieh are used in the PISO algorithm
to obtain the velocity and pressure fields. The ofsface flux as the primary variable
in the PISO loop eliminates the need for a staghgrel to avoid checker boarding of
pressure (Patankar, 1980; Rusche, 2002). First,(£§) is solved for the phase

velocity,

( )y NP +9[1' b (T' Tref,i)] L 18emyU; | (4.10)

(i)D ri(i)D (i)D dzeiri(i)D
Recalling the definition of volumetric face fluxoin Section 4.1, the equation for face
flux can be obtained from Eg. (4.10) by interpaigteach term on the right hand side of
the equation to the face centers and taking thepdmtuct of each term with the face
area vectorS. The left hand side of Eq. (4.10) is thus thesgheolumetric flux, per the
definition given in Section 4.1. The first term tre right hand side is interpolated to
the face centers and is not manipulated furthdre flux predictor equation omits the
pressure term, which will be reintroduced in thexfcorrector equation. In the third
term on the right hand side the gravity vectorngesonstant, requires no interpolation.
In the last term of Eq. (4.10) the phase veloatylso converted to a phase volumetric
flux. Thus the flux predictor equation for eaclapé is,
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o (o S+ [1- 5, (T - Toer )] ot 1Ok fe, (4.11a)

: (4.11b)
18ep Mt fo o+ 18 Mt f
d%eCrC( C)D E dSeCrC( C)D E
f:j — ( d)H S + [1- bd(T_ TI’Ef,d)] g>6+ Zla‘ni‘ff fd- (4110)
(o . (ko E dara( oo ¢
The flux corrector equation has the same form é&mhephase,
* 1 ~
fi=f, - NP>S. (4.12)

The pressure field is used to enforce continuitythe PISO algorithm, so the
pressure equation stems from the continuity egnatibhe multiphase model used in
this study assumes that the pressure is the sagscimphase, so the mixture continuity

equation is used, which is obtained by summing(&Q-4),

N e U, +e.U, +eqUq)=m N (4.13)

'y Iyq

The left hand side of Eq. (4.13) is interpolatedhe face centers and the velocities are

expressed in terms of the face volume fluxes,
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R e b+ €cef ¢ +€gef g) =M ri ri . (4.14)
b d

Next, Eq. (4.12) is substituted in for each phése dnd the equation is rearranged to,

YOS S S SN S 1

Mp (( b)D)F e (( c)D)F Mg (( d)D)F

(4.15)
N ebFf:)"'echt:"'ede:j)' m 1.1
', I'qg

This equation can be solved for the pressure fafldr the face fluxes are predicted
using Eq. (4.11). Finally, the updated velocisidiis reconstructed from the corrected

face fluxes.

4.3. Phase continuity equations

The individual phase continuity equations (Eq. 8)2re solved to update the phase
volume fractions at each time step. Rusche (2832)sses several methods of solving
the phase continuity equations for a two-phase urext He notes that the most
important feature of the solution procedure is itharoduces results that are bounded
and conservative. The method preferred by Russleneé that accounts for coupling
between the phases using the relative velocitheftivo phases, which also improves
the efficiency of the solution. This method is argded to mixtures with multiple
dispersed phases by Silva and Lage (2007), andrtiethod is used in this study. The
essential features of the method are as follows.

First, the mixture velocity is defined as the vokint average of the phase

velocities,

Uy= &U;, (4.16)
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and the relative velocity is defined as,

Ul’,ij = Ui Uj . (417)
The velocity of a phase can then be written as,
Ui = Um + erI’,ij . (418)

Substituting Eq. (4.18) into the incompressible version of the phase congquigyion
(Eq. 2.5) yields,

—:? +N><(Umei)+NX erI’ ijei :E. (419)
s ! r.
I !

This equation is discretized as,

le]

‘ﬂtl +||N><(fm[e,])||+Nx ejfr,ij[el] =

jti

(4.20)

G+ le]-1
ri 1-e-D

+ — = 4
r; e|0+D

The mass transfer term in Eq. (4.20) is discretized as recomchbgdeatankar (1980)
to ensure that the result remain bounded between 0 and 1.

In practice, Eq. (4.20) need only be solved for the dispersed phases,
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ﬂ[eb] +NAf [eo]) ] + )|+ HN "(ec f rpele] + &qf rbd[eb])H_

(4.21a)
m, fe]-1 | fm fe]
Ny 1- eg-D Mp eg+D |
|% +[RAF [eg])] + HN {eyf cdblea] + & r,dc[ed])u =
(4.21b)
bn fedos | f-m e
| ra 1-€§-D ‘ a e§+D |

The volume fraction of the continuous phase is determined by theegunt that the

volume fractions add to one at every point,
e.=1-¢,- €. (4.22)

Equation (4.21) is nonlinear, so the set of phase continuity equationshengsived

iteratively to achieve a converged solution.

4.4. Internal energy equation and phase change
The internal energy equation (Eq. 3.10) is discretized in a straiglatfd manner.

The second term is expanded so that all spatial derivatives are expressedgendes,

%+ ricy,iN ¥e f[T])

-Wn%ﬁm@;w:

H €liCy,i
i

(4.23)
”KI )‘((keff + kT )N[T])” - mefg

The mass transfer rates are calculated using Bds8)(and (3.21). Equation (3.18) is
applied only where T > J; for the dispersed component and is limited to ks
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egr O|/Dt, which is the boiling rate that would consume all of the dropletkirwi

single time step. Similarly, the condensation rate is latibeePr b/Dt. Boiling at the

heated surface is handled as described in Section 3.3.2.2. The convedtlmrogant
forces that would bring droplets into contact with the heated sudezealready
included in the numerical model. Accordingly, the rate at which doglentact the
heated surface is determined using the cell-centered droplettyelwl volume
fraction in the cells adjacent to the heated surface. For efddg@cent to the heated
surface,

m,, = a€a% Sw dedL\J/d Sw (4.24)

where V is the volume of the cell. Thus boiling due to wall consaabt implemented
as a true boundary condition in the finite volume numerical method. rimepl&ation of
such a boundary condition would pose significant difficulties, since the bgundar

condition would couple the, 4, Up, andUyq fields.

4.5. Solution procedure

The pressure, volume fraction, and temperature equations are couplednimaar
fashion by the boiling and condensation of the dispersed component. tThus i
necessary to perform several iterations of the balance equatioesch time step.
Iterations are performed until the mass transfer rateh reanvergence, as determined

by a mixed absolute and relative tolerance similar to thatl Uy Silva and Lage
(2007),

m- m°
‘— < 001 (4.25)
1k%13s+|m|

max
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Outer loop: Repeat until Eq. (4.25) is satisfied.
1. Phase volume fraction loop — repeat twice

a. Solve the dispersed phase volume fraction equations (Eqg. 4.21)
b. Find the continuous phase volume fraction (Eq. 4.22)

Calculate the phase viscosities (Egs. 3.28, 3.30)
Construct the ; equations (Egs. 4.8)
Solve the temperature equation (Eg. 4.23)

a & 0N

PISO loop — repeat twice

a. Predict the phase fluxes (Eq. 4.11)

b. Solve the pressure equation (Eg. 4.15)
c. Correct the phase fluxes (Eq. 4.12)

d. Reconstruct velocities

6. Calculate mass transfer rates (Egs. 3.18, 3.21, 4.24)

Figure 4.1. Numerical solution procedure.

It is found that convergence is achieved more quickly when the mastetraates are
under relaxed with an under relaxation factor of 0.25. The solutiorguoe for each

time step is shown in Fig. 4.1.

4.6. Drag at high dispersed phase volume fractions

The model of boiling emulsions developed in Chapter 3 includes the assumptions
that the emulsion is dilute and that the two dispersed phases dopuxe forces on
each other directly. However, even in a dilute emulsion theyebmaegions where the
local volume fraction of one of the dispersed phases approachesFoneexample,
when 4 > . the droplets will tend to settle onto horizontal surfaces and adaten
there. When such an occurrence is possible it is importanth@atumerical code
handle it gracefully.

The most basic requirement for the numerical code at high didpghsse fractions
is stability. The code should continue to function as the volumednact a dispersed
phase approaches one. Clearly the model described in the preeiiens of this
Chapter fails this requirement. Equations (4.8b) and (4.11b) contaicotiti@uous
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phase volume fraction in the denominator and so become undefingd®as . The0

offending terms arise from the drag forces on the dispersed phadses interfacial
forces, then, must be handled differently at high dispersed phaserfsaso that the
phase volume fraction does not appear in the denominator of any term.

A more ambitious goal is that the model should reflect theipdlyshenomena that
occur at large dispersed phase fractions. For example, liquid-tapegphase flow
undergoes a series of phase transitions as the volume fractidre afapor phase
increases. As described by Wallis (1969), bubbly flow at low vapetién gives way
to churn flow in the range 0.1 ¢ < 0.3, and annular flow or droplet flow is generally
observed at very high vapor fractions. These transitions are Istraifigcted by the
presence of impurities in the system. In fact, the addition afaenihg agent to a
liquid-vapor system can cause bubbly flow to persist even for vagdrdns near one.
The resulting foam also exhibits significant non-Newtonian behawtodeling such
phase transitions is well beyond the scope of this study and imdageneral model
exists for predicting the structure of multiphase flow under different conditions

Rusche (2002) describes a modeling approach for two-phase flowsgat la
dispersed phase volume fraction that models a single phase tramgiteordefined
dispersed phase fraction. He introduces a continuous phase indicatmmfu¢hat is
defined such thaX; ® 1 ase ® landX; ® Oase ® 0 The drag force between

the phases i and j of a two-phase mixture can pessged as,

_ | €
Fij =18my U jj X ?"'Xj_z

i i

(4.26)

In a two phase mixture; =1 — ;and X =1-X. Inthe limit ofe ® lore; ® 1, Eq.

(4.26) becomes equal to Eq. (2.10). Use of thisaegn requires that a characteristic
diameter be defined even for the nominally contusiphase. Rusche (2002) notes that
the simplest definition of the continuous phasdaatbr function, X= ;, can lead to

significant errors in the terminal velocity of tlispersed phase elements when the
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characteristic diameters differ greatly. Rusche avoids poissibility by using a

stronger function of the phase fraction,

X, = 1+tani{2(2)(ei - 0.5)]' 4.27)

This approach is easily extended to mixtures of more than two ph&spstion
(4.26) can be applied directly to each pair of phases in the miXxDefning a complex
equation such as Eq. (4.27) for the continuous phase indicator function beoonees
problematic, however. If the relation ¥ i is adopted, the drag force between each
pair of phases in boiling emulsions is,

e, e
Foc =188p€cMett U e —2 + _; , (4.28a)
dc db
Fo =18 U,y 22+ 5d 4.28b
bd b€aMetUrpa —5 +—5 (4.28D)
dg dp
e. . €
Fea =18e.8qMett Ut cq _; + _g - (4.28c)
dd dc

These equations can be used in place of Eqg. (2.10) in Eq. (4.8) and ¢4otdydnt the
simulation from becoming unstable & ® . OlIt is noteworthy that this approach
allows the bubble and droplet phases to exert drag forces on eacdicgbtty, which

as explained in Chapter 3, should not occur. However, as long as the volume fraction of

both dispersed phases remains small, the force between them sllaiecompared to

the force exerted by either dispersed phase on the continuous phase.
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4.7. Results

Results of simulations performed using this procedure are presented in thénfipllow

chapter along with experimental results.
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5. Experimental apparatus and results

Experiments have been carried out to investigate the behavior of eituiksions
boiling on a small diameter heated wire. The emulsions usekese texperiments
consist of FC-72 in water. The primary objective is to meatheeheat transfer
coefficient at different temperatures for a still pool of diletaulsion boiling on the
wire. At very low droplet volume fractions, visual observation oftibiing droplets is

also possible. These data are to provide validation of the theoretical model.

5.1. Apparatus

The test cell consists of a chamber constructed of clealicaenyh a fine copper
wire stretched between two bus bars located near its cemgers(E). The wire has
length 100 mm and diameter 10t (38 AWG copper wire) and is heated by electrical
current, which is adjusted to vary the surface temperature of the wire. Ehhwgrhas
L/d 1000. The acrylic chamber permits observation of the emulsion forlizéegian
experiments. The bus bar assembly is not fastened to the lledtuteis instead
supported by crossbars that rest on the top of the test cell. Meahdrawings of the
apparatus are provided in Appendix B.

The test cell has 25.4 mm length, 203 mm width, and 203 mm depth, allibwong
hold ~ 1 of emulsion. The length of the cell is short so that observationghrthe
length of the cell is possible for very dilute emulsions. Thessid¢he cell are solvent
bonded together. The base is fastened to the sides with eightriablisgasket is used
to prevent leaks through the joint. This design permits easy aoctssinterior of the
test cell for cleaning. Because experiments are faitytsn duration (less than ten
minutes) and the total energy dissipated by the wire during e@ehniment is small, no
additional equipment is needed to maintain the emulsion at a constamerpkrature
during the experiment.

The voltage difference across the wire and current through thear@rmeasured,
from which the heat generation rate in the wire and thetaesris of the wire are

calculated. Measurements are recorded once per second during each expesrimgent
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Figure 5.1. Test cell.

digital data acquisition system. The bulk temperature of theseonuk also measured
directly at the beginning of each experiment.

The schematic diagram and parts list for the power supply areptbiri Appendix
B. The potentiometer of the power supply is adjusted ter #the electrical current
delivered to the heated wire. The current also passes throcgheat sense resistor,
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Figure 5.2. Bus bar assembly detalils.

and the voltage difference across this resistor éasured to determine the current
passing through the wire. The voltage difference across thedhedtte is measured
using sense wires that contact the heated wire adjacent boghgars (Fig. 5.2). This
approach avoids the confounding effects of resigancthe junction between the
heated wire and the bus bars and in the bus barmssilves. These two voltage
differences (across the heated wire and across the curreatrssigfor) are measured
sequentially by an electronic data acquisition system once pamde Because the two
voltages are not measured simultaneously, if the currebeireg adjusted while the
measurements are made an inaccurate picture of the wassnshy be obtained. This
effect is most significant at lower currents, where ifoisnd necessary to adjust the
electrical current and then wait for a few seconds for thesyg reach steady state so
that accurate measurements can be made. At currents thighespproximately three
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Figure 5.3. Apparatus for preparation of the emulsion.

Amperes it is possible to make a slow continuous adjustment of thentwithout

affecting the accuracy of the measurements.

5.2. Emulsion preparation

Emulsions of FC-72 in water are prepared in a separate apparattshes of ~1.5

For each batch of emulsion, the water is first degassed andhbtoutlpe desired
bulk temperature for the experiment. The FC-72 is then added andfiuuts the
water. The emulsion is transferred to the test cell immediately a#eation.

The apparatus used for preparing the emulsions (Fig. 5.3) consssthamber that
holds ~1.5 of liquid and a flow loop terminating at a check valve inside Hanber.
A gear pump is used to draw liquid from the chamber and returmoitighrthe check
valve. The jet of liquid exiting the check valve breaks up the F@tdZine droplets.
The inlet of the flow loop is placed at the lowest point in the ¢leairao that any non-
emulsified FC-72 that settles to the bottom will be taken up into the flow loop.

The emulsion must be degassed to prevent air bubbles from forming badieel
surface and interfering with convection from the surface. BecB@s&2 is more
volatile than water, the water must be degassed before the BGrt@duced. Slightly
more than 1.5 of distilled water is boiled for at least thirty minutes.tekfboiling, the
water is cooled to the desired temperature with a heat ex@hafide FC-72 is not
degassed separately.
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b ©

Figure 5.4. Photomicrograph of (a) emulsion, (b) no slide, and (c)ehfferbetween
(a) and (b) with contrast enhanced. Emulsion is 1% FC-72 by volume.
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After degassing, 1.5 of water is transferred to the chamber and FC-72 is added to
produce a mixture of the desired volume fraction. The pump is tumeaha run for
five minutes. Because FC-72 is denser than water, any FC-7 that emulsified
tends to settle to the bottom of the chamber, where it is drawnthebnlet to the flow
loop. The turbulent jet formed by the check valve breaks the FC-72tapfine
droplets. After two minutes the emulsion is transferred to the test chamber.

After performing tests with emulsions of FC-72 in water, additiegleriments
were performed with emulsions of pentane in water. The preparafioese
emulsions is slightly different. Because pentane is less daagsewater, the check
valve is moved to the bottom of the chamber in Fig. 5.3 and the iofdke flow loop
is moved near the top. After turning on the pump the pentane is introdineetly into
the intake. The pump is run only long enough to give the emulsion a ranifor
appearance, typically ~20 s.

5.2.1. Droplet size

The diameter of droplets of FC-72 produced by this method fall in the rande 4
22 m, with the majority of the droplets having d 6 m. These diameters were
measured from photographs of samples of the emulsion taken thrangiroscope.

