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A novel cooler utilizing thin Film Evaporation on micrd&nabled surfaces and
fluid Delivery System(FEEDS) isembeddednto silicon diewith the goal ofachieving
themetricspr oposed by the Defense Advanced Res:
ICECool fundamentals programa heat flux of 1 kW/cnf at superheats below ),
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developedand developing forcedonvection, intramicrochannel flow distribution, and
fin conduction. The various physical phenomena were then combined into aidvel
Do microchannel modelwhich usesdoundary layer assumptions and simplifications to

model the3-D domain with a 2D mesh Thecustomcoded microchannehodel was first



validated by comparinginglephasethermal and hydrodynamic performance to-B 3
laminar flow simulation performed IANSYS Fluentwith errors of less thab% as long
as the flow renains twedimensional Two-phasevalidation was conducted lmpmparing
past experimental datéo model predictions and found to provideheat transfer
predictions that were qualitatively accuraead correct in order of magnitudand
pressure dropredictons accurate to within 30%A parametric study was then performed
in order to arrive ah baselingeometryfor meeting the ICECool metrics.

A system level modelvas createdo select the wrking fluid, anda manifold
model was created to evaluate mamifibw configuration A novel flow configuration
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a uniform and conformal clamping force was designitricated and used to
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obtaininga maximumbheat flux of700 W/cnf atvapor qualities approachirg@p% and a

heat density of 220 W/cin
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1 Il ntroduction

1.1 Motivation

For the past 50 years, the famomediction of the cdounder of Intel, Dr.
Gordon E. Mooré that the number of transistors on integrated circuits will double every
two year® hasheldtrue i ncreasing from 1000 transisto
we are familiar with todayHowewer, as the number of transistors increases, the total
power dissipation does as well, leading to an unprecedented increase in heat flux and heat
density in electronic systembleat fluxes in power amplifiers and laser diodes already
have surpassed 1 kW/&mprompting new research initiatives, such as the DARPA
ICECool program{1], and, n fact, heat fluxes ilGallium Nitride (GaN)High-Electron
Mobile Transistors HEMT) can theoretically approach heat fluxes in excess of 300
kW/cn? [2]. Since the operational temperature of these devisesften limited to
minimize thermomechanical stresses and meeanreliability, more efficient heat
remowal systems are needtmlcope with the evencreasing power densities

Thegoverning equation of heat transfers gi ven by NewBlonbés | a

0 YoYvY (1.11)

where0 is the dissipated healy is the overall heat transfer coefficient) is the area
undergoing heat transfer, adiYis the effectivetemperature differenceSince0 has
been increasingd has been decreasing, adY has remainectonstant significant
increases to theverallheat transfer coefficienty, are required

However, recently, a new trend towardsar al | e | processing w
mul t i c or econmniehtéd¥hislisanpart due to an inability to obtain heat transfer
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coefficients largeenough to sufficiently cool the electronic componeopgrating at
increasingly faster clock speed$hus, even while the total number of transistors
continues to increase, the clock speed and dissipated power has peaked at around 4 GHz

and 100 W, respeetely (seeFig. 1.11) [4].
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Dual-Core Itanium 2 o /
1,000,000 =
- |
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Fig. 1.11: History of Intel CPU trends. While number of transistors continues to

grow exponentially (Mooredés Law), t

peaked, in part, due to an inability to adequately cool electronic components,
resulting in the recent trend of multicore processor$4].




1.2 Embedded Cooling

Increasing theoverall heat transfer coefficiens not a simple tasklue to the
presence of additional thermal resistances in the sySthen chip package consists of
several layei® the silicon activesurface where the integrated circuits are placed, the
chip packagddie base)a thermal interface material to join the chip package to the heat
spreader, a heat spreadeisecondhermal interface material to join the hespreader to
the heat sink, andhe heat sinkitself (see Fig. 1.21(a)). From the heat sink, two
additional thermal resistances remain: toavectiveheat transfer coefficient between
the fluid am the walls of the heat sinland the bulk (caloric) thermal resistance due to
the changing temperature of the fluithe hermal resistanceetwork isshown inFig.
1.21(b). The convectiveheat transfer coefficieniQ) is therefore just one of the many

serial thermal resistances obstructing heat flow fronattige surface (junction)

Conventional Cooling

Too
Active surface
Heat Sink Y
Heat Spreader = diébesa
R » ———— die
oc8 / T \Solderbumps‘adhesive
j layer
(a)

Ti—AAA—AAN—AAA—AAA—AAA—AANA—AAN— T,
Raie  Rrimi Rspyr Rrimz  Rps  (RA)! Rbuik

(b)
Fig. 1.21: Conventional cooling paradigm: (a) diagram of a conventional silicon
microchip; (b) accompanying thermal resistance diagram



To effectively reduce the overall thermal resistance, the thermal resistance of each
component should be reduced or eliminated. One wasigtaficantly reduce thermal
resistance is to embed the heat sink directly in the silicorsde(g. 1.22(a)), thereby
removing the heat spreader and the need for thermal interface nsgfEifidk), which
can account for a significant portion of overall thermal resistance.liEnmal resistance
would then contairthree terms: the thermal resistance of the die itselfe thermal
resistanceof convection,and the bull(caloric) thermal resistance of the fluids shown

in Fig. 1.22(b).

Embedded

T., A HeatSink

200
um

'1} \ Active Surface
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g T
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Fig. 1.22: Embeddedcooling paradigm: (a) diagram of a silicon microchip with an
embeddedheat sink; (b) accompanying thermal resistance diagranm single-phase
mode and (c) thermal resistance diagram in twephase mode
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1.3 Single-Phasevs Two-PhaseCooling

For aircooled integrated circuitghe thermal resistance of convectwould be
too large to makembedded coolingf integrated circuitslesirable One alternative is
liquid cooling, where water a dielectric fluid is used to capture and reject the. li2ae
to the higher thermal conductivities and specific heat densities of liquids ovbquot
cooling produces higheonvectiveheat transfer coefficienttower bulk resistanceand
reduced pumping powehan air cooling.However, there is an intrinsic limitation on
singlephase operation: all of the heat must be removed by an incireake fluid
temperature. This has a few important effects. First, it serves as an additional thermal
resistancé known as a bulk thermal resistadca the thermal resistance netwdqdee
Fig. 1.22(b)). In addition, at moderate to high heat fluxes, shmlase cooling requires a
large mass flow rate to keep the surface temperature uniform, resulting in large pressure
drops and pumping powers, reduced COP, and higltljgtivelocities, which could lead
to surface erosion and reduced reliability. These problems are further exacerbated in
applications where only dielectric liquids may be considered, due to the reduced specific
heat densities dhese fluids compared toater.

Two-phase cooling, on the other hand, has a few advantages overptiagke
cooling. First, for low relative pressure drops, saturation temperature remains constant,
allowing for more surface temperature uniformity, thereby improving reliability. In
addition, reduced liquid velocities, ma$®ow rates and pumping powers can be
expected even for dielectric liquidd due to the use of the latent heat of evaporation to
transport energy. Finally, reduced thermal resistance can be expected dwe to

indepandent effects the elimination of the bulk thermal resistanceimplifying the
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thermal resistance network to that shownFig. 1.22(c), and an increase in the
convetive heat transfer coefficient due to theesence of nucleate boiling and thin film
evaporationthe latter of which ixan provideorderof-magnitude higher heat transfer

coefficierts than the stateof theart

1.4 Thin Film Evaporationvs. Nucleate Boiling

A further discussion of the advantages of thin film evaporation is warranted.
Fundamental studies of phase change mechanisms reveal a substantial potential to
increase heat transfer coefficients by switching from nucleate boiling to thin film
evaporation.Nucleate boiling occurs on superheated surfaces that are submerged in a
subcooled or saturated liquifB]. Microscopic crack® or nucleation sitegs along the
superheated surface trap vapor, creating a hgambr interface where evaporation
occurs. Evaporation drives bubble format expansion, and departure in a cyclical
process, but requires a significant superheat to enable the bubble to overcome the
capillary and/or static pressures suppressing bubble gi@tA schematic diagram of
nucleate boiling appears kg. 1.4.1(a).

Rather than evaporate into a buldblhich must grow against capillary and
static pressure and must rely on buoyancy or a flow field to detach the bubble and carry it
into the vapor bulf5]6 it would be more efficient to evaporate directly into the vapor
bulk. However, in practice, this will not occur unless the thermal resistanoedirect
conduction through the liquid bulk is less than the thermal resistance from nucleate
boiling. Since thermal resistance is proportional to conduction length, as the liquid film

thickness decreases to the scale of the nucleation sites, its thesmsince will become



less than the thermal resistance from nucleate boiling, resulting in direct evaporation into
the vapor bulk. This is known as thin film evaporation. A schematic diagram of thin film

evaporation appears kig. 1.4.1(b).

Nucleate Boiling Thin Film Evaporation
Vapor
Liquid Esfggary e vs. 1
Solid .
L T T
Heat Flux Heat Flux
(@) (b)

Fig. 1.4.1: Schematic diagrams of (a) nucleate boiling vs. (b) thin film evaporation.

Thus, flow boiling is, in essencehin film evaporation into a bubble, and
accordingly, is less efficient than thin film evaporation directly into the vapor bulk.
Moreover, whereas thermal resistance in flow boiling is a complex phenomenon
governed by many parametérsuch as superheat, p@ quality, pressure, Reynolds
number, and Prandtl numbi@]d thermal resistance in thin film evaporatiorretatively
simple: it isdirectly prgortional to the film thickness. As such, thin film evaporation is
easier to understand and model, and provides the potential t@sacheat transfer
coefficients by orders of magnitude, since thermal resistance drops to zero with film
thickness A summary of theadvantages of thin film eyporation over nucleate boiling is

givenin Table1.4.1.



Table 1.4.1: Comparison between flow boiling and thin film evaporation

Category Flow Boiling Thin Film Evaporation
Evaporation Into bubble Directly into vapor
Effect ofsubcooling Bubblescollapse Longer developing
length
Minimum superheat Large Small
Heattr_a_nsfer 0 OV RY 6 i Q e Of
coefficient

1.5 The Difficulty of Thin Film Evaporation

While thin film evaporation might benore efficient than nucleate boiling, it is
difficult to realize in practice, due to the complexity of maintaining and organizing a thin
film on a superheat surface. There are two main approaches that utilize thin film

evaporation: spray coolirend capilary flow.

1.5.1 Spray Cooling

Spraycooling utilizes an atomizer to spray micrsiaed droplets directly on top
of superheated componentshopes ofachievinga thin film for superior cooling6].
However, in practice, this often difficult. For instance, if too little flow for the given
power level is supplied, large regions of dryout will form next to evaporating droplets,
creating large thermal gradients on the surfame Fig. 1.5.1(a)). Conversely, if too
much flow is supplied to the surface, the droplets will coalesce into a thick film of liquid,
resulting in nucleate boiling and subsequently, reduced heat transfécieots and
elevated surface temperaturesdFig. 1.5.1(b)). The challenge, therefore, is to carefully
monitor the film thickness and properly control fi@v rate in order to achieve a thin

film [6]. As expected, this is often more difficult in practice, especially if the superheat
8



surface possesses surface area enhancements, such as pins or fins, which have been
shown to impove heat transfer performance in spray cooliftgus, in practice, often a

combination of thin film evaporation and nucleate boiliagoresent in spray cooling

systems.
Low Flow High Flow
£ Rapidly Thick Vapor
< Expanding Liquid Film < fighting
Bubble Liquid
Dryout l l /
Thin Film Evaporation Nucleate Boiling
N N O O O o O S O O

Heat Flux Heat Flux
(a) (b)

Fig. 1.51: Schematicdiagram of spray cooling (a) flow is too small such that large
regions of dryout occur, (b) flow is too large such that a thick film of liquid forms
resulting in nucleate boiling.

Moreover, spray cooling possesses a few additional undesirable qualities: first,
increasing the flow will not always reduce the surface tempekatsueh as in jet
impingemend due to the transfer of thin film evaporation dominated regime (high heat
transfer coefficient) to nucleate boiling dominated regime (low heat transfer coefficient)
via the increase in flow; second, the liquid supply arrives in discrete droplets, leading to
an unsteady and unstable liquid film which can rapidly dry out; third, the liquid and vapor
lack clear paths, and often impinge on one another, leading to incrégset
maldistribution and increased pressure drops; and finally, the maximum surface heat flux

is limited by the critical heat flux, due to the use of nucleate bdiihg



1.5.2 Capillary Flow

Capillary flow occurs in charels smaller than the characteristic capillary length
and relies ora combination of liquid wall adhesion atite surface tension of the liquid
to wick liquid toward the liquievapor interface, where thin film evaporation occifs
7]. Initially, a wetting liquid fills a groove, as shown kig. 1.5.2(a). Upon application of
a heat flux, the liquid meniscus begins to recede into the microgroove, at which point
capillary action wicks fluid toward the heat flux to replace the evaporated fluid as shown
in Fig. 1.52(b). Eventually, a steadstate meniscus profile is reached based on the
particular balance of capillary forces and frictional pressure I¢§8kes

Microgroove Microgroove

(Liquid-Solid Wetting Combination) (0) (1) (2) (3) (4) (5)

i1 XYY

No Heat Flux Heat Flux
(a) (b)

Fig. 1.52: Schematicdiagram of capillary flow in a microgroove due to a heat flux
at the base (a) completely wetted grooved in absence of heat flug) after the
application of the heatflux.

Upon examining the microgroove cross section, the trend appearing. ih.5.3
is observed: far from the heat flux, the liquid completely fills the groove, corresponding
to an infinite meniscus radiugif. 1.5.3(a)); as the meniscus beginsrexede, the radius
decreases while remaining attached to the top of the groove Rigll 1(.5.3(b)-(d));
eventually, the meniscus detaches from the top of the groalleand recedes into the

groove at constant radiug=ig. 1.5.3(d)-(f)) [8]. Thus, capillary flow is verywell
10



organize@® especially when compared to spray cooling. Due thi§, a stable thin film
naturally forms along the interline between the liquagbor interface and the solid wall

[5,7, 9]

Ry R, <R, Thin Film Profile

Ry = Ry <R,R, =R;Rs =R,
¥
\
(0)
| o o o

Heat Flux Heat Flux Heat Flux Heat Flux Heat Flux Heat Flux
(a) (b) (c) (d) (e) (f) (g)

Fig. 1.53: (a)-(f) Cross sectionf capillary flow in a microgroove at various
positions along the flow direction (g) closeup of thin film profile near grooved
wall.

However, while capillary flow naturally forms a thin film, the fraction of total
area undergoing thin film evaporatioelative to the total heat transfer area is usually
small, diluting any benefit from the ordef-magnitude larger heat transfer coefficients in
the thin film region. Accordingly, capillary flow does not directly benefit from surface
area enhancement, senthe thin film area does not increase with microchannel aspect
ratio. Finally, capillary flow is also subject to the capillary lif&it 7] the upper limit to
the dissipated heat beyond which the meniscus will fully recede. Thus, the heat flux

and/or heat capacity of suchstgms is intrinsically limited.
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1.6 FEEDS Technology

One way to avoid the drawbacks of spraplig and capillary flow is a new
technol ogy coaFllm Evdpordiidh EOR Dhigrdnabled surface and fluid
Delivery System. A schematic diagram of a FEEDS system is showrrign 1.6.1.
FEEDS utilizes an array of manifolds oriented perpendicular to a microgrooved surface
to convert an array of long microgrooves into a system of short, parallel microchannels. It
has been shlvn analyticallyin Cetegen et al[10] that singlephase FEEDS has the
potential to reduce pressudleop and pumping power by a factor&fd where¢ is the
number of divisiond due to the simultaneous reduction of floate and flow length,
both of which are linearly correlated with pressure dmog pumping poweMeanwhile,
reduced flow length enhargdeat transfer by taking advantage of the higher heat

transfer coefficients present in thermally developing flow
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Heat Flux

Fig. 1.6.1: Schematic diagram of FEEDS system. A system of manifolds arrangec
perpendicular to a microgrooved surface is used to divide an array of long
microchannels into a system of parallel ones, reducing pressure drop and pumpir
power and increasing heat transfer coefficient.

