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CHAPTER 1: INTRODUCTION

1.1.Motivation

Boiling has been used in variety of applicatisasging from large-scale heat
transfer equipment to small-scale heat sinks. Saintige applications that take advantage
of boiling heat transfer include: Power cycles rigefration cycles, and metallurgical
guenching.

Thermal resistance, defined in Eq. 1.1, is onthe key parameters in a thermal
design. High heat removal rates during boiling ocover relatively low temperature
differences; this results in low thermal resistance

DT
L= 1.1
R q (1.1)

Thermal resistance for boiling is compared withrit@ resistance associated with

natural and forced convection in Fig 1.1.

Air 1-3 atm —
Fluorochemical vapor —
Silicone oil
—
Transformer oil Natural .
— convection
Fluorochemical liquids -
Air 1-3 atm
———
Fluorochemical vapor
Silicone oil : :
Transformer oil — Eg:‘:,ii“on
Fluorochemical liquids —
Water [ ]
Fluorochemical liquids ——
Water ———— Boiling
L el o aaaul e ool gl RN EET |
10?2 10 10° 10’ 10? 10°
Ry, (K/W) * for wetted area = 10 cm?

Figurel.l. Thermal resistance comparison (Courtesy obdAwvBar-Cohen).



Low thermal resistances associated with boiling become very useful in the
thermal management of high performance electronitth decreasing package size, heat
generation from high performance electronic devressilts in heat fluxes on the order of
100 W/cnf. The operating temperature for these devices dhooi generally exceed a
desired value (typically, 85 °C); boiling heat tséar can mitigate some of the resulting

challenges.

1.2. Background

Boiling at the surface of a heated body immerisedn extensive pool of liquid
without bulk motion is generally referred to as pboiling. The regimes of pool boiling
can be easily shown on a so-called boiling curvgil@t of wall heat fluxg«versus wall
superheafl, - T, . Boiling curve for a wetting liquid will be simitao that shown in Fig.
1.2 providing the following conditions are satisfie

The surface temperature of the heated wall is iedéently controlled and slowly

increased.

The dimensions of the body are large compared bblewr capillary length scale

L = / S (1.1
° g(f| - rv)

L, defined as



/ \ |
/ ' /
°f ‘ /
/ ‘ /
‘.:/’ r ";fc;i]f,’]"é"' film boiling
| e somedbubbioregime

Figurel.2. Typical boiling curve and associated boiliagimes.
(Courtesy of Van Carey, 2008)

As shown in Fig. 1.2, the boiling curve can geatigrbe divided into five regimes:
1) natural convection regime, 2) isolated bubbigme, 3) regime of slugs and columns,
4) transition boiling regime, and 5) film boilingegime. A brief summary of the
characteristics of each regime are provided hdre.réader is referred to Carey, 2008 for
a more detailed discussion.

At low superheats natural convection is the d@amirheat transfer mechanism.
The onset of nucleate boiling occurs at point Eign 1.1. The surface heat flux suddenly
increases (from c to d) as a result of this addeat ktransfer. The next section of the
boiling curve consists of the nucleate boiling regi(d-f). The nucleate boiling regime is
comprised of two regimes: 1) isolated bubble regimed 2) regime of slugs and

columns. The active nucleation sites are few amdelyispaced for the isolated bubble



regime (d-e). As the wall superheat increases, mare more nucleation sites become
active and the bubble departure frequency gendraihgases.

With increasing wall superheat, the nucleaticessiare spaced so closely and
departure frequency is high enough that bubblesgenen the lateral and vertical
direction. This segment of the curve (e-f) is reddrto as the regime of slugs and
columns. In this regime, the flow rate of the vaparay from the surface increases with
an increase in the wall superheat resulting in diiglurface heat fluxes.

Eventually, the drag on the liquid rewetting theface becomes so severe that the
liquid is unable to completely rewet the surfacerrtfation of dry portions on the
surface). The local heat flux at the dry portioassignificantly lower than the wetted
portions. This results in a peak value for the Hfieatknown as critical heat flux (CHF).

The next regime in the boiling curve (f-g) copesnds to the transition boiling in
which the mean overall surface heat flux decreaststhe wall superheat. This region is
typically characterized by severe and rapid fluttumes of the surface heat flux (for a
constant surface temperature boundary condition¢iwtesults from the rewetting of the
surface at a given location after the collapsergfgpots. Eventually, the wall superheat
becomes high enough to maintain a stable vaportfihblankets the entire surface. This
transition occurs in point g in the boiling curve.

Film boiling regime (g-h) is the final regime the boiling curve. The heat flux
monotonically increases as the wall superheat asa® This trend is a consequence of

the increased temperature difference across thervam [T, - T_,(R)] which results in

higher conduction and/or convection heat transiRadiation heat transfer may also

become important at higher wall superheats.



The importance of nucleate boiling in many heandfer applications has
provided the incentive for numerous studies of Hasic heat transfer mechanisms.
Natural or machine-formed pits or any other surfaogerfections can trap within
themselves some amount of gas/vapor. Hsu (1962ulpted that the bubble nucleates
when the superheated liquid layer above the sivevgrsufficiently thick to cause the
vapor/gas trapped within the cavity to overcome shdace tension force. The steady
cyclic growth and release of vapor bubbles fromueleation site is usually termed the
ebullition cycle.

The available heat transfer mechanisms by whedt ban be transferred from a
heated surface are schematically shown in Fig.ahd@ Fig 1.4 for bubble growth and
departure. A brief discussion on each of the meshas is provided in this chapter;
detailed discussion is provided in the Literatusview chapter.

Figure 1.3 depicts the available heat transfechmeisms during bubble growth.
A rapidly growing bubble can trap beneath itselthen layer of liquid known as
microlayer; the evaporation of this liquid layenaaontribute to the bubble’s growth. The
energy required for this evaporation comes from éhergy stored in the superheated
wall. The bubble can also grow through evaporatérthe superheated liquid layer
surrounding the bubble. A three-phase contactdareform on the surface in the event of
formation of a dry patch and partial dryout of timécrolayer. Bubble growth can also
take place through the evaporation at three-phaséact line. The natural convection
heat transfer can also be enhanced as a resudfuad motion induced by bubble growth

resulting in energy transfer by microconvection.



The available heat transfer mechanisms duridgple departure are depicted in
Fig. 1.4. During bubble departure, transient catidn occurs as the dry patch is being
rewetted by the advancing liquid front. Microlaysraporation can still contribute to the
total heat transfer providing the liquid layer hast completely dried out. Evaporation
from the superheated liquid layer can also takeepl&€ontact line evaporation could also
be present but its contribution is expected torballer since the advancing contact angle
is steeper than the receding contact angle. Thartieg bubble can also perturb the
adjacent liquid resulting in heat transfer due forotonvection. Additional heat transfer

could occur as a result of the vortices in the walkine bubble.

Buhhle Growth

Ev aporatlon from

rlvootad liqid |

5 I
Microlayer
evaporation

Figurel.3. Heat transfer mechanisms during bubble growth.
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Figurel.5. Bubble footprint on the heater.

It should be noted that the condition of the Hebtwotprint (Fig. 1.5) could
greatly affect the wall heat transfer. There aredthpossibilities for the bubble footprint

(contact area):



1) The microlayer entirely covers the area.

2) The microlayer partially covers the area.

3) Vapor completely covers the area (dryout).

This thesis investigates the heat transfer chaiatits associated with the above cases.
The ratio of sensible heat to latent heat folualfis one of the key parameters

that could affect the contribution of heat transfeechanisms in nucleate boiling. This

ratio can be quantified by the Jakob number giwe(Hg. 1.1):

— rICpI (TW - Tsat) (11)
rvhlv

The value of the Jakob number and the contributfamansient conduction and/or micro

Ja

convection are directly related. The contributidsiogle phase heat transfer mechanisms

is expected to be lower for lower valued Jakob nersib

1.3. Research Objectives
Many researchers have developed models to préticheat transfer rates for
many combinations of heated surfaces and workinigdl The main factors that affect
such predictions are:
1) The number of active nucleation sites.
2) The bubble dynamics associated with each nucteaite.
3) The heat transfer contribution of individual blgs.
4) The heat transfer associated with the interaatfanultiple bubbles.
This thesis primarily explores the last threetdex mentioned above and is

designed to shed light on some of the underlyirgg transfer mechanisms.



CHAPTER 2: LITERATURE REVIEW

A complete review of the boiling literature isyload the scope of this thesis. An
effort was made to review the most relevant lite@atto the current work. Both
experimental and numerical works were considerdds Thapter is divided into two
sections: Section 2.1 reviews the literature reiggrtieat transfer due to single bubbles.
Section 2.2 reviews the literature regarding hemtsfer due to the merging of two or

more bubbles.

2.1. Single Bubble Heat Transfer

Heat transfer characteristics during pool boilivaye been studied extensively for
more than 50 years. Many mechanisms for bubble traatfer have been suggested
(Carey, 2008) but the most widely cited mechanisorssist of: microlayer evaporation,
contact line evaporation, transient conduction amdroconvection. Many models, for
the simplest case of single bubbles (where bulidéactions are not present), have been
proposed based on the above mechanisms. These sncalel be divided into two
categories: (1) models that consider only one efrtfechanisms to be dominant, and (2)
models where a combination of mechanisms contriliotethe total heat transfer
(composite models). A review of some of the studled proposed the above mentioned
models follows.

The experimental results of Cooper and Lloyd @9upported the hypothesis

that a thin layer of liquid (the microlayer) forneneath a vapor bubble. They also



provided an expression for the thickness of theofager. The results of their study were
for two different organic working fluids (toluenadisopropyl alcohol) and the only heat
transfer mechanism considered was microlayer eaipar Mikic and Rohsenow (1969)

proposed the transient conduction to be the dorhihaat transfer mechanism. They
assumed that a departing bubble pumps away thiggbat adjacent to the heated surface
from an area twice the bubble diameter. Bubblei@ed convection (microconvection)

was first introduced by Rohsenow (1952). Judd amehhfy (1976) proposed a three
component composite model that consisted of migeslaevaporation, transient

conduction, and natural convection.

The merits of each of the proposed heat tramafedels remain a topic of debate
in the literature. Many earlier experimental stgdised a single heating element operated
at constant heat flux boundary condition, makindifticult to obtain local temperature
variation on the surface; other experiments utlizenstant surface boundary condition
but the local heat flux measurements were not abksl The proposed heat transfer
models can be evaluated through recent experimamiinumerical studies in which
local heat transfer data is available. The studesaining to single bubble heat transfer

is reviewed in the remainder of this section.

2.1.1. Recent Experiments
A summary of recent experimental investigationggieing to single bubble heat
transfer in which local heat transfer measuremehsng the ebullition cycle were

obtained is a follows.
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2.1.1.1. Microheater Array Data

Yaddanapuddi and Kim (2001) used a microheateryaoensisting of 96
independently controlled heaters each nominally €027 mmn in size to measure the
heat transfer distribution under isolated bubblesnd) saturated pool boiling of FC-72.
The heaters were kept at constant temperature ghrtloe use of analog electronic
feedback circuits and the power required to dowds measured. More details regarding
this microheater array are provided in Chapteri8 bubble departure diameter was 370

m (larger than a single heater). Their resultsdatdid that bubble growth occurred
primarily due to energy gained from the superhehtgod layer.