To eliminate the possibility of counting dust on the lenses of the microscopapetsir
photomicrographs were taken in pairs, one with the slide containinmplesaf the
emulsion in place, and one with the slide removed. The second photomicregraph
subtracted from the first and the contrast of the resulting insamgereased for clarity.
This process is illustrated in Fig. 5.4.

Next, the diameters of the droplets in each photomicrograph easumed. A
histogram of droplet diameters (Fig 5.5) shows that although most trtyalee 5 < g
<6 m, afew are as large as 2&. The numerical average of the droplet diameters in
Fig. 5.3 is 7.9 m and the Sauter mean diameter is 1118 The model developed in
Chapter 3 includes the assumption that the droplets are monodispersejsadtearly
not a good assumption for emulsions produced by this method. The distributgn
does not change significantly for different volume fractions of FCAt2e diameter is

also not found to be a function of the mixing time.
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5.3. Experimental conditions

Figure 5.5. Histogram of droplet diameter for emulsion in Fig. 5.3.

Many factors can influence the boiling heat transfer m@tentulsions of FC-72 in
water and it is not the goal of this study to investigate atheim. The experimental
study is intended to investigate just three factors: surtaoedrature, volume fraction
of the dispersed component, and degree of subcooling of the bulk of theoemulsi
Other factors that have been shown to influence heat transfer inbidiFoplet size
distribution, flow geometry, and the presence of surfactants and otparities in the
emulsion. These parameters are held constant in the current study.

Experiments are performed at two nominal bulk temperatures ofnthésien, 25
and 44 °C (31 and 12 °C of subcooling of the FC-72, respectively). Eqrgs with
pentane in water were performed at the 25 °C bulk temperature ditlg. working
fluids that are investigated are water and emulsions of 0.1, 0.2, 0.5, andli$f¥¥se
component volume fraction. Previous experiments have shown that for paad) lwdil
emulsions, the heat transfer coefficient depends on the dispersed comypmnard
fraction up to ~1% (Bulanov et al., 1996). The emulsions are all msidg distilled
water and without introducing any surfactants. In each experimnertidat flux from
the heated wire is adjusted from nearly zero to ~2 M¥imhich is the limit of the
apparatus. For the pentane in water experiments the heat flexwasgncreased to ~7
MW/m? These ranges of heat fluxes encompasses natural convection frovitethe
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when no boiling takes place as well as a significant portion obailieng curve. The
apparatus cannot deliver sufficient power to cause transition filkimdpainder the

conditions of these experiments.

5.4. Data reduction

The two measured voltage differences (across the heated wiserasg the current
sense resistor) are used to determine the temperature ofrthandli the heat transfer
coefficient to the emulsion surrounding it. The analysis of the mapaires several
steps.

First, the electrical current through the wire is calculateohfthe voltage difference

across the current sense resistor using Ohm'’s law,

DV

Iwire -

(5.1)

CSs

With both the current through and voltage difference across the kmmen, the

resistance of the wire may also be calculated using Ohm’s law,

— BV uire — DV wire cs
| wire DVs

(5.2)

wire

The electrical resistivity of copper,g, is known to vary essentially linearly with
temperature over a wide temperature range. Based on dataiften2D10), between
20 °C and 127 °C the resistivity of copper increases by a factar ©10.004032 °C,

referenced to 20 °C,
re=rgofl+ag(T- 20°C). (5.3)

The electrical resistance of the wire is a linear funatibthe resistivity, = gL/Ay,

so the wire resistance increases with temperature at e rsdie as the resistivity. In
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this study, the wire resistance is known (Eq. 5.2) and can t¢inereé used to calculate

the temperature of the heated wire,

Tyre =20°C+ - _wie 1 —pgocy L DVuire cs

-1. (5.4)
ag wire,0 ag DVcs wire,0

The reference wire resistanceyie o, can be calculated based on the dimensions of the
wire, but variations in manufacturing and handling of the wireeeao®all deviations of
the resistance from the expected value. The direct measureftieatbulk temperature
of the emulsion made at the beginning of each experiment can beouasecbtint for
these deviations. At the beginning of each experiment a diresturement of the wire
resistance is made at low curren§§l 0.1 A) where Tie T . The value of wieo
used for each experiment is adjusted to bring the two temperagasurements into
agreement. Typical adjustments are no more than 0.5%;ef

The power dissipated by the wire is simply the product of theageldifference

across the wire and the current through it,

"_ | wire DV wire - DVuire DVes .

(5.5)

A wire A wire cs

The wire surface areawfe in Eqg. (5.5) is calculated using the length of wire between
the points at which the voltage sense wires contact the heateduot between the bus
bars. This length is 99 mm, approximately one millimeter shdhtan the distance
between the bus bars. The average heat transfer coeffioretite heated wire is

calculated using Newton’s law of cooling and the results of Egs. (5.4) and (5.5),

_ q"
h= . (5.6)
Awire (Twire - T¥ )
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5.4.1. Non-uniform wire temperature correction

- — bus bar
/ current sense Wires\

/heated wire, = (X)

_x ]

=0 Q|x=L/2 -

aQ
dx

x=0

L/2

vy

A

L

Figure 5.6. Coordinate system and boundary conditions for analysis in Section 5.4.1.

The foregoing discussion assumes that the heated wire has anutefaperature.
While this assumption is valid across the wire’s cross sechenyire temperature does
vary along its length. The bus bars and voltage sense wiras aeat sinks that hold
the temperature of the heated wire equal toaf its ends. The wire resistance
calculated in Eq. (5.2) applies to the whole heated wire, includingritie. Thus, the
wire temperature calculated using Eg. (5.4) is the average tatupgefor the whole
wire, including the ends. Under the conditions of this study, the badgrifarence the
temperature of only a small fraction of the wire’s length, wiikemiddle portion of the
wire has nearly uniform temperature. The temperature at ithgomt of the wire is
slightly higher than the average temperature calculated abgqvé.48 and is calculated
as described below. The heat transfer coefficient is thenlatdd using the local wire
temperature and the local heat flux at the midpoint of the witee coordinate system
for the following analysis is defined in Fig. 5.6.

An energy balance applied to a cross sectional slice of theyigids the following

governing equation for temperature,

2
de___a , 4 o (5.7)

dX2 kWire dWirekwire
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where is the temperature rise above ambient T - T . It is assumed that the wire
is at steady state and that radiation losses are negligitile. coordinate system and
boundary conditions for this equation are defined in Fig. (5.6). The heattieneate

in the wire varies linearly with the resistivity, which alsries with temperature. The

heat generation rate may be expressed in terms of the curreity,déAs and the
electrical resistivity, g,

dZQ I\%virer E,0 [ 4h

=- e fracQ- Q)+ —Q
dx? kAic dyireK wire

: (5.8)

=-Ka+ KgQ
where the constants;land K, are,
K :l‘e"ireﬂ(l_ agQo) (5.9a)

a kA)z(C EN0/:
4h I\?Virer E0QE

Kp = - ' . (5.9b)

dWirekwire KA ic

This formulation assumes that only the electrieslstivity is a function of temperature;
the thermal conductivity of the wire, dimensions thie wire, and heat transfer
coefficient are constant.

The solution to Eq. (5.8) is,

Ka cosf(Kbx)
=— 1- : 5.10
N kK2 = cosH1,K,L) (510)
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Under the conditions of this studylKis fairly large (greater than ten) so most of the

wire has nearly uniform temperature,

K
Quia =2 (5.11)
Kb

The cooler ends of the wire cause the measuredresistance to be somewhat lower
than if the entire wire were atng. The resistance of the wire can be obtained by

integration,

L/2
=2 TE gx. (5.12)

Axc
0

When the equations for copper resistivity (Eq. 23l wire temperature (Eq. 5.10) are

substituted into this equation the result is,

L/2
LM eo repdg cosHKpx)
= —\1- ) - ’ dx, 5.13
A (1- agQp +aeQpmia) A Ocosf(}éKbL) X (5.13)
which simplifies to,
2
= o{t+ag(Qmi - Qo))- OﬁaEtanr(}éKbL)- (5.14)

b

As noted before, under the conditions of this stigly is large, so tanh(0.5K) 1.

The resistance of the wire is therefore,
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2
= o l+tag Qpg 1- — - Qo . (5.15)
KL

This equation can be combined with the definition of the averageemmgerature (Eq.

5.4) to obtain an expression for the wire midpoint temperature,

-1
2
Tmid = 1- [Twire - T¥] +T¥ : (5-16)
LK ,

Far away from the ends of the wire there is nelgliggaxial heat conduction through
the wire, so the local heat flux is a function oofythe local heat generation. The heat
generation, in turn, is a function of the currdmbtigh the wire and the local resistivity,

given by Eq. (5.3). The heat flux at the midpahthe wire is,

12,
afhq = = wire,0[1+aE(Tmid - Ty ), (5.17)

A wire

and the heat transfer coefficient at the midpofirihe wire is,

_ O%g
hyg =—0 5.18
mid Tmid j T¥ ( )

This analysis assumes that h is uniform over the wurface, but in fact the heat
transfer coefficient is a function of the wire teengture. The reduced value of h near
the wire ends results in a smaller region of reduesenperature than predicted by Eq.
(5.10). The correction in Eq. (5.16) is thereftwe large, and the heat flux predicted by
Eq. (5.17) is too small. These errors oppose e#wir in Eq. (5.18).
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5.5. Uncertainty analysis and calibration

Table 5.1. Measurement uncertainties.

Quantity Uncertainty
cs 0.15%
Vs 0.005% + 4 V
0.005% + 4 V, Vire < 0.12 V
V wire 0.004% + 7 V, 0.12< Vyjre<1.2V
0.0035% + 50V, 1.2V< Vyie<12V
T 0.5°C
wire,0 0.21%
. 0.05% + 2 A, <12 mA
m'gg; Sﬂgrenc;m)o.os% +5 A 12 mA < 1 < 120 mA
0.1% + 100 A, 120mA<I<1A

Measurement uncertainties are listed in Table 5.1. UnceesiintiTyire, Trmid, 9 mid»
and h,gq are determined from the measurement uncertainties usingusalant the
principle of superposition of errors (Topping, 1962). In general, foriabta Q that is
a function of several variables, Q = Q(a, b, 0, the square of the uncertainty in Q is
the sum of the square of the uncertainties due to each independent variable,

Q.2 1.2 0. % =
Hda + db + Nde + (5.19)

Q= Ta b Iic

where a denotes the uncertainty in a. This procedui@pied to Eq. (5.4), (5.16),
(5.17), and (5.18). The relative uncertainty @& theasured voltages is quite small and

so may be safely neglected. The uncertainty,in iB,

d .
dTwire = ai +Twire - 20°C + wire 0 ) (5-20)



the uncertainty in gniq is,

02 dy 2. adlmz,earz)
dafhy =affy 2—= + — W 4 —ELmd ¥ (5.21)
cs w [1+ag(Tmia - Ty )]
and the uncertainty iny is,
) ) , 05
dhmig = Nimig i + Mg + dTy (5.22)
A% Trnid Ty Tmia-Ty

Evaluating the uncertainty inhi (EQ. 5.16) is more difficult because errors arise
from the assumptions made in the analysis rather than measurgmerttinties. It is
assumed that error in the analysis leading up to Eq. (5.16) mag/lbega as half the

difference betweenJ. and Tng. The uncertainty in the wire midpoint temperature is
therefore,

2 2 05
+dTWII’e +
KoL-2 KL KL

ATy = (5.23)

Under most circumstances, 0.8 ¥, < 2.2 °C. The uncertainty in the wire
temperature becomes significantly larger only at very loweotiyrwhen the voltage
difference across the current sense resistor is veryl.sfihe uncertainty in the heat
transfer coefficient is also small except at low power. HQie — T ) > 10 °C the
uncertainty in h is less than 10%, and falls to less than 3% fg¢ €1T ) > 40 °C. At
larger temperature differences the greatest contribution to amggrin h is uncertainty

in the conduction to the ends of the wire.
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5.5.1. Calibration

Electrical measurements are performed using an Agilent 349a0# acquisition
unit. The instrument is capable of making very accurate voltagesurements and
accurate current measurements. However, the current meastrfeimction is limited
to currents of 1 A or less, which is too low to use directlthis study. The current
through the heated wire must therefore be calculated from tregeddifference across
an external current sense resistor. The current and voltagerereast functions of
the data acquisition unit are used to measure accurately distanee of the current
sense resistor. The resistance of the heated wire nmpaksccurately measured at the
beginning of each experiment.

The current sense resistor has a nominal resistance of &neh a tolerance of 1%.
Such a large uncertainty applied to Eq. (5.20) would result in antamtgrin the wire
temperature of several degrees, which is unacceptably high. Becaus so small, as
large a current as possible must be passed through it to avoi adkative uncertainty
in the voltage measurement. A circuit is constructed that pa@sseent from a stable
5V power supply through a power resistor, a data acquisition unitument
measurement mode, and the current sense resistor in series. Hregmsior is used
to limit the current through the resistor to ~1 A. A second datuisition unit is used
to measure the voltage across the current sense resistor. Tédr@ @imeasured to be
866.16 + 0.97 mA andVsis measured to be 4.3296 + 0.0042 mV simultaneously. By
Ohm’s law, then, ¢s=4.9986 + 0.0074 m.

It is important that two separate data acquisition units ard teseerform the
voltage and current measurements simultaneously, even though a Amitgat
34970A is capable of performing multiple measurements in sequencepairhéaken
by the current to be measured through the data acquisition ungeshavhen the unit
switches between voltage and current measurements. Theamesigif the circuit
therefore changes in an unpredictable manner when a single data meqursttis used
to make both current and voltage measurements. Using two datai@aouinits
avoids this problem, and also avoids the effects of any driftarvoltage of the power

supply or the value of the power resistor.
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The same procedure is also used to measure the resistance hefatkd wire
accurately at the beginning of each experiment. Because thames of the heated
wire is much greater than that of the current sense reslstdoest accuracy is achieved
when the current through the wire is ~ 100 mA. At this loweretuithe most accurate
current measurement range of the data acquisition unit can beviiBedt sacrificing
accuracy in the voltage measurement across the heated wireicalTyplative

uncertainty in o measured in this manner is 0.21%.

5.6. Results
5.6.1. Water

Before performing experiments with emulsions, the free coruetiteat transfer to
water is measured. These experiments provide a base-lineorfggadson to the
emulsion results and confirm that the apparatus behaves as expedGieese
experiments are performed with distilled water that was dedassing the procedure
described in the previous section.

Morgan (1975) examines 64 previous studies of natural convection heaertransf

from horizontal circular cylinders and suggests the following correlations

Nug,, =0.675Ra%%8, 10°<Ra<102, (5.24a)

Nug, = 102Ra%*8, 1072 <Ra<10?. (5.24b)

The characteristic length in the Nusselt and Rghleaumbers in Eq. (5.24) is the
diameter of the heated cylinder. All fluid propestin Eq. (5.24) are evaluated at the
film temperature. Most experiments in this stualy ihto the Rayleigh number range of
Eq. (5.24b). Morgan estimates that the uncertaihtirese correlations is ~5%.

The boiling portion of the experimental data cancbhenpared to the correlation
developed by Rohsenow (1952),
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Cp(Tmid - Tsat) -C q" % S ’ (5.25)

itg PP° of Mifg g(rf - rg)

where for copper surfaces in wateg € 0.013 and the power of the Prandtl number, s,
is one. Although this correlation was developed for saturated hothegeffect of
subcooling is small during nucleate boiling (Lienhard and Lienhard, 2088)vever,
even for saturated boiling, Eq. (5.25) typically has ~25% enr¢Fire — Tsa) (Lienhard
and Lienhard, 2008).

The measured heat transfer coefficient for water is shawsg. 5.7 for two bulk
water temperatures, 23.2 °C and 43.4 °C. In both cases the agrdmtvee¢n the
experimental data for single-phase free convection and Eq. (5.2¢ddds For the T
= 23.2 °C case, the difference between Eq. (5.24b) and the experimdata tess
than 10% at all temperatures, and the difference between theetveoally decreases
with temperature. For the = 43.4 °C case, the experimental data is as much as 20%
than Eq. (5.24b) for Jie < 50 °C, although the experiment and correlation are within
5% for Tuire > 90 °C. This deviation may be due to heat loss to the walledést cell
causing a slight decrease in between the time at which Twas measured and the
experimental run (which was approximately one minute). The bdikag transfer data
also agree fairly well with Eg. (5.25), taking into account the largeertaioty
associated with the correlation and the unsteadiness of the wire temperature.

In both cases, superheat of ~40 °C is required to initiate boilingh@astnificant
difference in the degree of superheat required is seen betweemotltases. Within
four to five seconds of the onset of boiling the wire temperature tpopen to fifteen
degrees Celsius. The wire temperature remains essentabyant as the heat flux at
the wire surface is increased further. In neither caseaissition to film boiling

observed, even though the heat flux at the wire surface approaches ZMW/m
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(b)
Figure 5.7. Free convection heat transfer coefficient from hedtedo water, (a) T

=24.2 °C, (b) T = 43.4 °C. Light-weight lines indicate uncertainty limits
of the correlations.
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5.6.2. FC-72 in water emulsions

Heat transfer coefficients for the heated wire in dilute sionos of FC-72 in water
are shown in Fig. 5.8. Equations (5.24) and (5.25) are included for coamparite
correlations are computed for water. Boiling curves for pure F@r@zhot included
because the expected critical heat flux of pure FC-72 is much tbese the heat fluxes
used in these experiments. Due to the lower wire temperatutiee boiling emulsion
experiments, the uncertainty in the wire temperature is sontesateler than in the
water experiments,Tyire < 1.4 °C.