In two-phase flow, FEEDS possesses additional fitsneRather than rely on
careful monitoring and controlling of film thickness to create a thin film, the thin gaps
between the fins can be used to directly create a thin film, since the upper limit of the
film thickness is geometrically limited by the ctmeel width (gap), as shown iRig.
1.6.2(a). Moreover, the manifold pitch can be used to guide the fluid distribution such
that sufficent wetting occurs, as shown kng. 1.6.2(b)-(c). Furthermore, high aspect
ratio microchannels can be used to enhance surface area and further reduce thermal
resistance. Since liquid feed chanreatel vapor venting channels are separate, liquid and

vapor do not impinge on each other and have clear paths, reducing flow maldistribution
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and decreasing pressure drops. Finally, since thin film evaporation is used rather than
nucleate boiling, the heatt is not limited by critical heat flux, and due to the use of an
active pump, the system is not limited by the capillary limit. Thus, FEEDS technology

possesses numerous advantages over other means of obtaining thin film evaporation.

- Wen 0 Manifold

r 1

Heat Flux Heat Flux Heat Flux
(a) (b) (c)

Fig. 1.6.2: (a) Geometric limit of film thickness in a microgroove (b)-(c) use of
FEEDS manifold pitch to control intra-microchannel flow distribution.

Using FEEDS technology, previous researcHés were able to obtain 1.2
kW/cn? heat flux and total base conductances as high as 330 kW/at moderate

pressue drops (< 100 kPa) and low vapor qualities-2006).

1.7 ICECool Funhdamentals

Recently,the Defense Advanced Research Project AgeDARPA) launched a
new initiative entitled fAl CECooIl-phdsahigh a ment
heat flux heat transfer in embedded microchannels. In particular, DARPA laid out strict

objectives that are summarized in the table of metrics, Hélpw
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Category

Parameter

Metric

Units

Coolant details
Quality;y.: and Qualityye Proposer defined (inlet) % of mass flow
> 90 % (outlet) in vapor
AP intet.outien, Pressure drop < 0.1 P, kPa
. Coolant flow rate Proposer defined cm’/s
Evaporative - -
Coolin Heat removed _ _
g Heat flux (removed) > 1 kW/cm®
Heat density (removed) > 1 kW/cm®
Total heat (removed) Proposer defined W
AT across heated chip AT<10 K
Temperature rise above inlet AT <30 K
Manifold and connector details
Flow Hermetic connector leakage < 1% % per year
_ ow Power Considerations
Manifold . -
Pumping power (consumed) Proposer defined W
Thermofluid CoP =30 -
Hot Spot Hot spor details i I
ries o Hot spot flux =5 kW/cm
Mitigation —— . —— -
Temperature rise of hot spot AT <5 K
Physics of failure Induced functional description
failures in chip
Erosion and corrosion Proposer defined Lm per year
Reliability | Lifetime
Design for reliability (MTTF) 10* hours
Demo of thermal components 10° on/off cycles
Demo of thermal system 10° hours

Fig. 1.7.1: Summary of metrics required by ICECool Fundamentalsfor the
background heat flux. Table taken from DARPA-BAA-12-50[1].

Thus, while heat fluxes in excess of the 1 kWAceguired by the program have
already been achievedth FEEDS microchannels, the corresponding vapor qualities did
not meet the requirements; similarly, while heat transfer coefficients on the order of 333
kW/m?-K were achieved in the past, the corresponding vapor quality and heat flux were
not on par wit the ICECool metrics. Accordingly, more work is required to achieve all
of these metrics simultaneouslin addition, it is worth notingthat in addition to
specifying heat flux, ICECool has strict requirements for power derisstythe reader
will see lder on, éeeFig. 2.4.1), the experimental apparatus in tpesvious work would

not meet these objectives, since the manifold is orders of magnitude larger than chip
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being testedAccordingly, further work is required to reduce the manifold size without
sacrificing performance in order to meet the ICECool metras allow integration of a
FEEDS system into a realorld system

Finally, it is worth noting that in addin to requirements for thermal and
hydrodynamic performance of the embedded cooler, ICECool also lays out requirements
for hotspot mitigation and reliability. However, while a multidisciplinary team was
established and collaborated with to ensure thapgirements were met, they are beyond

the scope of this work and will not le&plicitly discussed.

1.8 Obijectives

Thus, the objectiveof this projeciare:

(1) To understancand modelthe governing physics dictating the observed FEEDS
trends

(2) To assemble thosephysics intoa comprehensive modéh order to desigra
system to meet ICECool requirements

(3) To design a system with fmrm-factor compatible withICECool requirements,
without sacrificing flow distribution andwhile still cooling afull pd &
po dchip;

(4) To experimentally test the designed FEEDS embedded cooler and validate the

model
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1.9 Dissertation Outline

The dissertatiorcontinueswith Chapter 2, which provides r@view of recent
works in manifoldmicrochannels, embedded cooling, and shpjlase and twphase
high flux cooling. Chapter 3presents preliminary modeling used to understand the
various physical phenomena that are thought to contribute tphaseFEEDS thermal
performance, while Chapter 4 detasls€ustomcoded2.5D microchannel modelhich
combines all of the preliminary models into one master mddeapter 5 discusses
experimental design, andetailsa system level model to aid in evaluating fluids
working fluid selection and a 1-D manifold model usedo select manifold flow
configuration and designChapter 6 details the experimental test loop and the
experimentgerformed with a pressfit FEEDS test sectionwhile Chapter 7 detailhe
experments performed withbonded FEEDSest sectioa The dissertation concludes
with Chapter 8, whiclsummarizes the work conducted in this dissertation, highlights the

major contributions, and providescommendations for future work.
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2 Literature Revi ew

This chapter will review relevant literature pertaining simglephase and two
phasemanifoldmicrochannels, embedded coolingdainglephase and twphasehigh

flux cooling.

2.1 Manifold Microchannel Heat Exchangers

Singlephase manifoldmicrochannelshave been extensively studied in the
literature. Manifold-microchannelsbegan with Harpole and Eningefll] as a2-D
analytical model assuminfully developedflow and Nusselt numbersThe authors
demonstrated cooling of 1 kW/émsing water as a coolant. Next, Copelatdl [12]
used 3D Computational Fluid Dynamics (CFD) to parametrically analyze the effects of
the various geometric vales associated witmanifold-microchannels The authors
neglectedhe effects otonjugate conductiofi.e. the solid domai)) assuming instead an
isothermal or isoflux boundary condition on the sdiigiid interface. Since then,
numerous numericgl 3-15] andexperimenta[15, 16]studies have been condwtieith
water [14, 19, air [16], and nanofluidg[17], including the effects of nanoparticle
diameter and volume fraction on Nusselt number, pumpiogep and entropy
generation.

In particular, our research group has extensively studied mamificichichannels,
conducting both mukobjective optimization and experimental validation for single
phase flowsCetegenret al.[10] conducted multbbjective optimization on singlghase
manifoldmicrochannel heat sinks, and experimentally validated selgcpoents. More

recently, Arieet al.[18, 19]conducted numerical modeling and optimization for a single
18



phase liquid plate heat exchanger. Optimization work was also perfosireglair as a
working fluid [20]. Moreover, optimization has been performed for ant@air heat
exchanger falicated using @ printing[21].

Work has also been conducted usmgnifold-microchanneloperating in twe
phase mode. Jhat al. [22, 23] experimentallytestedand characterize@a manifold
microchannel tubular evaporatdoyeaet al.[24] tested and characterized a manifold

microchannel tubular condenser.

2.2 EmbeddedManifold-microchannelCooling

Embedded manifolanicrochannel cooling has become masingly popular in
recent yearsKermaniet al. [25, 26] tested the applicability of embedded niald-
microchannel coolers for concentrated solar cells. Manifolds and microchannels were
etched using DRIE in silicon wafers, and bonded together usin§rAgolder.Heat
fluxes of 75 W/criwere obtainedising water as a working fluid.

Similarly, Boteler ¢al. [27] investigated the potential of manifeidicrochannels
to cool power kectronics. Manifolds and microchannels were etched from Si wafers
using deep reactive ion etchinddRIE), and bonded together using /&m solderin a
separate work, the authors also conductedmemical analysis on the effects of various
geometric and perational paramete[28].

Escheret al.[29] experimentally investigad manifoldmicrochannel coolers for
liquid-cooled chips.They tested six different geometric designs and characterized
pressure drop and thermal resistance response to chdiugingite achieving 0.09 cf

K/W with a pressure drop of 0.22 bar on a 2xZ chip.
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2.3 Single-Phase High Flux Cooling

High flux cooling began with Tuckerman and Pef@®, who werethe first to
propose utilizing microchannels. A high aspect raticrochannel device was designed
and tested, achieving 790 W/€with a corresponding thermal resistance of 0.0898
°C/W, and the results compared to a model, with good agreement.

Zhang et al[31] tested singlgohase water and galinstam liquid metal eutectic
alloy of gallium, indium, and tin. Microchannels were utilized for water and
minichannels were utilized for galinstan, due to the eaflenagnitude higher thermal
conductivity of galinstan over water. A heat flux of 835 Wamas obtained with water
at a thermal resistance of 0.09 °C/W. After optimization via adirdér model, a heat
flux of 1003 W/cni was obtained with a thermal resistance of 0.071 °C/W. A peak
thermal resistance of 0.077 °C/W was obtained at a heat flux of 1214*&t/en209 kPa
pressure drop. A peak heat flux of 1504 Wemas achieved.

Ditri et al. [32] tested distributed microfluidic impingemiejets utilizing 40%
propylene glycol/60% water mixtureThe design was first simulated and then
manufactured usingn additive photolithographic proces& peak heat flux of 1000
W/cn? was obtained at 0.0031 &H/W at 765 kPa pressure drop.

Altman et al [33] modeled and micrfabricated an intrghip cooling structure
composed of GaMn-diamond with integral manifolthicrochannels fed using an Si
manifold. High aspect ratio microchannels were miafwricated into a CVD diamond
substrate with a width of 25 prand a depth of 191 um. Heat fluxes in excess of 1
kW/cm? were obtained by anonolithic microwave integrated circufMMIC) while

simultaneously, heat fluxes in excess of 30 kW/evere obtained by high electron
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mobility transistor (HEMT), all while opeating below the redred peak junction
temperature.

Finally, Campbellet al. [34] conduced simulations for singiphaseembedded
cooling of GaNon-d i @ mo n d wiftMheat dais up to 30 kW/érand average heat
fluxes of 1 kW/cr using 50EGW as a working fluidrheir work optimized manifold
microchannel design, and, unlike most othreferences, considered nQartesian
microchannelform-factors They experimentally verified their work, and were able to

obtain thermal resistances of (2@Zm?-K/W at 124 kPa pressure drop

2.4 Two-Phase High Flux Cooling

Much experimental work has been conducted in the field ofptmase high flux
cooling. Adera et al[35] etched 84 um tall, 8 um diameter gins into a silicon
substrate over a 1 émarea.The pinfins were capillanfed, and heafluxes up to 20
W/cn? were obtained at 100%hermodynamic outlevapor quality, and W pumping
power, due to the use oépillary flow.

Palko et al[36] utilized a diamond heat sink with lasaicromachined triangular
grooves approximately 500 pum deep and 250 um wide, and coated in a conformal 5 pm
copper porous wick structure. Fluid was supplieéh a manifold fabricated from
polymide layerswhich was designed to vent the vapor flow. A peak heat flux of 1340
W/cn? was obtained with subcooled water at approximately 0% thermodynamic outlet
vapor quality(due toextremesub-coding) and 42 kPa pressure drop.

Kanlikar et al.[37], and more recently, Kalani et §8] tested 200 punwide, 200

pm deep microchannelsith a 6% tapered gap manifold. The gap between the manifold
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and the microchannels allows vapor to escape from the microchannels, while the inertia
of the flow due to the high mass fluxes (2380 kg/ni-s), ensures thediuid enters

and stays in the microchannel. A peak heat flux of 1070 Wzs obtained using water

at 14% thermodynamic outlet vapor quality, and 30 kPa pressure drop.

Houshmand et a[39] utilized microtubes of diameters ranging between-269
um to test saturated and subcooled flowihgil Mass fluxes between 200000 kg/nf-s
were tested at qualities ranging fre#i 14% thermodynamic vapor quality. A peak heat
flux of 1000 W/cnf was obtained using methanol 42 thermodynamic outlet vapor
quality.

Li et al. [40] tested 30um wide by 1000 um deep pin fins in spray cooling over a
9 cnf areaMass fluxes ranging from 221 kg/nf-s were tested at thermodynamic outlet
vapor qualities ranging from 134%. A peak heat flux of 326 W/éwas obtained using
R134a at 16% thermodynanoatlet vapor quality.

Drummond et al[41] tested a manifolsnicrochannel array of 300 um deep and 30
pum wide microchannels. Mass fluxes ranging between-80® kg/mi-s and
thermodynamic outlet vapor qualities betwe&n25% were tested. A peak heat flux of
500 W/cnf was obtained using HFE7100 at 5% thermodynamic outlet vapor quality and
70 kPa pressure drop.

Table2.41 summarizes the twphase high flux cooling survey.
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Table 2.4.1: Summary of Two-Phase High Heat Flux Cooling Survey

Author(s) Fluid Mass Channel Sub | Vapor | Optimal | Performance | Picture of Test Section
Fluxes Width/ Cooling | Quality | Vapor at Max Heat
[kg/m 2-s] Height [°C] Range | Qualities Flux
[pm/pim] [%] [%]
Adera et al. Water 1.15-2.3 14/84 0 100 n/a 20 W/icm?2 @ i il ©)
[35] 100%, & O =
kPa .
(capillary - @ O
fed) ST
Palko et al. Water 14-43 500/500 75 -13713 n/a 1342 Wicm?2
[36] @ ~0%, & 42
kPa
Kandlikar et |  Water 2300- 200/200 10 0z14% 14 1070 W/cm?2 Tt L
al. [37] & 5000 @ 14%, & 30 Fluid I_;‘mxh L“’%T.'TT\"’:”JJ Fluid
Kalani et al. kPa '
[38]
Houshmand | Methanol 2000- 150-265 6-42 -4z14 n/a 1000 W/cm?2
et al.[39] 7100 /(n/a) @ -4%
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Author(s) Fluid Mass Channel Sub | Vapor | Optimal | Performance | Picture of TestSection
Fluxes Width/ Cooling | Quality | Vapor at Max Heat
[kg/m 2-s] Height [°C] Range | Qualities Flux
[pm/pim] [%] [%]
Li et al.[40] R134a 22-41 300/1000 <4 14-34 n/a 326 W/cm?2
@ 16% .
Drummond | HFE7100 | 60022070 33/318 5 -7225 2711 500 W/cm?2 T
et al.[41] @ 5% & 70 (MDA -
kPa ==
Cetegen et. | R245fa | 200-1400 22-60/ 0-13 0z70 10-30 1200 W/cm?2 ‘
al.[10] 406-483 @ 20%, 36
KW/m 2-K, & ]
62 kPa ‘
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Finally, Cetegenet al. [10] conducted eperimental testing of tasphase
manifoldmicrochannelcoolers, obtaimg impressive results. The apparatus used to

obtain these results is shownFigy. 2.4.1.

8cm
<3 ml Manifold

-
\

26 cm

:] Top and bottom frames - Compression springs
|:] Header |:| Thread nuts

Heater assembly [ ]Glass

B Thrcaded bars

Fig. 2.4.1: Apparatus used by Cetegeret al.[10].