Demiray and Kim (2004) performed similar measuretsiarsing a microheater
array with 100 m heaters (improvement in spatial resolution) dursubcooled pool
boiling of FC-72. The test conditions for their \woalong with the calculated Jakob
number are provided in Table 2.1.

Table 2.1. Test conditions associated with Fig. 2.1

Fluid FC-72
Pressure (atm) 1
Tw(°C) 76
Tsat (°C) 57
Tohuk (°C) 52

Superheat (°C) 19
Subcooling (°C 5
Jakob Number 31.3

They used the instantaneous wall heat transfer watzlculate an equivalent
bubble diameter assuming that all the heat traresfeirom the wall appears as latent

heat:

peq (1)

rV
6

h, = an)Adt @.1)
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where t=0 is assumed to be the nucleation tima &ngle bubble.

Bubble physical diameter is significantly largelanhthe calculated equivalent
diameter during the bubble growth time (Fig. 2idjlicating that heat transfer from the
wall alone can not account for bubble growth. Tleeycluded that the bubble growth
was primarily due to energy transfer from the shpated liquid layer; therefore transient

conduction and/or microconvection were the domirteat transfer mechanisms.

Figure2.1. Comparison of the physical and equivalent kutdlameter.
From Demiray and Kim (2004).

Myers et al. (2005) used a microheater array (1@0Oheater size) operated in
constant heat flux boundary condition to study effect of thermal boundary condition
on the heat transfer mechanisms during pool boiliMigFC-72. Wall temperature
distributions were measured throughout the bubblgeation and departure cycle and

the wall-to-fluid heat transfer was obtained by muically computing the heat lost to the

12



substrate and subtracting this from the input h€hey concluded that microlayer and
contact line evaporation are not major heat transfechanisms for bubble growth (for
the conditions studied). Transient conduction tht® liquid as the liquid rewets the wall
during the bubble departure is the dominant haatster mechanism.

Lee et al. (2003a) used a microheater array to tanaira constant temperature
boundary condition to study saturated boiling ofLRIhey obtained the geometry of the
bubble from side view images and assumed the ckamgbubble shape were due to
latent heat (EqQ. 2.2).

q=mh, =7 Vh, (2:2)
whereV is the bubble volume and assumed to be a truncateetre.

A comparison of measured instantaneous wall haaster and the required heat
for bubble growth (Eq. 2.2) is given in Fig. 2.2h€y concluded that measured

instantaneous wall heat transfer was not suffidienbubble growth.

Figure2.2. Comparison of measured (experiment) and redffitted) heat
transfer. From Lee et al. (2003 a).
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In a similar study, Lee et al. (2003 b) investighthe saturated pool boiling of
R11 and R113 using a microheater array operatednastant temperature mode. Bubbles
assumed to be axi-symmetric about the vertical ds non-symmetric about the
horizontal axis (Fig. 2.3). The equivalent physicabble radius was calculated from Eqg.

2.3.

Figure2.3. Geometry of the spheroid used to determindtiidle volume.

1
1 3 D (2.3)
= —B?A+-B? D-
Ra= 3 4 3E?

The required heat from the bubble growth was sniyilealculated from Eq. 2.4.

q=mh, =rVh, =4pr h, RZ%Q (2.4)
where R is the equivalent bubble radius.
The ratio of the measured heat from the wall tordwuired heat is plotted as a

function time for R11 in Fig. 2.4. They concludeldatt the contribution of the

instantaneous heat is about 50% of the requiretdfbebubble growth.
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Figure2.4. Ratio of measured heat from the wall to tlipired heat (R11).

Kim et al. (2006) used a microheater array maimgiat a constant temperature
and made additional measurements for RI13=476 C) for subcooled, saturated,

and superheated pool conditions. The equivalensipalybubble radius was calculated

from Eq. 2.3 and the results are plotted in Fig.far various bulk temperatures.
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Figure2.5. Equivalent bubble radius for different pooheeratures.
From Kim et al. (2006).

The ratio of measured heat to the required heatddous bulk temperatures are
plotted in Fig. 2.6. This ratio is about 3.6 at akbtemperature of 32 °C (due to
condensation at the bubble cap) and decreasediof@. a bulk temperature of 49 °C.
The measured and required heat balanced at a dulgerature of 40 °C. It should be
noted that the results for the saturated pool ¢mrdwas consistent with the observations

of Lee et al. (2003 a,b).
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Figure2.6. Ratio of measured wall heat transfer to hegired to grow bubble to
observed size. From Kim et al. (2006).

The equivalent bubble diameter (based on the vest lransfer) is plotted along
with the physical diameter (F42 °C) for the data of Kim et al. (2006) in Fig72The
corresponding test conditions for this plot arevpted in Table 2.1. Physical diameter is
considerably larger than the equivalent diametedicating the contribution of

superheated liquid layer is significant.

17



Figure2.7. Comparison of physical and equivalent bubdenéters for the work
of Kim et al. (2006).

Table2.1. Test conditions associated with Fig. 2.7.

Fluid R113
Pressure (atm) 1
Tw (C) 72
Tsar (T) 47.6
Touk (T) 42
Superheat () 24.4
Subcooling () 5.6
Jakob Number 32.4

2.1.1.2. Micro Heat Flux Sensor Data

Moghaddam and Kiger (2009) measured the therrelal beneath the nucleating
bubbles of FC-72 with a spatial resolution of 22-40 through fabrication of a sensor
array (resistance temperature detectors) on tHmdaurface (Fig. 2.8). They fabricated

three cavities at the center of the sensor arraggitee as artificial nucleation sites.
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Figure2.8. Top view of sensor array. From S. Moghaddab062.

A schematic of cross section of their deviceiveg in Fig. 2.9. In addition to the
sensor array, two single temperature sensors (HIL H2) were placed within the
composite wall. H1 was used to measure the temperaff the BCB/silicon interface.
The purpose of H2 was to measure the total heatHitough the entire sensor array. The
local heat flux provided to the working fluid waslculated from the temperature

readings of H1 and the local temperature measurenfirgm the sensor array.

Figure2.9. Schematic cross section of the device. FroMdghaddam (2006).
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They obtained data for the saturated pool camultiat various wall temperatures
(Table 2.2). It should be noted that no waiting whserved between the bubbles with the
exception of test No. 5 (lowest temperature) whbere was a waiting time of 2.9 ms

between the bubbles.

Table2.2. Surface temperature for the study of MoghaddadcKiger (2009).

Test No.| Ty, (°C)
1 80.5
2 86.4
3 91.4
4 97.2
5 80.2

The readings of temperature sensors were relatédetanages of the bubble obtained
from the side. The surface temperature data aldtiglwbble images are given for Test
No. 1 and 5 in Figs. 2.10 and 2.11. The initialnfation of the bubble resulted in a
sudden temperature drop at the center of the djiray at sensor S-1) which then
progressed over the subsequent sensors (i.e. sedsbdto S-4). The temperature drop at
each sensor was started after the apparent cofitectpassed over the sensor.
Moghaddam and Kiger (2009) concluded that this tepre drop was due to surface
cooling associated with the microlayer evaporatibne surface temperature started to
increase after the initial temperature drop indigptmicrolayer was mostly evaporated. A
second decline in the temperature was observedth#teadvancing liquid front rewetted
the dried out area. Note that the contact arearesxpa is significantly faster for the case
with the waiting time and the surface experiencezhtgr temperature drop during this

time in comparison with the case with no waitingei
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Figure2.10. Test results at a surface temperature of @ Hest No.1).
There is no waiting time between the bubbles. Fkoghaddam and Kiger (2009).

Figure2.11. Test results at a surface temperature of €@ @ est No.5).
Waiting time between the bubbles is 2.9 ms. Fronghaldam and Kiger (2009).
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Surface heat flux was numerically calculated esslilts are given in Fig. 2.12.
Their work allowed the contribution of transientndoiction and microconvection to be
distinguished. They also found the contact linepevation did not have significant
contribution to the total heat transfer. The cdnition of different heat transfer
mechanisms for the cases without waiting time veasd to change from: 1) 28.8% to
16.3% for microlayer evaporation, 2) 45.4% to 32.i¥transient conduction, and 3)
25.8 % to 51.6% for microconvection. For the cash waiting time, the contributions
of different mechanisms were: 1) 26.5% for micrelg\2) 32% for transient conduction,
and 3) 41.4% for microconvection.

The equivalent bubble diameter (based on the veslt lransfer) is plotted along
with the physical diameter for the data of Moghaddmd Kiger (2009) in Fig. 2.13. The
corresponding test conditions are provided in T&bBe Physical diameter is significantly
larger than the equivalent diameter indicating shperheated liquid layer is the main

source of energy for the bubble.

Table2.3. Test conditions associated with Fig. 2.13.

Test No. 1 5
Fluid FC-72| FC-72
Pressure (atm) 1 1
Tw(°C) 80.5 | 80.2
Tsat (°C) 56.7 | 56.7
Thuk (°C) 56.7 | 56.7
Superheat (°C) 23.8 23.5
Subcooling (°C) O 0
Jakob Number 39.9 394
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Figure2.12. Heat flux results. a) Corresponding to Fig02b) Corresponding to Fig.
2.11. From Moghaddam and Kiger (2009).
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(a) Test No. 1.

(b) Test No. 5.

Figure2.13. Comparison of physical and equivalent bubldeneters for the
work of Moghaddam and Kiger (2009).
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2.1.1.3. Infrared Camera Data

Wagner and Stephan (2009) used an infrared (IR)etmnto measure the
temperature distribution on a back of 2fh stainless steel heating foil during pool
boiling of FC-84 and FC-3284. Surface heat fluxridbsition along with bubble images at
various times during boiling of FC-3284 at 500 mbsrgiven in Fig. 2.14, as a
representative example. They observed a high heatifg close to the contact line and

insignificant heat flux within the inner region.

t=56 ms “10° t=58 ms “10°
W/mz2 Wim2

t=60 ms ‘10 t=62 ms T10°
W/m2 W/m2

t=64 ms “10° t=66 ms 10
Wim2 W/m2

t=68 ms “10° t=70 ms “10°
W/m2 W/m2

Figure2.14. Bubble shape and heat flux distribution dyboiling of FC-3284 at
500 mbar, q=1.29 W/ctAdopted from Wagner and Stephan (2009).
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The heat transfer through the micro-region (Q_mia} calculated from the heat
flux images shown in Fig. 2.14, and could includerolayer evaporation, contact line
heat transfer, transient conduction, and microcotime. The total latent heat transfer
into the bubble (Q_bub) was computed from changeke bubble volume between time
steps. Both Q_mic and Q_bub are plotted as a fumadt time in Fig. 2.15; micro-region
heat transfer was found to be about 30% of thel totidble latent heat, indicating

superheated liquid layer was the main source afggrfer the bubble.

