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Abstract

Little attention has &en given to the boiling of emulsions compared to that of
boiling in pure liquids. The advantages of using emulsions as a heat transfer agent were
first discovered in the 1970s and several interesting features have since been studied by
few researchers Early research focuses primarily on pool and flow boiling and looks to
determine a mechanism by which the boiling process occurs. This thesis looks at the
boiling of dilute emulsions in fluids with strong buoyant forces.

The boiling of dilute emulsiongresers many favorable characteristics that make
it an ideal agent for heat transfer. High heat flux electronics, such as those seen in
avionics equipment, produce high heat fluxes of 100 Wammore, but must be
maintained at low temperatures. Sq fasearch on single phase convection and flow
boiling in small diameter channels have yet to provide an adequate solution. Emulsions
allow the engineer to tailor the solution to the specific problem. The fluid can be
customized to retain the high thednganductivity and specific heat capacity of the
continuous phase while enhancing the heat transfer coefficient through boiling of the
dispersed phase component.

Heat transfer experiments were carried out with//2Gn water emulsions. FC
72 has a satutian temperature of 56 °C, far below that of wat€he parameters were
varied as &0 |11% wasn:d 2@0% R@ 41. 4120Surfacé 0
temperatures along the heated surface reached temperature that were 20 °C in excess of
the dispersed phasaturation temperature. An increase of ~20% was seen in the average
Nusselt numbers at the highest Rayleigh numbers.

Holography was used to obtain images of individual and multipl&Z@roplets
in the boundary layer next to the heated surface. Td@etrdiameters ranged from 0.5
mm to 1.3mm. The Magnus effect was observed when larger individual droplets were
injected into the boundary layer, causing the droplets to be pushed outside the boundary
layer. Vaporization of F&2 droplets in the boundalayer next to the heated surface

was not observed.
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1.l ntroducti on

Boiling as an effective mode of heat transfer has been studied extensively to date.
Howevernot much attention has been given to boiling of emulsions in the literature. An
emulsion is a mixture of two immiscible fluids such that the dispersed component
consists of many small droplets suspended in the continuous compQerally, the
dispergd component has a boiling point that is significantly lower than that of the
continuous component dilute emulsion is an emulsion in which the dispersed
component makes up less than ~5% of the mixture by volume. Previous studies dating
back to agarly as the 1970s have looked at pool boiling and flow boiling heat transfer in
emulsions and have attempted to develop models for the situations studied. This study
looks at the effect of strong buoyancy on the convective heat transfer coefaisieatl
as the mechanism by which the droplets boil in the thermal boundary layer.

Boiling of dilute emulsions displays many favorablaracteristicthat make it a
topic of interest for certain applications where high heat fluxes are involved. The cooling
of high heat flux electronics, for example, requires that the electronic device operate at
temperatures below ~ 9& to avoid overheating. Military avionics is constantly pushing
the thermal limits in terms of watt densities while maintaining temperadigriesv as
~100°C.

Recent research has and continues to look at single phase convection and flow
boiling in microchannels for solutions to the problems described in the applications
above. The literature shows that there are typically too many tradeittfifthese
methods. Design engineers must choose between small temperature rises in the fluid,
low pressure drops, and low temperature differences between the surfificed. An
emulsion in which water is the continuous phase is highly desirabdeisethe emulsion
retains the high heat capacity and thermal conductivity of water, while boiling of the
dispersed component increases the convective heat transfer coefficient.

The difficulties in boiling of dilute emulsions arise from the fact thdelig
understood about the boiling process and the mechanisms that are in play when boiling of

the dispersed component occurs. Bulanov andaders(2001) have developed a



model for the boilingf dilute emulsions. Howevéhe simplifying assumptionsade in

the development of the model contradict each other, and thus, lead to a misrepresentation
of the physics (Roesle and Kulacki 2018)echanisms for boiling of the dispersed
component include spontaneous nucleation and chain hoilihg ways in whih these
mechanisms work in boiling of a dilute emulsion differ betweerditierent models. A

lot of researcthas been done previously to look at the effects of certain parameters on the
heat transfer coefficients in dilute emulsions. These studiesthing else, have shown

that the heat transfer in a boiling dilute emulsions is dependent upon many factors. Itis
suspected that in the future, more and more work will be done to develop an adequate
model for the boiling of dilute emulsions.

Previous sudies in the boiling of dilute emulsions primarily examine the boiling
mechanisms and effects in pool boiling situations. This study examines the effect of
strong buoyancy on the boiling of the dispersed component in a dilute emulsion and how
that will affect the overall heat transfer. A number of questions arise when this situation
is considered Where will the droplet boil in the boundary layer in both the vertical and
horizontal directions? The temperature difference between the surface and thie bulk
the emulsion is rather large (<=b@ What kind of increase, if any, will be seen in the
convective heat transfer coefeeit when boiling is initiated?

Previousexperiment®n boiling of dilute emulsions hawevestigate pool
boiling. These studgeshowthe many favorable and unfavorable characterisfics o
boiling of dilute emulsions More often than not, the working fluid is enclosed in a
containewhere the heat transfer causing a circulation eféed¢he fluid isforced
through a container s to remove the heat being generateckither of theseass,
one must consider the fluid dynamics that are present and how that can affect the heat
transferprocess

| n R e experirredt§2013),ahorizontal wirewasimmersed in a dilute
emulsion. Lundé2011)t ook Roesl eds experiments a step
boiling in dilute emulsion with a narrow strip suspentiedzontallyin a dilute
emulsion. In both cases, the wire diameter and strip were not large to observe effects
caused by the boundary laydrn b ot h d®Rolesn dd&s adgrifitantr | ment s,

2



increasesvere seeln the heat transfer coefficient when the dispersed component began
to boil.

One of the questions this study seeks to answer is whether or notaa simil
increase in the heat transfer coefficient will be observed in the boundary layer with strong
buoyancy. Itis suspected that at a minimum, an equivalent increase in the heat transfer
coefficient will be seen. The boiling of the dispersed phase haslglpgoven to be an
efficient mechanism for heat transfer. The addition of the mayyaffects are expected
to aid in the transport of heat away from the surface of the heater.

An additionalaspect of this study is to examine a single droplet as it snove
through the boundary layer. The dispersed component in dilute emulsions are often
opaque, making them difficult to observe withadivanced equipment. How individual
droplets boil has been a topic of interest in this fiefdjidte some time. Roesénd
Kulacki (2013) and Bulanov (209have both proposed mechanisms lhyol individual
droplets boil This study uses holography to observe the droplet at different heights
within the boundary layerdlt is suspected that the individual droplet will dde come
very close to or in contact with the heated surface to initiate the boiling process. The
temperature profile in the boundary layer exhibits very steep gradients near the wall,
indicating that the temperature quickly falls to a value close tmthHaulk. It is possible
for the droplet to be in a portion of the boundary layer where the temperature is not above
the dropletbds boiling point.

11  Boiling of Dilute Emulsions

Boiling in emulsionss not as well understood as other topics in tHd béheat
transfer. This can be attributed to the fact that boiling in emulsions is a rather complex
phenomenon that has a wide range of behaviors and mechanisms.

Observation of the boiling process in emulsions is generally impossible due to the
emulsbns keing opaque (Roesle and Kula@kil13). Early studiesgsformed by Mori et
al. (1978)investigatepool boiling heat transfer in oil in watand water in oiemulsions.

The termoil in water indicates thatater makes up more than 50% of the mixture.

Therefore the structure of the emulsion is considered to be droplets of oil dispersed in

water. The experiments cover a wide range of mass fractions for water, 10 to 90% and
3



show that the heat transfer coefiat for the emulsion is always greater than that of the
pure fluid. Because the mass fractions of water are between 10 and 90%, the emulsions
are not considered dilute in these studig®ri et al.found that the heat transfer

coefficient may be smalter larger than that of water depending on the emulsifier.

Roesle and Kulacki (2013Jere able to obtain images during the experiments
using a higkspeed video camera. One of the main problems encouatehegh heat
flux is thatthe number of bubbldsecame too large to observe the boilinggess. They
observed boiling of the accumulated droplet liquid on the heated surface and that of
droplets near the heated surface simultaneou3hserving the behavior of boiling
droplets in emulsions near theated surface is important for developing models and
determining the exact processes that are occurring.

Several favorable characteristics have been observed in the boiling in dilute
emulsions. In studies performed by Bulanov et al. (1993), the lombabint liquid is
water an the continuous phase is oil. They observed thiadih pool and flow boiling,
it is found that the heat transfer coefficient is always higher for the emulsion than for the
pure oil. In flow boiling experimentghe improvemat in heat transfer is found to
increaseby up to 33%with increasing mss fractions of waterBulanov and cavorkers
also looked at differemhass fractions of water, afound that up to 1%, the heat transfer
coefficient is dependent anass fraction However from 1% t@ %, the heat transfer
coefficient is independent afiass fraction (Bulanov et dl996).

An unfavorable characteristic that has been observed Ilvothieg in dilute
emulsions is the relatively high degree of superheat requireditddrboiling of the
dispersed phas&igurel). For the water in oil emulsion shownRigurel, the heat
transfer coefficient doasot begin to increase until the wall tparature reaches almost
160 °C, 60 °C above that of the boiling point of water. One theory behind this
phenomenon is that because the droplets are never in direct contact with the heated
surface, they must undergpontaneous nucleation (Roesle and Kulacki 2013).