Heat transfer coefficientas high as 330 W/frK and heat fluxes above 1.2

kW/cn? were achieved at moderate pressure drops and low vapor quyaifeBor wide
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channels ¢ 1t @, heat transfer coefficient was found to increase monotonically with
heat flux regardless of mass flow rate, as showFkig 2.4.2(a). For small channels

(¢ 1 &, an optimum heat flux was observed to produce a maximum heat transfer
coefficient and was found to be dependent on mass flux, as showg.i2.4.2(c).
Meanwhile, for moderate channel widths & @), the former trend was observed for

higherflow rateswhile the latter trenadvasobserved for reduceitbw rates as shown in

Fig. 2.4.2(b).
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= 60000 X— 400 [kg/m2s]
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41000 [kg/m2s)
20000 - ~+- 1200 [kg/m2s)
0+ - ‘ !
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(@)

26



230000 3
210000 -
190000 -
— 170000 -
= ]
£ 150000 -
= ]
= 130000 -
3 1 (8
< 110000 - 4
] 0 —0— 200 [kg/m2s] —&— 300 [kg/m2s]
90000 7 —%— 400 [kg/m2s]  —O— 500 [kg/m2s]
1 & 600 [kg/m2s] +— 700 [kg/m2s]
70000 - ©— 800 [kg/m2s) A 1000 [kg/m2s)
] 0 1200 [kg/m2s] B 1400 [kg/m2s]
50000 ———1—— T T T 1 T 1
0 200 400 600 800 1000 1200 1400
0" base [W/cm?]
(b)
350000 - —0— 200 [kg/m2s]
—X— 300 [kg/m2s]
—— 400 [kg/m2s])
| —%— 500 [kg/m2s]
300000 —- 600 [kg/m2s]
= 700 [kg/m2s])
< —e— 800 [kg/m2s]
NE 250000 - +- 1000 [kg/m2s]
S~
2
& 200000 -
Ko}
=
150000 -
100000 T T T T 1
0 200 400 600 800 1000
q"base [W/CITIZ]
(©)

Fig. 2.4.2: Heat transfer coefficient vs. heat flux for various channel widths in
order of decreasingchannel width: (a) HO(b) HO(c) HO Figure taken
from [10].
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In addition, the data were compared to the available correlations, and a
guantitative lack of agreement was found for high Reynolds numbers, and a qualitative
and quantitative | ack of agreement was f ol
Fig. 2.43(a) andFig. 2.43(b), respectively. Despite the available correlations being
slightly out of range with respect to hydraulic diameter and formulated for a standard
microchannel flow configuration (rather theEEDS), this qualitative and/or quantitative
lack of agreement suggests some new physgieat playy due to the smaller hydraulic
diameters and thEEEDSflow configuratior® which are not included in the available
standard feed correlations. Accordinglyrretations cannot be used in FEEDS design,
and novel modeling work is required to understand and arrive at improved FEEDS

designs.

A SHC-G=400kg/m2s e==Chen

A SH12-G=1200kg/m2s e (Chen
Tran o K 30 d hk ar

w—Tr a0 K andlikar

| azarek and Black Warrier etal

120000 1

e Lazarek and Black eV arrier etal

100000 A
100000 -

x T 80000
E ~
£ 60000 E
S = 60000
= =
340000
= }wooo
20000 20000
0 0
15 30 45 60 75 90 105 120 135 0 20 40 60
Q" wat [W/em?] » Q" et [W/cm?]
(a) (b)

Fig. 2.4.3: Comparison between experimental data and correlation®r (a) high
Reynolds numbers and (b) low Reynolds numbers. Figures taken fronj10].

Further stil, two-phase flow visualizations and data analy$i3] have indicated
the presence of many complied phenomena, including

(1) Nucleate flow boiling
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(2) Annular film evaporation

(3) Singlephase forced convection

(4) Intra-microchannel flow distribution and dryout

(5) Fin conduction and efficiency.

It should come as no surprise that standard flow boiling correlatioresl feol
match previous experimental data, since the governing physics in FEEDS systaots
accounted for in standard correlations. Accordingly, much computational modeling work

is needed to understand the complexity of FEEDS, in order to ariivgived designs.

2.5 Research Opportunities

From Table2.41, it is clear that while heat fluxes in excess of 1 kW/trave
been obtainedising FEEDS andther methodsthe correspnding vapor qualities have
been far below the ICECool metrimf 90% Accordingly, much work is needed to
increase vapor qualities in order to achieve the ICECool metrics. Furthermore, while
previous FEEDS research has yielded impressive results, the governing physics is not yet
well-understood, and much opportunity for modglwork to understand the physics of
FEEDs exists. Further still, the previous FEEDS system occupies a large volume, and its
heat density is far below the ICECool metric. Accordinglgrk is needed to reduce the
volume of the FEEDS system without sacrifg intramicrochannel flow distribtion

and resulting performance.
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3 Preli nmMincaroyc Momdreeéli ng

The approach towards meeting the project objectibegan with creaing
reducedorder numerical models to probe the physics and undersianvdeach of lie
five aforementioneghysical phenomena affects the FEEBystem. Thdive physical
phenomena are

(1) Nucleate flow boiling

(2) Annular film evaporation

(3) Singlephase forced convection

(4) Intra-microchannel flow distribution and dryout

(5) Fin conduction and efficiency

In total, five such reducedrder numerical modelsvere created,aeh of which
investigates one or more of the aforementiofigd physical phenomena. Thive
models are

(1) Firstorder correlation comparisons

(2) Flow regime mapping

(3) Annular film evaporation wit physicsbased void fraction model

(4) Singlephase forced convection model

B)Fl ow tube (Astreamlined) model
3.1 Preliminary Model Domains

Since simulating the entire manifefdicrochannel array is computationally
expensive, all of thenodels simplify the domaithe symmetries inherent a manifold

microchannel systenare utilizedt o arrivecedtl ,a Whbhnch [
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repeatable pattethat can be used to modefrenifoldmicrochannekystem[10, 12, 25,
42, 43] The unitcell of a manifoldmicrochannel sstem is shown irFig. 3.11. The

definitionsof the geometric variablassed throughouwre also given ifrig. 3.11.

Lin/2 —>| k—Lman-ﬂ < Loyt /2
% T
H Liquidi (\)/ai)lofc

nlet | {Manifold} ~""°

- L -
i \\—/‘\ wy /2
he {Fin
f ni Microchannel Wall i
i ’
hy, : i
¥ Microgrooved Base LY

""" FETETETE S

Z

Heat Flux

Fig. 3.11: Unit cell of a manifold-microchannel systemwith geometric definitions.

Due to the preliminary and firstrder nature of this preliminary modeling work,
the models discussed in this chapter will further simplify the dom&aksg only a 1D

slice of the domain, as shownFhig. 3.12.
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Fig. 3.1.2: Domain of preliminary models, excluding the flow tube model.

The basic modeling approach is now outlinéust, the effect of nucleate boiling
was investigated by comparing past experimental [d&tpto theavailableflow boiling
correlations in the literaturélow regime mapsverethen usedo predictthe expected
flow regimes for the past experimental daMext, annular film evaporation was
investigated using a-D mixture model which computes the void fraction and subsequent
liquid film thickness using the Yourigaplace equationThird, the combinedeffect of
single-phase fully developed and developing forcedonvection on an eparating
annular film was investigated using a-L model. Finally, the effects of intra
microchannel flow distribution and fin conductievere investigated using a flomube

model, whichdivides the manifoleémicrochannel unit cell into a system of parallel, nhon
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interacting evaporating streamlines and computes wall temperature using dirl

equation.The preliminary modeling effort is summarizedrig. 3.1.3.
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System Level

Physical Phenomena

Preliminary Model

Final Model

1. Nucleate
Flow Boiling

Nucleate Flow
Boiling
Correlations

2. Annular
Film
Evaporation

Physics-Based
Void Fraction
Model

3. Single-
Phase Forced
Convection

Single-Phase
Forced
Convection
Model

2.5-D Microchannel CFD Model

4. Flow Distribution

&

5. Fin Conduction

Flow-Tube
“Streamline”

Model

Fig. 3.1.3: Summary of preliminary modeling effort, indicating the physical phenomena that each preliminary model
attempted toprobe.
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3.2 Flow Boiling Correlations

Although many flow boiling correlations exist in the literature, with more recent
correlations improving on older ones, the most widely used correlations will be described
here. Databases of twihase experimental data were used to develop empirical
relationships between dimensionless parameters and heat transfer rates. Two robust and
widely used and cited correlatignghe Chen correlation (1966) and the Kandlikar
correlation (1990)will be reviewed lere

For both correlationsocal heat transfer coefficient is given (either explicitly or
implicitly) as a function of operational conditions and fluid properties. Since local heat
transfer coeffi@nt is given by the correlatioand the average value fothe heat
exchanger is often desired to directly compare the performance, the correlation must be
evaluated over various points in the heat exchanger and a suitable averaging scheme must
be usedFor the purpose of this work, an average heat flux was a&sbsoch that the

average heat transfer coefficient could be computea/byaginghe local values.

3.2.1 Chen Correlation

As reviewed in Zhangt al.[44], the Chen correlatiof#5] assumes that the heat
transfer coefficient is the sum olvd componentsnucleate boiling and singlghase

convection:

0 "0Q  YQ (3.21)

The parameterSyand™Q are defined as:
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8
’Oc&umpog- (3.22)

P (3.23)
P C® @ YQB

whered is theMartinelli parametedefined as

p & ° " 8 ' 8 (3.24)
and the Reynolds numbes defined for the fluid only

Op ®0O (3.25)

YQ

While "Q is usually taken from the DitteBoelter correlation for turbulent flow,
since liquid flow here is laminar, a fully developed, constant Nusselt number was

assumed, an@ was taken as

(0
R (3.26)

Finally, Q is taken from the Forster and Zuber correlaf#s] for nucleate pool

boiling:
W peme o
0 T8t T pC crﬁm:;ﬁsmT vy 8 i) 8 (32.7)
whereY'Y Y "Y andY0 0 "Y 0 "Y
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3.2.2 Kandlikar Correlation

Another widelyused correlation is that of Kandlikat al.[47]. The Kandlikar

correlaton assumes that the heat transfer coefficient is the larger of two components:

nucleate boilingdominant and convective boilinglominant.

N God hQ

Two correlations are given fd@ andQ

Q ™oebs 8 p O BQ pmuwgdp © B0OQ

and

Q ppodE 2p ©BQ o@oxbeEBp © B0ONQ

where0 ¢ando fare defined as

and

6€ n70Q

The fluid-solid coefficient, O, is a value usually between €85meant to take into

account fluidsolid wettability and surface tension effec&nce the authors do not

(3.28)

(3.29)

(3.210)

(3.211)

(3.212)

provide a value for R245fa on coppéne lower limit of0.5 was selected, whickas

found to match best with experimental danally, the DittusBoelter correlation is

recommended folQ for the case of turbulent flovandsincethe liquidflow is laminar

here, a constant Nusselt number was yasdecommended p¥8]:

. je.
QY5
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3.2.3 Comparison to Experiment

The Chen and Kandlikar correlations were then compared to experimental values
obtained in Cetegeet al.[10]. Since local values for heat transfer coefficient are given
by both the Chen and Kandlikar correlagprbut average values across the heat
exchanger are reported in Cetegetnal, an averaging scheme must be used when
comparing correlations texperimental data. The averaging scheme in the present work
assumes uniform heat flux in the manifoldcrochannel unit cell. In addition, even
though twephase flow in manifoldnicrochannels is very complex, in the absence of a
better approximation, an akage or characteristic path must be assumed. In the present
work, the chosen fluid path travels along the centerline ofiweifoldmicrochannelas
shown inFig. 3.12(a).

The Chen and Kandlikar correlations were then compared to experimental results
obtained by Cetegen, and the resalisshown inFig. 3.21. Immediately, it is apparent
that the Kandlikar correlation ovesredicts heat transfer trendlsr the entire range of
channel widths and mass fluxds addition, the Chen correlation progslincreasingly
accurate predictions as mass flux and channel width are increasgdr@ier. Reynolds
numbes). Thus, for low Reynolds numbers, the Chen correlation might be inaccurate due

to the presence of new flow regimes.
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3.2.4 Summary of Flow Boiling Correlations

Two widelyused flow boiling correlatiords the Chen correlation (1966) and the
Kandlikar correlation (199@) were used to compare past experimental -pvase
results. Itwas found that while the Kandlikar correlation significantly epexdicted the
heat transfer coefficient in FEEDS channels, the Chen correlation was observed to
provide sufficiently accurate results for high Reynolds numbers, potentially indicating the

presence of new flow regimes or physics under these conditions.
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3.3 Flow Regime Mapping

Before preliminary modeling can begin, it is img@oit to know what flow
regimescan be expected, since the modeling procedure and equations heavily depen
the expectedlow regimes Flow regime maps use databases of visualization experiments
to establish useful maps to determine proper flow regime gikkengeometric and
operational inputsMany flow regime maps are available in the literature. In the present
work, two select flow regime maps are investigated and used to determine the expected
flow regimes of the system tested by Cetegeanl.[10]. The two flow regime maps are

those developed byaitel (1976)andHarirchian (201D

3.3.1 Taitel (1976)

Taitel [49] developed a dimensional dmondimensional flow regime map based
on force balances of the assumed transitioning mechanisms. These transitioning criteria
are assumed to be universal, dadot significantly change from the macroscale to the
microscale or from regular microchann&smanifoldmicrochannel flow configuration.
The flow map defines four transition boundaries resulting in five distinct flow regimes, as

shown inFig. 3.31.
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Fig. 3.31: Flow regime map proposed by Taitel and Ducklef49].
The five distinct flow regimes are
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(1) stratified smooth
(2) stratified wavy
(3) intermittent
(4) dispersed bubbje
(5) dispersed annular
Due to the small length scales involved in the present work, it is assumed that
gravitational forces are negligible, and therefore stratified flow, which requires a body
force such as guaty to exist, is not possible. Instead, it is assumed that the flow is in
either annular or intermittent/dispersed bubble; accordingly, the transition between
annular to dispersed bubble/intermittent fiowhown as boundary-B in Fig. 3.319 is
of primary concern. As detailed in Taitel and Duck#], the transition between annular
to dispersed bubble/intermittent flow regime occurs when the liquid and vapor occupy
50% of the channel area, such that the liquid wave trough hits the bottom of the
channed thereby sustaining annular fldnbefore theliquid wave crest hits the tdp
which wouldotherwise cause a transition to intermittand/or dispersed bubbly flow.
As shown in Taitel and Ducklgd9], for horizontal, stratifiedfully developed

smooth flow, tle nordimensionalized momentum equations take on the form

Ve, Yo Y YR ta1
50 50 (3:31)

where the accent indicates nofdimensionalization b¥D for length,O for area, and
ando6 for liquid and vapor velocities, respectively. The parameteis the Martinelli

parameter, defined as
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o (3.32)

00|00
g/ ciglcn
0| oo

o)

C

o)
C

where the superscript , refers to the superficial values, add® FEhandd are liquid
and vapor friction factoconstantand eponent, respectivelyTaitel and Ducklel{49]
then proceeded to derive the nadimensional geometric relations for the geometric
variables using a circular channel. However, because the present work is concerned with
rectangulachannels, the geometric relations will have to be derived.

A smooth, stratified flow between parallel plates of widihand gap height

"Q 'Of¢ is shown inFig. 3.32.

Liquid

— ph ——
Fig. 3.3.2: Smooth stratified flow between parallel plates.

The nondimensional geometric identities take on the form

Yo o= - (3.33

O ¢Q
Y Y Y oo 3.34
0O cQQ (3:34)
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v X Y 3.35
0 ¢Q (3:35)

. 0 WQ W3 pwQ pw
° o T 1o too taf (3.36)

5 8 O 0 ©Q 0 PO NV P
o) C 0 e 19 o 10 (3.37)
W~ O W3Q  pw

e Tm o (339)

where| "Q "Q TQis the vapor void fraction. It is worth noting that E¢3.3.3)-

(3.38) cortain G¥'Q Since the ratio betweéiandd is always takensgeEq. (3.3.1), the

solution of Eq(3.3.1) is not sensitive to the exact valueddQ

The nondimensional liquid and vapor hydraulic diameters are defined as

. pw
. 10 TimpP |
O ~ 00 cp | (3.39)
¢Q
N P&
, 10 T
O ~ 5 | (3.310)
T}

It is worth noting that the termif'Qcancels as well when calculating hydraulic diameter.