Several notable trends are observed in the experimental datg.tHérsingle-phase
heat transfer coefficient is lower than for water, and thergeree from Eq. (5.24)
grows larger with increasing FC-72 volume fraction and with asirggy T. On the
other hand, boiling heat transfer is enhanced compared to water (Eqg. 5.25) and improves
with increasing FC-72 volume fraction. A very large degree of superhledityedo the
saturation temperature of FC-72, is required before boiling o@nds similar to the
water experiments, a decrease in wire temperature is obsaftee boiling begins for
experiments at low FC-72 volume fraction. However, unlike therveqgeriments the
temperature drop does not occur immediately, but instead decpaskeslly as the
heat flux is increased. Although the wire temperatures beconsegrthan the
saturation temperature of water, no significant change in the treesfer data is
observed near or above 100 °C that would indicate that water suddenhs begi
participating in the boiling process. Finally, the wire tempgeashows much less
unsteadiness during boiling than in the water experiments.

The experiments performed at 0.1 % FC-72 volume fraction appear rob@al@us
in several ways. The degree of superheat required for boilihggm for the low T
case is the highest observed in any of the FC-72 experiméniss.also much higher
than for the high T case, which is opposite the trend observed at other FC-72 volume
fractions. Boiling in the high T case occurs at a lower temperature than all other
experiments, but at high heat flux the surface temperature sudderdases to near

that of boiling water.
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(b)
Figure 5.8. Free convection heat transfer coefficient for helatezontal wire in

emulsions of FC-72 in water with (a) 0.1%, (b) 0.2%, (c) 0.5%, and (d)
1.0% FC-72 by volume.
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(d)

Figure 5.8. continued.
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5.6.3. Pentane in water emulsions

It was observed in the FC-72 in water emulsion experiments katwire
temperature must be close to 100 °C before boiling of the emulsion odelush of
the boiling curves in Fig. 5.8 then lie above the saturation tempecdtwager, and it is
somewhat unclear to what extent the water participates im@oiliTo address this
guestion a second set of experiments was performed using emuw$ipestane in
water. Pentane has a saturation temperature of 35.9 °C at atnmogpiessure,
approximately twenty degrees cooler than FC-72. Emulsions of neemtawater
should therefore boil at a lower temperature as well, so thaavime that is
unambiguously due to the boiling of the pentane alone can be observed.

A new power supply was used for the pentane in water emulsionregpés. The
new supply provided a higher voltage than the original (12V rather thanwNh
enabled this set of experiments to proceed to higher surfacéithethan the water and
FC-72 in water experiments (7.5 MW/mas. 2 MW/nf). In some experiments the
critical heat flux was still not achieved.

Figure 5.9 shows the boiling curves for pentane in water emulsidahsfour
different volume fractions of pentane. As expected, boiling beginsugace
temperatures between 75 and 90 °C, approximately twenty degreesthaneior the
FC-72 in water emulsions. Just as in the FC-72 in water emuylslenseat transfer
coefficient for single phase free convection decreases withasimg pentane volume
fraction. In all cases boiling occurs at a lower temperahap in water, and at high
heat flux (~5 MW/M) the wire temperatures for the 0.1, 0.2, and 0.5% pentane
emulsions approach the same curve, approximately 15 °C below the a&mper
predicted by Eq. (5.25). This behavior is not observed in the 1% pentamerexpe
because burnout of the wire occurs at a heat flux of 4 MW/Ror the 0.5% pentane
experiment burnout occurs at 6.2 MW/nand for the 0.2% pentane experiment it
occurs at 7.2 MW/ In the 0.1% pentane experiment a maximum heat flux of 7.7
MW/m? is achieved (at the maximum current that the power supply can provide
without reaching the critical heat flux. There is a cleamdrtowards decreasing critical

heat flux with increasing pentane volume fraction.
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Figure 5.9. Free convection heat transfer coefficient for helatezontal wire in
emulsion of pentane in water with (a) 0.1% and 0.2%, and (b) 0.5% and
1.0% pentane by volume. Eg. (5.24) and (5.25) computed using values for
water.
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Figure 5.10. Boiling heat transfer coefficient for heated horizamt& in emulsion of
pentane in water. EQ. (5.24) computed using properties of water.

For the 0.2, 0.5, and 1.0% pentane experiments, a temperature overshoot iglobserve
before boiling begins. For the 0.2% case, after boiling begins thee tamperature
decreases gradually as heat flux increases, which is similae behavior of the FC-72
in water emulsions. For the 0.5 and 1.0% cases the temperature ovessaamEr and
the decrease in temperature when boiling begins is abrupt, whidosir ¢o the
behavior observed in the water experiments. The temperature oueirshbe 0.5%
cases is especially large, and it appears that the wil@ceuemperature reaching the
saturation temperature of water is the trigger that initiates boiling qethine.

If the portions of Fig. 5.9 in which only pentane boils are examinec rdlosely
(Fig. 5.10), some similarities to the experimental data of Bularioal.ebecome
apparent. The boiling heat transfer coefficient increases rlynesith surface
temperature or exhibits some downward curvature, similar to Eig8.and 2.11. The
data in this study has more scatter between adjacent dataipaatsh experiment than
that of Bulanov et al. However, in this study many more data paretseported as

well. It may be that each data point in Figs. 2.7 — 11 repreapraseraged value of a
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sequence of several individual measurements. Unlike Fig. 2.8, irtubisthere is no
clear trend in heat transfer coefficient vs. pentane volumedrac®f course, the fluid
combinations used in this study are different from those investidat Bulanov et al.,

and other experimental conditions differ as well, so identical results are notexzkpe

5.7. Visualization

In addition to the experiments described in the previous section,ies sHr
experiments were performed while recording images of the cheate using a digital
video camera. The camera used was model number EO-1312M manufactured b
Edmund Optics with a Navitar Zoom 7000 macro zoom lens. With this catiim a
minimum resolution of 4.5m per pixel can be achieved.

The EO-1312M camera is not meant for use as a high-speed caferaamera
records images at 30 frames per second. Although the exposureftiime image
sensor in the camera can be set as low as2the sensor achieves this exposure time
with an electronic rolling shutter. A rolling shutter means thatentire image sensor
does not record an image at the same time. Instead, a certddemafnmows of pixels
in the sensor are exposed ahead of the row currently being reafitbatsensor. The
exposed area rolls down the sensor as rows of pixels are gsvglg read out of the
sensor and transmitted to the attached computer. At the fastsgil@gsxel clock,
which was used in this study, one row of pixels is read everys28o the exposure
time can be set in multiples of 2. Exposure times were chosen to be as short as
possible while still allowing the image sensor to collect endighih to resolve features
in the flow, and were typically between 100 and 480 The rolling shutter leads to
image artifacts when fast-moving objects are recorded. Thesacts will be
discussed in further detail when they are encountered in the following sections.

These limitations of the camera system — the limited resoluind the rolling
shutter — also somewhat limit the utility of the camera in this applicationcdrhera is
unable to resolve individual droplets or their boiling, so direct visudleace of the
boiling model presented in Chapter 3 is not easily obtained. Howéeecamera is
capable of capturing larger and slower-moving features, which aceisdied in the

following sections.
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5.7.1. Boiling water

In Fig. 5.11 several images of the heated wire are presénée were recorded
during a boiling water experiment. The boiling curve for the satpergnent is shown
in Fig. 5.12 and the points at which the images were recorded are nbtedthis
experiment there was little contrast between bubbles in tlikdfeview and the dark
background, so the contrast of the images in Fig. 5.11 was enhanbedincieased
contrast causes the grainy appearance of some images amaf @etail in the wire
itself, which was bright enough to wash out the sensor. The sntil loircle at the
center of each bubble is a reflection of the light source.

The heat transfer behavior of the heated wire in this experimepuite similar to
the other water experiments reported in Section 5.6.1. As before, dhdrduasfer
coefficient in the single phase region is slightly higher thaudlipted by Eg. (5.24) and
the boiling heat transfer coefficient is quite close to Eq. (5.25he dnly notable
difference is that a smaller degree of superheat is recugfede boiling begins. In this
experiment the wire reaches only 125 °C before boiling begins, rétaerl40 °C as
observed in the earlier experiments. The reason for this diferenay be that the
water used in this experiment was handled somewhat more aiitgr degassed and
before the experiment began. The water, therefore, may habvgorbad some air
before the experiment, and this may have promoted nucleation onirthedwe to
desorption of the air on the wire surface.

The first sign of boiling in the heat transfer data is a sudderase in the heat
transfer coefficient above the value predicted by Eq. 5.24, which ponés to the
sudden appearance of bubbles on the heated wire (Fig 5.11b). Before thikgreind
no visible activity on the heated wire (Fig. 5.11a). The bubbles initiallyineati@ched
to the heated wire and are steady. As the heat flux diedipgtthe wire increases, the
bubbles grow larger and some begin to detach from the wire (Fig. 5.The)bubbles
depart from the wire with increasing frequency with increasing heat fl

At higher heat flux ( > 1.7 MW/RA) the vapor bubbles grow quickly enough that
some artifacts become visible in the images. In Fig. 5.11d, teoppaf a bubble is

visible that formed while the image was being recorded. In this experimenartieza
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Figure 5.11. Images of heated wire during boiling in water. (ag im single-phase
region. (b), wire at onset of boiling, arrows denote bubbles attached to
wire. (c), sequence of three frames showing bubble departurelafear
edge of frame. (d) and (e), image artifacts caused by rapid buorabien
and vibration of wire.
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Figure 5.12. Free convection heat transfer coefficient from theate to water, T =
26.2 °C. Letters denote images in Fig. 5.11.

was oriented such that the image sensor scanned rows of pikétsright. Similar
artifacts show in most other images. As heat flux approaches 2ri¥itvé wire begins
to vibrate intermittently, probably due to the rapid growth of bubbteshe wire and
their subsequent collapse after they travel into the sub-cooled liq@id@the thermal
boundary layer. The vibration of the wire manifests as wavindbg irecorded images
(Fig. 5.11e). The wire vibrates at approximately 270 Hz with x@man magnitude of
~45 m. The vibration does not have any apparent effect on the hedétriiom the
wire.
5.7.2. FC-72 in water emulsion, 0.1% FC-72

Figure 5.13 shows several images of boiling on the heated wire é@malsion of
0.1% FC-72 by volume in water. Figure 5.14 is tlelibg curve for the same
experiment. The bulk temperature of the emulsion was 35 °C. Thpetatare was
chosen to bisect the temperatures of the emulsions in Fig. 5.8a, ahdathzansfer

coefficient generally does fall between the twoliearexperiments. In particular,
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Figure 5.13. Images of heated wire during boiling in FC-72 in waterdsson, 0.1%
FC-72 by volume. (a), onset of boiling. (b), attached bubbles at higher
heat flux. (c), rapid bubble detachment. (d), boiling at high heat fl
average bubble rise velocity is 0.0087 m/s.

101



(d)

Figure 5.13 continued.

the rather sudden increase in surface temperature at higfuxealbserved in the T=
45 °C case also occurs here but is less significant.

The images recorded in this experiment bear many similardiésose recorded of
boiling water. Bubbles first become visible on the heated witleeatame time that the
heat transfer data shows the first sign of boiling (Fig. 5.13&.he4at flux increases
more bubbles form, grow larger (Fig 5.13b), and detach from thewiliheincreasing
frequency. One interesting behavior observed in this experimématisome bubbles
depart the wire with significant velocity. Figure 5.13c shows a bubble, inititdghed
to the near side of the wire, departing from the wire and iitiedvelling downwards
before rising in front of the wire due to buoyancy. The bubble &lsoks visibly due
to condensation as it rises out of the frame. This rapid depaftimebbles from the
wire is likely responsible for the vibration in the wire noted in Fig. 5.11e.
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Figure 5.14. Heat transfer coefficient for heated wire to F@¥ater emulsion, 0.1%
FC-72 by volume, T = 35 °C. Letters denote images in Fig. 5.13.
Correlations are calculated for water.

At high heat flux the bubbles that nucleate on the heated wirehdatag much
smaller diameter than at lower heat flux (Fig. 5.13d). Dugaaohigh temperature of
the wire it is not clear whether the bubbles that nucleate onmiteeare FC-72 or water.
The detached bubbles visible in Fig. 5.13d have 59 <D0 m, and so could be the
result of boiling of individual FC-72 droplets with 10 § 4 20 m. However, as is
seen in the second frame of Fig. 5.13d, some bubbles that nucleatevaretberface
are still propelled downwards from the wire, so the dispersed buld#estisroughout
the frame could be the result of this process instead. (The gtongathe bubble in
the second frame is an artifact of the rolling shutter in thage sensor. For this
experiment the sensor was oriented such that rows of pixels neeoeded top-to-
bottom.) In either case, it seems likely that processes averimg that are too small or
too fast for the camera to capture, for the small number of ilobieerved in Fig.

5.13d could not be responsible for such a large change in the heat transfer coefficient.
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5.7.3. FC-72 in water emulsion, 0.2% FC-72

Some images of boiling of an emulsion of 0.2% FC-72 in water are simofig.
5.15. Because the opacity of these emulsions increases with the vodotan of the
dispersed component, these images of the 0.2% FC-72 emulsion could obhaibed
by moving the heated wire very close to the wall of the teatnber closest to the
camera. The proximity of the wall to the heated wire affgesheat transfer data and
eventually the wire becomes obscured by bubbles that stick veatheHowever, some
observations of boiling at moderate heat flux were made.

As in the previous two experiments, the first appearance of laibbléhe heated
wire coincided with the onset of boiling. A unique behavior observedisdhat the
bubbles did not have steady diameter. In the previous experimentssiitailéormed
on the wire soon after boiling began had steady size that increased with tfexhelat
this case, although the trend of increasing bubble size with logahdld, the bubbles
always fluctuated in size as well (Fig. 5.15a). At higheathlux the bubbles began to
detach from the wire with increasing frequency, as in previogerarents. The
opacity of the emulsion made observation of the bubbles after depacinghe wire
impossible, however. In Fig. 5.15b two small bubbles can be observiedygsaiss in
front of the wire but are not visible in either of the precedinfplbowing frames. Thus
it is impossible to determine what other boiling behavior mayot®urring in the
vicinity of the wire. At high heat flux vibration of the wire abserved at ~250 Hz,
similar to the boiling water experiment.

5.7.4. Pentane in water emulsion, 0.1% pentane

Figure 5.16 shows several images of the heated wire duringdoilian emulsion
of pentane in water with 0.1% pentane by volume. The imagesauedpin context
with the heat transfer data in Fig. 5.17. The emulsions of pentaeegererally less
cloudy than the emulsions of FC-72, possibly due to the closer mattident of
refraction between pentane and water than between FC-72 and wate20 {C the
indexes of refraction of water, FC-72, and pentane are 1.333, 1.251, and 1.357,

respectively.)
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Figure 5.15 Images of heated wire during boiling in 0.2% FC-72 in vestedsion.
(a), unsteady bubble at low heat flux, field of view is 1 x 1 mmrgpid
boiling, field of view is 2 x 1.5 mm.

Many of the behaviors observed in the 0.1 % pentane in water emulsismaliar
to those of the 0.1 % FC-72 in water emulsion. The first bubbles leegsible on the
heated wire at the onset of boiling (Fig. 5.16a). As the heatritieases, the bubbles
grow larger and more bubbles form (Fig. 5.16b). Some oscillatidmeisize of these
large bubbles is observed, but at a lower frequency than was obsettied.2 % FC-
72 in water experiment (Fig. 5.15a). As the heat flux increas#isef the bubbles
begin to depart from the wire. Bubbles depart with increaseguéncy and at smaller
sizes as the heat flux increases (Fig. 5.16c). At intermeteae flux the wire
temperature is observed to fluctuate by several degrees around 108 °C witdapari
few seconds. While this temperature fluctuation occurs it is wi$ehat many small
bubbles form on the wire and then depart simultaneously (Fig. 5.16d)tefitperature
fluctuations cease when the bubbles start to depart from theingikedually rather

than all at once (Fig. 5.16e).
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Figure 5.16. Images of heated wire during boiling in 0.1% pentane im a@atdsion.
(@) and (b), large bubbles attached to wire. (c), departure of buables
higher heat flux. (d), simultaneous departure of bubbles, average bubble
rise velocity is 0.0076 m/s. (e), boiling at high heat flux, average bubble
rise velocity is 0.012 m/s.
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Figure 5.17. Heat transfer coefficient for heated horizonta¢ Wi pentane in water
emulsion, 0.1% pentane by volume, ¥ 25 °C. Letters denote images in
Fig. 5.16. Equation (5.24) calculated using properties of water.