Figure2.15. Bubble volume and heat transfer vs. tim&GB4 at g=1.2 W/c
b) FC-3284 at q=1.29 W/cmFrom Wagner and Stephan (2009).
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The equivalent bubble diameter (based on the vest transfer) is plotted along
with the physical diameter for the data of Wagned &tephan (2009) in Fig. 2.16.
Physical diameter is significantly larger than tbguivalent diameter indicating the

superheated liquid layer is the main source ofgntar the bubble.

(a) FC-84 at g=1.2 W/cth

(b) FC-3284 at q=1.29 W/c¢m

Figure2.16. Comparison of physical and equivalent bubldeneters for the
work of Wagner and Stephan (2009).
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Gerardi et al. (2009) used a high-speed IR canmermabtain the heater surface
temperature distribution during saturated boililgl@onized water (£=100 °C, 1 atm).
The heater used in their study was a thin filmrafium tin oxide (ITO) deposited on a
0.4 mm thick sapphire substrate. The IR camera unedghe temperature distribution at
solid-liquid interface while a high speed opticahtera obtained the bubble images from
the bottom. They observed that the physical bubéatkus was significantly larger the
equivalent bubble radius obtained from the instagas wall heat transfer (Fig. 2.17); a
significant amount of energy required for bubblewath is provided from superheated
liquid layer. The equivalent bubble diameter ist{@d along with the physical bubble

diameter in Fig. 2.18.

Figure2.17. Comparison of measured, &1d equivalent bubble radius,/&g
From Gerardi et al. (2009).
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Figure2.18. Comparison of physical and equivalent bubldeneters for the
work of Gerardi et al. (2009).

A summary of experimental work for single bubbkat transfer is presented in

Table 2.4.
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Table2.4. Summary of single bubble experimental work.

Study Conclusion

Rohsenow (1951) Single-phase convective heat gamstiominant.

Forster and Greiff Bubbles act as micropumps that transport superthéigted into
(1959) the bulk as they grow and depart from the surface.

Wake generated behind a rising bubble responsibledat remova

Tien (1962) from the surface.
Coop(elrga6ngc; Lloyg Microlayer evaporation is the dominant heat transfer mechanism.
Mikic and

Transient conductionis the dominant heat transfer mechanism.
Rohsenow (1969

Judd and Hwang| Microlayer evaporation, transient conduction, andnatural

(1976) convectionare significant heat transfer mechanisms.
Hald(agg%Webt Transient convectionis the dominant heat transfer mechanism.
Demiray and Kim| Transient conduction and/ormicroconvectionis the dominant

(2004) heat transfer mechanisms.

Myers et al. Superheated liquid layeris the main source of energy for the

(2005) bubble.

Superheated liquid layeris the main source of energy for the

Kim et al. (2006) bubble during subcooled boiling.

Microlayer evaporation, transient conduction, and
Moghaddam and microconvectionare contributing mechanismBransient

Kiger (2009) | conduction andmicroconvectionare the dominant heat transfer
mechanisms.

Wagner and | Superheated liquid layeris the main source of energy for the
Stephan bubble.

(2009)
Gerardi et al. Elljl[))sl?eated liquid layeris the main source of energy for the
(2009) '

2.1.2. Numerical Simulations
Although many numerical simulations of bubble gtlowave been performed, the

models were often built on an assumed heat transéshanism. The main focus of this
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section is on reviewing the numerical studies witimimal simplifying assumptions in
which the relevant contributions of different h#zansfer mechanisms were identified.
Son et al. (1999) performed a complete numerigaukition of a growing and
departing bubble on a horizontal surface. A fidiference scheme was used to solve
the conservation of mass, momentum, and energyhén viapor-liquid layers. The
computational domain was divided into macro andronregion (Fig. 2.19). The micro
region contains the thin film that forms beneath Hubble whereas the macro region
consists of the bubble and the liquid surroundimgitl. They concluded that the

microlayer contributes about 20% to the total hesatsfer.

Figure2.19. Macro and micro regions used in the numesiratlation. From Son
et al. (1999).

Fuchs et al. (2006) performed a numerical simutatib growing, detaching and
rising bubbles including waiting time between thébles. Definition of phases for the
initial bubble cycle and subsequent bubble cydegven in Fig. 2.20. Interfaces in their

model are defined as shown in Fig. 2.21.
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Figure2.20. Definition of phases for the initial bubblcle and subsequent
bubble cycles. From Fuchs et al. (2006).
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Figure2.21. Interface definition. From Fuchs et al. (2006

Time dependent heat transfer profiles through warimterfaces is shown in Fig.
2.22. No heat is transferred through the adsoripdd! film and the contribution of

micro region (interface 3) was found to be 32%.

Figure2.22. Time dependent heat flow through interfag@®pane/n-butane, 0.2,
Tw T sa=8.7 K, %,1=0.245).
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2.2. Bubble Merger Heat Transfer

Bubble merger process has been known to resaltiat transfer enhancement in
the nucleate pool boiling. The merger could leadatdifferent contribution of heat
transfer mechanisms to the overall heat transfelbbB: merger (coalescence) could
occur both in the vertical and lateral directiong(R2.23). Vertical coalescence occurs
when the growth velocity of a bubble is higher thha rising velocity of the previous
bubble. This condition results in the formationaadingle bubble elongated perpendicular
to the heated surface. Lateral merger occurs whg@cent bubbles grow on the heated

wall and get in contact to form a single bubble.

2.2.1. Experiments

Chen and Chung (2002) performed experiments uaingicroheater array to
study the lateral merger during subcooled poolihgilof FC-72. They observed two
major heat flux spikes for a typical cycle of bogi with coalescence: 1) spike
corresponding to bubble coalescence, and 2) spikesponding to bubble departure. In
a similar study, Chen and Chung (2003) investigttedeffects of the number of bubbles
involved in the process and separation distancéwele® them on the merger heat
transfer. Heat fluxes were found to be proportidwalne number of bubbles; they also
found that heat transfer enhancement increasebeaseparation distance between the
bubbles increases. The heat transfer enhancensnativibuted to the rewetting of the

dry heater and turbulent mixing effects.
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a) Lateral merger.

b) Vertical merger.

Figure2.23. Schematic of lateral and vertical merger.r&sy of C.R. Williamson
and M.S. El-Genk (1991).

2.2.2. Numerical Studies

Son et al. (2002) performed a complete numericalilstion of bubble merger in
the vertical direction to quantify the effect oftilnle merger on the flow and temperature
fields adjacent to the heater surface. The vapuidi interface was captured by a level
set method. Fig. 2.24 depicts the effect of buldrevth and merger (two and three
bubbles) on the Nusselt number based on the amrages heat flux at the wall during

two consecutive cycles.
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Figure2.24. Variation in Nusselt number fBf=10 K and three waiting periods: a) 4.8
ms, single bubble b) 2.4 ms, vertical merger of bubbles, and ¢) 1.28 ms, vertical
merger of three bubbles. From Son et al. (2002).
Mukherjee and Dhir (2004) performed a numerigaiutation to study lateral
merger of vapor bubbles. Their results show theralvavall heat transfer increases

significantly due to merger of multiple bubbles.sAmmary of the relevant merger heat

transfer research is presented in Table 2.5.
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Table2.5. Summary of the relevant merger heat transfzarch.

Study

Conclusion

Bonjour et al. (2000)

The coalescence of bubbles results in higher haasfier
coefficients than single-site boiling.

Chen and Chung (2002)

Heat transfer is highly enhanced (in comparisoi wit
single bubble results) as a result of lateral merge

Chen and Chung (2003)

Heat transfer enhancement rate becomes higheeas t
separation distances between the bubbles increases.

Chen and Chung (2003)

Heat transfer enhancement for the coalescenceoapgr
of bubbles is proportional to the number of bubbles
involved and the separation distances between babbl

Mukherjee and Dhir
(2004)

Lateral merger of multiple bubbles significantlgiaases
the overall wall heat transfer.
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CHAPTER 3: EXPERIMENTAL SETUP AND
METHODOLOGY

3.1. Heater Array

An array of 96 platinum resistance heater elemdaf®sited on a quartz wafer
provided local surface heat flux and temperatur@asuements. A photograph of the
heater array is shown in Fig. 3.1. Each elemethénarray was approximately square in
shape, nominally 0.27x0.27 rirm size, and consisted of n wide platinum (Pt) lines
spaced 5 m apart. The nominal resistance and temperatuefficent of resistance
(TCR) for each heater element in the array weré10@nd 0.002 °C. The heater was
mounted on a pin grid array (PGA) package usingxepdhesive, and conventional
wire-bonding was used to make the electrical comnmedetween the pads on the PGA
package and the heater leads. The completed pa¢kage3.2) was then mounted on a
stack of PGA sockets soldered to a printed cirbwiard (PCB). Four ribbon cables
provided the electrical connection between the dreahd feedback circuits (discussed
below). Details of the construction of a similagakter array are given in Rule and Kim,

1999.

3.2. Feedback Control Circuit
The temperature for each heater in the array vegt konstant by individual
feedback circuits similar to those used in hotwamemometry (see Fig. 3.3 for a

schematic). Any imbalance in the Wheatstone bridge sensed by an amplifier, which
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continually varied the power to the heater to brihg bridge back into balance. The
temperature of the heater could be changed by amgrige control resistor setting
(varying the wiper position of the digital potentieter). The instantaneous voltage
required to keep each heater at a constant tenupenas measured. The heat dissipated
by a given heater was calculated directly fromphzvided voltage to the heater and the
heater resistance. It should be noted that theag®lmeasured by the data acquisition
was half of the provided voltage to the heater luthe use of a voltage divider which

ensured that the voltage limits for the data acjorsboards were not exceeded.

Figure3.1. Photograph of heater array (Courtesy of J.)Kim

Figure3.2. Heater array connected to PCB (Courtesy léind).
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The value of R at the top of the bridge was selected to be 200t& provide a
small trickle current through the heater. The tackurrent resulted in a voltage drop of
about 400 mV across the heater even when the opwaasmot regulating. The induced
voltage from the trickle current is required foe throper operation of the op-amp.

The frequency response of the circuit was measiordé 15 kHz (Rule and Kim,
1999) by measuring the response of the circuit $bep change in digital potentiometer
position. Additional detail regarding the electmsiof similar circuits is given in Bae et

al. (1999).

To data acquisition
board
v,

| | ;“‘[ Vout +
' —’V\/‘—*’V\/‘—‘j

Chopper
Op-Amp

+

Control
resistor (digital
J_ potentiameter)

Figure3.3 Schematic diagram of the feedback control dircu

3.3. Heater Calibration

The heater array was calibrated by placing it coastant temperature calibration
oven. Images of the calibration setup are provideig. 3.4. The oven temperature was
held constant by the use of two temperature cdetsyltwo thermocouples, and two thin
film heaters. It should be noted that the heats allowed to equilibrate within the oven

for more than two hours before the calibration paog was run (discussed below). A
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NIST calibrated thermocouple was attached close (Sg. 3.4) to the heater PGA

package using Kapton high-temperature tape to motiie heater temperature.