Similarly, the nordimensional velociés for the liquid and vapor phases can be

calculated as

, dQ Q  p
0 5 o o 0 (3.311)
0 0 wQ Q p
© 6 0 wQ Q Q Q| (3.319)
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Recalling that the vapor void fraction is required to be 50% for the transition from
dispersed bubble/intermittent to annular flow, E{3.33)-(3.312) can be directly
computedusing| .

For laminar liquid and vapor flow between pagblplates, the friction factor
constantand exponents are given as

0 0 wo (3.313)
e a p (3.314)

Thus, Eq.(3.31) can be solved for..using the definitions given in Eg3.3.3)-
(3.312) and¢ andda from Eq.(3.314). It is worth noting that the solution forholds for
all laminar liquid and vapor flows between horizontal parallel plates. The solution is
found to be... ¢& ¢,Which is larger than the. p# reported in Taitel and Duckler
for horizontal turbulent liquid and par flow in a circular channel.

Finally, using Egs.(3.313)-(3.314) and the identitiesOp @ " 6 and

"Ow " 0, Eq.(3.317) can be simplified to

5 (3.31H

where @ is the thermodynamic vapor quality. Sincerepresents the value of the
Martinelli parameter whereupon bubbkgispersed/intermittent flowtransitions to
annular flow, solving Eq(3.315) for @ yields the ctiical vapor quality whereupon
transition occurs from bubblgispersed/intermittent flow to annular flow. Solving Eq.
(3.315) yields @ o@& Y o. FAccordingly, since ouglt vapor qualities far exceed this

threshold, annular flow is likely to be the dominant flow regime.
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3.3.2 Harirchian (2010)

Noting that vapor confinement plays an important role in flow regimes and flow
regime transitions in microchannels, Harirch&ral.[50] provide a dimensionless flow
regime map specifically for microchannels, which can be used to establish the @xpecte
flow regimes for a given set of geometric and operational conditions. The authors of the
work also compared their map to experimental data points, with good agreement. Their

flow regime map appears Hig. 3.3.3.
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Fig. 3.33: Flow regime map proposed by Harirchianet al. [50].

Based on their experimental results, the authors noted four distinct flow regimes

and two transition lines. The first transition line follows the line of
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The second line follows

where

(1)
)
3)
(4)

6 'Q T8 p YE BYQS

s i

5o
As shown inFig. 3.3.3, there are four zones.
6£8YQ po& 6 A&YQ mdrp ¢ 8YQS
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(3.316)

(3.317)

(3.319)

(3.319)

(3.320)

A Churnannular
A Bubbly
A Confinedannular

A Confinedslug

The flow regime map described above was thenpeoed to the data from

Ceteger10], and the results shown Fig. 3.34. The geometries tested by Cetegen are

significantly out of range compared to those simulated by Haririchian, despite Harirchian

specifically focusing on microchannels. Moreover, the expected range of dimensionless

parameters expected to be tested in the present work is even farther away than Cetegen et

al. In addition, the critical vapor quality, upon which the flow shifts from confsied

to confinedannular is noted on the figure. The results show that flow regime becomes

annular even for vapor qualities betwee®%. Accordingly, for the present wq it

appears that thenaular flow regime is dominant.
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Fig. 3.34: Plotting of points from Cetegen[10] on flow regime map proposed by
Harirchian et al.[50]. The data points tested by Harirchian are encompassed in th
cyan parallelogram. The data points tested by Cetegen are shown in greeed,
and yellow. The expected range to be tested in the present work is shown in blue
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3.3.3 Flow RegimeMapping Summary

investigated to determine the predicted critical vapor quality under which the annular
flow transition occurs. Both flow regime maps predict transition to annular fbowrse at

vapor qualities between-@&%. Since outlet vapor qualities far in excess of 6% are

Two flow regime mapd those ofTaitel (1976) and Harirchian (204D were

targeted, annular flow can be assumed to be the dominant flow regime.
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3.4 Annular Film Evaporation with PhysicsBased Void FractionModel

With annular flow determinedo be the dominant flow regime, understanding
annular film evaporation is of prime intereSince this film thickness is inversely
proportional to thdully developedwall heat transfer coefficient, correct determination of
the void fraction is crucialAccordingly, a model was developedsionulate annular film
evaporation using the Yourlgaplace equation to compute thaapor void fration

directly from the physics

3.4.1 Model Domain

Due to the preliminary nature of this model, only-B 2lice of the 3D manifold

microchannel unitell was simulated, as shownFiyg. 3.12.

3.4.2 Model Assumptions

The model makes the following assumptions:

(1) 1-D steadystate, thermallyully developed laminar, annular, diabatic twghase
flow between parallel plates

(2) Quadratic velocity profiles for liquid and vapor, resultingamalgebraic friction
factor,

(3) Constant wall temperature

(4) Constant liquid and vapor properties
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3.4.3 Control Volumes & Equations

In the interest of brevitythe detailed derivations of the equations provided here
can be found in Appendix A, and accordingbnly the final results will be presented

here.The control volumes used in the derivation are givefign3.4.1.

Symmetry P Py
.-i_ ........... —. ............. _? ............. .I_
=V Uy "—I—> |
Ay . apor w Fw I ap Ul‘.g Fev I 3 I
_I ....... 1 ...... ] I UE I —
Liquid-Vapor Interface L _f L. .. .. _! :
- d.. . . Am ETW i || Wen/2
- _ N L — e — e — . -
| |_ ..... ... =)
Bw  liquid UL | am
! w Fl}',- s ﬁP" U}l: Fl r ------ U 1. —_ . i
Z| | Wall i e - [P
e = e ¢ ¢ — e — —n m—h — — -
X PW Twall PP

Control Volume for Momentum (staggered) -------.
Liquid-Vapor Interface —--—

Fig. 3.4.1: Control volumes used for discretizationin the annular film evaporation
with physics-based void fractionmodel.

Using the control volumes found iRig. 3.4.1, the governing momentum and
continuity equations for the liquid and vapor phases can be derivedmixtiere
momentum equation can be derived by adding the liquid and vapor momentum equations
together, and an equation for volume fraction can be dehyeslibtracting the liquid
momentum equation from the vapor momentum equaiothat the pressure drops per
unit length cancelFinally, a simple convection equation can be derived to calctiate
liquid quality, which enforces conservation of specilise final forns of these equations

aregiven below:
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Liquid Momentum Where:
O O OY (3.41)

50 O 0 0 O (3.4.16)
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Where:

Volume Fraction

o1

of

(o]

(3.4.28)
(3.4.29)

(3.4.30)
(3.431)

(3.432)

(3.433

(3.434)
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(3.441)
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(3.443)

(3.444)
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3.4.4 Model Inputs and Solution Procedure

Inputs to the model include tlileiid propertieswidth of the channel) , length
of the channel) , channemass flux,Q andwall superheatY"Y In general, the channel
superheat wasalibratedsuch that a dryoutgint would occursomewhere between the
channel halfway poinand the outleso as to compute the full range \@por qualities
andfully utilize the meshlit is worth noting that due to theld nature of the problem,
continuity can be solved sequentiallyéh provides the velocity fieldn addition the
mixture mass flow rate;Q is constant in all cellsand the momentum equatiossrve
only to provide thepressurdields.

Thesolutionprocedure is as follows:asting with an initial guess afinglephase
liquid flow, compute thdiquid, vapor, and mixture pressufields using Eqs.(3.4.1)-
(3.4.15). Then, Eqgs(3.4.28)-(3.4.34) are solved and the liquid volume fraction updated.
The evaporation rate can be computed using E34.40)-(3.443), and Eqs(3.4.35)-
(3.4.39) solved for the liquid quality. The face phase fluxes tteen be updated using
Egs. (3.444)-(3.447), and the momentum coefficients updated using E8<gL16)-
(3.4.27). The momentum equations can then once again be solved for the liquid, vapor,
and mixture pressuréeld, and he process is iterated until convergence is obtained.
Convergence is assessedrbgasuring the residual in the Youbhgplace equatiobased
on the computedpressire drops in the liquid, vapporand mixture. In general, a

normalizediolerance of 1.6 was used.
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3.4.5 Results

The annular film evaporation witlphysicsbased void fraction model was then
runfor two limiting cases’O° 1and"O° Hb. Theresults are presentedhig. 3.4.2. The
liquid and vapor average velocities are visibleRy. 3.4.2(a)-(b). For both limiting
cases, sliquid evaporates, both the liquid and vapor velociéies observed tmcrease.
The vapor velocity increases due to evaporatwhile the liquid velocity increases
because thdractional reduction tdiquid volume fraction islarger than thefractional
liquid lost due to evaporatioror the limiting case ofO© 1, & some point along the
channel, the liquid velocity peaks and begins to decrease once the evaporation rate is
large enough to remove liquid faster than the liquid volume fraction is reduced.
Afterwards, the liquid velocity decreasegaduallyapproachingzero at dryouidue to
viscous forcesvhich act to dampen changes in velodipwever, for the limiting case of
‘0% Hy, the liquid velocity instantaneously drops to zero after it pesik&e inertial
forces dominate

Fig. 3.4.2(c)-(d) shows the liquid, vapor, and mixture pressures. However, only
the vapor pressure is visible, dine liquid, vapor, and mixture pressures being edtaal
the limiting case ofO° T, the magnitude of thegradientof the pressure is observed to
increaseslightly along the channellhis isdueto the increased friction factor at high
gualitiescharacteristic of annulafully developedflow (this will be described in greater
detail in Sectior®.3.2; sed-ig. 4.3.3). However, for the limiting case dD° H, the slope
is observed to rapidly steepen as vapor quality is increased. This is due to the acceleration

of the evaporatingiquid as it changes to vapor.
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Next, the vapor quality, void fraction, and slip profiles are observefign
3.42(e)-(f). For both limiting casesthe slope of the vapor quality increases
monotonicallydue to reducing film thickness and increased evaporafioa.profile of
the void fraction is more complicate&or both limiting caseshe slope of the void
fraction at zero vapor quality is infte, since the matching void fraction is zengich
would otherwise result in an infinite vapor velocity and an infinite pressure. drop
Similarly, at large vapor qualitieshe void fractionslowly approaches unitytherwise,
the liquid pressure drop wallapproach infinity.However, for the limiting case of
‘0° Hb, theobserved slope is stemqpue to inertia being more dominant over friction.

Finally, the void fraction vsvapor quality relationship from this simulation can
be compared to correlations daale in the literature anithe onederived inAppendix A
This comparison is shown iRig. 3.4.2(g)-(h). From thefigure, it is apparent thahe
limiting case of'O° 1 matches the annulafylly developedvoid fraction correlation.
This should come as no surprise, since frictional fodmsinate and those frictional
forces were implemented in the present model. However, in the limiting c&Sg db,
the void fraction is very close to the Zivi void fraction correlation. This is not enforced by

the simulation in anyrivial way, andtherdore serves to validatdhe model
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Fig. 3.4.2: Sample results fromannular film evaporation with physicsbased void
fraction model with R245faat 30°C in 10 um channel (a) liquid and vapor mean
velocities vs position (b) liquid, vapor, and mixture pressures vsposition; (c)
vapor quality, void fraction, and slip vs. position (d) void fraction vs. vapor quality
and comparison to Zivi andannular void fraction correlations.
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Next, the effect of mass flux on void fraction correlation was obseanedis
shown inFig. 3.4.3. For large channelséeFig. 3.4.3(a)(b)), the effect of mass flux is
small, since inertia alreadyominates over frictional forces, and accordingly, the void
fraction is determined by balancing the accelerations of the liquid and vapor phases
to evaporationThus, the annular Zivi void fraction correlation is accurate for these cases
regardless ofmass flux, corresponding to Surface #12 (0 gap) and Surface #17 (40
pm gap), as defined by Cetedd].

For medium channels gee Fig. 3.43(c)), the effect of mass flux is more
pronounced, as both frictional forces and inertia forces are important. Accordangly,
increase in mass flux shifts the void fraction from an annfully, developedcorrelation
to the Zivi annular void fraction correlatiordowever, because the curves rapidly
approach and are closest to the Zivi annular void fraction correlatiorcotinedation will
be used for Surface #C (dn gap) as defined by Cetegid®].

Finally, for smalle channels geeFig. 3.4.3(d)), the effect of mass flux is very
important, and frictional forces dominate until high mass fluxes are achieved. Once
again, an increasm mass flux causes a shift from the annufally developedvoid
fraction correlation to the Zivi annular void fraction correlation. However, for this case,
for the range of mass fluxes of concern, the annular void fraction correlation provides a

betterestimate of the proper void fraction, and accorlyingill be used for Surface #E

(10 pm gap).
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Fig. 3.4.3: Effect of mass flux on void fraction correlation for R245faat 30°C in
channels of various widths, corresponding to those tested by Cetegetral.. (a) 60
pum (surface #12) (b) 40 um(surface #17) (c) 20 um (surface #C) and (d) a new
surface designedn the present work (surface #E)
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3.4.6 Model Summary

In conclusion, e annular filmevaporation withphysicsbased void fraction
model provided numerous insights into the physics governing FEEDS systems, including:
(1) the void fraction correlation is always bounded between the anrfuldy,
developedvoid fraction correlation (limit ofO° 1) and the Zivi annular void
fraction correlation (limit ofOC Hb);
(2) for all other cases, the physics based model is required to predict the void fraction
correlation
(3) for the surfaces tested by Cetegetral, the Ziv annular void fraction correlation
is an excellent approximation, while for the surfaces tested here, the afuilylar,

developedroid fraction correlationmore closely approximates the void fraction
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3.5 Single-Phase Forced Convection Model

After establishing the proper void fraction correlations to use, the role of forced
convection in annular film evaporation was investigatechew model was created to
investigate the combined effects of forced convection and evaporation for a FEEDS
systemtested by Cetegeat al.[10]. Like the annular film evaporation witlphysics
based void fractioomodel, tis model simplifies the FEEDS setup by converting the
complicated & flow into a 2D convection problem in the direction parallel to the flow
and a 1D conduction problem in the direction normal to the flow. Thus, the entire
temperature distribuin can be solved sequentially, by marching along the length of the
microchannel solving for the-D temperature distribution in the direction normal to the

flow.

3.5.1 Modeling Domain

As mentioned above, rather than simulate a computationally expensive and
compicated flow and heat transfer problem present in a FEEDS system, the domain was
simplified into a 2D slice, consisting of just one microchannile length of which

corresponds to half the pitch of the manifold structure, as shotig.i.1.2.

3.5.2 Model Assumptions

The following assumptions were made to simplify the model:

(1) The velocity profie in the zdirection is uniform
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(2) Convection effects dominate in the direction parallel to the flewlirection)
while conduction dominates in the direction perpendicular to the flbw
direction)

(3) All phase change takes place on the liguaghor interface (no nucleate boiling)

(4) Void fraction correlations can be used to determine the void fraction and
subsequent liquid film thickness

(5) The liquid vapor interface temperatuf¥, is constant ashequal to the saturation
temperature)Y (evaporation resistance is negligible)

(6) A uniform heat fluxis appliedon the wall

3.5.3 Model Equations

Thecontrol volumesised in this modedreshown inFig. 3.5.1.
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Fig. 3.5.1: Control volumes for the forced convection model.