At high heat flux (q” > 4 MW/rf) bubbles with 25 <gl< 200 m can be observed
attached to the wire as well as in the liquid surrounding @. (Fil6e). The smallest
visible bubbles, if they contain only pentane, contain the same amopahtine as a
droplet with @ =5 m and therefore could be the result of individual droplets boiling.
At the high surface temperatures that accompany these conditions, however, tee bubbl
could also contain steam. On the other hand, the water in the emalsugocooled to
such a great extent (~75 °C) that it seems unlikely thainsibedobles could exist at any
great distance from the wire. The visual data is certaimlgiguous. Some bubbles are
observed below the heated wire in Fig. 5.16e, but a bubble can also beedhsehe
lower-left corner of the first frame moving downwards rapidly, so the bubblew lteé¢
wire could all be due to bubble being propelled off of the wire daavdsvas was
observed in the FC-72 in water emulsions (Fig. 5.13d).

5.7.5. Pentane in water emulsion, 0.2%
Figures 5.18 and 5.19 show several images of the heated wire anchsiar tdata

for boiling in an emulsion of 0.2% pentane in water. The behavioengdss in this
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experiment were generally similar to the previous experimenke large bubbles that
formed on the wire at the inception of boiling tended to grow and shriakicadly,
similar to the 0.2% FC-72 in water emulsion, but at a slower rateaddition, small
bubbles continually formed and collapsed again on the heated wire (Fig.. 5118=)
not known whether the bubbles collapsed entirely or merely becamenmalb te
observe against the heated wire. The disappearance of the bubblesatdaddcaused
by their departure, for the velocity of the emulsion was ngit nough to transport the
bubbles out of the field of view between frames.

As the heat flux increased, bubbles began to depart from the heatedatwire
increasing frequency and at smaller diameters. In samsescbubbles apparently
briefly formed small clusters without coalescing (Fig. 5.18b, A).high heat flux the
emulsion near the heated wire appears similar to the 0.1% pemtpaement (Fig.
5.18e), although the number density of bubbles is higher, which is to baeskgdbe
bubbles form from pentane droplets. The range of bubble sizes I5HEBe is

essentially the same as in Fig. 5.16e.

5.8. Discussion

The wide range of behaviors of the emulsions described in tvépsesections
defies easy, detailed explanation. However, some trends in theatatze identified
that lend some insight into the physical processes that occur tirirblesfer to dilute
emulsions.

5.8.1. Single phase behavior

In the single phase portion of the experiments it is apparenthigresence of the
dispersed component hinders natural convection heat trangfeficgintly. As Fig.
5.20 illustrates, there is a trend towards lower heat transféficoe with increasing
disperse phase volume fraction, although there is some scatterdatéh®r pentane in
water emulsions. Some decrease in the heat transfer tpdsted because pentane
and FC-72 both have much lower thermal conductivity than water (at 25=0,305,
0.117, and 0.056 W/m-°C for water, pentane, and7BGespectively). However,
according to the effective medium theory of Maxw@04), at a dispersed phase

volume fraction of 1% the effective conductivity of the emulsion shbelcdho more
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Figure 5.18. Images of heated wire during boiling in pentane in watalsion, 0.2 %
pentane by volume. (@), onset of boiling. (b) — (e), boiling at isorga
heat flux. Average rise velocity of bubbles is (b) 0.0052 m/s, (c) 0.0065
m/s, (d) 0.0086 m/s.
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Figure 5.19. Heat transfer coefficient for heated horizonta¢ wi pentane in water
emulsion, 0.2% pentane by volume, ¥ 23.5 °C. Letters denote images
in Fig. 5.19. Equation (5.24) calculated using properties of water.

Figure 5.20. Decrease in single-phase free convection heat traus&icient for
emulsions.
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than 1.5% lower, even if the dispersed phase is a perfect insuldter.effect of the
dispersed component on the viscosity of the mixture is similanbllgTaylor, 1932).
The large decrease in the single-phase heat transfercoafithen, is strong evidence
that droplets of the dispersed component collect on the surface of the heated thize
dispersed liquid forms a uniform layer on the wire surface,ayerneed only be a few
microns thick to cause the observed decrease in heat transfexr.ndt possible to
determine, with the instruments used in this study, how much of tfeeswf the wire
is covered or whether the droplets coalesce into a continuous layer of liquid on the wire.
5.8.2. Dispersed component boiling vs. enhanced continuous component boiling

As noted in Section 5.6.3, emulsions of FC-72 in water are observedgito be
boiling close to the saturation temperature of water, so thatifficult to separate the
effects of boiling FC-72 droplets alone from evaporation of themvaln contrast, the
boiling curves for emulsions of pentane in water have two distagions. At surface
temperatures below ~105 °C only the pentane is boiling and the bouiwvgs show
similar behavior to that reported by Bulanov et al. (Fig. 5.10). higher surface
temperatures it is likely that the water boils as well, Whicenhanced by the presence
of pentane bubbles. For the 0.1, 0.2, and 0.5% volume fraction cases thelistisct
jump in surface temperature between these two regions.
5.8.3. Similarity in the dispersed component boiling regime for FC-72 and pentane

Having noted the two distinct boiling regimes for pentane in watarlsions, it is
reasonable to return to the FC-72 emulsion data and look for siresarikigure 5.21
compares the pentane emulsion and FC-72 emulsion boiling curvdaragian of the
degree of superheat of the dispersed component. The figure cohtaiwwarin FC-72
runs only, as the degree of subcooling of the dispersed component inxpesaments
was similar to that of the pentane emulsion experiments. When pesinpa this basis,
the boiling curves for 0.2, 0.5, and 1.0% dispersedponent volume fraction
emulsions in the 40 <4 — Tsat < 50 °C range are remarkably similar. The only
exception is the 0.1% case, in which the behavior of the FC-72 &r watulsion has
already been noted as being anomalous. The boiling curves are dxpedieerge for

Tmid — Tsat > 50 °C because, for the FC-72 in water emulsions, this temperatuge
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Figure 5.21. Comparison of pentane in water emulsions to FC-72 in eratdsions
with small sub-cooling. Emulsions are (a) 0.1%, (b) 0.2%, (c) 0.5%, and
(d) 1.0% dispersed component by volume.

corresponds to surface temperatures high enough to cause theowsgint boiling as
well. This result suggests that the most significant effeftshe bubbles of the
dispersed component are caused by their mere presence, and thieegropéne vapor
in the bubbles are unimportant.
5.8.4. Surface temperature overshoot

One striking difference between pentane and FC-72 emulsions i8.Fig. and d is

the large temperature overshoot that occurs before the pentaneéamhbigin boiling.
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In fact, such overshoots occur inconsistently throughout the experimehls.
correlation with degree of subcooling of the emulsion or the dispersegbonent
volume fraction is apparent. One clear distinction is that thgesa temperature
overshoots are seen in the pentane in water emulsion data, and #sese tlte
temperature of the wire drops suddenly after the inception of boilitigerrahan
gradually as heat flux increases. The inconsistent data ssiggastthe temperature
overshoots are linked to some aspect of the preparation of the @amsuisat was not
adequately controlled.

One likely source of variability in the emulsions is in the degoewhich they were
degassed. As noted in Section 5.2, the water used in the emulsiorisstvasglassed
by boiling but the dispersed component was not degassed separatiijtiorfally,
after degassing the water was cooled to room temperatureaaudet further in the
course of producing the emulsion. This procedure provided opportunities foatie
to re-absorb atmospheric gasses. The large degree of superheadreégunitiate
boiling in the water experiments (Fig. 5.7) suggests that the imsilemained at least
partially degassed, but differences in the handling of each bagrhwdséion could have
resulted in different amounts of dissolved gasses in each experith@éstnoteworthy
that none of the previous investigators of boiling in emulsions (Bulanal, éflori et
al., and Ostrovskiy) mention degassing procedures in any of thenragpés. In fact,
Bulanov’s theory of chain boiling depends on the presence of dissolvedteric
gases in the dispersed component. The data suggests that dissségeflgga a role in
the initiation of boiling but do not impact the boiling heat transfer coefficient.

5.8.5. Attached bubbles

The visual observations reported in Section 5.7 are surprising. BotinoBida
model of boiling emulsions and the model developed in Chapter 3 rely angbofl
individual droplets of the dispersed component in the thermal boundaryalayerd a
heated surface and not on the surface itself. The droplets ohthsi@ns used in these
experiments have 4 & 22 m and, if they boil individually, would produce bubbles
with 20 < ¢ < 130 m. The images obtained of boiling emulsions at high heat flux

(Figs. 5.18b-e, 5.16e, and 5.13d) show that the camera system used in these experiments
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is capable of capturing bubbles with diameters as small2&s m. Therefore, while
individual droplets cannot be seen, most bubbles that result from boiling droplets should
be visible. However, it is quite clear from the images th&vatheat flux there are no
small bubbles in the emulsion around the heated wire.

Instead of dispersed bubbles, at low heat flux large bubbles form amirdhend
remain attached to it. The first appearance of the bubbles imetmeded video
coincides with the inception of boiling in the heat transfer datajtasdeasonable to
conclude that the former cause the latter. These large bubbles foréher
consideration. The bubbles are observed to grow from the wire, sqotbegbly
formed at nucleation sites on the wire that were wetted bydtbplets that had
collected on the wire. Further growth of the bubbles might be enapledatescence
of droplets that flow past the wire with the bubbles.

The bubbles contact only a small fraction of the wire’s totalaserfarea and yet
cause a large rise in the heat transfer coefficient. Témepce of the bubbles certainly
changes the flow field around the wire, but because the bubblesoatly stationary
and located above the wire (while the emulsion rises past théramebelow), it is not
likely that the bubbles themselves would cause significant disruptidheothermal
boundary layer around the wire. Phase change and circulation thsiBebbles might
account for the improved heat transfer, however. Each bubble contains vaper of
dispersed component, which condenses at the top of the bubble surface lvhere t
temperature of the emulsion is less than the saturation tempgerdtiine dispersed
component. A film of the dispersed component liquid therefore grows @utfaee of
the bubble, and this film flows down the sides of the bubble. When thd lgaches
the vicinity of the wire it evaporates again, and the vapor ciesilaack to the top of
the bubble. Thus the bubbles might function as small heat pipes tasedfre rate of
thermal energy transport out of the thermal boundary layer surroutidingire. This
explanation, it must be noted, is speculation at this point.

Clearly, any model based on boiling of individual droplets around the heated surface
is at best incomplete. It does appear, however, that for the penteva¢er emulsions

the small dispersed bubbles start forming at a lower sutéanperature in the 0.2%
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dispersed volume fraction case than in the 0.1% volume fraction d¢asleat trend
continues at higher dispersed component fractions (where video canabtaireed),
then boiling of dispersed droplets would be an important boiling mechdordmgher
dispersed component fraction emulsions. For the 0.2% pentane in wataioamul
many small dispersed bubbles are observed at wire temperaélmas100 °C, so they
must indeed be pentane. It is tempting to attribute the highendpdikat transfer
coefficient of the 0.2% pentane in water emulsion as compared to the 0.1% emulsion for
Tmig < 100 °C (Fig. 5.10) to the presence of these dispersed bubbles, \whidd s
improve heat transfer as described in Chapter 3. However,xpignation does not
account for the fact that the heat transfer coefficientshfer5 and 1.0% pentane
emulsions are lower in the same temperature range. Futily ef interaction
between the large attached bubbles and the dispersed phases is merited.

5.8.6. Pressure jump due to interfacial tension

It is important to note the effect of interfacial tension onsdieiration temperature
of the droplets. Because of interfacial tension between the drapiéthe continuous
component, the pressure in the droplets is higher than ambient pregsurgry. This
pressure jump causes the saturation temperature of the droplbes higher than
expected based upon the ambient pressure.

In order to evaluate the change in saturation temperature, thtacrde tension
between the droplets and continuous component must be known. At 22 °C, the
interfacial tension between pentane and water is .051 N/m, whishbitween the
surface tension of water and pentane (.072 and .0158 N/m, respectivelpe(@od
Lunkenheimer, 1997). Similar data is not available for FC-72 and watebecause
the surface tension of FC-72 is also much lower than that of watt5 N/m at 20
°C), it is reasonable to assume that the interfacial tensioreest®wC-72 and water is
also lower than the surface tension of water. The surfaceteokivater may be used
to estimate an upper bound on the increase of saturation temperature of the droplets.

The FC-72 droplets in this study were measured to havds4 22 m. Using the
surface tension of water at 80 °C (.063 N/m), the pressure jump idrdipdets is

between 11 and 63 kPa. In both FC-72 and pentane this pressure rise causes an increase
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Figure 5.22. Comparison of pentane in water emulsion heat transkes sfudy to that
for diethyl ether in water emulsion (Bulanov et al., 2006).

in saturation temperature of 3 to 15 °C. Thus all of the droplets ientusions are
superheated well before any boiling is observed.
5.8.7. Comparison to literature

The results of this experimental study can be compared to thddelasfov et al.
(2006). They measure boiling heat transfer coefficients for eomslsof several
combinations of fluids on heated horizontal and vertical wires. Thé¢ coogparable
experiments to the present study are for emulsions of dietigt &t water and R-113
in water.

Figure 5.22 compares heat transfer coefficients for pentaneter emulsions of
this study and an emulsion of diethyl ether in water. The damta Bulanov et al. are
for a horizontal heated platinum wire with 5én diameter and 36 mm length. The
emulsion contained 5.5% diethyl ether by volume with no surfactantshaddan
average droplet diameter of 6€n. The experiment was performed at 1 atm pressure,
where diethyl ether has a saturation temperature of 34.6 °C. Theelmerature of
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the emulsion was 22.1 °C. The dispersed component in this experimBotampv et

al. therefore has a saturation temperature and degree of subcalyngose to that of
the pentane used in the current study. Bulanov et al. do not makeemipn of

degassing their emulsions.

The emulsion of diethyl ether has much higher single phase hestetraoefficient
than the pentane emulsions because of the difference in wire disnretthe two
experiments. The diethyl ether emulsion begins boiling at a nawhar surface
temperature, ~60 °C, than the pentane emulsions, but for wire tempsrabave ~85
°C the heat transfer coefficients are comparable. Therewaeeas differences between
the two experiments that could explain the much lower boiling inceptimiperature
for the diethyl ether experiments. There is insufficient tawistinguish the effects of
different wire diameter, droplet size, degassing, dispersed fluid, dispersed
component volume fraction.

Figure 5.23 compares the pentane emulsion data of this study tsi@mwf R-113
in water (Bulanov et al., 2006). The experiments with the R-113 emulsiers
performed using a vertical platinum wire with diameter B0and 46 mm. The average
droplet size was again 60n. The saturation temperature of R-113 at atmospheric
pressure is 48 °C.

The single phase heat transfer coefficient is again highéhésmaller wire used
by Bulanov et al. Interestingly, their data also shows a dsena the single phase heat
transfer coefficient with increasing dispersed component voluacidn. The effect is
much less pronounced for the R-113 emulsions, perhaps because the weettation
of the wire gives droplets less opportunity to collide with the .wiwfter boiling
inception, the data for R-113 emulsions and pentane emulsions aresiquite in a
fairly narrow range of surface temperatures, 80 to 90 °C. chmiglation may merely
be coincidence, however, as the two fluids have very different saturation temgseratur

A fairer comparison may be made between the FCi#Rl&€ons and R-113
emulsions on the basis of superheat of the dispersed component, showrbi@4zigt
can be seen that the R-113 and the FC-72 begin boiling at similaededreuperheat.
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Figure 5.23. Comparison of pentane in water emulsion heat transkes sfudy to that
for R-113 in water emulsion (Bulanov et al., 2006).

The R-113 emulsions have consistently higher heat transfer ceeféidor both single
phase and boiling heat transfer.
5.9. Numerical simulation results
5.9.1. Conditions

Simulations were performed using the algorithm désd in Chapter 4 in the
domain illustrated in Fig. 5.25a. It was assumed that flow arountethied wire is
symmetrical, so the simulation domain consists of only hali@flow field around the
wire with a symmetry boundary condition imposedtle vertical axis that passes
through the centerline of the wire. A no-slip boundary condition is ingpatsthe wire

surface as well as at the outer edge of the simulation donTdia.temperature at the

® Bulanov et al. (2006) also include data for madtetd emulsions of R-113 in water. However, théada
are duplicated and labeled as both .001% and .124AR- The reported heat transfer data for these two
cases is also very different from the other casekided above. It is not clear which, if eithebél is
correct, so the data are not included here. (Sindilplications are seen in other tables in theepégr
water in oil emulsions.)
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Figure 5.24. Comparison of cool FC-72 in water emulsion data of thig &iutiat for
R-113 in water emulsion (Bulanov et al., 2006).

wire was held at constant temperature, and the temperatire atiter edge was fixed
at T. For each simulation, the initial temperature field was unifatni and the
initial velocity for each phase was uniform at zero. Theahkiubble volume fraction
was zero and the initial droplet volume fraction was set equaktaverage dispersed
component volume fraction for the emulsion.