Oven Top
Plate (Outside)

Temperature
Controller

Thermocouple

Heater PCB

Figure3.4. Calibration oven (top), top view of PCB insimeen (bottom).
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The nominal heater resistance at a given tempera&utetermined from Eq. 3.1.

R =R, @+aDT) (3.1)

where R, is the heater resistance measured at a referemepetature,a is the

temperature coefficient of resistance (TCR), ddillis the difference between the set
temperature and reference temperature.

The temperature coefficient of resistance was tated (from Eq. 3.1) for a
quarter of the heater array by measuring the iddai heater resistances at two
temperatures. The average value &rwas found to be 0.0021 “CGand used for the
purpose of evaluating the individual heater resrsta at any given temperature. TCR for
individual heaters was sufficiently close to themage value and the standard deviation
was found to be 5.95xP°C*. A sample plot of Resistance versus temperatuzatén

23) is given in Fig. 3.5.

Figure3.5. Resistance versus temperature for heater 23.
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At the steady state temperature, the calibrapimgram determined the digital
potentiometer resistance setting, called DQ valdes,each circuit. The calibration
routine consisted of incrementing the DQ valuesdach circuit until the Wheatstone
bridge was balanced for that specific heater teatpes.

These final DQ values were written to a text flene DQ file for each
temperature) for the future use in the experimetit.should be noted that the oven
temperature was held constant within 0.1 °C ofsiitetemperature during the calibration
of the full array.

A sample plot of the DQ values versus temperatheater 23) is given in Fig.
3.6. The calibration points are marked by squardhis figure. A MATLAB code was
developed to perform a linear interpolation (blure lin Fig. 3.6) to obtain the DQ values
for temperatures other than the calibration tentpeza; the code created DQ files at

increments of 0.5 °C.

Figure3.6. DQ versus temperature for heater 23.
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The temperature resolution for the digital potemigber can be calculated as:

(110- 35 °C _75°C

= 026°C (per increment)
DQllO - DQ35 284

3.4. Data Acquisition System

Two data acquisition cards made by Measuremenmpbtng (CIO-
DAS6402/12), each capable of scanning 64 analagf icipannels at a maximum speed of
200 kHz, were installed on a PC. The first card ach the first 62 heaters while the
second card sampled the remaining 34 heaters. Ji¢tens was used to obtain time-
resolved voltage data at 3703 Hz from each heate? 5. The sampling frequency was
chosen based on the maximum available image captdirequency of the high speed

camera as discussed in Section 3.6.

3.5. Boiling Rig

A schematic of the boiling rig used in this studyshown in Fig. 3.7. The test
chamber was filled with approximately 3 L of pergaim order to minimize the effects of
dissolved gas, the fluid was degassed by repeamdlyng a vacuum on the chamber
until the pressure within the chamber asymptotycalpproached the vapor pressure of
pentane.

The bellows and the surrounding housing allowezltest section pressure to be
changed when needed. Bulk fluid temperature wasraited by the use a temperature
controller, a series of Kapton heaters attachettiéachamber, and a solid state relay (to

control the current flowing through the Kapton leeg}.
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Three glass windows (two side illuminating windovand a front viewing
window) provided optical access to the chamberrbter to prevent individual heaters
from shutting off at low heat transfer levels, theater array was cooled from the bottom
using an air jet. The air flow was generated byspasair from a pressurized line at a
typical pressure of 40-50 psi through a Vortex tuliee Vortex tube cools the air several
degrees, and then the air passes through a ndz3lenon diameter where it exists at a

typical temperature of 8 °C.

\'TAir jet

Figure3.7. Schematic of test apparatus (Courtesy of ) Ki
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3.6. High Speed Video

The semi-transparent nature of the heater amapled images to be taken from
below with a high-speed digital video camera (MisiBesearch Phantom [V) set to
acquire 256" 256 resolution images at 3703 fps. A second hjgged digital video
camera (Vision Research Phantom V) was used twrdeside-view images at the same
speed and resolution through the front viewing wimdTwo halogen lamps were aimed
to illuminate the boiling chamber through the sitleminating windows. Due to the heat
produced by the lamp, the lamp was turned on oating the data acquisition time.

Recording of both cameras was initiated by clpsam external trigger switch
(Fig. 3.8). Data acquisition boards were triggeftedn the inverted trigger signal from
the cameras, enabling heat transfer measuremedtsvideo records to be initiated
simultaneously. The assembled test apparatus versimoFig. 3.9.

Data at various experimental conditions were iobth to investigate the
underlying heat transfer mechanisms associateddiffitrent bubble dynamics. In order
to investigate the heat transfer mechanisms, haaisfer variation from individual
heaters as well as sum of the heat transfer framesselected heaters were calculated.
The data reduction methods and experimental resmésdiscussed in the subsequent

chapters.
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Image Acauisition PC

Figure3.8. Close-up view of the boiling chamber and imggystem

Data
Acquisition PC

Heater
Controller Cards

Figure3.9. Assembled test setup.

47



CHAPTER 4: DATA REDUCTION AND
UNCERTAINTY ANALYSIS

The main objective of the data reduction is ttedaine the heat transfer from the
surface of the microheater array to the boilingdfl'he data reduction procedure along

with an uncertainty analysis is provided in thiggter.

4.1. Data Reduction

As was discussed in Chapter 3, the data acauisithit measures the transient
voltage from each heater element. The voltage mgadilong with corresponding
resistance for each heater was used to calculateath heat transfer from each heater

element ., ), EQ. 4.1.

raw,i
2

V.
qraw,i =4 (41)
R
As it was discussed in the heater calibratioti@echeater resistance is a function
of temperature. The heater resistances can bela@didrom Eq. 4.2:
R =R, @+aDbT) (4.2)
It should be noted that some of the raw heasfeans conducted from the heater
elements to the quartz substrate (substrate candlieind can be removed from the back

by the air jet or lost by natural convection to thdk liquid. The heat transfer due to

substrate conduction and natural convection ieddlhe baseline heat transfey, (;..)-

In this study, we are interested in the heat temsfduced by bubble action. The heat
transfer excursions around a slowly varying bageliere assumed to be due to bubble
formation and departure. The baseline of the hemtster curve exhibited a low

frequency oscillation (discussed in the ExperimleR&sults chapter), which is likely due
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to natural convection flow over the heater drivgntlie temperature difference between
the bulk liquid and the heater array. To obtaineffect of the bubble only, the baseline
heat transfer was subtracted from the total tinselkeed heat transfer (Eq. 4.3).
Obubble = Uraw = Obaseline (4.3)

The resulting heat transfer curve could exhibithlpositive and negative values.
Negative values of heat transfer result if liquidyalt during bubble growth above a
heater occurred, resulting in lower heat trandfantwould have occurred in the case of
natural convection in the absence of a bubble. iBetd calculation of bubble and

baseline heat transfer are discussed for eachimg@rpresented in Chapter 5.

4.2. Uncertainty Analysis
The uncertainties in calculating the heat transfgistance was calculated using

Eq. 4.4.

2 2 2

_ | 1R LRy Y, R

Up = u +
R ﬂRref,i Riet i ﬂa a ﬂDT DT (4_4)

where the uncertainties in reference heater resistgFluke multimeter errorju( ),

temperature coefficient of resistance, ), and temperature differencel), were

estimated to be 0.4%, 5%, and 1 °C respectivelye Thcertainty in heat transfer
resistance was calculated to be 0.5%.

The uncertainty in calculating the raw heat tfans/as calculated using Eq. 4.5.

2 (4.5)
fiq 1l

Ll + —yu

uqraw,i ﬂ\/l i ﬂR R
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where the uncertainties in voltage (data acquisiboard) (4, ) and heater resistance
(ug ) were estimated to be 25 mV, and 0.5% respectiviglg uncertainty in the raw heat

transfer was calculated to be 3.4%.

If a functioning heater is next to a nonfuncimmnheater (which acts as a local
heat sink), the power required to keep it at cortdeemperature can change depending on
the heat loss from the nonfunctioning heater, @sirey the uncertainty. The total
uncertainty due to uncertainties in substrate cotidu, the curve fit, and nonfunctioning
heaters is 0.3 mW for a single heater in the affag. uncertainty in the wall temperature
is due to the limited resolution of the digital @otiometer, and is taken to correspond to

two increments, or less than 1 °C.
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Chapter 5: Experimental Results

5.1. Introduction

Pool boiling heat transfer behavior associateith different bubble dynamics are
discussed in this chapter. Sections 5.2 througlobithis chapter address single bubble
dynamics for different bubble growth and waitingnéis. Dominant heat transfer
mechanisms related to these three cases are didcuSection 5.5 concludes the
experimental results pertaining to the single babigat transfer. Section 5.6 addresses

the heat transfer behavior during lateral bubblegereprocesses.

5.2. Sequence of Single Bubbles with Minimal Waitigp Time

The objective of this experiment was to studyhbkat transfer behavior related to
single bubbles departing sequentially from the éreddespite many attempts, this was
not achieved when the temperature distribution ba heater was uniform. The
numbering for the heater elements is given in Bid.. These numbers serve as ID
numbers for the individual heaters. In order toaobtthe single bubble data, the
temperature distribution on the heater was variedd the middle heaters were set to
higher temperatures as indicated in Fig. 5.2.) simigle bubbles were observed.

A sequence of bubbles formed on a subset of ¢héeh array called the “selected
region”. The heater numbers for the 28 heaterkenstlected region as well as the array
temperature distribution are given in Fig. 5.2. é¢hat the bottom two rows of the

heaters were turned off to avoid lateral mergewéen the bubbles, and that two of the
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heaters (56 and 71) are nonfunctional. The tesditons for the experiment are provided
in Table 5.1. In order to initiate boiling, the keatemperature was set to higher

temperatures (about 90 °C) originally and then ceduo the desired set temperature.

% 52 °C

E| Bad Heater

Figure5.2. Heater temperature distribution and the setectgion.

Table5.1. Test conditions for sequence of bubbles withimmal waiting time.

Pressure (atm) 1
Tw(°C) 52-56
Tsat (°C) 35.8
Thuk (°C) 31.6
Superheat (°C) 16.2-20.2
Subcooling (°C) 4.2
Jakob Number 21.9-27.3
Air jet ON

Note: The heater was set to higher temperaturesi{&®) °C) to initiate boiling.
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5.2.1. Total and Bubble Heat Transfer

The total heat transfer for the selected regibthe heater array was found by
summing the instantaneous heat transfer of theseegits at each time step. Heat transfer
excursions from the baseline due to nucleating lasbbn the selected region are shown
in Fig. 5.3. The baseline heat transfer correspando the natural convection and
substrate conduction was calculated by averagieghtmt transfer for some selected
points before and after the sequence of bubbleg pite-sequence baseline was
sufficiently close to the post-sequence baseling ifiw difference). Bubble heat transfer

was calculated by subtracting the pre-sequencdibas$em the total heat transfer.