Bulanov and caworkers have also studied other aspects of boiling in dilute

emulsions, including the effect of droplet size and the addition of surfactants and
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Figurel. Poolboiling heat transfer coefficients for (1) water, (21LR3, (3) transformer
oil, (4) water in oil emulsion, and (5)-RL3 in water emulsion (Bulanov and Gasanov
2008)

suspended particlesn one of the their studieg was found that increasing dropsite
led to a decrease in the amount of superheat required to initiate boiling. However, the
heat transfer coefficient has little dependence on droplet size once boiling has been
initiated (Bulanov and Gasan@®07). One study suggests recommendatiamgltering
the emulsion to obtain certain desired characteristics. If one wishes to increase the heat
transfer coefficient and decrease the delay in the initiation of boiling, they should add a
gas absorbent. However, if one wishes to increase therhesiier coefficient only, then
a surfactant shodlbe added (Bulanov and Gasar2®06). Combinations of these
additives have not been studied in the literature.
Recent studies by Bulanov et €001)and Roesle and Kulack2013 have
amedattryingd devel op a model suitable for boild
model assumes that each droplet boils randomly and only while inside the thermal
boundary layer next the heated surface. However, he states that boiling does depend on
contact withthdhreat ed sur face i1 tself. One of the
contradicting boundary conditions he uses to derive his equations. Bulanov assumes that
the probability of a droplet boiling is dependent on the nucleation rate. In order to

calculde this nucleation rate, he assumes the temperature in the thermal boundary is

5



uniform and equal to that of the heated surface. However, to determine the thickness of
the thermal boundary layer, he assumes a linear temperature profile. While these result
can be fitted to experimental data, the contradicting boundary conditions limit the ability
to provide insight into thboiling process. Roestiggests a model of bimig in dilute
emulsions basedn the EulefEuler model of multiphase flows. His mdédentains three
phases that represent the continuous component, the liquid phase of the dispersed
component, and the vapor phase of the dispersepa@oent (Roesle and Kulack013).
Three phases are required instead of the usuaphase EuleEuler me¢hod because
phase change in the dispersed phase does not occur at a sovghetémperature
(Roesle 2010).

Roesle and Kulacki (2010) suggest that two mechasistby which boiling in
an emulsion aaoccur. The first mechanism occwbien the dropletcome into direct
contact with the heated surface. Whether the droplets will contact the surface and how
many will contact the surface depends on the flow geometry and other con(iRomsde
andKulacki 2010). The second mechanism by which dropleiisis through collisions
between droplets and bubbles. This mechanism has led to a quantity known as the
collision efficiency. Roesle and Kulacki (2010) state that collision efficieasynlot
been studied with respetct droplets suspended in a liquidherefore, they make use of
the literature available oroltision efficiency ofraindrops in cloud formations, along
with some other assumptions to make use of an approximation for the collision
efficiency.

Chain boiling is another aspect of boilimggmulsions that has been saggd by
Bulanov and Gasanov (2005)hey proposé¢hat chain boiling occurs through a
shockwave that forms when droplets boil. This shockwave then comes into contact with
other droplets, thus causing them to boil and relaag®ckwave of their own. Roesle
and Kulacki (2010) argue that the thermal diffusion to the droplet from the surrounding
fluid does not move quickly enough to form a shockwave. They state that another, more
likely mechanism for chain boiling is simplergact between a boiling droplet and

adjacent droplets.



Boiling of dilute emulsions hamany characteristics that make it a very desirable
medium for heat transfer applications where high heat fluxes are concerned. However, it
also brings with iits difficulties and problemsThethermaldesigner has the option to
customize the properties of the emulsion through the addition of surfactants and
suspended particles, and through control of the droplet size. Boiling of the dispersed
component gives an in@se in heat transfer without the presence of a significant amount
of vapor, which is often not desirable in heat transfer fluidise problems include the
large amount of superheat required to initiate boiling of the dispersed phase and the
difficulty in modelingthe boiling mechanism and proce$&evious studies have shown
that temperature overshoots of as much a&&ibove the saturation temperature of the
dispersed phase are requitednitiate boiling Modeling the boiling of dilute emulsions
is extremely difficult because of the many behaviors and mechanisms observed.

1.2  Free Convectiom Rectangular Enclosures

Freeconvection in enclosures hbsen studied extensively, atitere is an
abundance of literature alatdle on the subject. Owirtg the length of time for which
the subject has been studied, there are many different boundary conditions, geometric
configurations, and other situations that have Istedied.

Engineers have come up with many designs that deal with this type of problem.
For example, situations can range from dowgdéezed windows in buildings to nuclear
reactor cores. A common situation often seen in everyday life is the movement of air
within a building. During the day, the sun heats the air by the window, caudercsiy
change, which causes the air to flow upwards. When this air hits the ceiling, it is forced
towards the inner, cooler part of the building, where it cools and sinks to the floor. Once
the air makes its way back to the window, the whole proceds staer again.

Despite the length of time that has been spent studying the subject, the problem
still is yet to be solved completely. Engineers today still rely on correlations developed
by fitting curves to data. The problem with these correlatiotisisthey are often only
applicable to gecific ranges and situationg&ven numerical simulations are difficult
because the mathematical description of the problem involves a set of partial differential
equations that are difficult to solve (De Vahl Da¥B68). Some issues with the
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numerical solutions to date are the errors involved with these calculations and the
boundary conditions that are being studied. It is much easier said than done toiachieve
practicea truly isothermal or isoflux surfac&he numerical calculations must also
account for the density change caused by heating. Not all of the regions within the

volumeof interest include buoyancy, and Ostrach (1988) states,

i Mere are, however, regions in which there is no buoyancy, sutie as t

core for boundary layer flows, but a very small numerical error in the
buoyancy term can cause it improperly to contribute to the solution there
and, thus, misrepresentther ue physi cs. o

Another issue with numerical calculations is the traffdbetween accuracy and

computng time. A finer mesh will lead to more accurate results abthe cost of

increased computingme. The corners in enclosure flows are of particular interest. The
researcher must make sure to use a fine enough mesh to tesdbesv around the

corners, where the flow must turn. In an engineering sense, we can get away with a less
than perfect mesh because the corner effectsverall heat transfer rates @&egpected to

be small (De Vahl Davis 1968).

Analytical solutions a even more difficult than numerical solutions. The
simplifying assumptions used in external flows da apply to internal problems. This is
because the core flow is dependent on the boundary layers, which are dependent on the
boundary conditions andélcore flow. The dependence of the boundary layer flow and
core flow on each other makes things rather complicated. @<#88) also points out
that thevertical boundary layer theory does not appear to be useful for prediction or
corrdation of the omputed results.

Os t r aevidwarscle(1988)on natural convection in enclosures provided a
thorough review of the literature prior to his article. In his article, he gives three points of
emphasis that show the complexity of the problem and p#reatason that a true
solution is yet to be presentedhe irst point of emphasis is thdtis ill-advised to make
ad hoc physical assptions for complex problemaviany researchers, such as

Batchelor, incorrectly guessed the configuration of the, aeinich delayed proper
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description of the problem and misled many researchers who used the information.

B at c h@954init@alsheorywas that tk core region was isothermal. He also
concluded thaat sufficiently high Rayleigh number, the flow wowdnsist of a coref
corstant temperature and vorticiipe Vahl Davis 1968). In many publications, the core
flow is often assumed or estimated based on seemingly similar problemachpstnts

out that natural convection is very sensitive to changése geometric configuration and
boundary conditions. This often makes it unwise to use results from problems that seem
to be similar in nature.

Ostracho6s s e cespialclegr and explicitirutes dn haavtto gal about
normalizing the equati@for natural convection problems, there are many different,
inappropriate ways in which the process is done. This can lead to errors, and thus, a
misrepresentation of the physicMany researchers prior to Ostrach were guilty of this.
Only once the prer scaling analyses were performed with formal mathematical
procedures, did researchers gain a deeper insight into the physicgandraaningful
results

Finally, Ostrach points out théhe modified Oseen linearization proved to only
give incorretresults. This linearization proved extremely helpful in simplifying the
equations of other problems such as external flows. However, the buoyancy
characteristics in natural convection in enclosures and the coupling of the boundary layer
and core do ngtermit the use of this linearization.

An important part of natural convection in enclosures is the relationship between
the boundary layer flow near the walls and the core flow in the center of the enclosure.
At high Rayleigh numbers, classical boundayer theory yields simplifications that are
very helpful for other fluid flow problems. However, for internal flows, the core flow is
affected by the boundary layer flow rather than the boundary conditions because it is
enclogd by the boundary layer#n addition the boundary layer flow is affected by the
core fl ow. This coupling of the boundary
same simplifications as in other fluitbw problems. To maktings evermore
complicated, Ostracpoints out tlatthe core can contain more than one global core flow,
and flow subregons, such as cells and lageiDe Vahl Davis (1968) noticed reverse
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flow near the center of the cavity for high Rayleigh number flows. He suggests that at
high enough Rayleigh numise the vorticity near the wall is so strong that it is able to
reverse the direction of the core flow.

In many of the simulations and solutions presented in the literature, the
Boussinesq approximation is used to handle the buoyancy variation wihdiortinain.

This approximation neglects density variation in the inertial terms of motion, but retains
it in the buoyancy term of the vertical equation. The key to this approximation is that the
density variations due to inertial effects are extremelylstoatpared to gravity.

Gravity is strong enough to make a large enough difference in the specific weight of the
fluid.

Natural convection in enclosures has many different geometric configurations and
boundary conditions. There are many different situestiand parameters that come into
play with these types of potems. Chu et al. (1976) investigatee effect of heater
location, heater size, aspect ratio, and boundary conditions editvemsional laminar
natural convection in rectangular enclosures. Their range of parameters included Pr =
0.7,t 2 A p m acomplete range of heater widths and lotetj and a wide range of
aspect ratiosTheylooked at a isothermal heater with an isothermal cooler wall
opposite the heatevith two different boundary conditions for the horizontal wall$e
adiabatic boundaryomdition refers to the situatiomherethe horizontal wall®f the
enclosurere adiabatic. The isothermalralition refers to the situatiomhere the
horizontal walls are isothermal and kept at the seamgperature as the cooler wall.

Figure2 shows the boundary conditions that Chu et al. used in their study.

The effect of the heater location on the Nusselt number and stream function was

tested for a/H = 0. 2 S/Hvaluesaandifor isotherRahand e i gh n

adiabatic horizontal walls. They found that the valuasg of do not differ greatly for
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the two boundary conditions. However, the rates of heat transfer were significantly
higher for the isothermal condition.