This domain was split into a mesh of hexahedral cells. Theme 15 cells in the
radial direction and 32 cells in the angular direction. The siioakwere performed
in two dimensions, so the number of cells along the axis of tleewds one. The cells
were clustered in the axial direction by a factor of 167. T™dhe cells adjacent to the
outer boundary of the domain had a radial length 167 times larger hibanells
adjacent to the wire. No clustering was imposed in the anguktidn (Fig. 5.25b).

The mesh was generated using the standard meshing utility of OpenOAM
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Figure 5.25. Simulation domain, (a) geometry and boundary conditions (ncel&), s
and (b) mesh.

Meshes with different resolutions were tested to ensure tlthinglependence was
achieved. Reducing the number of cells by 25% in each directi®6 (by 24 cells)
resulted in changed the heat transfer coefficient by ~1%, witteasing the number of
cells by 25% changed the heat transfer coefficienieby than .2%. These tests were
carried out under conditions that produced the strongest tempegatdrezolume
fraction gradients in the emulsion. Thus all of the simulationlteeseported here are
independent of the mesh resolution.

The duration of each simulation was between four and ten seconasilat®ns
with a small temperature difference betwegm @&nd T required the longer duration to
reach steady state. For all simulations, a plume of flsesrfrom the heated wire and
eventually reaches the top of the domain and begins to circulatelbacktowards the

wire. Once the plume reaches the top of the domain, the sihe dbtnain begins to
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Figure 5.26. Temperature contours for horizontal wire in watgg, 398 °C, T = 28
°C, ¢=0. (a), top half of domain, (b) vicinity of the wire.

have an effect on the heat transfer from the wire and the results are no torsjéercd
indicative of the behavior of the emulsion around the wire alone laFge temperature
differences this occurs after approximately four seconds (Figgap.2 For all
simulations this duration was sufficient for the heat transéen the wire to reach a
steady value.

Simulations were performed for water as well as emulsionsG¥ZF in water.
Average FC-72 volume fractions of 0.1, 0.2, 0.5, 1.0, and 2.0% were simulated.
Simulations were performed for two bulk temperatures, 28 and 43 °C, and 48 <
108 °C. Fluid properties were evaluated at the film temperé&bureach simulation.
The effects of varying parameters such as the collisioniesfig and the pseudo-
turbulent viscosity and thermal conductivity (Egs. 3.17, 3.26, 3.27) were matestias

well.
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5.9.2. Water

Figure 5.27. Streamlines in vicinity of wiregmi§ = 98 °C, T = 28 °C, 4= 0. Shading
indicates velocity magnitude; the maximum velocity is 0.0077 m/s at
upper-left corner.

Typical results for the temperature field and velocity field i@ater are shown in
Figs. 5.26 and 5.27. The results shown are for the end of the sonuktit = 4 s. At
this time the plume of heated water has just reached the tdpe afoimain, but the
temperature and velocity fields in the vicinity of the wire hiagen virtually unchanged
since t = 1 s. The water velocity near the wire is low dmdet is no indication of
detached vortices or vortex shedding from the wire, so the assumipdibtheé flow
field is symmetrical around the wire is reasonable. TwgnstBon points exist at the
expected locations, the top and bottom of the wire.

As each simulation progresses, the heat flux from the wire surface isatadctrom
the temperature gradient at the surface. The averageramestet coefficient for the
wire is then obtained. The evolution of the heat transfer coeffioi@rttime takes the

same form regardless of the overall temperature differdfige §.28). The very high
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Figure 5.28. Time evolution of the heat transfer coefficient for heatedwivater.

initial heat transfer rate is a result of the initial comas, in which the water has
uniform temperature T so there is a strong temperature gradient at the heatedAsire.
energy diffuses into the water the heat transfer rate desreastil the buoyancy of the
heated water causes it to start to rise away from the wiree heat transfer rate then
increases again, and finally settles to its steady value.

Figure 5.29 compares the steady-state results of the simultditims experimental
data as well as Morgan'’s correlation (Eg. 5.24). The agreemevedresimulation and
experiment is quite good, with the simulation results generdliggavithin the scatter
of the experimental data. This very close match is actsaltyewhat surprising, as it
has been found that the constant-property assumption can lead to amrefiors in
simulations of flow and heat transfer in water (Kumar, Gupta, and Nigam, 2007).
5.9.3. FC-72 in water emulsions

Results of simulations of emulsions of FC-72 in water are showigirbRB0. It is

immediately apparent that the simulation resultsndd resemble the experimental
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Figure 5.29. Comparison of heat transfer coefficients for heatedohtal wire in
water for simulation, experiment, and Eq. (5.24).

results discussed in Section 5.6. The results of 0.1, 0.2, and 0.5% emals®ons
indistinguishable from those of water. The 1% emulsion shows onlight s
improvement in heat transfer, while the 2% emulsion has a lowat thensfer
coefficient than water. In all cases the effects of the sfrad FC-72 are more
pronounced when the bulk of the emulsion has less subcooling.

The reasons for this behavior can be discerned by examining tpertgore and
volume fraction fields around the heated wire. Shown in Fig. 5.3158® are the
volume fraction of bubbles and droplets, respectively, in the region atbarnkated
wire. Figure 5.33 shows the mass transfer rate near thedheiage The solid line in
the figures is the isotherm T = 56.3 °C, the saturate@nperature of FC-72. The
figures show that in all cases except for the 2% FC-72 emulsac@rmuch boiling of
the dispersed component actually occurs. The FC-72 droplets tentdeasemnwards
onto the top half of the wire surface, where sonmiéhem boil. Some droplets
accumulate at the stagnation point at the top of the wire, andtéhefrboiling due to
wall contact is highest there. For emulsions witR% or less FC-72, the area

immediately above the wire is the only location where any boikngbserved. For
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Figure 5.30. Simulation results for emulsions of FC-72 in wateif, (& 28 °C, (b) T
=43 °C.
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Figure 5.31. Simulated, for emulsions of (a) 0.1%, (b) 0.2%, (c) 0.5%, (d) 1.0%, (e)
2.0% FC-72 by volume in water. E 28 °C, Thiq =98 °C, lineisthe T =
56.3 °C isotherm.
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Figure 5.32. Simulated; for emulsions of (a) 0.1%, (b) 0.2%, (c) 0.5%, (d) 1.0%, (e)
2.0% FC-72 by volume in water. F 28 °C, T,ia =98 °C, lineisthe T =
56.3 °C isotherm.
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Figure 5.33. Simulatedn for emulsions of (a) 0.1%, (b) 0.2%, (c) 0.5%, (d) 1.0%, (e)
2.0% FC-72 by volume in water. F 28 °C, T,ia =98 °C, lineisthe T =
56.3 °C isotherm.
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emulsions with 0.5% or more FC-72, some additional boiling due to collibietageen
bubbles and droplets occurs in the plume above the wire as the bubbtbsough the
boundary layer. However, the rate of boiling due to collisions igyasteong function
of the droplet volume fraction and a strong function of the bubble volurcteofigEgs.
3.14, 3.18). The boiling that occurs in the plume above the heated Vardrizm the
wire and has little effect on the overall heat transfer from the wire.

Only for emulsions of 2% FC-72 is rapid boiling seen all aroundmine surface
(Figs. 3.31e, 3.32e, 3.33e). In this case the droplet volume fractiorhi®mmigigh to
sustain boiling around the bottom half of the wire, even though no dscgaéte onto
the wire to cause boiling by wall contact in this region. Bgiloccurs throughout the
region where T > & rc.72 and the most rapid boiling occurs near the outer edge of that
region, rather than at the wire surface as at lower FC-72 eoftantions. The volume
fraction of FC-72 droplets within the thermal boundary layer @eded significantly.
However, as Fig. 5.30 shows, this rapid boiling does not improve the rheafet
coefficient. Instead, the high volume fraction of bubbles around therediees the
thermal conductivity of the emulsion (Eq. 3.31), effectively insulatimg wire in a
manner similar to film boiling. This effect overwhelms the @&ase in thermal
conductivity due to agitation of the emulsion predicted by Eqg. (3.27).

It is worth mentioning also that some of the underlying assumptibtise model
break down in the 2% FC-72 emulsion case. The bubble volume fractisrhighaas
0.75 around the bottom surface of the wire, which is high enough that theebubl
this region would rapidly coalesce into larger bubbles. On the btoed, the layer
below the wire with very high bubble volume fraction is no thicker thardthmeter of
a single bubble, so individual bubbles would be in the region only very briefly.

Although not shown in detail here, thg ¢4, and m fields around the heated wire
are very similar for the simulations performed with higher betkgerature. The most
significant difference between the two cases is that whenethelsion is not as
subcooled, the region in which T >,Tabove the wire is larger. No qualitative

differences between thg ¥ 28 °C and thegl= 43 °C cases were observed.
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Although the heat transfer predicted by the model without modiicatdoes not
compare well with the experimentally determined heat transtafficients, the
simulations agree in some respects with the visualization ddta.simulations predict
that the rate of dispersed boiling depends strongly on the didpswsgonent volume
fraction and that little boiling occurs at low volume fraction. TVisializations agree
that very little dispersed boiling occurs at 0.1% dispersed componemh&draction
(Figs. 5.13 and 5.16), and most of the dispersed bubbles seen in those en{genare
observed in the enhanced continuous component boiling regime. For the 0.2%epent
emulsion many more dispersed bubbles are observed, and at lower tarepetfzan
for the 0.1% emulsions. Thus the simulations and the visualizatioes sagarding the
dependence of the rate of dispersed droplet boiling on dispersed compohene
fraction.

5.9.4. Parameter variation

The results of the previous section indicate that the model develogbis ithesis
will predict an improvement in heat transfer in boiling emulsions oné/narrow range
of dispersed component volume fractions. When too little of the dispeosagonent
is present, no significant boiling takes place, and too much of the sksbeomponent
leads to film-boiling-like behavior. However, it should be kept in miad some of the
correlations used to provide closure for the balance equations ineCl3apte rather
speculative. Below, the effects of varying the pseudo-turbulemttefand the collision
efficiency are explored.
5.9.4.1Pseudo-turbulent effects

It has long been argued that the heat transfer enhancement g l@situlsions is
due, at least in part, to agitation of the continuous component by baping of the
dispersed droplets. In Section 3.3 a model was suggested for quagritifgieffects of
this agitation. The model, as described in Section 3.3, is hggedthe displacement
of the liquid surrounding a boiling droplet due to its expansion. The ncodsiders
only the displacement of the liquid due to a droplet growing fromri¢gnal size to the

maximum size achieved by the bubble during the boiling process.
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However, as the study in Appendix A shows, after a highly-supechebitglet
boils the resulting bubble oscillates for some time. Although the study neagecistic
damping, for bubbles in water thermal damping (which is included isttlty) is more
significant than acoustic damping (Plesset and Prosperetti, 19igjtire [A.6 illustrates
that the bubble undergoes many, possibly hundreds, of oscillations. Thealiguidl a
boiling droplet therefore undergoes many repeated displacementsdsnveand
outwards. It follows that the agitation of the emulsion is magaifscant than the
model in Section 3.3 predicts.

The effects of bubble oscillation on the pseudo-turbulent effectseinmiodel of
boiling emulsions can be explored by modifying Egs. (3.26) and (3.27) to inatude
additional factor,

Myt = O.lKTm:—C Rp2, (5.26)
b

Ky = 01K me, oS Rp2. (5.27)
e

Simulations were performed withyke 10, 100, 300, and 1000, and the resulting boiling
curves are shown in Figs. 5.34 - 37. Results for emulsions of 0.1, 0.2, an&©-3%0
are not shown because the results are indistinguishable from @rosatér, just as in
the previous section. Results for 2.0 % FC-72 and KOO0 are not shown because of
difficulty in achieving stability in the simulations.

These results show that an improvement in heat feamwan be achieved if the
agitation of the emulsion is more effective than predictethbymodel in Section 3.3.
The behavior of the emulsion is still a very strong function of themelfraction of the
dispersed component however, which does not agree with the experirasalid. The
simulations show an improvement in heat transfer starting atch fower temperature
than in the experiments, but this is simply the result of assutnatgiroplets will boil

upon contact with any surface where T T Use of a correlation to predict the
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Figure 5.34. Simulation results for heated wire in FC-72 in wattaulsions for k =
10, T =(a) 28 °C and (b) 43 °C.

nucleation temperature of the droplet liquid on the heated surfagll eang that
aspect of the simulation results into agreement with the expetainresults. In fact,
the simulations would then predict the sudden jump in heat transfécier¢ observed

in some experiments (Fig. 5.8c, for example).
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5.9.4.2Collision efficiency

(@)

(b)
Figure 5.35. Simulation results for heated wire in FC-72 in wettaulsions for k =
100, T =(a) 28 °C and (b) 43 °C.

The correlation given for collision efficiency inh@pter 3 (Eq. 3.17) was
interpolated from data from a study of two solid spheres ngopiast each other in
guiescent fluid. The conditions in boiling emulsions are differentusecdroplets and

bubbles moving past each other have finite viscoaitg internal circulation. The
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Figure 5.36. Simulation results for heated wire in FC-72 in wattaulsions for k =
300, T =(a) 28 °C and (b) 43 °C.

emulsion is not quiescent either, especially if many dropletdailing. Accordingly,

an adjustment parameter was added to Eq. (3.17) as well,

2

Rb 00073820 +003165. (5.28)

h=K, 000051
d Rq
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Figure 5.37. Simulation results for heated wire in FC-72 in wattaulsions for k =
1000.

Simulations were carried out withrk= 100 and K = 3, 10, and 30. The results are
shown in Figs. 5.38 - 40. Results for emulsions with 0.1 and 0.2% FC-72otre
shown, as the results are indistinguishable from water.

Increasing the collision efficiency increases the rate of boiling, asxpdut does
not necessarily improve the heat transfer coefficient. Forr@%seons, which already
experienced significant boiling when Kk 1, increasing the collision efficiency causes
droplets to boil sooner after entering the thermal boundary |&yer.droplets thus tend
to boil near the outside of the boundary layer, where the boilingttiasmpact on the
heat transfer at the wire surface. As a result of thigdrhpiling, the interior of the
thermal boundary layer has high bubble volume fraction, which also teridgpede
heat transfer. These effects are most pronounced at high sier@gerature and low
subcooling, when the thickness of the region around the wire wheregj i greater.
Thus Fig. 5-40 shows that as Kcreases the heat transfer coefficient increasesl|glight

at low surface temperature while it decreases significantly at hifdceutemperature.
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Figure 5.38. Simulation results for heated wire in FC-72 in wattaulsions for k =
100, 4=0.5%, T = (a) 28 °C and (b) 43 °C.

For emulsions of 0.5 and 1% FC-72, increasing the collision eftigidoes provide
an improvement in the heat transfer coefficient. As in the highleme fraction case,
the effects are more pronounced at higher surface temperature and forubgaalisg.

At the highest collision efficiency, the heat transfer coedfit for the 1.0% FC-72
emulsion begins to decrease in the same manner as for the 2% FC-72 emulsion.
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Figure 5.39. Simulation results for heated wire in FC-72 in wattaulsions for k =
100, 4=1.0%, T = (a) 28 °C and (b) 43 °C.

The variables K and T therefore have rather different effects on the behavior of
the simulations. Increasingrkalways increases the heat transfer coefficient, but the
heat transfer coefficient remains a very strong fumcbf the dispersed component

volume fraction. For a fixed value offKincreasing K does not significantly increase

the maximum heat transfer coefficient that can be achieved gmailsion. Instead,
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Figure 5.40. Simulation results for heated wire in FC-72 in wattaulsions for k =
100, 4=2.0%, T = (a) 28 °C and (b) 43 °C.

heat transfer is enhanced over a wider range of surfaceetatupes and dispersed
component volume fractions.
5.9.5. Interfacial force scaling

In Section 2.2 a number of interfacial forces were discussed, inclddagg virtual
mass, lift, and rotational forces. In Section 3.3.1 it was assumedrlyadrag forces

are significant in boiling emulsions. This assumption was evaluasaag the
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simulation results. A simulation was performed in which the difag, virtual mass,
and rotational forces were calculated using Eqgs. (2.10) through (2.48Cwi = 0.5
and G = Gz = 0.25. The simulation conditions were ¥ 28 °C, Tyire = 98 °C, ¢ =
0.02,K =1, and k = 100.