Natural

convection T
Sequence
of bubbles

Figure5.3. Bubble heat transfer calculation.

A close-up view of Fig. 5.3 indicating the segceif bubbles and corresponding
nucleation and departure times for each bubblegaren in Fig. 5.4 and Table 5.2

respectively.
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Figure5.4. Heat transfer associated with the sequenbatailes.

Table5.2. Nucleation and departure times for the seqriehbubbles.

Nucleation time Departure time | Waiting time
Region Description (ms) (ms) (ms)
BM (merging
A-B event) 330.54 363.76 NA
B-C Bubble 1 363.49 373.75 NA
C-D Bubble 2 373.48 390.76 NA
D-E Bubble 3 390.76 391.57 0
E-F Bubble 4 392.38 400.22 0.81
F-G Bubble 5 400.49 423.98 0.27
G-H Bubble 6 424.52 432.35 0.54
H-I Bubble 7 433.43 442.34 1.08
I-J Bubble 8 443.15 467.19 0.81

The formation of the first bubble on the selectedion occurs at 330.54 ms
(point A in Fig. 5.4). This bubble then merges fallg with another bubble creating a
bubble merger (BM). This merged bubble is thendedasionally by smaller bubbles as
it slides on the heater and departs from the ser&c363.76 ms. Points B through |
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shown in Fig. 5.4. correspond to the nucleatioright consecutive bubbles (B1 through
B8). The main difference between B1 through B4 &%dthrough B8 is related to
vertical merger between bubbles. While no vertinatges observed between B5 through
B8 (with the exception of 432.6 ms and 432.9 msreH&6 is being fed by another
bubble during departure), there are three vertiwigers for B1 through B4. As it can be
observed from Table 5.2, the maximum waiting tineéAeen the bubbles is 1.08 ms; the
waiting time is not sufficient enough for the hé@insfer to decay to the baseline. The
heat transfer decays to the baseline after théidstle departure (point J in Fig. 5.4).

The bubble heat transfer along with the imagesagh individual bubble for B5-
B8 (last four bubbles with no vertical merges), pletted in Figure 5.5 through 5.8. It
should be noted that the time for each bubble Wwdted so that t = O corresponds to the
time of bubble nucleation for that bubble. Notetttiee bubble growth time for these
bubbles (B5-B8) is approximately between 8 and 84 m

Starting from B5, an increase in the heat transf@bserved after nucleation as
the contact area grows (0 ms to 5.94 ms); thiseas® is consistent with microlayer
evaporation. The heat transfer then starts to deeras the microlayer dries out and
contact area increases (5.94 ms to 16 ms). Frormd@o 23.49 ms (departure), the
contact area shrinks and liquid rewets the heatdace, resulting in an increase in the

heat transfer mostly due to transient conduction.
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5.94 ms

4.86 ms
*
4_
_>
X 8.64 ms
3.24 ms
v
12.42 ms

1.62 ms

23.49 ms
18.63 ms
21.60 ms
-« —
16.74 ms
20.25 ms

Figure5.5. Bubble heat transfer for B5.

Heat transfer decreases during the initial growthB6 (0<t<3.24 ms). This
decrease in the heat transfer could be due to tssilple reasons: (1) the microlayer has
dried out; or (2) the heat transfer increase dumitwolayer evaporation is not sufficient
enough to dominate the heat transfer decay afeedéparture of B5. From 3.24 ms to
7.83 ms (departure), the contact area of B6 shiikseh again results in the heat transfer

increase due to liquid rewetting.
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7.83 ms
0.27 ms
/‘ 0.81 ms
4—
6.75 ms
_>
2)}6 ms
4.86 ms
\ 5.94 ms

3.24 ms

Figure5.6. Bubble heat transfer for B6.

Heat transfer during the growth of B7 (betweem$§xt<3.51 ms) seems to be
constant. One possible explanation for this behlasithat the heat transfer decay due to
transient conduction is being cancelled by the hesatsfer increase due to microlayer
evaporation. As the contact area decreases froh B% to 7.83 ms, heat transfer

increases due to liquid rewetting.
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8.37 ms

7.83 ms X
7.02 ms
1.89 ms
8.91 ms
1.08 ms >
4
~ |
4.32 ms
0.27 ms 3.51 ms

Figure5.7. Bubble heat transfer for B7.

Heat transfer initially decreases during the ghowf B8. This decrease in the heat
transfer could again be due to two possible reagdnghe microlayer has dried out; or
(2) the heat transfer increase due to microlayapesation is not sufficient enough to
dominate the heat transfer decay after the deadlB7. Heat transfer increases from
4.05 ms to 8.10 ms as the contact area is shrirfkopngd rewetting). Heat transfer again
decreases from 8.10 ms to 13.23 ms as the comti@growing (microlayer dryout).
As the contact area decreases from 13.23 ms tel 28sl heat transfer increases again

due to liquid rewetting. As it was mentioned ab®&is the last bubble on the surface;

heat transfer decays to the baseline after B8 tiefiz4.03 ms).
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/ 24.03 ms
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f’3.24 ms
11.07 ms
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5.67 ms
4.05 ms 17.28 ms

Py
13.23 ms 16.20 ms

Figure5.8. Bubble heat transfer for B8.

5.2.2. Equivalent and Physical Bubble Diameter
The wall heat transfer data can be used to cagmguutequivalent bubble diameter
(d.,) by assuming that all the heat transferred from tkaters in the selected region

goes into latent heat, Eq. 5.1.

pdeq (1)
rV
6

h, = WAt 5.1)
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where time t = 0 is assumed to be the start ofaaticin for a single bubble. This results

in an overestimation for the value df,. The measured (physical) volume of the bubble

was calculated based on the assumption that theyenshape is a portion of a sphere

(Fig. 5.9). Inner ring diameted,, and outer ring diameted ,was measured from the

out

bottom view images. The bubble volugis given by Eq. 5.2.

Heater array

| Inner ring, d;, ‘

Outer ring, d,

Figure5.9. Sketch of an embryo vapor bubble formed orhdader array (side view)

3 5.2
V, =%(2+Scosq- cos q) (52)

where

The bubble volume was then used to calculatphiysical diameter of a sphere of

the same volume with diametdr using Eq. 5.3:

= (5.3)



The equivalent diameter is plotted along with pinysical diameter in Fig. 5.10

for B5-B8 (last four bubbles). It is seen thatis significantly smaller than the physical

bubble diameteduring the bubble growth time, indicating that treattransfer from the
wall cannot account for the bublijeowth alone. For example, the physical diameter of
B5 at 1.62 ms is 0.74 mm while the equivalent dime 0.54 mm at this time. The
ratio of equivalent volume to physical volume isnaasure of heat transferred from the
wall. The wall heat transfer could have contrilbugg most 0.5%0.74 or 39 % of the
energy required to produce the bubble. This vaueni overestimate since the equivalent
volume was calculated using all the heaters instected region and not just within the
bubble contact area. The bubble must have gainedrdkt of its energy from the
superheated liquid layer surrounding the bubble Jiperheated liquid layer thus acts as
a reservoir of energy which the bubble draws upamngd its growth. This conclusion is
consistent with the results of the recent experialestudies discussed in the Literature

Review chapter.
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Figure5.10. Comparison of physical and equivalent bubdeneters.

5.2.3. Heat Transfer Variation for a Single Heater

An example of the heat transfer variation withdifor a single heater (heater 35)
is shown in Fig. 5.11. An approximate baseline eumas obtained by applying a linear
interpolation between closely spaced points thédiothe general trend of the baseline
heat transfer (Fig. 5.12). Bubble heat transfer wlatsined by subtracting the baseline
from the total heat transfer. The nominal tempeeatéor this heater and those
surrounding it is 56 °C. The uncertainty associatgth heater 35 is lower than the
heaters on the edge of the array (e.g. heater Bd) heeaters that have different
temperatures compared to their surrounding he&egs heater 33). An interesting trend
that can be observed in Fig. 5.11 is that the traasfer increase is considerably smaller
when the contact area is receding than when itdvsracing. This trend can be observed
for other heaters as well. This indicates that otayrer evaporation is not the dominant
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heat transfer mechanism since the contributiorhefricrolayer evaporation should be
higher during the receding phase and lower in theaacing phase (see the modeling

section).

H
G
F
E
c
B
A
I Receding I I
A B C D
Advancing |
E F G H I

Figure5.11. Heater 35 raw (total) heat transfer with hHelimages at different times.
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Figure5.12. Bubble heat transfer calculation for heater 3

5.2.4. Bubble Heat Transfer for a Line of Heaters

An example of the heat transfer variation, duringwgh and departure of B1, for
a line of heaters (heater 43, 33, and 23) alonf ftbble images is shown in Fig. 5.13.
Contact line movement occurs on heater 43 and 8atdfl 43's heat transfer increase
from A to B is a result of microlayer evaporatiomdéor contact line evaporation. Heat
transfer then decreases from B to D consistent eviging of the microlayer. Finally, heat
transfer increases from D to F as the advancingididront rewets the heater. Heat
transfer increases monotonically for heater 33hascontact line recedes and advances
suggesting that the microlayer is not completelyirdy on this heater. The contact line
does not reach heater 23 and there is a minimat treasfer increase due to
microconvection. It should be noted that the negatalues of heat transfer observed for
heater 33 and 23 are within the experimental uaggy and are due to variations in the

baseline heat transfer.
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Figure5.13. Bubble heat transfer for a line of heaters.

5.2.5. Conclusions Regarding Single Bubbles with Mimal Waiting Time

The single bubbles having growth times betweens8and 24 ms and maximum
waiting time of 1.08 ms gained the majority of thenergy from the superheated liquid
layer and not from the wall, indicating that mi@gér and contact line heat transfer are
not the dominant heat transfer mechanisms. Expetaheesults for individual heaters
also indicated that transient conduction and/orrosenvection is the dominant heat

transfer mechanism.
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5.3. Sequence of Single Bubbles with Considerableaiting Time

The objective of this experiment was to investigtite heat transfer behavior
related to the sequence of single bubbles with idersble waiting time. This was
achieved by changing the combination of heater &atpre and chamber pressure to
generate the required superheat to create singlielés: The test conditions are provided

in Table 5.3.

Table5.3. Test conditions for sequence of bubbles witis@erable waiting time.

Pressure (atm) 1.0p

Tw(°C) 48
Tsat (°C) 36.6
Touk (°C) 32.3

Superheat (°C)| 11.4
Subcooling (°C) 4.3
Jakob Number 15.
Air jet OFF

TV

Note: The heater was set to higher temperaturesi{&® °C) to initiate boiling.

Nucleation and departure times for the first thbebbles are provided in Table
5.4. Nucleation was very regular for this experitd@ine bubble growth and waiting time
(for the first three bubbles) was 4.3 ms and 10s8 mespectively. Subsequent bubbles in
this experiment appeared to follow the same trefide selected region for this
experiment is outlined in Fig. 5.14. This regionsweelected such that it completely

covers the movement of the apparent contact aré¢laedneater.
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12 22 32
13 23 33
14 24 34

Figure5.14. Selected region on the heater.