When the Nusselt number anf  are plotted against each other, they show a
complicated relationship. An important observation is that for the adiabatic condition,
the same heat transfer rate can be attained at either a low or high rate of circulation just
by adjusting the heater logat. The same can be said for the same rate of circulation:
AThis multiplicity also occurs for the
(Chu et al. 1976).
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Figureb. Effect of heater size and
Rayleigh number on rate of ciration in a
square channetyH = 0.5(Chu et al.
1976).
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transfer in a square channsglH =
0.5(Chu et & 1976).
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The effect of the heater size is examined wittentrally located heater, s#0.5

at vari ous Ralyvalees, gnd fombatmoreontal bouddary conditions.
AAs the heater size i s i ncr thacgraldtiomidseene 20

to increase only slightly. The rate of heat transfer behaves similarlyef@diabatic case

butapproacre i nfinityo (Chu et al 1976) .
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Another important parameter is the aspect rafibu et al. look at the effect of
varying both the height and width of the enclosure. Chu et al. used the width of the
enclosure to define the modified Rayleigh numbeg, Ré&en they varied the height of
the enclosureThe aspect ratio, H/S, is varieaiin 0.4 to 3 irFigure7. Whereas, in
Figure8, the S/H value is varied from 0.4 to 3 because this figure stimsveffect of
increasing width on the average Nusselt number. It can be sEguie7 that for large
values of Rg the rate of heat transfer neases de to increased circulation and
decreases due to greater width (Chu et al. 1976). The heat transfer rate for both
horizontal boundary conditions is observed to approach the same value as the aspect ratio

increases.
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When the width is varied, the igat of the enclosure is used as the characteristic
length in the Rayleigh number. The maximum value of the stream function increases for
all Rayleigh numbers for the isothermal case. It is observed that the rate of heat transfer
typically decreases ald width of the enclosure increases. Again, the rate of heat

transfer for both boundary conditions approach the same value as the width is decreased.
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22 ApparamndsProcedur e

2.1 Apparatus

The experimental apparatus used in this study consisteeofangular enclosure
with inner dimensions 208m x 203mm x 25.4mm. The top of the enclosure is open
to the ambient environment and theese anavalls are made out of dmacrylic. This
gives a total volume of apprimrately one liter. The base hiagir slotsfor mounting the
enclosure to a vibration resistant optical tadie to allow for easy horizontal adjustment
A FIREROD® cartridge heater (WatlowG8A45) is placedh a rectangular, aluminum
blockand is attached to the back of the copper platte a thermal adhesive. The
cartridge heater has a maximum powé&d000W. Figure9 shows the apparatus with
the enclosure, the aluminum, and tloper plate. The figure also shows the placement
of the holes in the basBetailed drawings of all parts of the enclosure are in Appendix
B. The aluminum block is 203 mtall x 19.05mmwide x 19.05mm thick.

Figure9. Acrylic enclosure and heater configuration.
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The copper platécopper 110)s 203 mmtall x 19.05mmwide x 6.35thick. The
coppermplate hasn unpolished finish that meets the specifications set by the ASTM B187
standard. Nodditional workwasdone to #er the surface characteliss. Along the
backsde of the copper plate are tweltd mm DIA holes along the centerline for
embedded thermocouple&ach hole is drilled 5.3%m deepand to within 1 mm of the
surface At each hole locatiorg rectangular slas cut into the copper from thexige to
the center This slot is for the thermocouple wires to be fed out of the heater
configuration and each slot has dimensionsrndtall x0.75mm deep. Théeater
configuration (the aluminum anagper plate) is then insulated on all sides except the
face that interacts with the emulsion. A voltage regulator is used to vary the voltage
being supplied to the cartridge heater.

In the middle of the enclosure are thteermocouples at 7.6, 10.2, ah?2.7 cm
from the bottom These thermocouples are used to measure the bulk temperature of the
emulsion away from the surface of the heateicopper coil with 6.35 mmIA is used
as a cooling coil on the side of the enclosure opposite the heater. Getdsiad
directly from the laboratory supply through the coil, and then into the laboratory sink.

An Agilent 34970A data acquisition unit is used to record the temperature and
voltage data throughout each experimenial Each run is 10 min in durati and data
is collected at 0.5Hz.

Optical holography is used to capture images of the emulsion near the surface of
the heater throughout each experimental run. Because tfig Eplets are transparent,
simple photographs will not sufficelhe refactive index of FE72 is 1.251.Holography
uses the diffraction pattern created by the®Qdroplets to distinguish them from the
water. These images are used to observe droplet behavior as they move through the
boundary layer and begin to boAppendx D contains a picture showing the various
components of the optical setup.

2.2  Heat Transfer Fonulation

The first portion of the analysis usesr@edimensional, transient formulation of
the heat coduction equation to get astimate of th@ecessarpeat fluxto produce the
temperatures required to initiate boiling of the dispersed component in the emulsion and
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to determine the amount of time u#eed to reach steady state. With constant

thermophysical propertiehe governing equation and theundary conditions are

Tler=01=T,

ar #r 1ar ar
ke Fredarr “hgp AT =T

.
=10 =1L

Figurel0. Domain of me-dimensional, transient heat conductinrthe copper plate
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The solution to thiproblem is obtained through superposition,

@0 | a0 | @ 2

The homogenous problefn, @0, takes the homogenous boundary conditions and the

nornthomogenous initial condition. The steastate problem, @, takes the non
homogenous boundary conditiomhe complete solution is,
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The details of the solution are givenAppendix A.

The steadystate tempetare distributions used in conjunction with theeat
transfercorrelation proposkby Bejan (20040 determine the heat flux and
correspondindpeattransfer coefficient for a desiredall temperature These equations
must be solved simultaneously. In order to evaluate the heat flux, the heat transfer
coefficient is required. However, at the same time, the heat flux is required to evaluate
the Rayleigh number, and thus the heat transfer coefficket. (7) is an empirical
corrdation proposed by Bejan (2008 naturalconvection in enclosures when one
sidewall is heated and the other is cooled with uniformfheat The horizontal walls

are adiabatic.

(1)

The Bejan correlation is valid fdiuids for whichPrm 1. The steadiystate temperature

distribution is

g )

18



1000 T T T T T 7

900 1 6

800 15
lg -
< 700 | 1 4%
& =
S =
= 600 | {3=
c T

500 r 4 2

400 | 41

300 1 1 1 1 1 O

50 60 70 80 90 100 110

Tﬁe”[[k:]

Figurell Required heat flux and corresponding heat transfer coefficient
for specified wall temperatures.

All thermophysical properties are assumed constant and evaluated at the film
temperature. Once the heat flux is known, the heat transfer coefficient is solved for using
Eqn. (7). Figurell shows the variation in heat flux and heat transfer coefficient as a
function of the desired wall temperature.

The temperature of the wall should be high enough to initiate boiling of the
dispersed component in theundary layer, yet low enough that the water does not
boil. FC-72 has a boiling point of 56 °Grigurell above shows that for a desired wall
temperature oBO °C the required heat flux is 4.08/cn?, and the correspondingét
transfer coefficient is 738 \8//m?-K. In order to maintain a wall temperature of at least
56 °C, the minmum required heat flux is 1.A/cm?. This value of heat flux yidk a
heat transfer coefficient of 550W8/m2-K.

In determining the temperature at the wall and the stetadyg temperature
distribution in the copper plate, the largest error arises from the correlation used to
determine the heat transfer coefficieRor this reason, the tirgependent wall

temperature is calculated using values of the heat &élaoséfficient that are withinQ26
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Figurel2. Wall temperature as a fuinen of time for varying heat transfer coefficients.

of the calculated value. This comparison gives a good estimate of the range of
temperatures that can be observed in the experiment.

Figurel2 shows the ll temperature as a function of time for varying heat
transfer coefficients. The figure shows that an increase ineidiietransfer coefficient of
10% will yield a wall temperature approximately70 °C, and a decrease 00% in the
heat transfecoefficient will yield a wi#l temperature oapproximately 90C. Both of
these temperature extremes are acceptable for the experiment as they are both above
56 °C, the boiling point of FE72, and below the boiling point of wateFor all three heat
transfer coefficients, the heated surface takes ~2 min to reach Stiedelyemperature
values.

The design considerations for the aluminum and copper plate are: 1) the heat flux
must be uniform over the surface that interacts with the emulsion, 2) théuxeaust
be great enough to achieve a high enough temperature at the surface that interacts with
the emulsion so that boiling of the dispersed component occurs, and 3) the aluminum is
thick enough to minimize heat transfer out the sides of the heategwation. Owing
to the complex nature of the geometry between the circular cartridge and the square
surfaces between the aluminum and copper plate, ANS¥&benchl5.0was used to
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Tablel: Analysis plan for heater design

Alum. Thickness Heater Diameter No. of

[in.] [in.] heaters
0.75 0.375 1
0.5 0.375 1
0.75 0.25 2
0.5 0.25 2

3.599e+002
3.595e+002
3.591e+002
3.586e+002
3.582e+002

7.000 (cm)

3.500

Figurel3. Wall temperature distribution aloige coppersurface

calculate heat flux and temperature distributiordesired points and across desired

surfaces of the aluminum and copper plate.

The ANSYS workbench 15.0 code was used to analyze the effect of the heater

diameter and the thickness of the aluminum on the heat flux and temperature distribution

in the heateranfiguration. Table1 shows the cases considered.

To ensure that a high enough temperature is reached on the copper surface, a
surface contour showing the temperature along this surface was analyeelbwest
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Figurel4. Wall heat flux distribution along theopper
surface

surface temperature is observed is approximatel\C85vhich is well above the boiling

point of 56 C for FG72.

The other important design consideration was that the heat flux be uniform along
the copper surface that interacts with the emulskigure14 showsthatthe heat flux is
uniform over the entire surface. The only portions thahatreniform are along the
edges of the surface. Close to these edges, the heat flux decreases dramatically due to the
adiabatic boundary condition used in the calculatidowever, a decrease in the wall
heat flux isnot seen until within 0.06m (0.024 in.) from any edgd.he width of the
heater i9.75in., which means that only 6.3% of the width of the heater is at a heat flux
less than desiredlo determine the ovelfaffect of the decreased heat flux seen along
the edges of the heated surface, the heat flux is integrated over the heated surface area to
determine the total amount of heat leaving the heated surface. This is then compared to
the total amount of headbat would be leaving the surface if the surface had uniform heat
flux across the entire area. This vemse in ANSYS Workbench 15.0. Theoretically,
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Figurel5. Temperature distribution along horizontal cross
section of heater . from the bottom

given no edge effect and uniform heat flux, the total heat flow through the area is 173.8
W. The total amount of heat flowing through the area of the heated surface with the edge
effect is calculated to be 171.4 W, %4ess than ththeoretically predicted heat flow.