To begin, the local total liquid mass flow rate must be calculated:
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a a Ya (3.51)
The local vapor quality, can then be calculated from:
. a
w p & (3.52)
A void fraction correlation can then be used to relate the local vapor quality to the

local void fraction] . Based on the result of tlamnular film evaporation witphysics

based void fraction model, the Zivi void fraction correlation was used and is of the form:

| o o 7 (3.53)

P Y

W
The film thicknesg, , is geometgally related to the channel geometry by:

p | 0
—_— 3.54
| c (3.54)

The xdirection spacingYa can be calculated by dividing the total lengih,,
by the desired number of nodes in theirection,0 :
Yo 0 10 @ (3.55)
Similarly, the ydirection spacing can be calculated by dividing the film thickness,
1, by the number of nodes in thelizection,0 @
Ya 17104 (3.5.6)
It is worth noting that the while-glirection spacing is uniform and constant (and
does not need to be calculated from e&bordinate, the zdirection spacingyq, varies
in the xdirection, since it is dependean the local film thicknes$,. Accordingly, it

must be calculated for ea&oordinate, as indicated in E§.5.6).
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Since convection is assumed to be dominanhéx-direction and conduction is

assumed to be dominant in thedizection, conservation of energy about an internal

control volume,ﬁ, takes the form:

Y a Q.. Y rn ™M Y i ¥;
5 Loy vy R h R h
U a Va T
a Qp. Y ;i ¥ Y n %
—— Y R ,,—qu i i h i
La L a T (3.5.7)

TQVGO YR YR ™M YR YR W

G Ya Ya Yo Yo
The equations for the bottom and top control volumes are slightly different. For

the top control volume, conservation of energy takes the form:

a .. Y j “¥; Y
5 ¥ V6 h h S
0qQ T
a o
ba "
0a po, Y j ¥ Y i ¥
¢ ,p)/é( h h i h (3.58)
0q T
TQS‘/(b "Y F‘ "Y Fl "Yﬁ "YI;’] "Y F] "Y "YI;’] "Y
C Ya Ya YaTg YaTq

Similarly, for the bottom control volume, conversation of energy takes the form:

(3.59)
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q Yo TQY_GO Yr YR MO
G I '

MY (3.5.10)

Finally, the evaporation rat¥f , is determined by applying an energy balance at

the liquidvapor interface:

, Q ’
Yo == o (3.5.11)

3.5.4 Boundary Conditions

The desired total liquid mass flow rate, initial liquid mass flow rateg and
initial temperature distributiori; are needed.
The total liquid mass flow rateas selected to enforce the desired microchannel

mass flux
— A«
O o (3.512)

sinced is given per unit width.
For the conditions tested hete, was always selected to enforce quality of zero
at the inletthat is,
a a (3.513
and”Yj was selected to be uniform, and usually equal to the saturation temp@rature
this case 300 K. Finally, the wall heat flux must be converted from the desired base heat

flux using conservation of energy:
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n n 0 7T¢ 0 T TQ (3.5.14)
3.5.5 Data Analysis Equations

A few definitions are needed to conduct data analysis. First, the forced convection

heat flux is defined as

o
C

1 7 —es G Y, a YR, Ya Y Y
N n 5 a0 h h (3.515)

<{q

P

The evaporative heat flux is defined as

] i Ye @ 3.516

3.5.6 Mathematical Formulation and Solution Procedure

Due to the sequential nature of the solution procedure, all variables with index

are already known, leading tb gunknown temperatures and one unknown evaporation
rate,Ya . Thus, in total) & p equations must be solved at eacboordinate. Due to

the nonlinear nature of this system of equations, the equations must be linearized, put
into matrix form, solved, andterated until the residuals approach zero. dustom
numerical linearizer was created to do thising finite differences however, a
commercial nodinear equation solvérsuch agsolvein MATLAB d could have been

used instead.

3.5.7 Results

The model was then run fearious conditions from Ceteg¢hO]. For all cases
shown, the thermodynamic outlet vapor quality (as calculated from an energy balance)
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was set to be 10%, anbet results are shown ffig. 3.52. For convenience, the flow
boiling correlations presentad Section R are presented sidgy-side with the results
from this simulationTwo regimes are obsesd, corresponding to the two cases observed
by Cetegen, and shown kig. 2.43. For the widest channekéeFig. 3.5.2(a)), it is
observed that little to no evaporation occursceptat the lowest mass fluxes. This is due
to an inability of the boundary layer to reach the center of the chamese the ligud-
vapor interface resides @m®vaporation occurs. This is a direct consequence of the fact
that theflow is still thermallydeveloping Accordingly, singlephase forced convection is
the dominantform of heat transferand the surface becomes significarsiiperheatedt |
is worth noting thatn reality, the superheat would be lower than predicted by the model,
due to the presence olicieate boiling which the model does not simulatéhus, it
should come as no surprise that the flow boiling correlapoogide reasonable estimates
of heat transfer coefficierior this surface
However, as mass flux or channel width is redu(sskFig. 3.52(b)-(c)), the
boundary lagr more easily reaches the channel centerline, causing evaporation on the
liquid-vapor interface. Thus, significafitlm evaporationoccurs. It is no surprise that the
correlations do not provide an accurate prediction of heat transfer coefficient, &nd tha
this prediction becomes increasingly worse as mas®flekannel width is decreased.
Moreover, the model shows a delicate balance between forced convection and
thin film evaporation. For the smaller channels and lower mass fluxes, a maximum wall
tempeature is observed in the middle of the chaneekFig. 3.5.3(a)). This isbecause
in the beginning of the channel, the flow is thermally developing, resulting in large heat

transfer coefficients on the wall; conversely, by the end of the microchannel, high heat
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transfer coefficients are obtained not by developing flow (since the #owalready
developed), but rather due to the thin film. Thus, the minimum wall heat transfer
coefficien® corresponding to the highest wall temperaduig obtained in between these
two regimes, where the sum of these two modes of heat transfer are minimsrnefd

is noticeably absent for higher mass fluxes and wider channels, when the flow is still
thermally developing and the boundary layer never reaches the channel cergedine (

Fig. 3.5.3(b)).
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Surface #17; w,=40um
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Fig. 3.5.2: Single-phase forcedconvection results for (a) ® pum, (b) 40 um, (c) 20 um-wide channel, corresponding to the




This idea is effectively illustrated iRig. 3.5.3(c)-(d), where the input heat flux,
evaporative heat flux, and foideonvection heat flux are shown as a function of x
coordinate. FronFig. 3.5.3(c), it is apparent that forced convection dominates in the
entry region of the microchaeh until the boundary layer begins to reach the liquid
vapor interface and evaporatidrecomes dominantinterestingly enough, under the
conditions tested here, the evaporation heat flux actually exceeds the input heatdlux
the forced convection hetiix becomes negativas the liquidreleases heatnd reduces
in temperatureHowever, inFig. 3.5.3 (d), this trend is absent. The input heat flux is only
dissipatedvia forced convection, arelvaporation barely takes place.

Accordingly, it should be apparent that forced convectiom isn@ortant factor in
determining the behavior of FEEDS systems, and could explain the sensitivity of the
thermal performance of sudystems to mass flow rate. Therefore, for the CFD model to
be accurate, it would need to inclufidly developedand developing forcedonvection

heat transfer.
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3.5.8 Model Summary

In conclusion, the forced convection model with evaporation provided numerous
insights into the physics governing FEEDS systems, including

(1) the delicate interplay between forced convection heat transfer and thin film
evaporation in FEEDS systeraadthe dimensionless parameters that govern this
behavior

(2) developing flow exhibiting ntleate boiling and littléhin film evaporation, due to
the inability of the boundary layer (by definition) to reach the liquapor
interface at the center of the chanfidlis helps usinderstad the reasons for the
qualitative behavior observed in previous {pltase FEEDS experiments

(3) the necessity to moddevelopingorcedconvection in the CFD model
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36 FIl ow Tube AStreamlineo Model

Utilizing the knowledge gained from trennular film evaporatio with physics
based void fraction model and the forgmhvection model, the role ahin film
evaporation inthe FEEDS system was investigated. However, rather than begin with a
complicated @D volume of fluid (VOF) CFD-based approached, a simpler, tfmsder
approximation was desired to see if thin film evaporation could explain the observed heat
transfer coefficients. Because of this, a concession was made that tHed®wodel
would be accurate only at low mass fluxes, when flowuls/ developed inertia is
negligible, and film evaporation is dominant over nucleate boiling.

The heat transfer surface area was divided into parallekimteracting flow
tubes, and the quality, void fraction, film thickness, heat transfer coefficient, heat flux,
and pressure dropvere calculated sequentially along the flaube. The mass flow rate
through each flovtube was adjusted in order to obtain the specified pressure drop, and
the value of this pressure drop was adjusted in order to obtain the desired micebcha
mass flux. Finally, the average wall heat transfer coefficient was calculatedhand
temperature profile in the fin was adjusted to correspond with the analytibal 1
temperature distribution of a thin fin with an average wall heat transfer cesffiand
specified base superheat. The average wall heat transfer coefficients predicted by the
model were then compared to the available experimental data with sufficiently good

agreement with a wide variety of geometries andkimgrfluids at low mass fixes.
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3.6.1 Model Domain

As with the previous models, the domain was reduced to &elhivf a manifold
microchannel system. However, the domain for the flow tube model is not the one shown

in Fig. 3.12. Instead, a diagram of the unit cell appearsSign 3.6.1.
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0ol e
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R s s S
Z
Heat Flux
Fig. 3.6.1: Domain for flowtu b est  Baml i neo) mod

3.6.2 Model Assumptions

The following assumptions and simplifications were made in the model:
(1) The fluid flow is steadystate, laminar, homogeneous, and hydrodynamically and
thermallyfully developed

(2) The fluid flow followsassumed flowtubes and is one dimensional
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(3) Flow distribution is governed by maintaining uniform pressure drop for all flow
tubes

(4) Pressure drop is caused by viscous stresses indivection only (momentum,
gravity, and shear forces between flavbesis neglectegl

(5) Liquid remains attached to wall and forms a thin film with vapor passing through
the center of the channelggligibleliquid droplet entrainment)

(6) All heat is transferred through-0 conduction through the liquid film (no
nucleate boiling oforced convection heat transfer)

(7) Conduction in the fin is-D due to the effect dieatspreading
The justifications for these assumptions and simplifications, as well as their

implications, are detailed in the sections describing the model equations.

3.6.3 Meshing and FlowTubes

In order to impose flovtubes, a specific mesh is needed. The meshing process
begins by dividing the finned surface into three regidhs inlet, manifold, and outlet
region, as shown ikig. 3.6.2. Each domain was then meshed int® a U grid of cells,
where0 is the number of flowtubes. Thus, the size of the meshois 0. A sample
mesh is shown ifrig. 3.6.2(a). It should be noted that onllgreeflow-tubes are shown
for clarity; however, to obtain mesh independent results, approximately 25utms
were found to be needed.

Thus, the presence of fletubes essentially converts aD2flow into a series of
parallel 2D flows with known paths. The pressure drop and heat transfer characteristics
for each flowtube can be calculated independently based ofidherate in that flow-

tube.
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The first flowtube for this mesh is then created by following the emtest path;
subsequent flovtubes are then created following the next cutest path, until all flow
tubes have been assigned. For instance, the first-tflbe consis® in ‘Qand Q
coordinated of cells ploh plt h piph ¢iph ofph tbh vip h ¢fp h xip h

Wp h ofp h wit hand ofo , as showrFig. 3.6.2(a).

It can be shown that for the medéscribed above, the number of cdlls, in the

Q flow-tube is equal to

6 v 1Q ¢ (3.61)
Thus, after applying the flosubes, thesd O mesh inthe ‘Gind’Coordinates is
essentially converted into a mestifie ¢ andQcoordinates consisting @f vectors with
0 elements. A sample mesh with elements indémrdtiet andQcoordinates is shown
in Fig. 3.6.2(b). It should be noted th#te ¢ and Qcoordinates are most convenient for
wall heat transfer and pressure drop calculations, vitl&and Ccoordinates are most

convenient for wall temperature calcutats.
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Fig. 3.6.2: Samplemeshdiagram with three flow-tubes shown for clarity. To obtain

3.6.4 Wall Heat Transfer Equations

As mentioned above, the model is designed for accuracy at low mass fluxes.
Based on the results from the foremmhvection model, the flow is thermallully
developedand film evaporabn dominates over nucleate boiliagd forcedconvection
Accordingly, it will be assumed that all heat is transferred viagoion through the
liquid film. Finally, since conduction through the liquid begirmsn the firstcell attached
to the inlefthe entire domain is twphase.

To obtain the liquid film thickness, a void fraction correlation was employed.
Although many void fraction correlations exist in the literature, a computationally
efficient and physically realistic one is desired. In this etpthe Zivi annularvoid
fraction correlation was selected based on the result arthelar film evaporation with

physicsbased void fractiomodel This correlation is of the fori®p1]:
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p W » 7 (3.62)

This equation relates the local void fractipny, , to the local vapor qualityy f, ,
and the density ratio betwedretvapor and liquid.

Due to the low Weber numbers, surface tension forces are assumiechittate
over inertia, preventing liquid droplet entrainment and allowing the liquid to remain
attached to the wall where it can then form a thin film. Under these conditions, the local
void fraction is geometrically related to the local thickness ofitjued film by

1 h P I n L X (3.63)

Since the liquid film is assumed to be steathte and thermallfully developed
and the effect of forced convection is neglected, the temperature distribution in the liquid
film varies linearly from the wall temperaturéY , to the liquidvapor interface
temperature’Y [9, 52, 53] However, except for the thinnest of fillhsvhere disjoining
pressure from VaderWaals forces act to suppress evaporditme liquidvapor
interface temperaturéY , is approximately equal to the saturation temperatiyre,[52,
53]. Although thin films have the highest potential for heat transfer, the amount of heat is
usually limited by the amount of liquid available faraporation, as will be discussed in
more detail below. Accordingly, even though accounting for the effect of disjoining
pressure on evaporation suppression might act to reduce the amount of evaporated liquid
for a given superheat, the amount of liquid eraped was almost always still found to be
larger than the amount of liquid available. Since a check is included to limit the

evaporation rate to the available liquid, this effect can be neglected. The local mass flux
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of evaporated liquid, & ﬁFr:an therefore be calculated fromD1 conduction

through the liquid film:

g - Y b Y (3.64)
I Q

The local wall heat flux,n i, and wall heat transfer coefficientQ

can be calculated from E(8.6.5) and(3.6.6), respectively

h»

A5 G ! (3.65)

3.66
N Y (3.66)
The resulting local quality after evaporatiahy, , can be calculated by adding the

newly-evaporated liquid flow rate & Ho into the mass flow rate of vapor entering

the cell anchormalizing by the total mass flow:

, O fF — (3.67)
a

The resulting local quality after evaporation is substituted back intd3)2),
and Egs(3.6.3)-(3.6.8) aresolved sequentially until the local quality before evaporation,

@, equals the local quality after evaporatidnj . This repetitive process essentially

serves as an iterative method for the diemeous solution of Eqé3.6.2)-(3.6.8).

It is important to ensure thatdalevaporation rate is limited by the liquid available
to the cell in order to ensure conservation of mass and energy. For moderate to high local
vapor qualities and correspondingly thin liquid films, the mass flow rate of evaporated

liquid causes E(3.6.7) to produce vapor qualities larger than one. When this happens, a
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correction is needed: the cell is assumed to have evaporated all of the available liquid,

and the mass flow rate of evaporatieglid, & B is reset to equal the mass flow

rate of liquid entering the celly j, which can bealculated from the definition:

a . a q P ® [ & (3.6.9)
where® | represents the quality upwind of c&lin flow-tube™Q

If a correction is needed, there is no need for an iterative solution of36|8)-
(3.6.8). Instead, EQs(3.6.5)-(3.6.6) should be recalculated with the new value of

a . from Eq.(3.6.9). It is worth noting that upon local dryout, the vapor quality is

constant and equal to unity; accordingly, no additional heat transfer can occur in this
flow-tube, and the evaporative mass flux, heat flux, and average wall heat transfer

coefficient equal zero.
3.6.5 Pressure Drop Equations

Even though th@ressure droghrough the flowtubes is not the primary concern
of this mode] since it is thought to affect the tvphase heat transfer characteristics of
manifoldmicrochanneldased on the results @etegen10], it is desirable to obtain a
first-order approximation of pressure drop in order to assess theligtwbution through
the flowrtubes. To accomplish this, the most dominant pressure dro tiaerfully
developedviscous pressure drajue to sheain the zdirectiord was used. Although the
bending and acceleration of the flow due to evaporation contribute significantly to the
pressure drap especially at high flow rates and outlet vapor quabtidsese terms were
neglected becaugkis model was desigd primarily for accuracy at low mass fluxes

Likewise, the flow is also hydrodynamicaliylly developeddue to thdow mass fluxes
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Furthermore, due to the omission of the additional pressure drop components, the
pressure profiles created were treatedaing relative only, and not used as a physical
value with which taupdate saturation temperature.