Table5.4. Nucleation and departure times for the sequefhbubbles

Description Nucleation time | Departure time| Waiting time | Growth time
(ms) (ms) (ms) (ms)
Bubble 1 (B1) 1.9 6.2 10.8 4.3
Bubble 2 (B2) 17.0 21.3 10.8 4.3
Bubble 3 (B3) 32.1 36.5 10.8 4.3

5.3.1. Determination of the Baseline Heat Transfer

To quantify the amount of heat transfer associat@tl boiling, a secondary
experimental run was performed to evaluate thelin@skeat transfer. The baseline heat
transfer was obtained by setting the heater to @8without initiating boiling by
originally setting the heater at higher temperaturdligh speed images were also
obtained for the baseline data to confirm that nbdte was formed on the heater. It
should be mentioned that all other conditions warehanged for the secondary
(baseline) run.

The instantaneous baseline heat transfer for eaalkehwas averaged over the
data collection time (2 seconds) to calculate atawmeraged baseline heat transfer. An

example of the instantaneous baseline heat transfgation along with the time
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averaged value is plotted in Fig. 5.15 for heatér Phe time averaged baseline heat
transfer for each heater was subtracted from thedata to calculate the bubble heat

transfer.

Time averaged
baseline

Instantaneous
baseline

Figure5.15. Baseline heat transfer for heater 23.

The instantaneous baseline heat transfer for theeeselected region was found
by summing the instantaneous baseline from indalitheaters for each time step. The
resulting instantaneous baseline was then averaged the data collection time (2
seconds) to calculate a time averaged baselinettaeefer for the selected region (Fig.
5.16). Note that the variations in the baselinet hemnsfer for the selected region (9

heaters) could be as large as 0.5 mW.
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Instantaneous

/ baseline

Time averaged
baseline

Figure5.16. Baseline heat transfer variation for thecebregion.

5.3.2. Bubble Heat Transfer from the Selected Regio

Bubble heat transfer for a selected time periosb(al80 ms) as well as bubble
images at various times are given in Fig. 5.17 eNbat the bubble images often contain
blurry outlines of previously departed bubbles;iBthe bubble that has departed prior to
B1's nucleation. Heat transfer increases signifiyaas B1 nucleates and grows on the
selected region (A-C), consistent with microlaysamoration and contact line heat
transfer. It should be noted that heat transfereimees starting at point A indicating the
actual nucleation for B1 probably occurs at A armd B (inability of the camera in
capturing the image). Heat transfer continues toeimse as the heater is being rewetted
until the departure at point E. This heat trangfierease is due to transient conduction
and/or microconvection. Residual microlayer evaponacould contribute to bubble heat

transfer in this period as well. Heat transfer dases shortly after bubble departure as
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the thermal boundary layer grows on the heateis Ticle is repeated for the subsequent

bubbles.

A H
A B C
: E ..... )
G H |

Figure5.17. Bubble heat transfer with bubble images fémint times.
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5.3.3. Effect of Increasing the Size of the Seledt®egion

In order to investigate the contribution of miavogection, the size of the
selected region was increased from 9 heaters teeadters. As indicated in Fig. 5.18, the
heaters outside the apparent contact area do not¢ampto have a considerable
contribution to the total heat transfer suggestirad microconvection outside the contact

area is not significant.

12 22 32 12 22 32 42
13 2333 13 23 33 43
14 24 34 14 24 34 44

15 25 35 45

Figure5.18. Effect of increasing the size of the selecésgion.

5.3.4. Heat Transfer Variation for a Sample Heater

An example of bubble heat transfer variation fax ame period of time used in
Section 5.3.2 along with bubble images for heagis2shown in Fig. 5.19. The same
heat transfer trends observed for the selectedmegas observed for this heater as well.
This trend can also be found in the other heatis heater 22) affected by the contact

area movement.
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A B C
D E F
G H I

.....

Figure5.19. Bubble heat transfer variation for heatew#B bubble images at different
times.

5.3.5. Equivalent and Physical Bubble Diameter

The wall heat transfer data can be used to caemgrutequivalent bubble diameter
(introduced in section 5.2.2.). In order to invgate the contribution of the various heat
transfer mechanisms, the equivalent diameter fdobBul (B1) is plotted along with the
physical diameter in Fig. 5.20. As expected, theivaalent diameter calculated from 9

heaters is sufficiently close to the one calculdtech 16 heaters.
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Similar to the previous experiment (Section 5.B)¢ physical diameter is
observed to be significantly larger than equivalehéameter indicating that the
superheated liquid layer is the major source ofdhergy for the bubble. It should be
noted that data was very repeatable for this ewpaTi so only a representative bubble
(B1) was selected for the purpose of comparisoe. gitysical diameter of B1 at 1.35 ms
is 0.90 mm while the equivalent diameter is 0.32 atrthis time. The ratio of equivalent
volume to physical volume is a measure of heasteared from the wall. The wall heat
transfer could have contributed at most B30 or 4.5 % of the energy required to

produce the bubble.

12 2232 12 22 32 42
13 2333 13 23 33 43
14 24 34 14 24 34 44

15 25 35 45

Figure5.20. Comparison of physical and equivalent bubideneters
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5.3.6. Conclusions Regarding Single Bubbles with @eiderable Waiting Time

Single bubbles with growth and waiting times o8 4nd 10.8 ms respectively
gained the majority of their energy from the supeatkd liquid layer and not from the
wall, indicating that microlayer and contact lineah transfer are not the dominant heat

transfer mechanisms.

5.4. Pressure Effects on Single Bubbles Behavior

The objective of this study was to investigate hieat transfer behavior related to
the single bubbles at higher pressures. A summaérth® test conditions for these
experiments, denoted by run A and B, are providefiables 5.5. The selected region on
the heater for these experiments were the santeease outlined in Fig. 5.14. It should
be noted that the bubble dynamics at higher presswere quite different from lower
pressures; generally higher growth time was obskefabout 78 ms for 1.34 atm and 116
ms for 1.5 atm).

Table5.5. Test conditions for run A and B.

Run A B
Pressure (atm) 1.34 1.5
Tw (°C) 54 56
Tsat (°C) 44.9 48.4
Thuk (°C) 41.9 41.5
Superheat (°C) 9.1 7.6
Subcooling (°C) 3 6.9
Jakob Number 9.6 7.3
Air jet ON ON

Note: The heater was set to higher temperaturesi{&® °C) to initiate boiling.
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5.4.1. Determination of the Baseline Heat Transfer

The baseline heat transfer was measured througbandary experiment similar
to the one discussed in the previous section (313%).instantaneous baseline heat transfer
data obtained for each heater was averaged ovetatifaecollection time (2 seconds) to
calculate a time averaged baseline heat transfeg. tiine averaged baseline for each
heater was subtracted from the raw boiling datzatoulate the bubble heat transfer.

The instantaneous baseline heat transfer variattorgy with the time averaged

values are plotted for a sample heater ( # 23)gn.’5.21 and 5.22 for Run A and Run B.

Figure5.21. Run A baseline heat transfer for heater 23.

75



Figure5.22. Run B baseline heat transfer for heater 23.
The same method discussed in section 5.3 was assddulate the instantaneous
and time averaged baselines for the entire seleetidn (Figs 5.23 and 5.24). Note that
the variations in the baseline heat transfer ferdelected region (9 heaters) could be as

large as 1.2 mW.

Figure5.23. Baseline heat transfer for the selected re@Run A).
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Figure5.24. Baseline heat transfer for the selected reiRun B).

5.4.2. Heat Transfer from the Selected Region

Bubble heat transfer for the selected region waaindd by summing the bubble
heat transfer from each heater in that region (8tdre). Bubble heat transfer for a
selected period of time during Run A is given ig.F5.25. A sample of the heat transfer
variation from nucleation to departure for a sedddbubble (marked in Fig. 5.25) from

this experiment will be closely investigated below.
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Figure5.25. Total heat transfer for the selected regRum(A).

A close-up view of bubble heat transfer from nutttgato departure along with
bubble images at various times is given in Fig65The blue circle in the image at point

B marks the bubble contact area on the heater.

78



G 4 K
= H o1 J
E
5 12mw| L
A
C
B v
A B C D E F
O
G H | J K L

Figure5.26. A close-up view of bubble heat transfer fithia selected region along
with bubble images at different times (9 heaters).

5.4.3. Heat Transfer Variation for Selected Heaters
Figure 5.27 depicts the heaters with significarathieansfer excursions above the
baseline within the selected region. Heat transteiation for these heaters will be

discussed below.
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Figure5.27. Heaters in the selected region with consideraubble heat transfer.

Heat transfer variation for heater 13 is giverfrig. 5.28. The three-phase contact
line slightly moves on the heater from B to J. Dhserved heat transfer trend is likely
due to microlayer and/or contact line evaporatlbshould be noted that the contact area
movement is minimal for this heater; microconvetticould be responsible for the
observed heat transfer trend. Heat transfer dezsefasm J to K as the contact area has
already moved from the heater (decrease in thaiganconduction). Heat transfer then

increases from K to L probably due to transientveation after the bubble departure.
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Figure5.28. Bubble heat transfer with bubble images fémint times (heater 13).

Heat transfer variation for heater 22 is givefrig. 5.29. The area affected by the
contact area movement is minimal for this heateigraconvection is probably the
responsible heat transfer mechanism for the haasfer variation B to K. Heat transfer

slightly increases after the departure (K) duedadient convection.
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Figure5.29. Bubble heat transfer with bubble images fé¢mint times (heater 22).

Heat transfer variation for heater 23 is giverkig. 5.30. Heat transfer increases
significantly as the contact area grows on thedredthis increase is due to microlayer
and/or contact line evaporation. Heat transferelatively constant from E to J as the
three-phase contact line stays on the heater. olMiger and/or contact line evaporation
are the contributing heat transfer mechanisms is period. Rewetting of the heater

occurs from J to K resulting in the heat transf@rease due to transient conduction into
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the liquid. The heat transfer increase from B taskKabout 9 mW; consequently, the

contribution from heater 23 is significant.
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Figure5.30. Bubble heat transfer with bubble images fé¢mint times (heater 23).

Heat transfer variation for heaters 24 and 33gwen in Figs. 5.31 and 5.32
respectively. The contact area movement is almagligible for these heaters;

microconvection is probably the responsible heatdfer mechanism for the heat transfer
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variation B to K. Transient convection was not alied for these heaters; heat transfer

decreases for these heaters after the bubble depéc).
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Figure5.31. Heat transfer with bubble images at diffetenes (heater 24).
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Figure5.32. Heat transfer with bubble images at diffetenes (heater 33).

5.4.4. Equivalent and Physical Bubble Diameter

The equivalent and physical diameters for the higheessure cases were
calculated. The equivalent diameter is plotted glaith the physical diameter for two
selected bubbles from Run A and Run B in Figs. 2u335.34.