The temperature distribution shownRigurel15is used to ensure that the
aluminum is thick enough. When themainum is thickertemperature contoutsndto
even out in the horizontal direction, thereby eliminating heat transfer in the horizontal
direction. This figure shows the temperature contours leveling out before they reach the

aluminumcopper interfacelt is important to minimize heat transfer to the sides and out
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the back of the heater. Ideally, all heat shoulddiréhrough the aluminum and qogr

and be expelled into the emulsion via the top eddeguarel15.

2.3  Heat Loss througEnclosurénVall

The heater used in this study is placed along the side of the enclosure. In order to

prevent heat from moving through the wall and to the externaludiogs, enough
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Figurel6. Thermal resistance diagram for copper plate, acrylic wall,
and insulation

insulation must be used so that the majority of the power produced by the heater is
transported into the working fluid.

This type of problem is weBuited for the thermal resistance. The structure is
composed of the acrylic wall of the enclosure, the Styrofoam insulation, and the outsid
air at room temperatuigigure16).

The thermal resistance of a single component in the structure is

2 = 9)
The heat flow through the structurethesurroundingsan be modeled mathematically
by,
24



pori o (10

The total amount of heat flow, temperature, and area of the heater are known.
Thethermal conductivities for all materials can be found in various heat transfer
resourcesind the heat trarnsf coefficient is known for still air at ambient conditions
The thickness of the acrylic wall is known and the thickness of the insulation is chosen.
For a chosen insulation thickness, the fraction of heat produced by the heater that
transported o t h e wo riddeterngined usingidd (10). With an insulation
thickness of 0.8m, the fraction of heat transped to the working fluids 99.66. Less
than 0.86 of the heagenerated by the heaterast to the external surroundings of the
enclosure.

2.4  Increase in Bulk Temperature tbie Fluid

With the amount of heat being generated by the heater, it is possible that the bulk
temperature of the fluid could rise significantly over the course of an experimental run.
To determine the amount mhich the bulk temperature increasesa function of time, a

lumped capacitance model is used,
. A4
I —_ 11
Nt m# =6 8 (11

All thermophysical properties are assumed constant in the anaBaiang the above

differential equatiorior 4 O yields,
4 0O —O0 4 8 (12

The initial temperature of the bull,; , is 25J #and all properties of the fluid are

evaluated at thBlm temperature, which uses the initial temperature of the blitie

amount of time it takes the bulk to incre&ise20J #s considered the maximum amount
25



of increase allowable becau$e boiling point of the dispersed component of the
emulsion is56 C. An increase of twenty degrees woualéan the bulk of the fluid is at
45 C, which is close to the boiling point of the dispersed component.

Eqgn.(12) is re-arranged to solve for the time, t, based on a difimal
temperature of the bulk,

5 4 O 45 g
N (13

M# 6

At a heat flux of 30 kW/rf it takes10.65min for the bulk temperature of the fluid to
increase by0 C. It takesthe heater approximately 2 min to reach stestdye
temperature valuesTherefore, each experimental run must be less than 12 minutes in
duration. This is an adequate amount of titoanject droplets into the boundary layer
and allow them to travel through the entire boundary layer while still maintaining a low
enough bulk temperaturdt is important to note that in this analysis, heat loss from the
fluid to the surrounding is natccounted for. Thereforeith a cooling coil it will take
longer than the estimated time above for the bulk temperature of the fluid to rise by
20 J#.
2.5  Error between Thermocouple reading and Surface Temperature

In order to measure the wall temperatoféhe copper plate (i.e. the surface
temperature on the fluid side)ettmocouples are embedded in wealh the heater side of
the copper @te. Each hole is drilled 5.36m into the copper plate. Any deeper, and the
surface of the copper plate woulddemaged during the manufacturing process. The
thernmocouples are placed in the welghich are then filled with thermally conductive
paste so as to hinder the flow of heat as little as possible. The complex geometry and the
combination of different matgls make this problem difficult to solve analytically. For
this reason, ANSYS CFX5.0was used to get an estimate of the difference in
temper&ure between the end of the waild the surface of the plate as well as to gain an
understanding of how thdifference is influenced by different geometric parameters. A

picture d the ANSYS model is showm Figurel7.
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Figurel7.: ANSYS model used fadeterminingthedifference intemperature between
thermocouple reading and wall temperature

The rectangualr slot that goes from the wedl the side of the plate is for the
thermocouple wires to be fed thrdugnd out of the enchoire. 16 height is equal to the
diameter of thevell, and its depth is 1.mm. The box shown i46 mm wide x16 mm
tall x 6.35mmthick. There are a total of téhermocouples embedded in the copper
plate. Eactlthermocouple is separated byrhén fromcenter to centerRather than use a
model of the entire the geometry, symmetry was used to improve the accuracy of the
analysis. With a smaller geometry that is representative of the larger geometry, more
nodes can be used irsmaller volume, thus impwing the accuracy.

The boundary condition on the front face of the box is convective widat h
transfer coefficient of 738.@//m?-K and a bulk temperature of 25# The boundary
condition on the back & is a constant heat flux of 4.9&cn?. All other faces are set
as adiabatic. The top and bottom faces caseb&o adiabatic boundary conditions due to
symmetry because of the other thermocouples. The adiabatic condition on the sides of
the box can be physically realized by placing insulation ersitie of the copper plate.

The ANSYS model was ran for various welképths and diameterd~or eachest,
thearea averaged temperature was calculated at the end of the thermocouple well and at

the convective surfacelable2 shows the tabulated results.
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Table2. ANSYS results for temperature difference between thermocouple well and
convective surface when the wdlameter is varied.

d D d/D TTC Twall CpT
[mm] [mm] (K] [K] [K]
1 5.35 0.187 35323 353.162 0.068
15 5.35 0.280 353.204 352.154 0.05
2 5.35 0.374 353.175 352.144 0.031
3 5.35 0.561 353.163 352.172 -0.009
0.08 . ; ; ; ; ;
0.07 | ° .
0.06 | .
0.05 | ° .
—, 0.04 | .
Y
003 | ° .
O 002 } 1
0.01 .
0 - 4
-0.01 | ° .
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Figurel8:. Temperature difference between thermocouple well and convective surface as

a function of welldiameter

Figure18 shows thdlifference in areaveraged temperatures between the bottom

of the thermocouple well and the convective surféggthe diameter of the well is

increased, the difference in tempera between the two surfaces decreasasitively,

this is as expected, because more and more volume consists of the thermally conductive

past in the well. However, the goal of the thermocouple well is to measure the surface

temperature as accurately possible without taking up too much volume. The

thermocouples used are type J, which typically have an ertod.&f °C The

thermocouple wires, when togetheryaan approximate diameter ofrim. The well

diameter should be the smallest possildengter that will have a temperature difference

of lessthan 0.5 °C A diameter of 1.5nm is chosen to ensure the thermocouples fit in
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Table3. ANSYS results for temperature difference between thermocouple well and
convective suace when well depth is varied.

d L-D d/(LT D) Trc Twall T
[mm] [mm] [K] [K] [K]
1.5 1 1.500 353.20 353.15 0.05
1.5 1.35 1.111 353.24 353.15 0.09
1.5 1.6 0.938 353.26 353.15 0.11
1.5 1.85 0.811 353.29 353.15 0.14
1.5 2.35 0.638 353.33 353.15 0.19
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Figure19: Temperature difference between
thermocouple well and conetve surface as a
function ofwell depth

the well and because the difference in temperature is less than the error associated with
the thermocouplesading.

Figure19 shows the difference in are@aeraged temperature between the Inotto
of the thermocouple well and the convective surface whedistence between the two
surfaces is variedAs the distance between the two surfaces is increased, the difference
in temperature increases. The thermocouples have aroetr@5J#. The well depth
should be as close to the convective surface afy®s®e as to prevent surface damage,
and it should be chosen so that the temperature difference is less than the error associated
with the thermocouple readings. For these two reasdhsyrmocouple welllepth of
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5.35mm is chosen. This well depth isrim away from the convective surfacéhe
thermally conductive paste is rated for a maximum temperafl2@0J#.
2.6  Boundary Layer Thickness

The boundary layer next to the heated surface must be large enough that the entire
droplet can be within in the boundary layer. The boundary layer must also be small
enough so that the opposite side of the enclosure has as little effect as possible.
Calaulating the boundary layer thickness in enclosures is extremely difficult because the
simplifying assumptions used when examining external flows do not appiternal
flows. Ostrach (198) points out that the core region in the center of the enclasure
depenénton the boundary layer because it is contained by the boundary layers.
However, the boundary layers themselves are influenced by the core region as well. This
coupling of the boundary layers and core region is one of the main difficulties in
analyzing flows in enclosures. For this experiment, however, only a rough estimate of
the size of the boundary layer will be sufficient so long as the boundary layer thickness is
significantly larger than the droplet diameter.

To get an estimate of thmundary layer thickness along the heated plate, an
estimate will be obtained from correlations developed for external flows along a vertical
flat plate. Sparrow and Gre@§956 performed an analysis on a lamirfege-convection
boundary layealong a veical flat plate with uniform surface heat fluXhey performed
an integral analysis to determine the boundary layer thickness, the temperature variation
along the height of the heated surface, and the local Nusselt number. The expression
obtained by Sgrrowand Gregg (1956) is,

4
) mp 0O
~ — 14
g 90 ™ ReRe 8 (14
The boundary layer thicknesses calculated are also likely to be larger than those
observed in the experiment. The coupling between the core region and the boundary
layers in flow within enclosures causes the boundary layers to be smaller than in external

flows. The boundary layer thicknesalculated using the equation obtained by Sparrow
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Table4. Boundary layer thickness for varying heights along heater.