The pressure drop was calculated assuming laminar, homogentediys,
developedtwo-phase flow. Under these circumstances, the pressure drop can be writte

as
Yo VYo (3.6.10)

Due to the large aspect ratio, the hydraulic diameter can be assumed to be
equivalent to the case of parallel plates. The hydraulic diametertheaafore be

calculated as

0 — ¢U (3.611)

Similarly, the local friction factor(), , can be calculated as

. (3.612)
% YQr

where the local twphase Reynolds numbéYQ; , can be calculated as

0,0

Substituting Egs(3.6.11)-(3.6.13) into Eqg. (3.6.10) and simplifying yields the

YO (3.6.13)

simpler relationship for the local pressure drop:

e PC r Of .
YU 5 Tyﬁ)ﬁ (3.6.14)

where the local, homogenous, tpbase density and viscosity can be calculated from

[51]:
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0 § (3.6.15)

>5¢

P 0Op Wk (3.6.16)

The local mass fluxOy, , can then be calculated based on the total mass flow rate

of the flowrtube,& , and the local cross sectional area of the flow,:

On = (3.6.17)

It is worth noting that the flow area, j , is the area perpendicular to the flow, the value
of which changes along the fletube due to a change in flow direction and meshed
region. The changes in flow area need to be accounted for in order to obtain the correct
mass flux. In addition, it is wdrtnoting thatYo ; represents the distance in the flow
direction, whch changes along the fletube.

Finally, the total pressure drop in tf@ flow-tube can be calculated from a

summation of the local pressure drops for all cells in the-fidve:

g

Y0 Y0 i (3.6.19)

3.6.6 Wall Temperature Equations

Due to the small Biot numbers for the range of conditions expected of the model,
conduction in the fin can be neglected in thdirection andreated as-D. Furthermore,
due to the presence of a thick hashich acts as a heat spreader, the fin might be more
accurately modeled as having a uniform base fin temperature rather than a uniform base

heat flux. Accordingly, conduction in the fin cdre approximatedas 1D in the y
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direction. For a 4D rectangular fin with a known base superh®4Y, , and average
base heat flux) (defined in Eq(3.6.24)), the average wall heat transfer coefficient,
'Q , fin efficiency, , and parameter¢t, can be calculated implicitly from Egs.

(3.6.19)-(3.6.21) [3]:

q N
VA c Qo (3.619
0 WA Q
) (3.6.20)
. ¢Q
a - (3.6.21)
U =
Upon the solution of Eq43.6.19)-(3.6.21) for Q , , andd, the temperature
distribution in the wall as a function afcan then be calculated from
. Al XEQ oy
Y Y'Y (3.6.22)

aQ
The temperature distribution in the fin can therefore be calculated for-Ehe 2
mesh by substituting thewalue of the cell centroids into E.6.22).

Furthermore, for a known wall heat flux profile) i, the total heat) , and
the average base heat fluxi), , can be calculated from Eg&.6.23) and (3.6.24),

respectively:

Y ¢n ; Yoor Yo (3.6.23)

n , — (3.6.24)

86



3.6.7 Data Analysis Equations

Some additional definitions are needed. If all floav rates & , through the

flow-tubes,0, are known, the average mass flux through the microchannel area can be

calculated by summinghé flow ratesthrough each flowube and dividing by the

microchannel area:

; p ,
¢ -—5 (3.6.25)

In addition, the average outlet vapor quality can be calculated from the definition

5
@0 00q (3.6.26)

3.6.8 Solution Algorithm

A process flow diagram of the solution algorithm appeafsgn3.6.3. To begin,
two operational conditions are needeithe desired base superhedfyY , and
microchannel mass fluXQ . Then, a number of initial guess values are needed: the mass
flow rates through each flotube, & , the pressure drop/0 , needed to create the
desired microchannel mass fluXQ , and the average wall heat transfer coefficient,
Q

The algorithm then proceeds as follows:

(1) Using Egs.(3.6.21)-(3.6.22), compute the temperature distribution from theeba

superheatY”Y , and average wall heat transfer coefficiédt, .

(2) Starting with the first cell in the flomube, solve Egs.(3.6.2)-(3.6.8)

simultaneously to obtain the local vapor quality, film thickness, evaporative mass
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3)

(4)

(5)

(6)

(7)

flux, wall heat flux, and wall heat transfer coefficient using the upwind value of
guality,® f, as an initial guess of vapor quality.

Repeat step (2) for all cells in a flowtube. The local pressure drop&) f,, are
then calculated from Eq$3.6.11)-(3.6.10), and the total pressure drop through
the flowrtube, Y0 , is calcuated from Eq(3.6.18).

Adjust the mass flow rate through the fldmbe, & , in order to achieve the
desired pressure drog) , and return to step (2).

Repeat steps (%) for all flow-tubes,u, and calculate the average microchannel
mass flux,"d , from Eq.(3.6.25).

Adjust the pressure drolfp) , in orderto achieve the desired microchannel mass
flux, "O , and return to step (2).

Calculate the average bass heat fljix, , from Egs.(3.6.23)-(3.6.24), and the
average wall heat transfer coefficiei®, , from Egs.(3.6.19)-(3.6.21). Return

to step (1) until the value of the average wall heat transfer coefficient converges.
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3.6.9 Results

The manifoldmicrochannebpparatus described in Ceted&f] was used to run
experiments in order to compateemto the model. The surface and manifold geometric
specifications appear in Cetegdi®]. Various surface designs and working fluids were
tested with the same manifold design. A comparison between the average wall heat
trarsfer coefficient predicted by the model and that obtained experimentally appears in
Fig. 3.6.6. It is clear that the model presented here matches well with expesiment
result® both qualitatively and quantitativelyespecially when considering the lack of
agreement between experimental results and conventionaphase heat transfer
correlations, shown ifrig. 2.4.3. Accordingly, the model does a more accurate job at
representing the essential physics than the available correlations.

Furthermore, e model implies that film evaporation alone is capable of
achieving the high heatamsfer coefficients observed in Cetegen @novides some
insight into experimental trends. First, it is worth noting that most surface/working fluid
combinations produced a trend of increasing average wall heat transfer coefficient for
low average outletapor qualities, and a decreasing average wall heat transfer coefficient
for average outlet vapor qualities larger than some optimum value. The trend of
increasing average wall heat transfer coefficient was found to be due to an increased area
of a thin liquid film. However, once the average outlet vapor qualityabedoo large,
large regions of dryout were found to develop directly underneath the outlet on the
bottom of the microchannel due to the asymmetric liquid feeding and heasirsthown
in Fig. 3.64. These large regions of dryout @dto dilute the effect of the thin film and

ultimately causéthe average wall heat transfer coefficient to decrease.
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Fig. 3.6.4: Contours of vapor quality at various outlet vapor qualities: (a)20% and
(b) 50%.

In addition, the model also predicts the effect of varying the ligajbr density
ratio. Due to the appearance of this ratio in thi ¥ractioncorrelation(seekq. (3.6.2)),
the void fraction is dependent on ligwdpor density ratio. The Zivannularvoid
fraction correlation is plotted iRig. 3.6.5 for the two working fluids tested herl@245fa
and R134a. The results show that for the same vapor quality, R245fa produces a higher
void fraction, and suequently, a thinner film. Accordingly, heat transfer coefficients

with R245fawere expected to be higheand this expectatiowasmet, as shown ifkig.
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3.6.6. This is in stark contrast to the effect of ligewdpor density ratio on nucleate
boiling, where lower density ratios involve higher system pressures, which, from Forster

and Zubed sorrelation[46], will result in an increased heat transfer coefficiseeEq.

(3.27)).
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Fig. 3.6.5: Void fraction vs. vapor quality from the Zivi void fraction correlation.
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Fig. 3.6.6: Comparison of experimental results with those predicted by the model for various surfaces and working fluid
combinations. Experiment design and surface design details are given@etegen[10].
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3.6.10Model Summary

A simplified flow-tube model was developed to predict the -phase thermal
performance omanifold-microchannelsit was faind that the model

(1) shows significantly improved accuracy when compared to the available
correlations in the literature

(2) suggests that twphase heat transfer on the walls of thapped microchannels is
governed by conductiatmrough the thin liquid film

(3) indicates that partial dryout on the walls of the microchanisalesponsible for
the experimentallfound optimum outlet vapor quality

(4) predicts that higher density ratio fluids will produce higher heat transfer
coefficiens in film evaporation, in contrast the effect of increased density ratio
on nucleate boiling, where decreased density ratio (increased system pressure)

results in increased nucleate boiling heat transfer coefficient
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3.7 Preliminary Modeling Summary

First, the availableflow boiling correlations in the literature were surveyed and
compared to past experimental data. It was fotlvad while the Kandlikar correlation
overpredicted heat transfer coefficient, the Chen correlation provided increasingly
accurate predictions for high Reynolds numbdrs addition, flow regime maps were
reviewed and used to predict flow regime transitiofbese mapsevealedthat the
transition to annular flow occurs at very low vapor qualiie® &Héreby highlighting
the need tdocus on annular flow modeling.

Next, annular film evaporation was investigated usinglarhixture modelthat
computes the void fraction and subsequent liquid film thickness using the Yapfare
equationn the end, a significant effect afass flux was foundor low mass fluxes, the
volume fraction matches that predicted by the analytical solution for laminar, annular,
two-phase flow between parallel plates; for high mass fluxes, the liquid volume fraction
approaches the solution from tlZévi annular void fraction correlation. Since liquid
volume fraction is directly related to film thickness, knowledge of the correct liquid
volume fraction is critical for determining the oect heat transfer coefficient.

Third, thecombinedeffect of simgle-phasefully developed and developirigrced
convection on an eporating film was investigate@or low mass fluxe§.e. thermally
fully developed flow) the thermal boundary layer quickly reaches the liyaigor
interface resulting in significanievaporation and little forced convection; however, for
larger mass fluxesi.e. thermally developing flow)the thermal boundary layer never
reaches the liquigtapor interface, resulting in little evaporation, and consequéngdy

heat transfers dominatel by forced convection and nucleate boiling. Accordinghe
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balance between singfthase forcegtonvection and annular film evaporation is critical,
and should be modeled

Finally, the effecd of intraamicrochannel flow distribution and fin conduction
were investigated using a flowube model, which divides the manifeilicrochannel
unit cell into a system of parallel, namteracting evaporating streamlines, and computes
wall temperature using aD fin equation.In the end, it was established tlhte b the
asymmetric liquid feeding and heating, dryout occurred on the wall of the microchannel
at vapor qualities below 10%, resulting @xtremely thin film and a heat transfer
coefficient that increases with increasing outlet vapor quality. However, kst wapor
guality is increased, a significant area of the microchannel wall becomes dry, resulting in
a decreasing wall heat transfer coefficient and an optimum vapor quality significantly
lower than that of straight microchannels.

The preliminary modeling effort highlighted the roles of nucleate boiling, single
phasefully developedand developing forcedonvection heat transfer, liquid and vapor
volume fraction intramicrochannel flow distribution, and fin conductiam accurate}
predicting heat transfer coefficients in FEEDS systems. Accordingly, the final model,

presented in Chapter 4, Withclude all of these effects.
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4 2 -bMi cr ochannel Mo del

Computationalfluid dynamics is a powerful tool for simulating thermal and
hydrodyhamic performance of complex heat exchangers. For spiglse laminar flow
of a Newtonian fluid, few assumptions and simplifications need to be made, and the
NavierStokes equations can be solved using a fvileme or finiteelement method.
For twophase flows, the interface between the separate phases must be tracked, often
requiring very fine meshes to obtain mastiependent results. In addition, the need to
track the interface of the phases puts a limith@time step for numerical stabilif{p4-

56]. This limit is called the Courant nuar, and is defined as:

. Yo, 371
0O Og= O 7.
R (3.7.1)
For explicit numericabchemeso p. Sincethe Courant number is inversely

proportional to mesh spacin¥¢ for smaller geometrieshe time step must be reduced.
In addition, because fine meshes are often required to obtairinuegiendent results,
the Courant number constraint would require smaller time steps, which would then
require more time stepfor the same simulation timeAccordingly two-phase
simulations run witithe volume of fluid YOF) method often require fine meshes and
small time step$ with Courant numbers as low as 0[85] and time steps as low as®.0
s [56]0 and it can take weeks to perform enough iterations to arrive at a solution
Therefore, otherapproaches, if they can be found to provide sufficiently accurate
predictions, are highly desirable.

Accordingly, an alternate approach was taken here. The preliminary models

presented in the previous chapter provided the foundation for a master mpeble azt
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taking into account the physics simulated in each of the preliminary models. However, in
the interest of understanding the effects of the physical phenomena as well as
troubleshooting the model, the model was formulated so as to keep the véuysicalp
assumptions independerh addition, die to the norstandard assumptions and model
couplings, a custom numerical code was developdmuse.The governing 2D Navier
Stokes equations were discretized using the-dirder upwind scheme and solvedng
the SIMPLEalgorithm. These equations were coupled toMd= via the fluid mixture
density, and the VOF equation was coupled tolithed andwall temperature via to¢
phase heat and mass transfer.

The custom code wafirst validated by comparing singfghase thermal and
hydrodynamic predictions ifully developedand developing flow to those obtaingsing
3-D ANSYS Fluent Then, the effect of the various typhase physics options was
investigated, and past twahase eperimental result§10] were compared to the model.
Finally, a parametric study was performed oa #ifect of various geometry variables

and a baseline design was obgairio meet the ICECool metrics.
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4.1 Model Domain

Like previous models, the symmetries inherent to a manifotdochannel
system were utilized tsimplify the domain down to a unit celthis simplification relies
on the assumption of an even inteicrochannel flow distribution. This assumption is
valid if the manifold is designed properly, such that an even-mierochannel flow
distribution is dtained. Since a manifold model (debed in the next chaptewill be
used to properly design the manifold, this assionpvas considered to be valid

However, unlike previous preliminary model$is model is not intended to
merely toprobe the physi¢cgo be accurate only at low mass #sx or to predict only
heat transfer coefficientRather,it is intended toprovide an as accuratespossible
prediction of heat transfer and pressure drop. Accorditigeydomain was simulated in
two dimensions: two parallebligned2-D meshes were udé one to simulate the fluid

and to simulate the solid. The domain and sample mesh are shéwn4tB.7.
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Fig. 4.11: Model domain and sample mesh for the 2:B microchannel model

4.2 Model Assumptions

The following assumptions and simplifications were made in the model:

(1) The fluid flow is 2D, steadystate, laminar and can be modeled as a mixture

(2) A friction factor and Naselt number can be used to simulate the effect of the
third dimension (zoordinaté, which is not simulated

(3) Liquid remains attached to the wall and forms a thin film with vapor passing
through the center of the channel (no liquid droplet entrainment)

(4) Wall temperature distribution is-R in the x and ycoordinates (Biot

number<<1)
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(5) The effect of base spreading on the temperature distribution at the base of the fin

is ignored

4.3 Model Equations

The equations used in the @D5microchannel model will be presented in this

subsection. T h e t erD® fi2s. 5used h e r e assungtionk iamdh | i g h

simplifications made to the model, which allow th® 3lomainto besimulatedby a 2D
mesh. Two adjacent 2D meshed one for the fluid domain and one for the solid
domair® were used to simulate fluid flow and conjugate conduction, respectively.
Boundary layer assumptions in the third dimengmwaovided realistic flow resistances
and heat transfer coéffents, and void fraction correlations provided an estimate of
liquid film thickness and volume fraction in twahase modeDue to the unique physics
and model couplings, commercially available codes were not used. Instedd C&R2

code was developed Matlab.

4.3.1 Continuity Equations

The steadystatecontinuity equation for the mixture is given[b¥] as

nd” ® Tt (4.31)
where
. B | " w®»
® _— (4.32)
b " (4.33)
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This partial differential equation can be converted into an algebraic equation

using hecontrolvolumesshownin Fig. 4.3 1.