The simulation results show that the assumption made in Chaptgrs&fisd (Fig.
5.41). The lift, rotational, and virtual mass forces are alwayalenthan the drag
forces. Of the three neglected forces, only the virtual nase ffor the bubbles is
within an order of magnitude of the drag force, and that occurs @aly anregion of
rapid condensation of the bubbles above the thermal boundary layer. Néme of
neglected forces are significant within the boundary laydwusTthey would have little

effect on heat transfer from the heated wire.
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Figure 5.41. Forces near the heated wigge ¥ 98 °C, T =28 °C. (a), (b) Lift to drag
force ratio, (c), (d) rotational to drag force ratio, (e),vftual mass to
drag force ratio, (g)n, (h) « () m. Solid line is the T = 56.3 °C
isotherm.
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Figure 5.41 continued.
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6. Closure

6.1. Conclusions

The results of the experimental and numerical work are discussaetail in the
previous chapter. Here, the contributions of the present work are ssimad) and
based on them, future research is suggested.

6.1.1. Experimental work

Enhancement of heat transfer in dilute emulsions by boiling of thédmng point
dispersed component has been demonstrated experimentally by Bulanow-and c
workers, but the subject has not otherwise received much attentionx@erirental
data in the literature is essentially limited to those reddsteBulanov and co-workers.
An experimental study was performed to expand the experimentabadat
Additionally, video was recorded to illuminate the fundamental presestboiling in
dilute emulsions.

Experiments were carried out with emulsions of pentane in watkrF&-72 in
water, two fluid combinations that have not previously been studied. Thede
combinations have properties closer to emulsions that would have grasgca high
heat flux electronics cooling applications than the water in oiladnich oil emulsions
that have been the primary subjects of previous studies. Heaketrarad measured
from a heated horizontal wire in a still pool of emulsion, whitbwed comparison with
previous studies that used similar configurations.

Unlike previous studies that looked only at boiling of the dispersed compohent
the emulsion, the experiments in the present study were extetodezlirface
temperatures higher than the saturation temperature of the conticoimg®nent as
well. Two distinct boiling heat transfer regimes were olesgr At low temperatures
boiling of the dispersed component was observed while at high tempsréttere was
enhanced boiling of the continuous component. The transition between thgitwese
occurred at ~ 5 to 15 °C above the saturation temperature of the conttonopsnent.
During boiling of the dispersed component, the heat transfer coeffitoe the

emulsion increases roughly linearly with surface temperasoragtimes after an initial
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overshoot in surface temperature. This behavior is similar teiopisdy reported
results. When compared on the basis of superheat of the dispersecenmfie data
for FC-72 in water emulsions and pentane in water emulsionseayesimilar in the
dispersed component boiling region. This result suggests that, asmesdturation
temperature, the presence of the dispersed component is more impba@nits
material properties.

During enhanced boiling of the continuous component, the heat transfecieoeffi
increases much more rapidly with temperature and eitherigdarat slowly converges

towards the behavior predicted by the Rohsenow correlatogm (T-Tsat)?’.

However, the 0.1% FC-72 emulsion was anomalous in this regard.

The most remarkable result of the visualization experimenkeipresence of large
attached bubbles on the heated wire. The formation of the bubbles cowntiudise
inception of boiling as seen in the heat transfer data. Also kaivlaris the absence of
any visual evidence of individual droplet boiling at very low dispkrsemponent
fractions and low temperatures. The large attached bubbles r@pagsadditional
boiling mode that has not been reported by previous workers and, whemdfeigdual
droplets boil, it represents the dominant mode of boiling heat transfer.

6.1.2. Theoretical work

Earlier studies of boiling emulsions have mostly been limited foortig
experimental results and trends in the data. The only previemsptat formulating a
model of the mechanisms at play in boiling dilute emulsions puasforward by
Bulanov. However, his model contains several questionable assumptomes, of
which are incompatible with each other. Consequently, in the currehkt avoiew
model was developed that is on more solid physical footing.

First, a one-dimensional model of a single boiling droplet in superhéqted was
developed and used to simulate the behavior of droplets under the conditiodsrf
the thermal boundary layer of a boiling dilute emulsion. The simoktevealed that
the droplet boils very quickly so that the resulting bubble overshtsequilibrium

diameter and oscillates for some time. The droplet does not Ipadlyaenough to
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create a shockwave. The data and insight gained from thesetgmsilaere used in
the larger model of boiling emulsions.

A model of boiling dilute emulsions was developed based upon the Eukar-Eul
model of multiphase flows. The general balance equations atoded by Drew and
Passman (1999) were applied to the present situation, thus providingr@ausicand
physically consistent framework. The model contains three phagggsenting the
continuous component, liquid droplets of the dispersed component, and bubbles that
result from boiling of individual droplets. Mass, momentum, and en&ayysfer
between the phases were modeled based upon the behavior of, amtiont&etween,
individual elements of the dispersed phases.

Boiling mechanisms were modeled based upon the behavior of individual droplet
and bubbles, rather than processes at the nanometer scale thHiahdammentally
unobservable, as in the previous model. Droplet boiling is assumed tovdoenra
droplet contacts a heated surface with Tszdr a vapor bubble in a region where T >
Tsat Collision efficiency between droplets and bubbles and chain-boilingpsélg-
spaced droplets were considered.

The model is meant to describe the behavior of emulsions in tipersksl
component boiling regime, thus it does not account for phase chattye aintinuous
component. The model also does not include the large attached bubblesrnat
observed in experiments. However, these effects can be addedpaesent possible
avenues of further theoretical work. In fact, the model is extensibhany directions

and represents a solid platform for exploration of other geometries and conditions.

6.2. Future work

Boiling in dilute emulsions is a complex phenomenon that has previoudivee
little attention. The main contribution of this work is to place fieé&d on a firm
physical foundation. However, many open questions remain and thatpresk may
be extended in several directions. Some significant avenues for further work include,

The large attached bubbles of the dispersed component are a nevedisand are

not included in the present model. The bubbles appear to be the dominigt boil

heat transfer mechanism under some circumstances, and therefereedeloser
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study. It is hypothesized that the bubbles enhance heat trasfaarily by
circulation within each bubble. That is, vapor condenses in cool surrourditiges
top of the bubble and then flows down the side of the bubble in a thin ligeid fil
The liquid film evaporates at the base of the bubbles (the heafedejuand the
vapor circulates back to the top. Analytical work is required to dyahts effect.
Direct observation of the flow field around the bubbles, perhaps biglparhage
velocimetry (PIV), would also be useful to search for other effects of the bubbles
The present model takes a rather simplistic view of the mgitaf the emulsion by
the boiling of droplets, as evidenced by the need for the empuacaimeter K
One troubling consequence of this view, although not explored in this, s$uitiyat
the agitation is predicted to be a strong function of the droet(&q. 3.25 and
3.26). In contrast, previous studies that have investigated droptehaiz not
noted a strong link between the droplet size and heat transferxtémsien of the
work in Appendix A to simulate boiling droplets in shear flow or inghesence of
other boiling droplets would be beneficial.

The current model does not include a turbulence model, and thersfardy
practical for use in laminar flows. (Direct numerical siatian of turbulence is still
possible with the present model, but simulations would probably reqwre m
computing resources than is practical.) Work has been done byeR28€®) and
others on integrating the k-epsilon turbulence model into Euler-Entetels of
multiphase flow. Such a turbulence model, if adapted to the present ofode
boiling emulsions, would also have a benefit for the previous suggestioray be
possible to directly link the kinetic energy possessed by a bdailmglet to the rate
of generation of turbulence kinetic energy.

The current model uses a correlation for collision efficidmased upon simulations
of collisions between two solid spheres. However, in boiling emulsaroplets,
bubbles, and the continuous component all have different viscosities. An analysis or
series of simulations of collisions between droplets and bubbles would be beneficial
Additionally, the effects of shear or agitation in the continuous dicum the

collision efficiency should be explored.
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Another aspect of collisions that deserves further attention isotih@me of
collisions. In the present model it is assumed that a collisiavebata droplet and
bubble results in the droplet boiling. It is likely, however, thasuch a case the
droplet would coalesce with the bubble and result in the bubble growiger.lar
There will also be droplet-droplet and bubble-bubble collisions thatresuit in
coalescence. Accounting for these behaviors would require trackirg
distributions for both droplet and bubble phases, which was deemed anssangce
complication in the present model. These behaviors could also be adctorrig
abandoning the Euler-Euler model and developing an Euler-Lagrange afdbel
emulsion. Such a model would only be usable in very small domains dhe to t
large number density of droplets, even in very dilute emulsions. Sucdel may
be useful in situations such as microchannels, however.

Additions to the current model could be made to address the effestsfactants.
Surfactants would impact the outcomes of collisions discussed in dwoys
suggestion. Surfactants would also change the behavior of the dispergemhenm
at the heated surface. With the discovery of the largehatiabubble boiling
mechanism, additional experimental work with emulsions with sanfigst
especially visual observations of the attached bubbles, would be beneficial.
Previous experimental studies have found some effects of suspemtigdpm the
dispersed component, which were explained in the context of nucleattun thie
dispersed droplets. These effects should be explainable withirathevfiork of the
current model as well. The behavior of the particles in thgelattached bubbles
requires investigation as well.

Finally, this study, as well as most previous experimental efudocused on heat
transfer from thin heated wires. The advantage of this configuraion the
simplicity of the experimental apparatus. However, practicaicgins of boiling
emulsions would involve free convection from flat surfaces or foroedection in
small diameter channels. Further study of these configuratsoonsquired, both
experimental and analytical. It should be confirmed that thevimrsaobserved for

boiling on thin wires also occur in other configurations.
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Appendix A.

Simulation of boiling droplets

To understand the behavior of boiling emulsions, it is helpful to fimsterstand
what happens when a small, highly-superheated droplet boils. Songedstjons are
how long the boiling process takes, how the bubble behaves aftee dffjuid in the
droplet has evaporated, and what effect the boiling process has on rinengung
liquid.

The growth of vapor bubbles in liquid has been the subject of intendg fir
several decades. Early studies examined the expansion of vaporsbubéeinfinite
domain of uniformly superheated liquid. In these studies the bubble isathgne
assumed to be stationary in the surrounding liquid and spherical. ngepaof the
bubble is initially limited by the inertia of the liquid and later by thermfligion to the
bubble surface. More recently boiling in suspended droplets hasaegdasreasing
attention. Typically the droplets under study haye-ti mm, as are found in direct
contact heat exchangers. Buoyancy becomes important in these beaseise the
growing vapor bubble rises through the liquid with the evaporating drepgpended
from the bottom of the bubble. The rate of boiling in these casdsté&smined by
convection to the bubble-droplet pair as they rise through the surrounding liquid.

The droplets that make up the emulsions studied in this thesis are two to three orders
of magnitude smaller than those found in direct contact heat exchaagd so their
behavior during boiling is also quite different. Such small droplate insignificant
drift velocity and boil so quickly that gravitational effects asgligible. And unlike
the bubble expanding in superheated liquid, the heat transfer properttes lajuid
around the droplet are important in the later stages of boiling. b&havior of the
bubble after the droplet has completely evaporated also meritsreteon. A better
understanding of how boiling occurs in such small droplets is important
understanding the overall behavior of a boiling dilute emulsion.

Because studies of boiling droplets for direct contact heat exaisaggeerally do

not address these issues, a numerical study of boiling droplebedagperformed. A
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one-dimensional model of a boiling droplet that includes both the momemdm a
thermal energy equations has been developed, and a series atisimuberformed for
conditions typical of those found in boiling emulsions.
A.1. Prior work

The growth of vapor bubbles in a superheated liquid is a complicated pheoiom
and involves the effects of thermal diffusion and inertia in theosading liquid, and
surface tension at the surface of the bubble. Different effeetdominant at different
times and under different conditions and accurate modeling of gksstaf bubble
growth has only been accomplished with numerical simulations. nBodf large
suspended droplets is more complex still, as buoyancy causes the¢ dnaphribble to
move through the surrounding liquid and lose spherical symmetry.

Generally, a vapor bubble that forms in superheated liquid undelyeesphases
of growth. The bubble starts with the same temperature asittoensding liquid and
its growth is driven by the difference between the vapor presssigeithe bubble and
the ambient pressure. Immediately after the bubble firstsfoths driving pressure
difference is nearly balanced by the surface tension of the buwnlolethe bubble
experiences surface tension dominated growth (Fig. A.1a). The @r¢essy due to
surface tension varies with the inverse of the bubble diametdnasahe effect of
surface tension quickly becomes negligible as the bubble sizeaseste After the
pressure jump due to surface tension becomes small the rate of ¢udvinie is limited
by the inertia of the surrounding liquid (Fig. A.1b). As the bubble coesirio expand,
evaporation at the bubble surface causes its temperature toseecr8de vapor
pressure in the bubble decreases until eventually there is zerngdforce due to
pressure difference. From this point on the bubble growth igelinfiy the rate of heat
diffusion to the bubble surface (Fig. A.1c). For a bubble growing in umijer
superheated liquid, this phase of growth continues indefinitely (Lee and Merte, 1996).

Mikic, Rohsenow, and Griffith (1970) developed an analytical solution forrvapo
bubbles growing in uniformly superheated liquid, valid in both the inertiatsrdhal

diffusion dominated phases. They find a set of scaled coordinates,

156



Expanding
vapor bubbl

Fl------94-=-=----4-

v

pY)
o
Ry
(o

(a) (b) (c)

Figure A.1. Pressure and temperature fields in and around vapor bubbles fdiat® sur
tension-dominated growth, (b), inertia-dominated growth, and (c) thermal
diffusion-dominated growth.
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for which bubble growth is described by,
R” :g (t+ +1)2. (t+)% -1. (A.2)
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Like most analytical solutions, this one neglects surface tensidhis equation
approaches the solution of Plesset and Zwick (1954) for thermalidiffdeminated
growth at larget(R* (t)"3. At small f, the bubble radius increases linearly with
time (R t'), similar to the Rayleigh solution for inertia dominated growtay{Righ,
1917). Unlike the Rayleigh solution however, Eqg. (A.1) does not contain tiagdri
pressure difference. Instead the pressure difference iscedphaith the driving
temperature differenceT through the use of a linear approximation of the Clausius-
Clapeyron equation. The approximation can result in under prediction dutitde
growth rate for large degrees of superheat (Theofanous and F2até), Eq. (A.2) is
found to agree well with experimental data for moderate supeflbieat 1969). The
quantity T is the difference between the ambient temperatur@and the saturation
temperature at the ambient pressurg(FH ).

Analytical solutions are generally not possible when more aecuratels of fluid
properties or the thermal boundary layer are utilized. A numestodly by Lee and
Merte (1996) uses accurate models of fluid properties and simultetgemperature
field surrounding the bubble. They also include the surface tens$itme bubble in
their model. They begin their simulations with a bubble radiug elese to the critical
bubble radius, R,

2s
Ry = ——v— (A3)

Psat(T¥ )' P¥ .

Because a bubble at the critical radius is in unstable equilibawsmall perturbation in
the bubble radius is required to cause the bubble to expand. Lee andshMevt¢hat
for small perturbations, the magnitude of the perturbation has not effeche
subsequent expansion of the bubble aside from a small change in e¢hthdinelapses
before the bubble begins to expand rapidly. Their simulations show agredment
with experimental studies for a wide range of fluids, ambierdgspires, and degrees of
superheat. They also find that the earlier model of Mikic eisahccurate in many
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cases except for the earliest stage of bubble growth wheracsuiénsion plays a
significant role.

These studies of bubbles in uniformly superheated liquid have limifgdotamlity
to suspended droplets because they do not consider the interaction baeveeblie,
droplet, and the surrounding liquid, as well as the loss of spherical symmetgdthet
due to buoyancy. Sideman and Taitel (1964) study evaporating droptetpesheated
pentane and butane with 1.9 £d3.9 mm. They develop an analytical model and find
a relation between the Nusselt and the Péclet numbers of the dwapdraplet. They
assume that the bubble is spherical with the droplet formiagea hround the bottom
portion of the bubble and steady potential flow around the bubble and dropihetyas
rise due to buoyancy. They find the rate of heat transfer to dpéetiand compare it to
experimental results obtained by photographing droplets undergoing buihilg
rising through water. Tochitani and co-workers (Tochitani, Maril Komotori, 1977;
Tochitani, Nakagawa, Mori, and Komotori, 1977) also develop an analyticall mibde
heat transfer to a boiling droplet using a geometric model of t@adrsimilar to that
of Sideman and Taitel, but assume that the flow around the drofietkiss flow rather
than potential flow. They also find a relationship between the MNumsa the Péclet
numbers and find that it matches experimental results for 038&<1dt mm and Re < 1.
Battya, Raghavan, and Seetharamu (1984) re-examine the data mb&idad Taitel
and find that the Nusselt number also depends on the Jakob numbecoriEhaions
of Sideman and Taitel, Tochitani et al., and Battya et al. alligiréhat Nu 0 as Pe

0, and thus none of them are appropriate for very small droptthdve negligible
velocity relative to the surrounding liquid.