H ]
[mm] [mm]
203 2.03
101.5 1.77
50.75 1.54

Table5. Maximum velocity for varying maximum temperatures of the heater wall.

Maximum Wall Umax
Temperature [cm/s]
[°C]
56 10.97
60 11.87
65 12.97
75 15.09

ard Gregg is great enough so thias safe to assume the entirely droplet will be within
the boundaryayer.

Table4 shows the boundary layer thickness for differeights along th heated
surface for Ra= 4.42x 10'2. All thermophysical properties are evaluated at the film
temperature.

The maximum velocities to be expected are calculated usiag@onximation
due toGebhart (19611

o (;(E r 4 4 (15

Using this equation, the maximum velocities for each maximum wall tempeaa&ure
shown inTableb.

Also of importancas the amount of timesquired for the boundary layer to
develop along the heated surface. This study looks at the efthetvalume fraction of
emulsion and droplet diameter on the heat transfer coefficients in a strong buoyant
boundary layer. Thus, it is not a study oe transient behavior, but rather the steady

state behavior. The time required for the boundary layer to develop is used as a
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Figure20. Diffusion layer thickness with respect to distance away from the heated
surface and timéor Ray = 1.816x 167

minimum time required before steady state can be considered achieved. In addition, the
temperatures are monitored to ensure they have reached steady state values as well.

The amount of time required for the boundary layer to ldgvie estimated by
calculating the diffusion layer thickness with respect tetirBecause the diffusion layer
is dominated by heat conduction, the heat conduction solution can be used to estimate the
thickness with respect to time. This solution islvdelcumented and can be found in
numerous heat conduction textbooks. The equation for temperature with respect to the
space ad time variables is,

¢cN 7 S /]
40 — =— A 7 —AO0OE&EA—- 8 16
E A G igYe) (19

In natural convection flonthe momentum and thermal balany layers are the same
thickness.

Figure20 shows the temperature profile with respect to space and timeder Ra
1.816 x 10*2 As time increases, the diffusion layer thickness increases in the direction

normal to the heated surfacAt t = 5 5 the diffusion layer is approximatelyn3m
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Figure21. Freebody diagram of F&2 droplet.

thick, which is almost equivalent to the expedzhdystateboundary layer thickness.

2.7  Droplet Dynamics

An estimate of the maximum allowable difference in density between the2 FC
droplet and water is obtainedhe FC-72 hasa density that is 6 times that of water.
In free standing water, the droplets will sink. However, if the velggtyerated in the
boundary layer is great enough, the drag and buoyancy force can overcome the force due
to gravity on a single droplet.

A free body diagranof the dropleis shown inFigure21. The drag force is
approxi mated using Stokeods drag. St okeds
sphere mving through a viscous fluid,is

& o¢ng08 (17)

The assumptions for Stokeds drag are | amin

material, smooth surfaces, and that particles do not interfere with each other.
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Table6. Maximum allowable density ratio for a FQ2
droplet to rise in the boundary layer due to drag.

R Twall Umax Jd /¢ J
[mm] [°C] [cm/s]
0.1 75 15.09 4.836
0.2 75 15.09 1.959
0.25 75 15.09 1.426
0.3 75 15.09 1.614
0.4 75 15.09 1.24
0.5 75 15.09 1.153
0.6 75 15.09 1.107
0.7 75 15.09 1.078
0.8 75 15.09 1.06
0.9 75 15.09 1.047
1 75 15.09 1.038

The analysis is looking for the maximum allowable density ratio that will allow
for the droplet to rise rather than sink. This point is characterized by where the droplet
velocity is zero. The velocity of the fluid moving past the droplet is estimaiegl e
maximum velocity present in the boundary layer, which was calculated earlier using

boundary layer theorySumming up the forces in thedyrection and solving for the

density ratio;—, the solutiorbecomes,

N

Mmoo 3 (18)
Mczp

Table6 shows the maximum allowable density ratio betweef7BE@nd water for
various droplet radii.

If the droplet radius is greater than Oraf, the density of the droplet is too large
for the drlet to rise in the boundary layer. It is important to note that this analysis does
not account for property changes within the boundary layer. The density ¢ IsC

known to decrease when exposed to temperatures higher than room temperature.
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Therefoe, this is a rough estimate of the allowable density ratio for a rising droplet of
FC-72 in water.

Also of importance ign estimate of the amount of energguired to boil a F€
72 dropkt. This includes thenergy required to raise the temperature efdioplet from
room temperature up to its boigjrpoint as well as thenergy required to vaporize the
droplet.

1 1 1 (19)

The sensible and latent portions of the required energy can be expressed

1 #3234 1, (20

For a droplet with g@= 1.3 mm the required energy to bdilis estimated to be
65.98 J. All thermophysicalropertiesare evaluated at the fillemperature and assumed
to be constantTheheat flux on the hedransfer surface 80 kW/n? at the highest
power setting used in the experimemdssuming that 10% of the total energy ¢guced
by the heated surface gaeso vaporizing a single droplet, it would take ~5.7 s for the
droplet to vaporize.
2.8  ExperimentaPlan

There are two experiment$ interest to this study. The first uses a dilute
emulsion as the working fluid to study the effect of varying the dispersed component
percentage of the mixture based afumne. The secongses water as the wang fluid,
and small droplets of the dispersed component are injected into theabplayer along
the heated surface

Previous researdh the field has looked at the effect of varying volume
percentage of the dispersed component on the heat traosfécient. However, these
studies have all looked at this effect in pool boiling. This study aims to examine this
effect in a strong buoyant boundary layer and to determine whether or not the effect is

similar ordifferent compared to the previous sagl
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One of the aspects of boiling in dilute emulsions that remains unsolved is the way
in which the dipersed phasieegins to boil. To gain an insight into how this process
takes place, the second experimaiiit use advanced optical equipment to exasnn
droplet as it risesr fallsthrough the boundw layer. The primary intereg to
determine where in the bodary layer the droplet boitnd whether or not the droplet
needs to come into direct contact with the heated sutdaiogiate the boiliig process.

FC-72 is used as thagpersed component for all experimeimtshis study.
Emulsionsare prepared with volume percentages of 0.1, 0.2, 0.5, aridrite FC72.
These percentages are the same percentages used by Roesle (2013) indmd sha¢ty
for good comparisons to pool boiling data.maxmum volume percentage of 1% is
chosen becauseqyious studies by Bulanov et al. (1996) have shown that for volume
percentages greater than ~1%, there is no effect on the heat transfer coefficient.

Emul sions are prepared in the same way
wateris first degassed by boiling andtisen cooledo 25°C for the experiment.The
water then passes through a filteattremoves particlés2 2 andlarger before it is
mixed with the FE72 in a separate containef gear pump is then useddioculate the
mixture. Because FZ2 is denser than water, it tends to settle in large globules on the
bottom of the container. The gear pump pulls inntirdure from the bottom of the
container, and then pushes it through a partially open ball valve. When the fluid hits the
wall of the ball valve it causes the F2 to break up in to very fine droplets. The fluid
exits the ball valve at the top of thentainer. Theear pump is run for 1&in to ensure
that the entire mixture has circulated through the ball valve multiple times. Each batch is

used immediately after preparatiand no surfactants are added.
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Figure22. Apparatus for preparation of the emulsion
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Table7. Thermophysical fpperies for various power levels.

Ttiim 3x 10 I b x 10* ks Pr Co Ray

°C]  [mZs]  [kgimd  [1K]  [W/m-K] [DkgK] x 1012
42.5 6.3 991.2 4.0 0.621 4.2 4.18 1.82
45 6.02 990.2 4.2 0.624 4.0 4.18 2.31
50 5.54 988 4.6 0.631 3.6 4.18 3.09

52.5 5.32 986.9 4.7 0.633 3.5 4.18 4.42

For the second experimemiroplets of FE72 are injected into the boundary layer
near the heated surface. Two different situationslaserved. The first is an individual
droplet of FG72 injected in the boundary layer in contact with the heated surface using a
pipette. The second is multiple H2 droplets injected through the use of a syringe
pump. The optical equipment is setupaorail system that allows for eaagjustment of
the components. The acrylic enclosure is held up using four threaded rods. Holes are
placed in the base of the apparatus for the threaded rods and the height of the enclosure is
adjusted by turning the mion the threaded rods. This allows for easy vertical
adjustment so that images can be captured at various heights within the boundary layer.
The pipette injects droplets with d ~1.3 mm, while the syringe pump injects a
continuous stream of dropletsi t h 0 . ¢® rhmhmdghch 25 Gaeedle

For the heat transfer experimerdata is taken at four different power levels and
thus, four different Rayleigh numbers. Each power level has a different set of
thermophysical property valueSable7 outlines the thermophysical property values for

each power level.
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3. Data Reducti on

Figure23 andFigure24 showa schemati@nd pictureof the overall experimental
setup. The Agilent Data Logger is used to record the thermocouple readings and the
voltage being supplied to the heater by the veltagulator. The voltage regulator plugs
directly into the laboratory outlet and supplies voltage on a percentage basis. The camera
and laser are used to take holographic images of the emulsion near the heated surface.
Cold water is supplied directlydm the laboratory and fed through the cooling coil to
keep the bulk temperature of the fluid from rising significantly during the experiment.

Camera

Cooling
coil

"

] N

Computer

Power
Supply

Laser

Figure23. Schematic of overall experimental setup

Figure24. Photograph of optical setup and apparatus.
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3.1 Calculation of Heat Transfer Coefficients

Each gperimental run lasts0 min The temperatures for each thermocouple and
the voltage drop across the heateraveraged over the 10 miluration to obtain e
data point. The lad heat transfer coefficient iten calculated for each thermocouple
embedded in the heater amekraged over the length to determine the average heat
transfer coefficient, and thus the averages$élt numberThere are twelve
themocouplesembedded in the copper plate. For each thermocouple, the local heat
transfer coefficient is

E —— 8 (22)

Once the local heat transfer coefficient is calculated fdrzathermocouples, the
arithmeticaverage is taken to determine the average Nusselt number by,
~  E(
O — 8 (22
E

This procedure is carried oat every time step throughout the duration of each
experimental run. To obtain a single data point and the corresgastdndard deviation
for each Rwyleigh numbertemperature data is alyzed to determine when steastgte
operating conditions arreached for eaatun. When the thermocouple temperature data
is observd to no longer incread®y more than 1 °C over arte period of 1 minit is
assumed that steadtate operating conditions have been reached. From this point
forward, the numerical average of each quantity at each time step is takeapgrozch
creates a singleatapoint for eachrun that can thehe easily plotted.