Continuity
Py
E, A
Fe
PW —1> Pp —> PE

E, A

i
P

Fig. 4.31: Control volumes for the continuity equation (pressure).

The continuity equation can therefore be written as

'O 0 0 0 m (4.34)

It is worth noting that the continuity equation for the mixture does not depend on
the phase change rate, since, an equal mass of liquid becomes vapor. Thergibesethe
change ratedoes not appear in the continuity equation for the mixtimeaddition,
following the SIMPLE algorithm for pressureelocity coupling, these control volumes
can be used to derive an equation for pressure, as detailed in Pgaihkaccordingly,

those egations will not be given here.

4.3.2 Momentum Equations

The steadystate momentum equation for the mixture is givefb#j as
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nD” b » nnp " Td  d R2)

(4.35)
n 0 T T
where

bp @ B (4.36)
. B | " ® (4.37)

) - s
(4.38)
‘ ‘ (4.39)

and™O is the volumetric force representing the shear stress force on the fluid due to the
microchannel wall.

This partial differential equation can be converted into an algebraic equation
using the control volumes shown for andy-momentum equations Fig. 4.32(a) and

(b), respectively
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Fig. 4.32: Control volumes for (a) x and (b) y-momentum equations.

where astaggered grid was us@daccordance with the SIMPLE algorithifhe upwind
discretization scheme found in Patanf&#] can therefore be used to obtain caréints

to form an algebraic system of equations. However, due to the use of the mixture model,
an additional source term is required, which is similar in form to that found anthdar

film evaporation withphysics based void fraction modsk€Eg. (3.4.15)). Moreover, the
momentum coefficients themselves are, in fact, the summation of the liquid and vapor
momentum coefficients, as in thannular film evaporation wh physicsbased void
fraction model. Accordingly, after expanding thenular film evaporation witphysics

based momentum equations to tdimensions, e momentum equationske the

following form:

X-Liquid Momentum

~

GV Y O 6 oY b 60 vo (4310

C

R R (4.311)
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(4.312)
(4.313)
(4.314)

(4.315)

(4.316)

(4.317)
(4.318)

(4.319)
(4.320)
(4.321)

(4.322)

(4.323)

(4.324)
(4.325)
(4.326)
(4.327)
(4.328)
(4.329)

(4.330)

(4.331)



(4.332)

W W ® O Y
o YO (4.333)
Vo
o 122 o (4.334)
Y&
65 10 2° o (4.335)
J
6 1 o (4.336)
Yw
P (4.337)
Y-Vapor Momentum
Ho b o HdGw b 6o & 80 0 Yo (4339
O d o o & Y Va (4.339)
P YO ok (4.340)
Vo
o 1 o (4.341)
YQ
P YO (4.342)
Jw
6 1 ¥ o (4.343
Yw
S Va O (4.344)
Y-Mixture Momentum
Go O do o6 &Y & 0 0 Yo (4.349)
6 & O (4.346)
6 o O (4.347)
P (4.349)
P (4.350)
oo O O D O (4.351)

Three friction factors are available simulate the effeatf finite thickness in the
z-dimension homogenous friction factor, annuléully developedfriction factor, and
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developing flow friction factarHomogenous friction factor is similar to that found in the
flow-t ube (Astreamlineo) mo @ eahd agsunmes &aminag d
homogenousully developedflow. The annular friction factor is derived in Appendix A,
and assumes laminar, annuléully developedflow. Finally, the developing friction
factor is derived in Section 4.3.6 arassumes laminar, annular, developing flow. The

friction fectors can be expressed as:

P ET YoV
|f0— 0¢ a ¢ "QQ&GE w0 (4.352a)
et 1 YoYe
v _ 0£¢0OWIGDO " (4.352)
Ifr L f o ]
l’}c .t T y(by(m yo 'Q \ 'Q 1 JPY rma')nﬁ
z z U a 8
wo T o T ) (4.352c)
P& Yo ot 2 a i e g s (4:3533)
I’I’O— Ot ae QQex Nwo
Towe | VaYe e, )
"y - = - - 0€ € 0®®WWIQwo
(r U o ¢Y o |
l:l( TY' | YooYwé

0Q0 Qa £G wia (435%)

v 0 g’ ¢Y o]°
It is worth noting that the accent® in this section is used to indicafelly

developedvalue that is,the solution of Eqs(4.3112) and (4.3113c), as @scribed in
Appendix A.

A comparison between theessure drops obtained using kimenogenous friction
factor andthe annular friction factofor a given total (liquid and vapomass flow rateas

a function ofvapor qualityis given inFig. 4.3.3.
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Fig. 4.3.3: Comparison between pressure dromssuming homogenous and annular
friction factor.

Pressure Drop / Mass Flow [N,r‘m3 s/kg]

At low vapor qualities, annular friction factor is observed to give a lower pressure
drop than homogenous friction factor; however, at high vapor qualities, annular friction

factor predicts a highgressure drop than homogenous.

4.3.3 Conservation ofLiquid Species

The steadystate conservation of species equation for the mixture is givigajn

as
LRSI LRGN T T (4.354)

It is shown in Appendix B that E4.3.54) is equivalent to
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no®” ® Y (4.355)
This partial differential equation can be converted into an algebraic equation

using he contrévolumesshownin Fig. 4.34.

Liquid

Yy
Al Fng

N R
YW —+ YP —+ YE
E, A
. IFS
Amevap Yo

Fig. 4.34: Control volumes used to derive conservation equations for liquid specie

The upwind discretization schenfieund in Patankaf57] can be used to derive
thealgebraic system of equations. However, it is worth noting that based on thgs oésul
the preliminary modeling, twphasechange mechanisms are present. nucleate boiling
and film evaporation. Two phasehange source terdsYa and Y& & are
therefore included to represent the phase change rates due to nucleate boiling and
evgoration, respectively. Since phase change is from the liquid phase to the vapor phase,
these source terms are negatimeaddition, since the control volumes are assumed to be
of unit width, the source terms must be divided by the microchannel widié.
conservation of species equatiterefore takes the form

DR DA DO OO OR ® (4.356)

W 0w 0 (4.357)
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"ohn (4.358)

"o (4.359)

®  ohm (4.3.60)

&) "Ohmn (4.361)

&) Ya Yé Yé (4.362)

Nucleate boilingis assumed to adirectly on the wall, carrying away heat via
phase change, and thereby couples the wall temperature to the saturation temperature.
The nucleate boilingghasechange ratés modeled using the relationship recommended

by Forster and Zubd#6]:

. ¢y Q2 onpd @ Y . .
ya T8 1T P < 5 8 G v Y vy 8 yp 8 (4.363)

whereY0 0 Y 0 Y

Film evaporatiortakes two forms, depending on the selegibgsics optionsif
the flow is considered to be thermally fuldeveloped, then the evaporation rate is
assumed to be the result of direct conduction from the wall through the liquid film to the
liquid-vapor interfacein this case, film evaporation isnsiar to nucleate boiling in that
it acts directly on the wall and couples the wall temperature to the saturation temperature.
If the flow is thermallydeveloping, then the evaporation rate is the result of direct
conduction from the liquid bulk to the led-vapor interfacg in this case, film
evaporation acts on the liquid, cooling the liquid to saturation temper8ite of these

cases can be modeled as
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The total potential evaporation is thereftre sum of the twocomponents

Yo Ya Ya (4.369)
Similar to theannular film evaporation witlphysicsbased volume fraction

mode] the phase change rate needs to be limited to the amount of liquid entering the cell.

The total liquid entering a cell is given, conveniently, by:

()

Ya WO OO O O (4.366)

Defining the wettedraction,_, as

.. Ya
no_ 0 ET

oo (4.367)

14
AT

The phase chmge rates can then be corrected

Y _Ya (4.368)
Ya _Ya (4.369)
ya _Ya& (4.370)

Finally, the effective nucleate boiling heat transfer coefficient can be compuged
scaling the corrected phasbange rate. Howevethe selected value depends on the
selected physics options. If the flow is assumed to be thermallydelgloped, then, as
mentioned abovehe film evaporation and nucleate boiling components both act directly
on the wall; accordingly, the proper phadeange rate is the total rateucleate boiling

and film evaporation) For thermallydeveloping flow, only the nucleate boiling acts
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directly on the wall, and therefore, only the nucleate boiling plchsmge component is

considered when computing this terlwbathematically, this can be written as:

0 Q <, Y | . ., (4.371a)
'qu@/w v y Ya I & cdhiDa QD Qo €
¥ Yo NI & GaQ@ioQo Qa i (4-371)

reYyw'yY Y
4.3.4 Conservation of Energy in the Liquid Domain

The steadystateconservation of energy equatiéor the mixture is given if54]

as

"0 | " BEY 1270 Y Y (4.3729)
where™Yis a volumetric heat source term, and
0 0 (4.373)

It is shown in Appendix B thaafter neglectinghe heat capacity of andeat

transfer in the vapor phadeg. (4.372) can be simplified to

R0 B O FY Dl Y Y (4.374)
This partial differential equation can be converted into an algebraic equation

using thecontrol volumegivenin Fig. 4.35.
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Fig. 4.35: Control volumes used to derive conservation of energy in the liquid
domain.
where the volumetric source terily,is made uphree componendsn ,n ,and

N & as described in more detail below.

Upwind discretization can be used to derive the algebraic system of equations, as
described in Patankdb7]. However, it is worth noting three source tedm$ ,
n ,andni 0 which correspond to the sensible heat load due to nucleate boiling (heat
is added to the liquid phase, since the ligisdassumed to cool to saturation before
vaporizing), the total (sensible and latent) heat loss due to evaporation, and the heat load
due to forced convection on the wall. The heat load due to forced convection on the wall
is linearized using a forcecbnvection heat transfer coefficient, and an implicit and an
explicit source term are added to the algebraic system of equations. The heat load and
heat loss due to nucleate boiling and evaporation, on the other hand, are treated as
explicit source terms, anwb explicit source terms are added to the algebraic system of
equations. This idecausethe liquid evaporation rate is often limited by the wetted

fraction GeeEq. (4.367)). Accordingly, under this condition, the evaporation rate is no
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longer linearly proportional to liquid temperature, but rather held constant. Accordingly,
an explicit source term was always used.

In addition, it is worth noting that diffusion idsa present due to the thermal
conductivity of the liquid. Patankaj57] provides simple formulas for diffusion.
However, due to the presenceafwophase mixturethose formulas must be scaled by
the liquid volume fraction (liquid level height), since no diffusiocws when no liquid
IS present.

Thus, the liquid temperature equation takesohliewing form:

OGY B QY B Y & (4.379)
R I (4.376)
R y
6o 0 6o ofn (4.377)
Vo
Yo .
& Quey 6 O O (4.378)
)
. Y .
O Quer 6 & Ch (4.379)
Yw
. YW .
6 Qe 6O O (4.380)
Yw
® oY Yo 6 Y Y Q Y& 6 Y Y (4.381)
. YW,
w 5 Q (4.382)

The forcedconvection heat transfer coefficient couples the wall temperature to
the liquid temperature and depends on the selected physics options. For the case of
thermally fully developed flow, forcedonvection is nglected; for the case of thermally
developing flow, forced convection heat transfer coefficient is compuging the fully
developed Nusselt number,6 x®& Tt for the case when Nusselt number is assumed to

be developing, the local value of the Nusselnber is used (see Section 4.306 a
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discussion on how the local Nusselt number is computed). It is worth noting that for
consistency, the forced convection heat transfer coefficient is scaled by the liquid wetted

fraction,_. Mathematically, the relatiship can be written as:

L YD1 G hDa @D Qo ¢ (4.3833)
vy TQ o\ \ I3 v oy X, N7 \ I3

0 Ifﬂ—xfﬂ’ T YRi ¢ 0QQQd ¢ (4.383)
"’U TQ 4 L4 D) D Al X, 1 &AW
U,:ﬂ—U 0 O0Qu Qa eUrp  (4.383)

Finally, it is worth noting that both the nucleate boiling and film evaporation
phasechange rates appear in the source term for the ligaieHg. (4.3.81)). However,
whereas the film evaporation rate provides a sensible and latent term, the nucleate boiling
phase change rate provides only a sensible term. This is due to the fact that fde nuclea
boiling, the latent heat is assumed to be provided by the wall, whereas the sensible term is
assumed to be provided by the liquid, in order to maintain an overall energy balance in

the liquid.
4.3.5 Conservation of Energy in the Solid Domain

The governing eaation for conservation of energy in a solid is given by

noMY Y 1 (4.384)

This partial differential equation can be converted into an algebraic equation

using he control volumes shown kig. 4.36.
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Fig. 4.3.6: Control volumes used to derive conservation of energy in the solid
domain.

Since no convection jgresent, only the diffusion formulas found in Patarjk&i
were used to discretize the solid domain. In addition, two source tmenmesend
n andr) o the heat loss due to latent heat from nucleate boiling, and the heat loss
due to forced convection on the walespectively Both of these terms are linearized
using a heat transfer coefficierse€Eq. (4.371) and(4.3.83)), and an implicit and an
explicit source term are added to digebraic system of equations.

The wdl temperature equation therefore takes the form:

AOY DY DY DY QXY @ (4.3.85)
A (4.386)
. Y
& Qo (4.387)
Yw
o 0% (4.389)
Vo
o 0% (4.389)
Vo
o 0% (4.3.90)
Vo
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H O Y &Y (4.391)

o LY (4.392)
U

R (4.393)
U

It is worth noting that the forcecbnvection heat transfer coefficient acts to couple the
wall temperature to the liquitemperature, whereas the nucleate boiling heat transfer
coefficient acts to couple the wall temperature directly to the saturation temperature.
Moreover, as with all the previous equations, since the mesh is assumed to be of unit
width, the source termsdhact upon the frontal area must be normalized by the width of

the fin, as shown in E¢4.392)-(4.3.93).

4.3.6 Streamline Equation

One of the major findings of the force convection model is the important
contribution of thermallydeveloping flow to the forced convection heat transfer. While
correlations exist which relate the averdégpparent) friction factor or Nusselt number as
a function of microchannel length, obtaining local values is often more difficult.
However, the local value can be computed with knowledge of the average value using the
definition of an average value. Foistance, the average friction fac{d8] and Nusselt

number3] for developing flow between parallel plates are commonly correlated as:

08 1 e - (4.394)

T8t 3 (4.395)

where:
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vy

‘ (4.396)
© Yo o
e Y (4.397)
YQ 00
where"Yis the distance down the streamline.
Using the definition of averagéfleo - "Q&'Q @the local value can be
computed from:
N Qs e o (4.399)
Qo  —. 3w b 3 o

Qw

Therefore, the local friction factor and Nusselt number can be comastted

p 0BT ¢Z2QYQ @

QY 'QE (4.399)
o8 T QYQ w
T8t @ T8t pApcS 7
66 Y T G plfp _ (4.3100
p T8t pApes

Since two differentorrelations will be used to compute friction factor, it is useful
to normalize the developing friction factor by its fulleveloped value so that any
correlation can be used. Noting that for parallel plates, tldieloped friction factocan
be computed asQY'Q ¢ 1 we can define a developing flow friction multiplies

QYQ p o881 CZC TW (4.3101)
QYQ 1 Yog 1 CT®

However, as of now, it is still unclear hotw computew andds since they
depend on the distance the fliidstraveled along the streamling&, For a 2D flow, it is

not immediately obvious how to calculdkes length along the streamline
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With only a few lines, an equation for the length along the streamline can be
derived as a partial differential equation. By definition, any field functidmust satisfy
the identity

oy —Se 96 (4.3102
o 1 o

In addition, the formula for the length of a curve is

QY DO %5'9 0 %é'o @ (43103

Substituting these two equations into each other, one arrives at the following

partialdifferential equation:

Y 1Y
oT o UT d) SV (4.3104)

The form of this partial differential equation is a convection equation with a
source term equal to the velocity magnitude. Following Patgdbkédr Eq. (4.3.104) can

be discretized using the upwind scheme as:

G O QAY HY HY O (4.3109
I A (4.3108

& “OFrt (4.3107

& e (4.3109

o "Ofr (4.3109

o “Oft (4.3110

@ Yo dyac  dYec dYos (43111
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4.3.7 Void Fraction Correlation

From theannular film evaporation witiphysicsbased void fraction model, it is
known that the voidrraction is always bounded between the faéveloped annular void
fraction correlation and the Zivi aalar void fraction correlation.