Interestingly, the physical diameter is not sigrahtly larger than the equivalent

diameter for these cases; the physical diametectsally smaller than the equivalent
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diameter after the initial bubble growth (probablye to condensation at the bubble cap)
in contradiction to what was observed for bubbléth wower growth time (less than 24
ms). The fact that the physical diameter is nogdarthan the equivalent diameter for
bubbles with higher growth time indicates that miayer and/or contact line evaporation
have significant contribution to the total heanser. This trend will be further explored
by investigating the heat transfer behaviors faiows heaters affected by the contact

line movement.

Figure5.33. Comparison of physical and equivalent bubideneters for a selected
bubble in Run A
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Figure5.34. Comparison of physical and equivalent bubdeneters for a selected
bubble in Run B

5.4.5. Conclusions Regarding Nucleating Bubbles &ligher Pressures

Single bubbles with growth time of 78 and 116 rasgd the majority of their energy
from the instantaneous heat from the wall and mnoinfthe superheated liquid layer
indicating that microlayer and contact line evaporaare the dominant heat transfer
mechanisms. This conclusion is consistent withdéygletion of the energy stored in the
superheated liquid layer (perhaps by previouslyadam bubbles) resulting in lower

bubble growth rates.

5.5. Physical and Equivalent Diameter Ratio at Depéure
The ratio of physical diameter to equivalent deésen (the Diameter Ratio, DR) at
departure could be used as a measure of the aatbnbof superheated liquid layer to

bubble growth. Values of diameter ratio greaternthane indicate significant
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contributions from the superheated liquid layelduga less than or equal to one indicate
significant contributions from microlayer/three gkacontact line. DR was calculated for
the data presented in this work (pentane) as veelbther works in the literature. The
results of DR vs. the time it takes for a bubbledépart after nucleating are plotted in
Fig. 5.35. The value of the Jakob number for theeexents with constant temperature
boundary conditions are also included in Figures5i8 this range, the Jakob number
does not appear to be the key factor for determirtile dominant heat transfer
mechanisms. Note that for the case when the Jakotber is 9.6 (Run A), both rapidly

and slowly growing bubbles were observed.

- —@— Pentane, Delgoshaei and Kim
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3.4 - —#- FC72, Demiray and Kim
3 A FC72, Moghaddam and Kiger

A FC84, Wagner and Stephan
2.6 1 —8—-R113, Kim et al.
Ja=152 —&— Water, Gerardi et al.

Diameter ratio
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N
[ ]
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Ja=73
/ 6}
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Figure5.35. Diameter Ratio versus departure time.
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Figure 5.35 indicates that the diameter ratio \&isely related (some scatter in
the data) to bubble growth time. The proposed hy®s is that when the bubble grows
very rapidly due to a large amount of energy beaitoged in the superheated liquid layer,
the majority of the required heat for bubble growtlginates from the superheated liquid
layer and not from instantaneous heat from the.wadir bubbles that grow more slowly,
however, the diameter ratio is much closer to 1 @ameven drop below 1, meaning the
bubble growth is limited by the wall heat transfére energy stored in the superheated
liquid layer has been depleted (perhaps by prelyaleparting bubbles) leaving the wall
as the only source of energy. This energy mustaresterred through the microlayer or at

the contact line.

5.6. Lateral Merger of Two Bubbles
The objective of this study was to investigate hieat transfer behavior related to

the lateral merger of the bubbles on the heater.

55 65 75

Figure5.36. Selected region on the heater.
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The merger event took place on a subset of theehaatay henceforth referred to
as the “selected region”. The selected region (ecmeg@ of 8 heaters) is outlined in Fig.
5.36. The heater temperature for all elementseénatinay was 52 °C. The test conditions
for this experiment are provided in Table 5.6.

Again, in order to initiate boiling the wall tempgure was originally set to higher
values and then reduced to the desired value. &kelibe heat transfer, however, was
obtained by setting the heater to the test temeratvithout initiating boiling by
originally setting the heater at higher temperaturdligh speed images were also

obtained for the case of baseline data to confiram ho bubble was formed on the heater.

Table5.6. Test conditions for lateral merger experiment.

Pressure (atm) 1.17
Tw(°C) 52
Tsat (°C) 40.5
Thuik (°C) 36.1

Superheat (°C) 11.5
Subcooling (°C) 4.4
Air jet ON

Note: The heater was set to higher temperaturesi{&®) °C) to initiate boiling.

5.6.1. Heat Transfer for Individual Heaters

An example of raw heat transfer variation witmei for a specific heater (heater
66) is given in Fig. 5.37. Note that the baselieathtransfer indicated in Fig. 5.37 was
calculated by averaging the baseline heat trardfeach time step. The heat transfer due
to bubble formation and departure (bubble heatsteap was calculated by subtracting

the baseline heat transfer from the raw heat teansf
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The heat transfer variation for heater 66 foriecmshorter period of time as well
as bubble images at various times are given in3=gB. It should be noted that with the
exception of heater 77, for which baseline data m@&savailable, bubble heat transfer is

used for the purpose of investigating the heastartrends for various heaters.

Figure5.37. Heater 66 heat transfer (raw, baseline, aibilB).

Heat transfer increases from A to C as three@ltasitact line recedes while it
oscillates on the heater. This increase in heatster is likely due to microlayer
evaporation and transient conduction from the reagledrea. It should be noted that the
area affected by the contact area movement is minirom A to C. Heat transfer
decreases from D to F as lateral merger occur® sime contact area is not located on
heater 66 (decrease in the transient conductiosyt Hansfer then increases from G to |

probably due to microconvection resulting from bubble departure.
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Figure5.38. Heater 66 raw and bubble heat transfer withbke images at different
times.
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The heat transfer variation for heater 67 for saene period of time along with

bubble images at various points is given in Fi§95.
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Figure5.39. Heater 67 bubble heat transfer with bubbleges at different times.

Heat transfer increases from A to C as the cotitae recedes while it oscillates
on the heater. Similar to what was observed ontehd®, this increase is likely due to
the microlayer evaporation and transient conducfrom the rewetted area. The heat
transfer increases from D to F due to the rewettihghe heater as the lateral merger

occurs. Note that for this specific heater, theet#d area by the merger is minimal and
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the heat transfer increase due to merger is alsonmal (less than 3 mW). Heat transfer
then decreases from G to | as the contact linedescevhile it oscillates on the heater as
would be expected as the microlayer dries out. Reweof the heater from J to L is
accompanied by an increase in the heat transfer.

The heat transfer variation for heater 68 durihg time along with bubble

images at various points is given in Fig. 5.40.

A B C
D E F
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Figure5.40. Heater 68 bubble heat transfer with bubbleges at different times.
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Heat transfer increases significantly (about 5 nfdY heater 68 during the lateral
merger. This can again be explained by the sigmtiecnovement of the contact area on
the heater. Heat transfer then decreases from Pas the contact line recedes while it
oscillates on the heater, which is consistent wiilcrolayer dryout. Rewetting of the
heater occurs from G to | and is accompanied bipenease in heat transfer.

The heat transfer variation for heater 69 alortf Wwubble images at various

points is given in Fig. 5.41.
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Figure5.41. Heater 69 bubble heat transfer with bubbleges at different times.
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Heat transfer increases significantly (about 8 na&/p new bubble nucleates and
grows on heater 69. This increase is probably duenicrolayer evaporation and/or
contact line heat transfer. Heat transfer thenasess from D to F as the contact line
grows beyond heater 69 which is consistent withndryf the microlayer. Lateral merger
occurs from G to | accompanied by an increase enhéat transfer (about 2 mW). It
should be noted that there is minimal contact asallation after the merger for this
heater which is probably the reason for the minineslt transfer increase.

The heat transfer variation for heater 70 alonth vbubble images at various

points is given in Fig. 5.42.

Figure5.42. Heater 70 bubble heat transfer with bubbleges at different times.
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The receding of the contact line on the heateto(£) is again accompanied by a
considerable heat transfer increase probably dudgomicrolayer evaporation and/or
contact line heat transfer. Heat transfer incredseéng the lateral merger (D to F) is
minimal as the heater affected area is not sigamtic

The heat transfer variation for heater 76 alonth vbubble images at various

points is given in Fig. 5.43.
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Figure5.43. Heater 76 bubble heat transfer with bubbleges at different times.
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Heat transfer increases from A to C as contaet tecedes while it oscillates on
the heater. This increase is probably due to theralayer evaporation and transient
conduction from the rewetted area. Contact aredlaigmn continues from D to F and
results mostly in the heat transfer increase (rmagey evaporation and transient
conduction). Heat transfer actually decreases asldteral merger occurs since the
contact area is not really located on heater 7érédese in the transient conduction).

The heat transfer variation for heater 77 alonth vbubble images at various
points is given in Fig. 5.44. Heat transfer ince=aas the contact line oscillates on the
heater from A to C. This increase is probably doghe microlayer evaporation and
transient conduction during the rewetting procés=at transfer decreases from D to F as
the contact area exceeds the heater due to dryinipeo microlayer. Heat transfer
increases significantly as lateral merger occutss Tncrease is in agreement with the
large affected area on the heater. Heat transfanadecreases from K to M as the
contact area is oscillating. This decrease is ildle to the drying of the microlayer.
Rewetting of the heater occurs from N to P accongghby an increase in the heat

transfer.
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Figure5.44. Heater 77 raw heat transfer with bubble irsagaifferent times.

The heat transfer variation for heater 78 alonghviitibble images at various
points is given in Fig. 5.45. Note that the initilbp in the heat transfer before point A is
related to a previously departed bubble (decreastne heat transfer associated with

transient conduction). Heat transfer increase frémto C is probably due to
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microconvection. It should be noted that microlaggaporation is also a possible heat
transfer mechanism as the contact line could kghtb}i on the heater. Heat transfer
continues to increase as the lateral merger ocdurs. magnitude of increase is in
agreement with the large affected area on the hddéat transfer mostly decreases from
G to J as the contact area is oscillating. Thigetese is probably due to the drying of the
microlayer. Rewetting of the heater occurs fromokLtaccompanied by an increase in

the heat transfer.
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Figure5.45. Heater 78 bubble heat transfer with bubbleges at different times.
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5.6.2. Total Heat Transfer from the Selected Region

Total heat transfer for the selected region whkined by summing the heat
transfer from each heater in that region. Total treasfer variation with time is given in
Fig. 5.46. It should be noted that bubble heatsfiemcould not be calculated since the

baseline was not available for heater 77.

Figure5.46. Total heat transfer from the selected region.

Total heat transfer variation for a much smdilee period (the same period
discussed above for the individual heaters) aloitly bubble images at various times are
given in Fig. 5.47.