Other researchers have examined boiling droplets using more statktmodels
of the geometry of the bubble and droplet (Vuong and Sadhal, 1989a, 1989ba Rai
and Grover (1985) study the effects of sloshing of the droplet ardwndubble.
Mahoud (2008) performs numerical simulations of boiling droplets in whichuhble
and droplet are concentric, and Wohak and Beer (1998) perform axisyome

simulations of a boiling deformable droplet. All of these studkesnine droplets with
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ds ~ 1 mm that boil in time scales of milliseconds to secondsreldre they address a
different set of processes and forces than are dominant in boiling of very smaltsdrople

Shepherd and Sturtevant (1982) address rapid boiling of a superheated. droplet
They observe boiling in droplets near their limit of superheat and a@ntpe rate of
expansion to the classical models of inertia dominated growth anmahdiffusion
dominated growth for 0.5 <a&k 1 mm. They find that the vapor bubble grows more
rapidly than predicted for thermal diffusion growth when the bubble hesac
approximately the original size of the droplet. They attrilbite deviation from theory
to instabilities that roughen the bubble surface. They also obseriatms of the
resulting vapor bubble and instabilities that occur there as wéils, although this
study observes bubble growth on a time scale close to that of drdy#ing in
emulsions, it is principally concerned with instability that ocatrsnuch larger length
scales. Lee and Merte (2005) and Frost and Sturtevant (1986) alsesaddtability of
large boiling droplets near the superheat limit.

Kwak, Oh, and Park (1995) study the oscillating bubble that resalts drdroplet
boiling at its superheat limit. They develop coupled differentiplagions for the
evolution over time of the bubble pressure, temperature, radius and vesotyhe

thickness of the thermal boundary layer:

df, _ 3ch dRy 6(c- Dkc(Ty - Ty)

= , (A.4)
dt R, dt Ry
dTy _ 3(c- YT, dRy  6(g- DkcTp(Ty - Ty) (A.5)
dt R, dt dRP, ’
du 3 > 1
R,—+>u?=—(R,- R,), A.6
DGt = R R) (16)
dR,
u=—>=, A7
pm (A7)

160



2 2
LG, 3 d T _ea 2,1 " dR,

R, 0R, d d R, 2R, dt

(A.8)

2
dt :|_+_dt +i i —1 ﬂ
2R, 10 R, (T,- Ty) dt

They assume a quadratic temperature profile in the boundary |Bgrause the last

term of EQ. (A.8) contains the temperature differenge~T ) in the denominator, they

artificially set dd,/dt =0 when [Ty, - Ty|< 021°C. This restriction ensures that the

boundary layer thickness remains small comparetthéobubble radius. They do not
address in detail the boiling process that leadthéooscillating bubble. Park, Byun,
and Kwak (2005) compare this model to experimergsallts for droplets of different
hydrocarbons with g~ 1 mm boiling at their superheat limit, and aewelop a model
for the pressure field far from the droplet durimgjling. Park et al. add viscous and
surface tension terms to Eq. (A.6) although, fa $ize of the bubble they simulate,
surface tension effects should be negligible amdetlshould be no viscous forces for
radially symmetric motion of the bubble.

A.2. Boiling model

In order to gain an accurate picture of all stagfethie boiling process in very small
suspended droplets, a series of numerical simuktwere performed for various
droplet sizes, degrees of superheat, and combnsatibfluid parameters for the droplet
and surrounding liquid. The simulations includerthal diffusion through the liquid
surrounding the vapor bubble and the momentum eflifuid. A key simplifying
assumption is that the bubble nucleus forms, anaires, at the center of the spherical
droplet so that spherical symmetry is maintained @&2a). Furthermore, the liquids
are assumed to be incompressible and have compstgdrties, although the droplet and
the surrounding liquid may have different propextieThe vapor in the bubble is
assumed to obey the ideal gas law, and the tenyperahd pressure are assumed to be
uniform throughout the bubble.
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Figure A.2. Models of a boiling droplet. (a) Spherically symmeaine-dimensional
model. (b) Axisymmetric two-dimensional model.

A more realistic model would allow for departures from sphesgaimetry if the
bubble nucleus forms at some point away from the center of the dfBigeA.2b). In
this case the droplet retains radial symmetry around an axis defineddsntees of the
bubble and the droplet. This axisymmetric model is much more cortij@iaxthe one-
dimensional model, and the one-dimensional model used in this studyeistex to be
reasonably accurate. An early analytical model of vapor bubbletilgiowuniformly
superheated liquid found that the departure from symmetry causbe ppyesence of a
solid wall adjacent to the bubble actually had little impact on bufplgesth, slowing
the rate of growth by about one third but not changing the formhefrésulting
equations (Mikic et al., 1970). It is assumed that departures froenisgl symmetry in
small droplets would have similarly small impact.

The boiling process can be divided into two time domains based on tleaqerax
droplet liquid. In the first time domain, the growth of the vapor bulsbéeecompanied
by evaporation of the droplet liquid at the bubble surface. Duringénied the vapor
in the bubble is assumed to be saturated, and the rate of evaporditguidoat the
droplet surface must be taken into account. The second time domain Wwhgmshe

liquid has completely evaporated. During this period the mass ofaer bubble
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remains constant and is no longer assumed to be saturated. r,Fexih@nsion is
assumed to be uniform and thus the liquid velocity surrounding the bubble has only
radial component. The state of the vapor in the bubble is deterosmeglthe ideal gas
law and the Clausius-Clapeyron equation.
A.2.1. Momentum balance

Recalling that the problem has spherical symmetry and thaigiidd around the
bubble are incompressible, the velocity in the liquid can be expressed as,

u(r,t) = @ (A.9)

Thus, if the velocity of the liquid can be found at any locationgiven time step, the
velocity everywhere in the liquid is known. When this equation favoisl is inserted

into the momentum equation the result is,

P_, EUZ-iz_dF(t) _ (A.10)
qr r re dt

The result is given as Eq. (A.11), which also includes a term for the prgssyrat the
bubble surface due to surface tension. It is assumed that the dexplet is large
enough that the pressure jump at the droplet surface is negliditble.pressure jump at
each surface due to viscosity is also assumed to be negligdzjaation (A.11) also
accounts for differing densities in the droplet and the surrounding liquid,

2
0=(R- ) 2+ AU To rery (OF) 1o ra-re (A1)
R, 2 Ry Rj d R, Ry

The pressure in the bubble is obtained at any time using the equatteteoof the
vapor in the bubble. Therefore, Eq. (A.11) may be used to find the evoditieft)

over time.
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A.2.2. Thermal energy balance

The thermal energy balance equation in the liquid is,

2
oo, rr 2w (A.12)

it qr w2 rqr

The temperature is assumed to be uniform inside the vapor bubble, andtbaring
first time domain it is assumed that the vapor is saturated because it isact eatit its
own liquid at the bubble surface. The saturation pressure and tempenatlinked by

the Clausius-Clapeyron equation, assuming that the latent heatpofizadion is

constant,

i
@:exp g 1 1 (A.13)
I:’sat,o RG TsatO Tsat

After the droplet has completely evaporated, the temperaturehanbubble is
determined using the energy balance of the bubble. The enalaycé includes the
work done by the expanding bubble and heat diffusion to the bubble from the

surrounding liquid,

dT _ 4pR | T p dRy

(A.14)
dt mycyp  Tri=g, dt

During the first time domain the mass of vapor in the bubble inesedse to

evaporation according to,

dmb - 4pngd ﬂ

- (A.15)

Ifg fIr r=R,
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Evaporation at the bubble surface also results in a relative tyebmtiveen the bubble

surface and the liquid adjacent to the surface equal to,

%- =r, :ﬁ%. (A.16)
bl d

A summary of the variables, initial and boundarpaitions, and governing equations is
given in Table A.1. Two sets of governing equaiane given. The first set is for the
first time domain in which evaporation occurs. Heeond set applies when the droplet
is completely evaporated and the bubble is supertiean which case no phase change
occurs. The equations for the first time domaisoahpply to any time after the
complete evaporation of the droplet in which thporain the bubble becomes saturated
again and recondensation occurs at the bubblecgurfa
A.2.3. Initial and boundary conditions

In all simulations the bubble begins at rest withratial radius 0.1% larger than the
critical radius, Eg. (3). The initial temperatuseuniform and equal to the ambient
temperature. The ambient temperature and presserkeld constant throughout each
simulation. Simulations are performed at differantbient temperatures, while in all
cases the ambient pressure is held at one atmaspher
A.3. Solution method
The simulations represent the temperature fielthenliquid around the bubble by a
one-dimensional array of nodes. The first nodeated at the surface of the bubble
and represents the temperature of the bubbles assumed that there is no temperature
jump at the bubble surface. The last node has deatyre fixed at the ambient
temperature. Simulations are performed with al totasixty nodes that are spaced to
span a distance of 40 um from the bubble surfa¢ging an approach similar to that of

Lee and Merte (1996), the nodes are clusteredthedubble surface according to,

. 22
|

h =Ry +(40mm) N1 (A.17)
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Table A.1. Quantities and formulas in the one-dimensional model of a boiling
droplet.

Quantity Initial / boundary Governing equation
conditions with phase change without phase
change
Tr,0)=T
T(r,t) (A.12) (A.12)
T(Rp,t) = Tp
F(t) F(O)=0 (A.11) (A.11)
_4 3 R
my(f)  Mp(0)==pRy(0) (A.15) M = My
3 RgTy
1.002>2s dR
Ry(t 0)=——~ - A.16 —b=y
o0 b( ) Psat(T¥)' R ( ) dt |r:R”
b
Rq(t) N/A Ry= R3+Md" Mo Ry = R
4/3pr g
Th(t) To(0)=T Tp= Tsat (A.14)
Po(t) N/A Po = Psat= RgTp P = Rclp

where i is the node number, G N-1. As the simulation progresses the nodes move
outwards with uniform velocity equal to that of the bubble surfacee first node is
therefore always located at the bubble surface and the spacimgebhehodes remains
constant.

The equations are solved by an iterative, fully implicit methodhe discretized
form of Eq. (A.12) is,

t—rold
_ialii+aipTia +aT,

T, (A.18)

t
a1 taj+q

The coefficients @ and @, account for energy transfer through the inner and outer
surfaces, respectively, of node i and are defined as follows. Ehes¢ions take into
account the motion of the nodes themselves as well as that of the liquid.

166



[+r 2 R _ Rold
am:ka*4L+ e SR (A.19)

2 old
_k(ri+1+ri) + c Rb B Rb (ri+1+ri)2- 2F . (AZO)

az—fjhﬂ+nf-&+nJﬂ (A.21)

Defining k, , and c in Egs. (A.19 — 21) requires some caraffyr nodes adjacent
to the boundary between the droplet and surroundjogd. In Egs. (A.19) and (A.20),
and c are set equal to the properties of thedigoesent at the inner and outer surface
of the node. On the other hand, k is a weightextaye of k and lg that accounts for
conduction through the droplet liquid and surromgdiquid in series. In Eq. (A.21)¢
is a weighted average of the droplet and surrognliijuid values based on the fraction
of the node occupied by each liquid. The averagedinear averages based on radii.
This approach ignores the curvature of the nodasthie effect of this approximation is
small as long as the distance between nodes id sprapared to the radius of each
node.

All of the differential equations are solved imjgli¢ in time so iteration at each
time step is required. The number of iterationgysically set at fifteen, and the
equations are under-relaxed using a relaxationnpetex between 0.6 and 0.7. The
initial time step size is typically set to 1 nsdas increased somewhat as the simulation
progresses. Simulation durations are between Hhdd ms. Care is taken to halt the
simulations before the thermal boundary layer grawthe outer edge of the simulated
region of liquid. The droplets typically take betn 10 and 100 us to boil.
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A.4. Results
A.4.1. Conditions

Simulations are performed for various combinations of fluids and f@anger of
droplet sizes and degrees of superheat. Droplet radii are chosen in the rarRge 25
pm. Three combinations of fluids are simulated. Droplets ¢émia mineral oil are
simulated to investigate configurations in which the droplet liquid rhash higher
thermal conductivity than the surrounding liquid. For this combinationlundlsf
superheats of 40 and 80 °C are considered, corresponding to temperatusgkiciver
boiling of water in oil emulsions has been observed experimentally (Mori et al., 1978).

Simulations are performed with droplets of two liquids, pentane and FC-72,
suspended in water. In these cases the surrounding liquid has highealther
conductivity and specific heat than the droplet. For these coafigns smaller
degrees of superheat, 20 to 60 °C, are considered. For all threeopdluids,
properties are evaluated at the saturation temperature of thevohatite liquid and are
assumed to be constant. In all cases the ambient pressure is equal to one @mosphe
A.4.2. Initial bubble growth

The initial behavior of the vapor bubble is qualitatively similarhat tobserved by
Lee and Merte (1996). As described in Section A.1, the bubble growtlerates as it
transitions from surface tension dominated growth to inertia domigatedh, where
the bubble radius increases at a constant rate (Fig. A.3). A neudl mere is that the
rate of expansion of the bubble depends on the droplet size. Equation (ad/s)that
a difference in density between the droplet liquid and the surroundingd tan impact
the rate of growth of the bubble, but only when the bubble and droplet radii a
comparable. When R<< Ry the inertial effects of any difference in density is
negligible. Therefore, for water in mineral oilg{ . = 1.17) the rate of expansion is
nearly independent of the droplet size, while for pentane in Wafet = 0.614) the
rate of expansion is significantly greater in larger droplets. HE-72 in water (/ ¢ =
1.63) the opposite trend is observed (Figs. 2(a) — (c)).
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A.4.3. Final bubble growth

(@) (b)

(©)

Figure A.3. Initial bubble growth for (a) water droplets in oithw T = 40 °C, (b)
pentane droplets in water withl = 20 °C, and (c) FC-72 droplets in water
with T =20 °C.

After the initial inertia dominated growth, bubble growth approathesanalytical
solution of Mikic et al. (1970) until the droplet is mostly evapordted. A.4 — A.6).
For water in oil and FC-72 in water (fluid combinations for whigk ) the simulated
bubble growth is generally faster than predicted by Eq. (A.2), \iliide@pposite is true
for pentane in water { < ). This result is explained by the deviation in the rate of
bubble growth during the momentum dominated growth described in the previous
section. The simulated bubble growth also tends to run faster thdA.Egfor larger

T. This discrepancy is most likely due to the relation used in this study for the
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(@) (b)

Figure A.4. Bubble growth for water droplets suspended in mineraithl(a) T =
40 °C and (b) T = 80 °C. Equation (A.2) calculated using properties of
water.

(@) (b)

Figure A.5. Bubble growth for pentane droplets suspended in watefayitil = 20
°C and (b) T = 60 °C. Equation (A.2) calculated using properties of
pentane.

saturation pressure (Eq. A.13) which results in a larger initigindyipressure than the
relation used by Mikic et al. (1970).

As the bubble continues to expand, the layer of droplet liquid surrounding the
bubble becomes thinner and eventually evaporates completely. Theahefdreermal
boundary layer around the bubble grows progressively into the liquiduh@unds the

droplet. For the water in oil case, the oil has lower thermal conductivity, ispest,
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(@) (b)

Figure A.6. Bubble growth for FC-72 droplets suspended in waterajithl = 20 °C
and (b) T =40 °C. Equation (A.2) calculated using properties of FC-72.

and density than the water. All three factors contribute to nedubie rate at which
heat diffuses to the bubble surface, which reduces the rate of buiplles®n in the
later stages of boiling. For water in oil, the thermal propentiethe oil begin to
influence the rate of bubble expansion when the bubble reaches appebxiome third
of its equilibrium radius. For pentane in water and FC-72 in wdterstirrounding
liquid has much higher thermal conductivity and higher specific tingatt the droplet
liquid, so the bubble accelerates near the end of the boiling process.

For all combinations of fluids considered here, these effects anthef the boiling
process are most pronounced for larger droplets and for loWweiThe model of Mikic
et al. (1970) shows that thermal diffusion dominated growth occursittatiee boiling
process, so the dependence on droplet size is expected. Equaipal$b.shows that
the region of inertia dominated growth grows with increasiig
A.4.4. Bubble oscillation

Eventually the bubble must come to rest at its equilibrium radmsoring surface

tension this radius is,

raRgTy %’
R

Rb,O = Rd,O (A22)
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However, when the droplet completely evaporates the liquid around theetsiitiithas
considerable velocity and so the bubble oscillates for some filme oscillations decay
as a result of thermal and acoustic damping (Plesset and Ptbsd&%7). These
simulations are not expected to accurately predict the decay afstillations because
acoustic damping, which depends on the compressibility of the liquichtisnodeled.
Neglecting surface tension, small-amplitude oscillations sgheerical vapor bubble are

sinusoidal at the Minnaert frequency (Brennen, 1995),

fy=t o [3R (A.23)
2pr,O e

For an isothermal bubble the polytropic coefficient 1, and for an adiabatic bubble

= g/c,. When heat transfer between the bubble and suiiog liquid occurs, is
expected to fall somewhere between these two ersdRlesset and Prosperetti, 1977).
As Fig. (A.7) illustrates, the oscillations of temaller water vapor bubbles in this
study are neither small amplitude nor exactly suuled, and therefore the analytical
solutions for small oscillations are not expectedé precisely correct. For all three
combinations of fluids the frequency of oscillatif@aiis close to the Minnaert frequency
for an isothermal bubble. The polytropic coeffiti@aries from a minimum of 0.95 for
Rq = 5 um in the pentane in water case, to a maximtim06 for R = 2 um in the
water in oil case, suggesting that the bubbleasecto isothermal during oscillations in
all cases.
Figure (A.7) also shows that the dependence ofrtagnitude of the bubble oscillations
on the initial droplet size is much more signifitdor the water in oil case than for the
pentane and FC-72 in water cases. This behaviar nssult of the deceleration or
acceleration of the bubble expansion when the dto mostly evaporated, as
discussed in the previous section. The high thkecoraductivity of water also results in
much faster decrease in the magnitude of the asoitis due to thermal damping than

in the water in oil case.
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A.4.5. Bubble temperature variation

(@) (b)

(©)

Figure A.7. Oscillation of (a) water vapor bubble in mineral oil, = 40 °C, (b)
pentane vapor bubble in watefT = 20 °C, and (c) FC-72 vapor bubble in
water, T =20 °C.