3.2  Uncertainty Analysis

The overall uncertainty in thmeasurements must be taken into acctmnt
determine the accuracy of the experiment. During the tests conducted, the wall
temperature, bultemperature of the fluidand the voltage drop across the cartridge
heaterare measuredTheresistance othe heateand voltage drop across the heater are
measured to determine the power being produced by the heater. The uncertainty in the

power produced by the cartridge heasesupplied by the manufacturefFable8 shows
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Table8. Measurementncertainties

Quantity Uncertainty
PV 1V
Rn * 3%
Twall +05°C
Tb +05°C
H + 0.03in.
w + 0.008 in.
k 2%

each of the measured quantities and their corresponding uncerfBimgyequation for the

heat transfer coefficient,is

. N 3012
23
=4 2 (74 4 ° 3

The uncertainty in theemperature difference between the wall and the fluid isulk

5 5 5 op @ #. (29

The uncertainty in the length of tkepper plates £ 0.25 in. andhe unceinty in the
width is £ 0.008 in.Thus the uncertainty in the area of the heater is

2 mow (29

The uncertainty for the heat transt®efficient is calculated byda. (26). The
temperature difference between the wall an
50 °C. The smallest temperature difference is used because that will yield -aagerst

estimate of the uncertainty in the heat transfer measurements. The veddiggs vary

40



according to 58 VAC O v O 79

the largest possible uncertainty.

The calculated uncertainty in the heat transfer coefft is + 9.4%.

VAC. Agai n,

(26)

The uncertainty in the heat transfer coefficient and the length of the heater are

used to determine the uncertainty in the Nusselt number.

5
=

5 5
E (

(@}

Therefore, the total uncertainty inetverage Nusselt number is + %6

41
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Figure25. Histogram of droplet diameter for emulsion (Roesle and Kulacki 2013).

Fraction of droplets

4. Resul ts and Discussion
4.1 Measured Heat Transfer Coefficients
4.1.1 Water

The first set of experimentalins used distilled water with no FQ2 added.
These experimental runs provide a bse for comparison with the results obtained for
emulsions as well as demonstrating that the apparatus behaves as expectistbns
are prepred as described in sieet 2.8 This process produces#Cr opl et s wi t h 4
O 22 em and give an av ogaals. THeavepheet di ame
diameter andlistribution of the droplet diameter does not change dramatically as the
volume fraction, U, is changed (Roesle and

The correlation proposed by Bejan (2004) for a constant heat flux side wall is,

¥
.0 AT % 8 (29

This correlation is valid for Re> 1.

42



400 T T T T T

350 | -
300 } { :
250 | + + -
O 50 | } -

. Eqgn. 28
150 | -

100 B

50 F .

0 1E+12 2E+12 3E+12 4E+12 5E+12 6E+12
Ra,

Figure26. Average Nusselt number as a function of
Rayleigh number along with Eq(28).

Figure26 shows the average Nusselt number with respect to the Rayleigh
number. Bth correlations along with the experimental data are included. The
experimental data yields an average Nusselt numberstshgintly higher than that of
Eqgn. (28), which represents the constant heat flux boundary condition. Even though the
data shows Nusselt numbers that slightly higher than that ofdg. (28), the data
follows the trend exhibited byds. (28) very well. The error bars iRigure26 represent

the uncertainty in thaverage Nusselt number.
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—— Eqgn.(29)
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Figure27. Temperature difference between heated wall and drtkpared tdhe integral
solution, Egn(29).

Figure27shows the difference between the measured wall temperature and the bulk
temperature as a function of vertical distance up the heaterthe Rayleigh number
increases, the temperature difference between the lowest and highest thermocouples also
increases. At the lowest Rayleigh number, the temperature differeaqmares<imately 10
°C. Whereasat the highest Rayleigh number, the temperature difference between the

lowest and highest thermocouple is almost@0 There is a rapid increase in temperature
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from the bottom of the heater up to approximately half theadlvieeight of the heater.

This occurdbecause the boundary layer thickness increases the fastest between these two
heights. Above half the height of the heatee, ltbundary layer thicknegsreases, but at

a much slower rate. The data is comparedheoiitegral analysis performed by Sparrow

and Gregg (1956)The correlation is,

7

NUm 0O
44 T 555

8 (29

The solution determined by Sparrow and Gregg (1956) iafiinar natural convection
form a vertcal surface with unifornheat flux. Bejar{2004) states that for fluids of the
air-water Prandtl number range.70 P 10), tkie transition to turbulence occurs in the
vicinity of Ray ~ 10, As can be seen fRigure27, the temperature data fit very well to
Eqgn. (29) and further verify the uniform wall heat flux boundary condition.

The duration of each experimental run is 10 nkigure28throughFigure31
show the bulk temperature profile throughout the duration of each experimental run for
water. There are three thermocouples that are placed in the center of the acrylic
enclosure. The themgouples are placed at varying heights of 7.6 cm, 10.2 cm, and 12.7
cm from the bottom of the enclosure. The bulk temperature never changes by more than
1.5 C during a 10 min run. This is well within the uncertainty of the thermocouple

measurements.
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Figure28. Temperature profiles for the bulk thermocouples at heights a2(¥)cm, (2)
10.2 cm, and (3) 7.6 cnRay = 1.82x162
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Figure29. Temperature profiles for the bulk thermocouples at heights df2¥)cm, (2)
10.2 cm, and (3) 7.6 cnRay = 2.31x102.
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Figure30. Temperature profiles for the bulk thermocouples at heigh¥) 12.7 cm, (2)
10.2 cmand (3)7.6 cm. Ray = 3.09x162
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Figure31l Temperature profiles for the bulk thermocouples at heights df2¥)cm, (2)
10.2 cm, and (3) 7.6 cnRay = 4.42x102.
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Table9. Experimental runs carriezlit for heat transfer results.

(o]

U
Ray x 10*? 0% 0.1% 0.2% 0.5% 1%
1.82
2.31 Experimental runs
3.09
4.42

4.1.2 FC-72 in Water Emulsions

The average Nusselt numbers for-FEin water enulsions are shown iRigure
32. Due to mechanical and fluid limitations, the Rayleigh number isncotased further
beyond 4.42x18.

Figure32 shows the average Nusselt number for#/Zdn water emulsions and
normalizes them with the average Nusselt number seen in the pure wateD&tata/ias
gathered for four different Rayleigh numbers and 0, 0.1, 0.2, G5%rvolume
fractions of FC72. Previous studies by Bulanov et al. (1986) have shown that for
volume fractions greater than 1%, there is no effect on thdraeater coefficient.
Table9 outlines the experimental tests that were conducted.

To the naked eye, all emulsions prepared &athransfer tests were opaque
Images could not be obtained because the opagueness did not allow for a laser to p
through to obtain holographic imagdsigure33s hows a pi cture of an
0.5%. The thermocouples in the center of the enclaaerdifficult to see due to the

fogginess caused by the emulsion.
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Figure32. Average Nusselt number for FI2 in water emulsions at varying volume
fractions and Rayleigh numbers.

Figure33.FC-72 i n wat ex0.5%.Ra+ 33l>xddt.. U

No significant increase in the average Nusselt number based on volume
percentage of F@2 for the two lowest Rayleigh number cases. When-Ra42x162,
there is a slight increase in theerage Nusselt numberuplo = .ONhZ2w U, > 0. 2 %
a decrease is seen in the aversdgsselt numberAtthe same Raand0 = 0. 5%, t he

anincrease in the average Nusselimbercompared to that afiater, about 20%.
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However, thisis lessthamhen U = 0. 2 %. yin thcawerage Nusseltisa i nt
11.%. AtRayO 3 . #°3He in@ease seen in the average Nusselt number is beyond

o

that of the uncertainty I imits for U = 0.

During all experimental tests, vapor bubbles formed atbadieated surface.
There is no evidence to suggest that these bubbles are vaporiz&] &Cthis would
have led to an increase in the average Nusselt number. Also, the bubbles appear on the
heated surface at the lowest-Rmmbers when the temperatwfehe heated surface is
below that of the saturation temperature of RC A more likely cause is the-re
absorption of atmospheric gases during emulsification and handling. The process of
emulsification is long, and thus gives ample time after boftingtmospheric gases to be
re-absorked. These atmospheric gases appear tedponsible for the bubbles observed
on the heated surface.

Previousstudies by Bulanov et al. (1984, 20@hd Roesle (2013) have shown
that a large degree of superheaeiguired to achieve boiling of the dispersed component
in dilute emulsions. Roesle didtgee boiling of FEZ2 until the wire temperature was
~90 °C, an overshoot of at least 30 °C. Due to mechanical and fluid limitations, the
maximum surface tempaturereached in the present investigatwwas ~75 °C, an
overshoot 0f~20 °C. Roesle (2013) studsged a thin horizontal wire and looked at pool

boiling heat transfer. A large degree of overshoot was expected because droplets are only

near the heated wirerfa short amount of time. In the preserperimers, an 8 in.

vertical flat plate was used. &C-72 dropletin the boundary layer would be next to the
heated surface during its entire asadonhg the surfacelt wasexpected that given the
significart increase in the amount of time a droplet spends next to the Iseafack Jess
superheat would be required to initiate boiling of the dispersed component. However,
based on the fact that no significant increaas seen in the Nusselt number, it is
bdieved that-C-72 droplets did not boil during the tests. It is likely then that a larger
degree of superheat is needed in this configurationitiate boiling of the FE&72, and

therefore see a significant increase in the Nusselt number
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4.2  Visualizaion

4.2.1 Individual Droplets of FE72

Optical holography was used to capture images of the individual droplets of FC
72 falling and rising in the boundary layérhe heater was allowed to reach steatiye
temperatures before droplets of #€ wereinjected. After each drogdievas injected, 10
to 20 spassed before another droplet was injected to allow the flowsiabdize. The
optical equipment takes images that can later be analyzed to determine distances.
each power level and theachRayleigh number, a video was taken for the duration of
the 10 min test. From these videos, individual frames were used to produce the images in
this thesis. It was not pssible to obtain images fermul si ons wheee U O
amount of dropletsreaed inthese emulsions waso great, thusnaking the emulsion

too opaque for visualization.