Heat transfer variation from the selected regiamloa divided into four parts. The
first part (A-D) is where heat transfer increaseadgally. Microlayer evaporation and
transient conduction (contact line oscillations both present in this period. The second
part (D-F) is where the lateral merger occurs betwéhe bubbles and heat transfer

increases more rapidly. Transient conduction (rémgtof the heater) and turbulent
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mixing are likely responsible for this sudden irage. The decrease in the heat transfer in
the third part (F-J) is consistent with the deceeasthe transient conduction and drying
of the microlayer. Finally, heat transfer againr@ases (J-L) as the rewetting occurs on

the region.
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Figure5.47. Total heat transfer with bubble images dedeht times.
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5.6.3. Conclusions Regarding Lateral Merger of Twd@ubbles

Local heat transfer associated with the laterig®ar was found to be proportional
with the contact area movement resulting from thergaer. Transient conduction and
turbulent mixing effects were mostly responsible fine observed heat transfer

enhancement associated with the lateral merger.
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CHAPTER 6: VALIDATION OF POOL BOILING
MODELS

The objective of this chapter is to apply soméehef available boiling models and
compare it against the experimental data. Experiaheresults for the sequence of
bubbles with minimal waiting time (Section 5.2) werompared with the results obtained
from the models.

As it will be discussed shortly, the heat transfeechanisms are highly affected
by the contact area movement. An approximate appa@ntact line (marked by the
solid line in Fig. 6.1) was obtained by applyintreear fit between closely spaced points
that follow the general trend of the contact linEhe region within the contact line was
considered to be the contact area. This procedase performed for every frame (0.27
ms apart) to record the movement of contact ard¢fa tvhe. It should be noted that each

“”in Fig. 6.1 represents a pixel in the image.

(@) (b)

Figure6.1. Apparent contact line and contact area fanapte bubble (a) t =458.8 ms
(b) t =464.2 ms.
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6.1. Microlayer Evaporation Model

The heat transfer due to the evaporation of tleeatayer was modeled based on
the work of Cooper & Lloyd (1969). They postulatdht the initial thickness of the

microlayer is given by

0, =C, [ty (6.1)

wheret, is the time taken for the bubble to grow to a patér location on the heater.
Cooper and Lloyd suggestét] is a constant of order 0.8. Assuming the thermpaciy

of the microlayer is negligible (i.er,c,d % <<k,(ﬂ£) in the microlayer) and the
z

temperature at the liquid vapor interface is assumebe T, (Cooper & Lloyd, 1969).

The energy balance for the microlayer reduces to

‘:j_‘t’ —f Ju Tsa 6.2)

_rlhv d

Separating variables and performing integratiomftgto an arbitrary time yields

2k

da(t) =[d - (T, - Tea)(t- t,)]" (6.3)

1 v

The heat flux at any position covered by the mayel is given by
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_k(T, - T
= w sat) (6.4)
q% 7

g¢. was obtained for every pixel assuming microlayeperation is active for the entire

contact area unless wherevas calculated to be zero from Eq. 6.3. The heatster due

to microlayer evaporation (based on the above mddehl given heater is given by

qmeh = qrgg pixel Apixel (6-5)

A:ontact,h

The uncertainty in position for the pixels at t@undary of the contact area is

relatively high, due to limited resolution of theidble images. However, . is not

affected by much since the pixels at the boundaeyaasmall fraction of all the pixels
being summed in Eq. 6.5.

It should be noted that the valuedf,, is a function o€, due to the dependence

of g¢, on C, through Eg. 6.3 and Eqg. 6.1. Further details daioing C,for different

bubble events on different heaters are provideskiction 6.3.

6.2. Transient Conduction Model

Consider the case of a two-dimensional liquichfriewetting a heater that is at

constant temperaturg, as shown in Fig. 6.2.
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Figure6.2. Transient conduction model.

A transient conduction model for advancing conthce heat transfer was
developed in order to further understand its cbation to the overall heat transfer.
Assuming 1-D conduction into the liquid, the hdakfat any position covered by liquid

is obtained from the solution for transient condutinto a semi-infinite body:

a= K (Tw-T) (6.6)

W=

where t is the length of time the liquid has beemeting a particular location on the

heater.q¢ was obtained for every pixel rewetted by the kiuihe heat transfer due to

transient conduction (based on the above modgiyen by

Q. = qtgtpixel Apixel (6.7)
AeWet

The uncertainty in position for the pixels at t@undary of the contact area is

relatively high, due to limited resolution of theldble images. Howeverg,. is not
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affected by much since the pixels at the boundaeyaasmall fraction of all the pixels
being summed in Eqg. 6.7.

It is possible that the liquid rewetting the wiglinot from the bulk but from the
superheated layer surrounding the bubble. This midann the transient conduction
model could be higher than,k for the experiment. Further details of obtainindor the

model are provided in the following section.

6.3. Implementing Microlayer Evaporation and Transient Conduction Models
A MATLAB code was developed for implementing threcrolayer evaporation
and transient conduction models introduced aboetail3 of obtaining the inputs for the

models (G and T) are provided in this section.

6.3.1. Implementing the Microlayer Evaporation Modé

An example of finding the value of,@r heater 3% shown in Fig. 6.3. Starting
from the baseline (point A) where the value of Helleat transfer is zero both for the
data and model, Gvas varied until the heat transfer prediction oy tnodel at the end of
receding phase (point C) was sufficiently closé¢ht® data. Note that the contribution of
the transient conduction model is mostly zero dutime receding phase and the model
over-predicts the heat transfer for this heatee T&ue of G was found to be 1.55 which
is higher than the suggested value of 0.8 by CoapdrLloyd. A higher values of ,C
corresponds to a thicker microlayer, which resulta lower microlayer evaporation heat

transfer.
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Figure6.3. Calculation of gfor heater 35.

The obtained value of Gvas then used to predict the contribution of mayer
evaporation for heater 35. The result from the rhagleompared with the data in Fig.
6.4. The contribution of microlayer evaporation akly drops after the end of the
receding phase and transient conduction / microecion becomes the dominant heat

transfer mechanism.
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Figure6.4. Comparison of the data and microlayer evarahodel.

6.3.2. Implementing the Transient Conduction Model

The prediction of the transient conduction modaiongly depends on the
temperature of the liquid rewetting the heate).(The value of Twas varied until the
amplitude of variation in the heat transfer for thedel and data were approximately
close to each other. The results fqr=T31.6 °C (which is the same ag,{ for the
experiment), T=45 °C, and [E49 °C are given in Figures 6.5 through 6.7. Nbtd the
heat transfer predicted by the transient conduathmel exceeds the data fo=Tyuk
suggesting that the liquid rewetting the wall is from the bulk but partially comes from
the superheated layer surrounding the bubhle4® °C was selected as the input for the
transient conduction model since it had the higloestrall agreement between the data
and model.

It can be observed from Figures 6.5 through Bat the agreement between the

amplitude of variation in the heat transfer for thedel and data could vary considerably
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among different bubbles (local maxima in the pldt)is suggests that the temperature of
the fluid rewetting the heater |[Tmay change for different bubbles. The difference

between the data and transient conduction modklesnostly to microconvection.

Figure6.5. Comparison of the transient conduction moddldata (F=Tpuk=31.6 ° C).

Figure6.6. Comparison of the transient conduction moddidata (=45 ° C).
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Figure6.7. Comparison of the transient conduction moddidata (=49 ° C).

112



Chapter 7: Contributions and Conclusions

This thesis was designed to shed light on somiefunderlying heat transfer
mechanisms in pool boiling. Heat transfer assodiatéh single bubbles and lateral
merger were experimentally investigated. Two heatsfer models were implemented in
this study: (1) microlayer evaporation model, aBgtfansient conduction model. Single
bubble experimental results were compared agduesptediction from the implemented

models. The conclusions, contributions, and suggesfor future work are as follows.

7.1. Conclusions

The bubble growth time was found to be a keyapater in the determination of
the dominant heat transfer mechanisms. Single pheaetransfer mechanisms (transient
conduction and/or microconvection) were dominantfi@ bubbles with growth times up
to 24 ms. However, two phase heat transfer meshen(microlayer and/or contact line
evaporation) were dominant for the bubbles withglmgrowth times (78 and 116 ms).

It was argued that the contribution of differdrgat transfer mechanisms were
dependent on the available energy in the superthdéigtad layer. Higher levels of stored
energy in this layer resulted in faster bubble dghoyshorter bubble growth time); the
superheated liquid layer was the main source ofggnéor these bubbles. The stored
energy in the superheated liquid layer was depl&iedhe bubbles with longer growth
times, so these bubbles gained most of their enfeogy the instantaneous heat from the

wall.
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The ratio of the bubble’s physical diameter te dyuivalent diameter (based on
the instantaneous wall heat transfer) at the demmartvas used as a measure of
guantifying the contribution of different heat te@&r mechanisms. This ratio was higher
than one for bubbles with lower growth times (shypeted liquid layer being the main
source of energy) and less than one for bubblds migher growth times (instantaneous
heat from the wall being the main source of energie results from other investigators
mostly followed this trend as well.

Finally, the heat transfer variation for the tatemerger of two bubbles was
investigated. The total heat transfer from the wals enhanced as a result of the merger.
The enhancement was directly proportional to th&tami area movement. It was argued
that transient conduction and turbulent mixing ef§ewere mostly responsible for the

observed heat transfer enhancement associatedheitherger.

7.2. Contributions to the State of the Art

The dominant heat transfer mechanisms in theeatelboiling regime have been
widely argued in the literature. This dissertatisnbased on the design of multiple
experiments that provide a better understandingthed@ dominant heat transfer
mechanisms for different bubble dynamics. The $pecontributions of this study to the
state of the art are listed below:

The contribution of different heat transfer meclsams was found to be dependent

on the bubble growth time.

Single phase heat transfer mechanisms (transiemduction and/or

microconvection) were dominant for single bubblaethwhorter growth time.
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Two phase heat transfer mechanisms (microlayeragatipn and/ or contact line
heat transfer) were dominant for bubbles with lorgyewth time.
Heat transfer enhancement due to the lateral mesgesr found to be clearly

related to the contact area movement on the heater.

7.3. Suggestions for Future Work

The main objective of this work was to investegahe dominant heat transfer
mechanisms by which heat is removed from a heatddduring nucleate boiling. Some
recommendations for future work are as follows.

It would be desirable to have a higher spatial @mporal resolution for the heat
transfer measurements. The relative contribution nutrolayer and contact line
evaporation could be identified by employing a leighpatial resolution for the heat flux
measurements. Similarly, the relative contributiai transient conduction and
microconvection could be better investigated byriowpng the spatial resolution of the
heat flux measurements.

It is recommended to create an artificial nuéteasite on the heater. This would
allow the heat flux measurements to be made atarlbcations rather than unnecessary
ones. The artificial nucleation site also facil#sthe formation of single bubbles on the
heater.

It would also be desirable to obtain data fofedént working fluids, preferably
with significantly different Jakob numbers. Improgithe experimental setup to facilitate
the measurements to be made at significantly highesssures would also be

advantageous.
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Numerical modeling could be used to better urtdadsthe underlying physics of
the boiling phenomena. The comparison of the modelesults with the experimental
results could shed light on many observations i $tudy including the effect of bubble
growth time on the dominant heat transfer mechasism

Finally, it would be advantageous to deduce thleaity field for the case of the
lateral merger to better quantify the observed heatsfer enhancement. This can be
done by tracking the apparent contact line thraihghuse of the same algorithms used in

the transient conduction model.
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