Figures A.8 and A.9 show the evolution of the bubble temperature ovefotirtie
water in oil and FC-72 in water cases. Figure A.8 illustritesdecrease in bubble
temperature during the early expansion of the bubble. In all tasastial decrease in
bubble temperature is nearly independent of the droplet radius, 8htonsistent with
the observation that the initial bubble expansion is also nearly indepe of the
droplet radius. Figure A.8b shows that for the smaller water dsopletil, there is a
second stage of rapid cooling of the bubble that occurs after the ipansion
begins. This behavior is a result of the thermal boundary layerirggamto the oll
around the water droplet. As discussed in Section A.4.3, as this tloeuete of heat

transfer to the bubble surface decreases. The rate of evaporation therefasasgc
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(@) (b)

Figure A.8. Temperature at bubble surface during initial expansig@a)evater in oil,
T =40 °C and (b) FC-72 in waterT = 20 °C.

(@) (b)

Figure A.9. Temperature at bubble surface for (a) water in ik 40 °C and (b) FC-
72 in water, T =20 °C.

but the inertia of the surrounding liquid prevents the rate of expansitire dfubble
from changing instantly. Therefore the specific volume ofvtigor in the bubble rises
and the temperature decreases. The FC-72 droplet in water r@sptsite behavior,
where the temperature in the bubble begins to rise shortly befodrdplet evaporates
completely due to the increase in the rate of heat transfiiedayer of liquid FC-72
around the bubble becomes thin.

Figure A.9 shows the variation in bubble temperature during thee embiting
process and the first few oscillations of the bubble. Figure A.9asstiaw only for the
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largest water droplet in oil does the bubble temperature eveh feg so that the
bubble experiences purely thermal diffusion limited growth. Thedigilso shows that
the bubbles are indeed close to isothermal when oscillating, assthlésrdiscussed in
the preceding section implied. The rather sharp changes in the MFObifle

temperature (Fig. A.9b) occur near the minimum radius in eachabsxilland are
caused by FC-72 vapor briefly becoming saturated. A smatiuamof FC-72

condenses onto the surface of the bubble, and acts as thermal insolatien bubble
due to its poor thermal conductivity. As the bubble expands in the ayele¢ of

oscillation the FC-72 evaporates again.

This intermittent re-condensation of the droplet liquid is, perhaps,plegsically
realistic than the other results. It seems plausible that becausedlautimg which the
FC-72 is saturated is so small, it may remain a subcooled vaper tahan condensing
at the bubble surface. To investigate the significance of re-neatien additional
simulations were performed of FC-72 droplets in water in which cwmad®n was not
allowed after the initial vaporization of the droplet. The resultagillations of the
bubble are not significantly different from the simulations in Wwhamndensation
occurs. As expected, the variation of the bubble temperature igished. The
frequency of oscillation of the bubble and the rate of thermal damginthe
oscillations are both slightly lower.

A.4.6. Comparison with the Kwak et al. model

The model developed by Kwak et al. (1995) was also applied to the bubbles
simulated in this study. Because their model only describelating bubbles, the
initial conditions for numerical calculations using Eq. (A.4-8) wixken from the
results of the simulations performed for this study at the twhen the droplet
evaporates completely. The initial thermal boundary layer thiskwas set so that the
initial heat transfer rate to the bubble was the same astthenmedicted by this study.

To ensure that the boundary layer thickness remain small contpatezibubble radius

it was necessary to increase the temperature rang@,toTy|<1°C for which

dd, /dt=0. Itis not surprising that this more severe festm on Eq. (A.8) is
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(a) (b)

(©)

Figure A.10. Predictions of (a) radius and (b) temperature folatery FC-72 vapor
bubble in water, and (c) boundary layer temperature profifez 40 °C
and R =15 m.

necessary, as Kwak et al.’s model was developed for much larger Hthdtethe ones
in this study.

Figure A.10 compares the results of this study to simulationsrpgetl using the
Kwak et al. model for the oscillating bubble that results froenttoiling of a droplet of
FC-72 in water with R=15 m and T =40 °C. As Fig. (A.10a) illustrates, the two
models are in very close agreement regarding the frequencpiiadamplitude of the
oscillations. However, the Kwak et al. model predicts signifigdatiger variation in
the bubble temperature, and the variation increases with tintee dedrmal boundary
layer grows (Fig. A.10b). The most likely reason for these elsuicies is the
assumption by Kwak et al. of a quadratic temperature profileeboundary layer. As

Fig. (A.10c) illustrates, the model developed in this study prethiatsthe temperature
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profile in the boundary layer can become complex. The shape of tipertgore
profile predicted by this study at t = 4@ contains the entire history of the boiling
droplet including heat transfer to the droplet during the boilingga®@nd bubble
expansion (0 < t < 245s), heat transfer from the bubble during its subsequent
contraction (24 <t < 38s), and finally heat transfer to the bubble again as it begins to
expand again (38s < t). Any model that assumes a temperature profile in the
boundary layer cannot capture this behavior.

A.4.7. Bubble radius overshoot

Additional simulations were performed for IRy 30 umand 4 T 45 °C for
FC-72 droplets in water. The primary figure of interest in @hgisulations is the
maximum radius achieved by the bubble as compared to its feddyradius. The
results of these simulations are summarized in Table A.2. HBaeatd® = 30 um and

T =4 °C is not simulated because the bubble does not reachxithunasize before
1 ms has elapsed, at which time the thermal boundary laydreestte outer limit of
the simulation domain.

The information represented by Table A.2 is needed to describatthefrchain
boiling introduced in Section 3.3. For the purposes of performing numerical
simulations of boiling emulsions, it would be useful to find a functiorefwesent the
data in the table. An examination of the data shows that the afatieaximum to
steady-state bubble radius decays roughly exponentially with dropteus and
increases logarithmically with the degree of superheatfun&tion that accounts for
both trends and fits the data in Table A.2 with RMS error of 0.0026vengn Eq.
(A.24),

R ’ ’
bmax _ 747 10 © DT~ 197" 10 4 br +0.01lz+0.9767
R °C °C "

b (A.24)

+ 004In % - 0.00322 exp - .0839%+o.3oo4.
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There is a decrease in the ratio of bubble radii that occuhe amallest values of
droplet radius and superheat. Equation (A.24) does not account forutzisaheaway
from the overall trends of the data. However, fine-grained eomdsiequire larger
degrees of superheat to initiate boiling (Bulanov and Gasanov, 2008).thkrefore
unlikely that much boiling will occur under these conditions in anykition, and so

the decreased accuracy of Eq. (A.24) under these conditions is not significant.
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Table A.2. Ratio of Rmaxto steady-state bubble radius for various values of droplet radius and superheat.

Rq T (°C)

(um) 4 6 8 11 15 20 25 30 35 40 45

1 1.0736  1.1157 1.14890 1.1893 1.2327 12766 1.3129 1.3438 1.3709 1.3949 1.4167
1.5 1.0782 11178 1.1492 1.1878 12296 12721 13072 1.3373 1.3637 1.3868 1.4075
2 1.0776 11156 1.1461 1.1836 1.2243 12658 1.3002 1.3297 1.3554 1.3781 1.3985
3 1.0729 1.1089 1.1380 1.1741 12132 12531 12865 1.3151 1.3401 1.3624 1.3827
4.5 1.0652 1.0991 1.1269 1.1614 1.1988 12371 12692 12969 1.3213 1.3434 1.3634
6 1.0587 1.0909 1.1176 1.1511 1.1874 12243 12555 12820 1.3065 1.3293  1.3502
9 1.0489 1.0785 1.1036 1.1351 1.1696 1.2042 12335 12589 1.2832 1.3050 1.3268
13 1.0401 1.0671 1.0903 1.1199 1.1526  1.1854 12172 12365 1.2602 1.2806 1.3011
18 1.0327 1.0571 1.0787 11062 1.1372 1.1686 1.1946 12181 12399 1.2595 1.2814
24 1.0268 1.0488 1.0686 1.0945 1.1235 1.1536 1.1793 1.2008 1.2203 1.2392 1.2610
30 1.0428 1.0612 1.0855 1.1128 1.1415 1.1664 1.1854 12039 12246 1.2472
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Appendix B.

Apparatus drawings

The following pages contain detail drawings of the test cellpoomants, bus bar
assembly, and power supply. The test cell is made of clegdicacTwo end plates,
two side plates, and four flanges are assembled into a pernsrEssembly in the
configuration shown in Fig. 5.1 using solvent bonding. The side subagsé&mbl
fastened to the base using %-20 UNC hardware. The bus bar soiblgsisefastened
together using #4-40 UNC hardware.

180



181



182



183



184



185



Power supply:

+12VI

M1

GND|

+5V]
R1

Q1 Q2 %

CURRENT SENSE +

B—

R2

R4

o =
|

R3

GND

HEATED WIRE %

sV p——

VOLT SENSE - {
+

Parts list:

R1 5.6 k , ¥4 Watt, 5 % tolerance

R2 10 k , ¥4 Watt, 10 % tolerance

R3 3.9k , ¥aWatt, 5 % tolerance

R4 0.005 , 4 Watt, 1 % tolerance

Q1, Q2 P-channel MOSFET, part number IRF4905

M1 Muffin fan, 120 mm, 12 V, 0.6 A

Notes:

1. Q1 and Q2 are mounted on heat sinks, air flow from fan M1 is directed over them

2. Voltage sense wires contact the heated wire immediately adjacent to theréus
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Appendix C.

Averaged balance equations

Table C.1. Variables in the generic conservation equation (Eg. C.1).

Conservation principle

Mass 1 0 0
Momentum U T b
Energy e+%|U|2 T°U-q b>U+S

As described in Section 2.2, multiple approaches have been used &listdaoc
derive the averaged balance equations for multiphase flows froradileelquations of
motion (Bouré and Delhaye, 1982, Hill, 1998, Wallis, 1969). In this se¢hien
conditional averaging approach as used by Drew and Passman (19%@) dékcribed.
Key features of this approach are the use of ensemble awgtagichieve the averaged
equations in a single averaging operation, and the use of a phaseomfiination to
isolate each phase in the mixture.

C.1. Exact balance equations

The averaging process begins with the local, instantaneous &agoations for

mass, momentum, and energy. These equations can be expressed as aaanee

equation,

TY o RxryU=Rx +1z, (C.1)

where values for , , and are given in Table C.1 (Drew and Passman, 1999). For
multiphase flows, these balance equations, plus appropriate jump conditions a
interfaces between the phases and constitutive relations fofle@achorm a complete
description of the flow. These equations are typically not usedtlgine numerical
simulations because the computing resources required to resolve atitérfaces is
prohibitive.
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C.2. Phase indicator function

A basic tool used to develop the conditional averaged balance equstibegphase

indicator function ;, defined as,

Ci( | ): (1) :tEZ:;iesiiespresenat(x,t). (C.2)
This function has the effect of picking out one phase of a multipheseren(Drew and
Passman, 1999). The phase indicator function is used to condition Eq. ¢GlBt s
balance equations may be obtained for each phase individually.

The phase indicator function is thus constant except at the sgeda the gradient
of ; may be used to pick out the interfaces of phase i. Drew armnBas(1999)
expresN ;in terms of the Dirac delta functiorx,t),

~

NC; =n;d(x- x,,t), (C.3)

wheren; is the unit normal vector pointing towards phas@dx; is the location of the
interface. Another important property of the phasbcator function is the topological

equation,

“ﬂ_ctuul Aic; =0, (C4)

which can be interpreted physically to mean sinthit the interface travels with the
velocity of the interface)); (Hill, 1998).
C.3. Conditional averaging

To obtain averaged balance equations for each pifazemultiphase mixture, the
exact balance equation (Eq. C.1) is first multighliy the phase indicator function. The

first three terms of the resulting equation carXganded to obtain,
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TCrY s Rixc,rYU=RC, +Cyrz +rY ﬂﬂ—ci”UWCi - NG (C.5)

it

Next, the velocity on the right hand side of Eq. (C.5) is expanded to(U - U)) and
the topological equation is applied,

ICIY L Riscryu=Rxc, +Crz +(Y(U-U,)- )RC,. (C.6)

It

The last term on the right hand side represents the transtee gliantity to phase i
across its interfaces by mass transfer and by diffusive fllixe conditioned balance

eguation can then be averaged using ensemble averaging,

ﬂ;:—tir+NXCirU:r(U- u,)=NC; , (C.7)
‘HC‘&trU +NxC;ruU =N xC;T+C;rb+[ru(U- U,)- T]NC;, (C.8)

?(1—&) o T
ficirie+3Y +NXCir(e+%|U|2)‘J:NXCi(TXU'q)+Cir(bXU+S)

1t
(C.9)

+[r (e+%|u|2Xu- U,)- (TxU- q)Jchi.

An averaged balance equation for the internal gnergy be obtained from Eq. (C.8)

and (C.9),

ﬂcﬂitre+NXCireLJ :-N XCiq+CiT:NU+CirS+[re(U- UI)+q] )NCI ] (Clo)

189



A number of manipulations are now required to cast these equatiorthentoore
familiar forms given in Section 2.2 (Eqgs. 2.5-2.7). First, averaggiations are defined

as follows. The phase fraction is simply the average of the phase indicatarfunct

o
I
O

(C.11)

As noted by Drew and Passman (1999js often called the volume fraction of phase i,
which implies volume averaging. By the definition given here, howekeryolume
fraction is a result of ensemble averaging and so is defined as the volume
approaches zero. As noted in Section 2.2, density and the diffusive andtfrc

fluxes are averaged using component averages,

ry=—, (C.12)
€

Ti :ﬂ, (C.13)
€

g, -Ciq (C.14)
€

TRe - CirUg (C.15)

€
L. C rU¢1 U

& & &
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The fluctuation heat flux contains fluctuation internal energy, filuctuation kinetic
energy flux, and fluctuation shear working terms. Other quanatiesFavré (mass-

weighted) averaged, including velocity, internal energy, and body sdyraed S

U =Sy (C.17)
eiri

o = C.[e, (C.18)
Gl

b = SirP (C.19)
&l

5 =ZifS (C.20)
er

Equations (C.7), (C.8), and (C.10) can be can be put in terms of thesgeale
variables by expressing each exact variable as the sumafeitage and a fluctuating
component, and then applying the Reynolds averaging rules. For ex@rgieand
Passman (1999) expand the momentum flux term in Eq. (C.8),

Ciruu=cCyr @i +u,¢Xﬂ +u,¢):c_irUiUi +CrUit=gr,UiU; - gTRS.  (C.21)

The choices of variable weightings made by Drew and Passmmtifgithis process
considerably. In the limit of incompressible flows the distinctietween component
weighting and mass weighting vanishes. Other terms are hasididdrly, and the

results are given as Eq. (2.5)-(2.7),
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%Hﬂx(e,r_iﬂi):(}, (2.5)
—+N><(e|FiUiUi): NX[ei (fi +TiRe)]+e.Fi5i +F +U; G, (2.6)

__+N><(elr_iUi_el):elTi:NUi- N><[e.(ai+qfe)]+ (2.7)

er;S +eD; +E; +6 ,G.

The final term in EqQ. (2.5) represents mass transfer betplesses. The last two terms
in Eg. (2.6) and (2.7) represent diffusive and convective transport etwesses,
respectively. These averaged quantities are conditioned witjradesnt of the phase
indicator function (Drew and Passman, 1999),

F=-TX\C,, (C.22)
E; =q<NC;, (C.23)
G=r(U-U,)NC;, (C.24)
UG =ru(u- u,)=c;, (C.25)
e,G=re(U- U,)=C;. (C.26)

Considerable modeling effort has gone into finding expressions fadiffiusive flux
terms (Hao and Tao, 2003b,; Hill, 1998;Rusche, 2002; Drew and Passman, 1999). The
convective flux terms are often neglected (Hill, 1998; Rusche, 2002), tauise phase

change is important in the current study, proper handling of these terms &.cruci
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