Boundary
layer

(a) (b) (€)
Figure34. FG-72 drople falling in the boundary layey, = 6.25 in; Ra, = 6.61x16%;
Ra;=1.82x10%q nj = 1 6%.08 2.30Mh; thax= 10.97cm/s;da = 1.3mm.
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(@) (b) ()

Figure35. FC-72 droplet falling in the boundary layer; y = 6.25 in.; R®8.58x16%,
Ra;=2.31x10% qgnj = 20 .03 aknV@hueE 91.87cm/s; di= 1.3mm.

Figure34 shows a 1.3nm diameter droplet of FZ2 falling in the boundary
layer. The droplet was injected adjacent to the heated surface ghadiei
approximately 6.5 in. using a pipettd=igure34 (a) shows the droplet as it is about to be
released from the pipette in contact with the éeaurface Figure34 (b) shows the
droplet just after release from the pipette. The droplet is already moving away from the
heated surface #his point in time. Figure34 (c) shows the droplet even farther away
from the heated surface as it is about to leave frame of view. At this pointntke aie
the droplet is 2nm away from the surfaceé/apor bubbles are present along the heated
surface. These bubbles are atmospheric gases that were most {die$prbed during
emulsification and handling.

Figure35 shows dl.3mm diameter=C-72 droplet falling in the boundary layer.
Figure35 (a) shavs the droplet just as it is separatingm the pipette next to the heated

surface. As the droplet falls through the boundary layer, it moves farther away from the
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heated surfacelrigure35 (c) shows the droplet when the center of the droplet isnt8
away from the heated surface. Higure35 (b) and (c) the fluid above the droplet is
slightly disturbed after the droplet has passed through the frame of view. The fluid

recovers rather quitk (approximately 10 fater) dueto its laminar nature.

(a) (b) (©)
Figure36. FC-72 droplet falling in the boundary layer; y = 6.25 in.; Rd..14x16%,
Ra;=3.09x10% qnj = 24 .06 aknV@haB 72.97cm/s; di= 1.375mm.

Figure36 shows a 1.375nmdiameter~C-72 droplet falling in the boundary
layer. Figure36 (a) shove the droplet just as it is separatingm the pipette. The
droplet is in contact with the heated surface and still exhibits a round shdpigure36
(b), the droplet has begun to deform slightly. The height of the droplet is smaller and the
width is 1.432mm. At this Rayleigh number, the velocity of the fluid in the boundary
layer is faster, causing more drag, and thus deforming the dréjdeire 36 (c) shows
the droplet 1.5nm away from the heated surface just before it leaves the frame of view.
The disturbance caused by the droplet as it falls through the boundary layer isavidible

more chaotic than the disturbance seen at the lower Raylenghens.
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Boundar
layer

(a) (b) (©)
Figure37. FC-72 droplet rising in the boundary layer; y = 6.25 in.; Ra.63x13%;
Rai=4.42x10% qnj = 30 .04 =hMim®=313.09cm/s; di=1.3mm.

Figure37 shows a FE72 droplet rising through the boundary layer. At the
highest Rayleigh number tested, the fluid velocity is large enough to create enough drag
to causehe droplet to riseFigure37 (a) shows the droplet as it is being released from
the pipette. IfFigure37 (b), the droplet has deformed and has a height ofraridby a
width of 1.3mm. Figure37 (c) shows the droplet 1rf8m away from the heated surface
just before |l eaving the frame of view.
wake is observed in these images. This is most likely due to the drepigtrather than
falling with viscous effects of the fluid gckly mitigating any disturbance.

The FG72 droplets fell for RaO 3 . @29At RaD= 4.42x182 the droplets
rose to the surface of the enclosure. As the Rayleigh number is increased, the fluid

velocity in the boandary layer increases, thus creating more drag on the spherical droplet.

At all four Rayleigh numbers, the droplets fell or rose very quickly and moved

farther away from the heated surfacelikely cause for this is the Magnus effect. The
54

N o



velocity profile in the boundary layer causes the large droplets to spin as they fall or rise.
This spinning motion creates a horizontal force that pushes the droplets away from the
heated surface and outside the boundary layer.

The height of the heateslirface in the images captured by the optical equipment
is 14mm. The total height of the heated surface isfB@8 In less than 10% of the total
height of the heated surfaceettiroplet at all Rayleigh numisawasnearly outside the
estimatedoundarylayer. This suggests that the droplet does not spend nearly enough
time in the boundary layer to initiate the boiling process.

Vapor bubbles were observed on the heated surface at all Rayleigh numbers. No
FC-72 was emulsified in the water for thesegedt was only injected through the use of
a pipette. These vapor bubbles are atmospheric gases thatabsemged into the

water while the water was all@a to cool and during transfer.

4.2.2 FC-72 Droplet to Droplet Interaction

This section discuss images of multiple FZ2 droplets in the boundary layer
and the interactions between these droplets. The emulsions themselves were too opaque,
and thus holography could not capture images of individual droplets. A syringe pump
was used to inject a ctnuous stream of small FZ2 droplets (0.5 mrih 1 mm) into the
boundary layer at a rate of 495.8 mL/hr. The was injected directly into the
boundary layer through a 25 Ga needle. This allowed for the ability to capture images
with small droplets whout making the overall solution too opaque. Videos were taken
at Ray=1.82 x 182, 2.31 x 167 3.09 x 16 and 4.42 x 18. For each Rayleigh
number, the heater was given ample time to reach sttathy Once the heater reached
steadystate tempetures, videos of approximately one minute in duration were recorded.
The camera captures images with alresol uti
Figure38 shows multiple FE72 droplets falling in the boundary layer next to the
heated surface at Ra 1.82x 102 InFigure38 (a), the boundaryaler is marked by
the white line The lighter areas in the middle of the droplets are caused by the laser. The
droplet acts as a lens as the laser passes through it, sglisbs a difference in the

diffraction pattern. In all three images, there are smaller, lighter circles. These circles
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are caused by small particles that mix with the fluid during handling and transfer between
containers. As opposed to the single debphse, these droplets do not move away from
the heated surface as they fall. All the droplets fell in a relatively vertical path.

Magnus effect is proportional to the square of the droplet diameter. The diameter of the
droplets observed during thetests are less than half the diameter of the droplets seen
during the individual droplet tests. Thus, the horizontal forces imparted on the droplets in
the multidroplet tests are less than a fourth of the forces that would be seen on the larger

droplds.

(a) (b) (c)
Figure38. Multiple FC-72 dropletsn bowndary layer. y = 2.25 in.; Ra 1.11x16°
Ra;=1.82x10% qnj = 1 &= 280nmkm\hats 10.97 cm/s.

Figure39 shows multiple droplets of FZ2 falling in the boundary layer at a
height of 2.25n. on the heated surface. The heated surface is along the right edge of the
frame. As the temperature tbie heated surface increases, the fluid in the immediate
vicinity of the surface increases in temperature. This causes a change in the refraction
index. This change in the refraction causes the heated surface to appear bent and also

causes the loss ofatpness in the image.
56



It was observed during these tests that when the bubbles along the heated surface
were wiped away from the surface, the surface temperature decreased by more than 10 °C
within minutes. A likely source of these bubbles is the detgravhich the distilled
water is degassed. The distilled water is boiled before each test, and then allowed to cool
to 25 °C. After the F&Z2 is added, the solution is emulsified through the use of a gear
pump for 15 min. Throughout the entire procespreparing the emulsion and

transferring the fluids, it is possible that the watealeorbed atmospheric gases. These

i SE T R o

(©)
Figure39. Multiple FC-72 droplets in boundary layer. y = 2.25 in.yR&.73x16°
Rai=4.42x10% qgnj = 3 0= 1837khWinm=15.09 cm/s.

atmospheric gases are responsible for the large and small bubbles that form along the

heated surface.
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5 Conclsisi on

5.1  Current Study
Previous work by Bulanov et al. as well as Roesle have shown an enhancement in

the heat transfer coefficient when boiling of the dispersed phase in a dilute emulsion
occurs. These studies have provided both experimamiahumericatlata as well as
visud observations to gain an insight into the process and mechanism by which the
dispersed phase in a dilute emulsion boils. This study was performed to expand upon
these results and look at boiling of dilute emulsions where strong buoyant forces are
present

Experiments were carried out with dilute emulsions of/2Gn water and a
heated vertical flatplate. F€C2 i n water emul sions were ana
(2010) experiments and showed an increase in the heat transfer coefficient when the FC
72 boil ed. However, Roesl eds experiments u
which produced much smaller Rayleigh numbers than in this studyde (2011) carried
out experiments with a thin horizontal strip of metal. The goal of this study waskto
at the effect on the heat transfer coefficient at higher Rayleigh numbers, where the
buoyancy forces are much stronger than the viscous forces.

The data suggests that mixing caused by th& Z@roplets within the emulsion
are responsible for the ir@ase in the average Nusselt number. Holographic images were
obtained for two different situations: 1) individual H#@ droplets in the boundary layer
near the heated surface, and 2) multiple®Qroplets in the boundary layer near the
heated surfaceThese images show disturbances in the fluid caused by the wake of the
FC-72 droplet as it either falls or rises in the boundary layéese disturbances
effectively mix the fluid and increase the heat transfer in a fashion similar to that of
eddies in trbulent flow. Individual droplets with large diameterg£dL.3mm) tend to
move away from the heated surface as they fall or rise due to the Magnus effect.

The Magnus effect was observed when individual droplets ef F@®@ere injected
directly into theboundary layer next to the heated surface. The horizontal distance
between the droplet and the heated surface was measured from the images obtained

during the experiment. These distances were used to calculate the horizontal acceleration
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of the dropletwhich was then used to determine the horizontal forces acting on the
droplet and the angular velocity. The highest acceleration, force, and angular velocity
were observed at the lowest Rayleigh number. Details on the analysis and numerical
values are i\ppendix D.

Individual droplets of FE2 were injected into the boundary layer along the
heated surface using a pipette. The droplets varied slightly in diameter, but were on
average 1.3nm. At the three lowest Rayleigh numbers, the droplets fell anveano
away from the heated surface as they fell. At the highest Rayleigh number, the droplet
rose in the boundary layer and again moved away from the heated surface as it rose. Itis
suspected that individual droplets do not have enough time in the bypusgkarto
absorb enough energy to vaporize in this configuration. It is necessary in future
experiments to determine if higher temperatures can cause boiling of the dispersed
component at these high Rayleigh numbers.

There is no evidence suggesting ttiat FG72 droplets vaporize during any of
the experimental tests. If F2 droplets vaporized during the heat transfer tests, vapor
would have been observed along the upper edges of the enclosure or along the fluid
surface. In addition, vaporization diet FG72 droplets was not observed during any of
the droplet injection tests.

The highest surface temperatures reached in the current experiments were ~20 °C
above the saturation temperature of Fand were kept lower than the saturation
temperature of ater. Biling of the dispersed component was observed in any of the
experiments conducted, suggesting that a higher degree of superheat is required in this

configuration to initiate the boiling process.

5.2 Future Work

The purpose of this study waslbok at the effect of boiling of dilute emulsions
in a configuration that exhibits strong buoyancy forces. In these experiments, no boiling
of the dispersed phase component was observed due to mechanical and fluid limitations.
In future studies, the gpratus could be modified so as to observe higher surface

temperatures. It is possible that a higher degree of superheat is needed for the droplets to
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boil in this configuration due to the small amount of time that the droplets were observed
next to the kated surface.

Also of interest is the study of different geometries that exhibit strong buoyancy
forces as well. Cylinders are the next logical step given their simplistic geometry.
However, many other geometric configurations such as spheres woutttthestudying.

Other possible configurations such as channels could produce different results. Itis
likely that channels would lead to a larger amount of time in temperatures higher than the
dispersed phase boiling point, thus accelerating the initiafiche boiling process.

Previous studies have looked at the addition of particles and surfactants in both
pool and flow boiling. It is necessary to determine whether the same effects seen in those
experiments are seen in experiments involving strongdnay forces.

Also of interest is what happens in the turbulent regime. Almost all studies on
boiling of dilute emulsions to date have limited their experiments to the laminar regime.

In single component flow, heat transfer is known to be greater whauence is present
due to the large amount of mixing that occurs. It is necessary to see whether or not
boiling of the disperse phase would occur when large amounts of mixing are present in
the flow that tend to carry away energy much quicker than larfiow

Finally, a numerical study would serve to validate the experimental results
obtained in this study. While some work has been done in the numerical sector with
regards to boiling of dilute emulsions, much remains to be discovered regarding the

proaess and mechanism by which the dispersed phase component boils.
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AppenrAdi experi ment al Desi gn

This appendishows a detailed analysis of th&liinensional transient heat
conduction problem for the copper plate.

The heater for this study is designed to produce a constant heat flux to the
enclosed fluid. Theesign consists of anegltric heater attached tdl&} in. thick copper
plate. The first portion of thanalysis uses a o@nensional, transieribrmulation of
the heat conduction equation to get a rough estimate of the heat flux required to produce
the temperatures required to initiate boiling of the dispersed component in the emulsion
and to determine the amount of time required to reach steady Btet@overning
eguation and the boundary conditions are listed belbis.assumed that all

thermoghysical properties are constant in the analysis.

L Y 1ar T P
N e — s e —_—— - /T — b
Fra Ax M

When the temperature is shiftedfas 4 @0 4 , the governing equations and

boundary conditions are

b el
T | TFO
(30
9 @ ™ E% Nee se
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The solution to this problem is obtained throughdhperposition method shown below.

Figure40. Superposition method for solution to edienensional heat conduction
problem.

@0 [ a0 [ @ (31

The homogenous problefn, @0, takes the homogenous boundary conditions and the
nonhomogenous initial corion. The steadygtate probleny @, takes the on-

homogenous boundary condition

hJ
Tz
2 @ 1 E% Ne (32

The general solution to the governing equaisdn & # @ # . The boundary

condition at x = 0 yields

(33

H*

The boundary condition at x = L gives
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E 'E (34)
g Neg g
EE ’
Hence, the solution to the steashate problem is
Gk 9 (39)
| 9 NCE £
The formulation for the homogenopsoblem is shown below.
h_eBE_
T 1 O
. H
2 @ E—
By T (36)
. H .
- , E— E
0@ N Bz EJ

[ a0 n [ @
Since both boundary conditions are homogenous and the initial conditioris non
homogenous, the separation of variables teclen@an be applied.

1 6080 8@30 (37)
pR8 p T8 (39)
8T J13TFO

The introduction of the separation constant,yields two equations which can be solved
using the boudary conditions in equation
30 #A
8@ # AlXW®@ # OREND

First, the homogenous boundary conditions in tuirection will be used to determine

(39

the general solution for X(x) and to determine the eigenfunction.

ET% E #1080 #1A1 W@ (40)
When evaluated at x = 0,
EF1ATION n (41
Therefore#  mand the general solution for thedirection is
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(42

80 #Al W@
(43

The boundary condition at x =\lields
1 OAT,

Eqgn.(43) can be solved muerically to determine the eigeaslues) .
Now that the eigenvalues are known and the general solutions for both variables

are known, the general solution to the homogempooklem is
(44)

[} e) # AT 10D A

The initial condition is now used to determine the constant,
[ @ # AT 100 (45)
Multiplying both sides by AT 10@ A @nd solving fo# yields
| AT 10CAD
# ———— (46)
Al O A QD
The delmminator in En. (46) is the norm of the eigenfunction and is tabulated in heat
conduction texg.
71 P
pA. S ] n n (a7
WhereK = h /k
Using Egn. (47) and solving the integral ithe numerator of . (41)yields
NeE s cn Nes on Nep x ¢ . A Ne
) El_o BN, EJ,—O EY , E 1—AI 10, 1—0 EY , - (49)
]
The complete solution is
A . p , @
4 @0 # AT 10 A NeE — 4 (49
Negei  Negpi  Nep . N
=) OEN, =) OEY, E ) Al 1O, ] OEN, ) (50)
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(59)

A E
1 OAY , +N + E (52
The steadystate tenperature distribution, dh. (35), can be used in conjunction
with the correlation proposed [Bejan (2004}o determine the heat flux and heat transfer
coefficient for a given wall temperature. &borrelation proposed byeian (2004 for

rectangular enclosuregth constant wall heat fluss shown below.

- E( a (7
— = 53
0 = mrA (53
When Ejns.(53) and(35) are both solved for h and equated to each other, the result is
E_ 4+ (7 Ne
— - _ 54
™ ki 2K 3 y 2 (59

Eqn.(54) takes any desired wall temperature and will yielel heat flux required to
obtain that temperature at steatgite. All thermophysical propertiesthe fluidare

assumed constant andadwvated at the film temperatyre

4 - 8 (55)
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AppendApp®8ratus Dr awi ngs

This appendix contains detailed drawings of the components used to make the test
enclosure components and the heater configuration. The test enclosure is made out of
clear acrylic. Two endplates, two sidlates, the base, and four flanges are assembled as
shown inFigure9. The heater configuration is assemhlsthg a sealant, and then an

epoxy to ensure no leakage of water between the heater and the insulation surrounding it.
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Appendi x C. Hol ographic | mages

This section contains holographic images obtained during the experimental tests
where individuaFC-72 dropletswere injected into the boundary layer using a pipette and
where multiple FE72 droplets were injected into the boundary lay@ng a syringe
pump. For the individual droplet tests, the camerr es ol ut i oandtwas 30 & m/
frame rate was 60°s For the multiple droplet testhe resolutiorof the camera was

2em/ px and the fftame rate was 338.2 s
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Figure41. Multiple FG-72 droplets in boundary layer. y = 2.25 in.yRal.11x16°
Ra;=1.82x10% qgnj = 1 8=1878hWhm=1097cm/s ot = 0. 044
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Figure42. Multiple FG-72 droplets in boundary layer. y = 2.25 in.yRal.44x10';
Rai=2.31x10% g nj kw/m2 0=1F85mm; Unax=11.87cm/s @t = 0. 053
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layer

(d) (e)
Figure43. Multiple FG-72 droplets in boundary layey = 2.25 in.; Ra= 1.91x10'°,
Ra;=3.09x10% g nj kW/m2;d= 16689mm; Unax=12.97cm/s @t = 0. 04 4
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Figure44. Multiple FG-72 droplets in boundary layer. y = 2.25 in.y Re2.73x10°
Ra;=4.42x10% qnj = 3 0=457% /2 15.09cm/s mpt s. 0. 04 4
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Figure45. FG-72 dropletin the boundary layer; y = 6.25 in.; Ra6.61x13%; Ray =
1.82x16% qgnj = 1 6 .08 w8 00.97 cm/s; @= 1.3mm; =Bk08s.
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(b) (c)

(d) (e) (f)
Figure46. FG-72 dropletin the boundary layer; y = 6.25 in.; Ra8.58x13%;Ra, =
2.31x16% qnj = 20 .03 AWt 91.87 cm/s; @=1.3mm; @t s=
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(b) (©)

(d) (e) ()
Figure47. FG-72 dropletin the boundary layer; y = 6.25 in.; Ral.14x10%Ray =
3.09x13% gnj = 24 .06 nlnyl@huB 12.97 cm/s; @=1.3mm; ot

83

S+

.10