The generic formula for void fraction ggven by[51]:

p

p_wY (4.3112
P w Y

where is the vapor quality)Y ” 7' is the density ratio of the liquid and vapor, and

the slip,”Y “YTY is given by[51]:

P O¢ 4 ¢ "DBW 06 (4.3113)
N N
‘ Y ) Q0 'Q0 & 6 6 OO (4.311%)
RO SY T O op y a@0 Qa b 8 R 626 W
¥ 10 [ 4 (4.311%)

where”Y ‘T s the viscosity ratio of the liquid and vapor. It is worth noting that the
equation for slip for fullydeveloped annular void fraction correlation is itself a function

of the void fraction. Accordingly, iteration is required to solve for the voidifnact
4.3.8 Face Densities, Fluxes, and Velocities
The face density is given as the avesighted average of the liquiché vapor
densities on the fadé4]:
s (4.3114)

, P (4.3115
where the liquid and vapor volume fractiohs,and , are computed from E¢4.3112)

and the desired equation for slip from E4.3.113). In addition,it is worth noting that
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the liquid and vapor volume fractions must be computed on the appropriate faces using a
suitable averaging technique; accordingly, the value inxthend y-directions are
different.

The face liquidphase fluxes can be computed isimilar manner to the way they

are calculated in thennular film evaporation witphysicsbased void fraction model:

0 HGd 0 O W (43119
0 0O O (43117
0 Go 0 B (4.3118
0 0 H O OO (4.3119

The facevaporphase fluxes are the difference between the total face flux and the

liquid-phase face flux:

© 0 0 (4.3120)
© 0 0 (4.3121)
© 0 0 (4.3122)
° O 0 (4.3123

Finally, the face phase velocities can be computed as follows:

" © (4.3124)
B
y O (4.3125
"1V
n o (4.3126)
R
o 2 (4.3127)
” y(b
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0O (4.3128)

o
o ‘ (4.3129

4.3.9 Liquid Film Thickness

Finally, the liquid filmthickness can be computed from the geometry as

| P IO T¢ T 0 TIg (4.3130

It is important to note that the liquid and vapor volume fractigngnd 4,

respectively, are accented with ato indicate that the volume fractisnomputed in this
section for the purpose of calculating the film thickness are separate from the void
fractions computed in the above equations for the purpose of computing momentum and
mixture density. While these ub fractions ideally should be identical, in practice, it
might be desirable to decouple the problem in ordeérowbleshootunderstand the role

of physicsor to increase numerical statyl
4.3.10Boundary Conditions and Meshing

The boundary conditions are@vn inFig. 4.37.
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Boundary Condition Legend:
Flow  Thermal

Inlet Manifold Outlet
SR
Velocity Wall, Pressure
Inlit Insulated Outlet
Ll

Symmetry, Insulated
paje|nsu| ‘AljawiwAg

AABIBIEIRILEE AL SLE

Lx..-.T-T

Wall, Heat Flux (1 kW/cm?)

<

Fig. 4.3.7: Boundary conditions for 2.5D microchannel model.

However, rather than adjust tequations themselves for cells on the boundaries,

fictitious cells were used to impose the boundary conditions, as shdvig $3.8.

1,Ny+2 | Inlet iManifold] Outlet |

i-1,j+1 | Qj+1 | i+1,j+1

T : : used for
Ay Uij —>Pij i+1,] > Boundary
A — i\ /  Condition

! ¢ Enforcement

12 |1 | vy |ivLia

Fig. 4.38: Boundary condition enforcement using fictitious cells.

123



For instance, to impose a general boundary valueon the interface between

cellscandd) one requires that, for a uniform mesh

A c (4.313)
Solving for the value ofd d the fictitious celd results in:
O W ® (4.3132

Thus, EQg.(4.3132) can be used in general to impose a certain boundary value.

Similarly, to impose a fluxO, between cells)andd) one requires that

O JoT d)e ww © 4.313
o R (4.3139
where is the diffusion coefficient, andlwis the grid spacing.
Rearranging and solving fos yields
w o (4.3139

At the velocity inlet, a normal velocity, quality, liquid temperature, and density
were specified as well as zesbearstress for the normal velocity component. At the
outlet, pressure was set equal to zero as well as stezarstress for the velocity
component normal to the outlet. On the manifold section, a wall boundary condition was
applied. On the side walls, a symmetry boundary condition was applied. At the base, a
wall was applied for flowand a heat flux was applied for energy. All remaining
bourdaries were considered thermally insulated.

The mesh is both Cartesian and uniform in each direction. The grid spébing
andYowere selected to be as square as possible, for a given geometry and mesh size. To

obtain interfacial values, linear interpttan was used, as described in Pataifk@}.
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4.3.11Solution Algorithm

The SIMPLE algorithm was used to solve the coupled pressure, velocity, and
other conservative equatinDetails of this algorithm are givenRatankaf57], and are
not duplicated here. However, a figure summarizing the SIMPLE algorithm is given in

Fig. 4.39, below, and the procedure will be briefly described.

Solve
Initial Guesses: Momentum
UV,P,&¢ Equations for U™
and V*

¥

Solve Pressure
Equation for P’

Y

Correct
UV, &P

v

Solve other @

{

Converged?

Fig. 4.39: The SIMPLE Algorithm.

Thus, the model consists of seven sets ofindependent
variables{ Yool R Y'Y ¢ ¢ TY with thee being HYRY & & T Starting with initial
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guesses for all variables, the momentum coefficients can be calculated from Egs.
(4.310)-(4.353), and the momentum equations solved. Then, the pressure coefficients
are calculated using the procedure described by Patfiaand the pressure correction
equationsolved. The velocities and pressures are then corrected using the formulas in
Patankar, and a mass conserving velocity field is obtained. The procedure continues by
computing the liquid quality coefficients from Eqg.356)-(4.3.70), and the liquid
quality equation solvedThe nucleate boiling heat transfer coefficient defingdHu.
(4.371) can then be updated using the appropriate physics optidms. liquid
temperature coefficients are then calculated from E48.75)-(4.383), and the liquid
temperature equation solved. Similarly, the wall temperature coefficients are computed
from Egs. (4.385)-(4.393), and the wall temperature solved. Finally, the streamline
coefficients can be computed from E@.3.105-(4.3111), and the streamline equation
solved. TheNusselt number can then be updated from B.100), and thefriction

factor multiplier can then be updated from E4.3.101). Finally, the void fraction, face
densities, fluxes, velocities, and film thicknesses are updated using(£&£8412)-
(4.3130, and the momentum coefficients can be calculated again usingZ4£8/$0)-
(4.353).

The iterative procedure then repeats itself until convergence. A reduction of the
normalized residuals by a factor of-4ewastypically used for convergence. Implicit
damping was used for the momentum equations, wkpéait damping was used fdhe
remaining equation®amping coeffients of 0.7 for velocityD.5 for quality, and 0.7 for

liquid temperaturavere foundto besuficient. No damping was found to be necessary
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for conservation ofvall energy and pressure correctidil equations were solved using

sparse linear solvers in Matlab
4.3.12Data Analysis Equations

To obtain the pressure drol], and outlet temperaturdY , mass flow rate
weighted averaging was used. To obtain fiase superheaty”Y , areaweighted
averagingon the fin bas&vas used. The total mass flow rate can be calculated as

a " w0 0T (4.3135

To obtain the mass fluXQ the total mass flow rate is divided by the area:

a
—g (4.3136)

0

The total heat can be calculated as

64 6 00d B 0 (4.3137)
wheren is the heat flux with respect to the total base arearjandis the heat flux
with respect to the fin area. It is worth noting that is used to irpose the heat flux
boundary condition when solving conservation of enegigce the conservation of
energy equations are essentially dividedbby

The outlet vapor quality can be calculated as

S
0 5 v v (4.3139)

To obtain thdin heat transfer coefficient, the base heat flyx, is divided by

thefin base superheaf,’Y :
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=

"0

v (4.3139

<

Finally, the average wall heat transfer coefficiéf, , can then be calculated

from
- 0 0 0
C Q U (4.3140
where
O AT4EQ
a0 (4.314))
) ¢ % 4.314
G 0 (4.3142

Thus, sincéQ  depends on , which itself depends o2 hEgs. (4.3.140)-

(4.3142 must be solved simultaneously.

Finally, the effective heat transfer coefficient on the b&e, , can be computed

by adding in the thermal resistance of the substrate base:

Q b2 4.314
— % (4.3149
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4.4 Model Validation

The 2.5-D microchannel model was then validated through a series of kests.
fully developed and developinginglephase tests were conducted wherein theD2.5
model was compared to a fulll3 CFD simulation comparing hydrodynamic and
thermal performancelhen, the effects of twphase physiceptionswere investigated

and the model was compared to tploaseexperimental data.

4.4.1 SinglePhase Validation

To validate the model, the model was first run in skpdlase mode for a wide
range of flow rates manifolds, and surface geometries and fluids relating to those
encountered durinthe course of the experimentsrfprmed in the present study and the
geometries tested Ieteger10]. The pressure drop and ovitfzeat transfer coefficient
was then compared to that obtained from a commerdaC¥FD software.

Thetestcases can be divided into two categories: fddyeloped and developing.
Theflow rates manifolds, surfaces and fluids encountered in the pregmkttend to be
fully developedwhile those from Cetegen tend to be developirtge geometries of the
test cases are givenTiable4.4.1. Thefully developedcomparison is given ifig. 4.4.1,
while the developing flow comparison is giverFig. 4.4.2.

For fully developedflow, the 2.5D model is exceedingly accuratas the solid
lines (2.5D CFD) almost always intersect the data point®(8FD), as shown iffrig.
4.41. In fact,when 2.5D CFD prediction is plotted against theD3prediction,most of

the data point&all within 5% of the 2.5D CFD predictionas shown itrig. 4.4.4(a).
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Table 4.4.1: Summary of manifold and microchannel geometries

Manifolds
Name oo | dop o e AT Aot 20T
[um] [um] | [um] [um]
Ti64SS 100 400 100 500
Ti64S 150 350 150 500
Ti64 200 300 200 500
Half 250 250 250 500
Quarter 100 100 200 250
Cetegen 200 450 500 800
Surfaces
L o l
Name ml | [um] | [um] [um]
#E 10 10 100 400
#EDb 10 5 100 400
#C 22 40 415 200
#17 42 85 483 200
#12 60 118 406 200

The surfaces tested by Cetegen reveal a more complicated trend, as skayyvn in
4.42. For these surfaceat lowflow rates(e.g. surface #17; G=200 kgir), the flow is
fully developed, and the fullgeveloped models for friction and Nusselt numfsadid
lines) are accurateHowever, as mass flux is increas@dg. surface #17; G=46800
kg/m?-s), the flow transitionsfrom fully developed to developing, and the developing
correlations for friction and Nusse(dashed linesyare neededo match 3D CFD
predictiors. As the mass flux is increased even higleeg. surface #17; G>600 ko),
inertia acts to cause secondary flawslevelopunderneath the inlet and below the ouytlet
as shown irFig. 4.4.3, resulting in nomegligible zvelocity componenti.e., a 3D flow.
The pressure drop and heat transfer coefficient are therefore observed to iacretese,
2.5-D model with developing flowdashed lines) no longer providascurate predictions
since thissimplified model does not simulate3 flow. The accuracy of the developing

flow cases is shown ikig. 4.4.4(b). For cases where tHw remains 2D, the 2.5D
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model with developing flow correlations provides accurate predictions to Ws&in
However, as expected, when the flow i®3the accuracy of the 25 model is reduced
to 20% Further work is required to characterize undéiat conditions the flow can be
assumed to remain-R2, such that the 2:B model can accurately predict thermal and
hydrodynamic performanceithout the need to doubleheck with 3D CFD.

Nevertheless, it is worth noting that the error associated withsthiglified
model is largely one directiondbr both heat transfer coefficier#tind pressure drophis
model will tend to undepredict Thus, this model, in its present form, can still be used to
provide conservative estimates of heat transfer coefticend reasonable estimates of
pressure drop, with the understanding that both pressure drops and heat transfer
coefficients might be higher than predicted. Moreover, the model can also be used as a
computationally inexpensive means of obtaining a stagimint for optimization using a

full 3-D CFD model.
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Fig. 4.4.1: Single phase fullydeveloped comparison betwee.5-D to 3-D Modelwith (a) R245faand (b) ethanol. Data points
representthe 3-D CFD while lines representhe 2.5-D model.
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CFD, solidlines represent fullydeveloped assumption using 2:b CFD, and dashedlinesrepresentdeveloping flow
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G=200 kg/m?-s ~ G=600 kg/m%s  G=1400 kg/m?-s
@) (b) ©

Fig. 4.4.3: Cross sectional cuts of velocityectors for Surface #17 (a) G=200 kg/nf-s, (b) G=600 kg/nf-s, (c) G=1400
kg/m?-s.As mass flux is increased, flow becomes increasingly thrdémensional.
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Fig. 4.4.4. Accuracy of 2.5D model in singlephase mode (a) fully developed and (b) developing.
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4.4.2 Effect of Physics

Next, the effect of varying the physical modelsed to predict twphaseflow
was assesse8urface #17 was selected as a candidate for varying the physics since both
trends were observed in the experimental data from Cefd®nThe dimensions of
surface #17 are given ifable4.4.1. The physical models were changed sequentially, and
all changes were owulative. The results are shown kig. 4.46. A summary of the
physics options is given ifiable4.4.2.

Initially, the momentum and friction is set to homogenous, andditefraction
set to Zivi. Homogenous void fraction was not used since the flow is expected to be
annular andthe homogenous void fractiamould predict extremely thin film thicknesses
which would predict aterof-magnitude larger heat transfer coefficients. The liquid was
also assumed to be thermally futlgveloped. A plot of the wall heat transfer coefficient
vs. outlet vapor quality igiven inFig. 4.4.5(e). The plot shows that even as the mass flux
is increased from 200 kgfms to 1400 kg/rhs, the heat transfer coefficient is largely
unaffected. m stark contrast, the location of the thin film i®served to change
significantly with mass fluxas mass flux increasesertia carries the flow toward the
bottom of the channels shown irFig. 4.4.5(a)(d). However, heat transfer coefficient
remains unaffected since the conductance of the copper fin is much larger than the wall
heat transfer coefficient. Accordingly, the exact location of the filim is relatively
unimportant, compared to the thickness of the film.

First, physics options which affect the wall heat transfer coefficient were changed
oneby-one.The model was then run with forcednvection turned on, and thall heat

transfercoefficientswere olserved to decreaséor the two mass fluxes given fAg.
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4.4.6. The addition of forcedonvection heat transfer acts to superheat the liquid before
evaporating it. This, in turn, results in lower local vapor qualities and subsequently
thicker films, reducing wall heat transfer coefficient. Nucleate boiling was theedur
on, and the heat transfer coefficiamhs observed to increase significantly. For surface
#17, heat transfer coefficient from nucleate boiling tends to be ldhger the heat
transfer coefficient from film evaporation, due to the relatively wide oblanof surface
#17. Lastly, developing Nusselt was turned on, and the wall heat transfer coeffiagent
observed to increase further. However, the relative incrgaskarger for the larger mass
flux of 800 kg/ni-s than for the lower mass flux of 200 kgfs, since the lower flowate
wasnearlyfully developed

Next, the physics options which affect pressure drop were changed. The friction
factor was changed from homogenous to annular, and the pressure drop for both mass
fluxes was observed to increas¢owever, the increaseas not nearly as large as one
would expect from the pressure drop vs. quality plot shovwigr4.3.3. This isbecause
only a small area of thehannelwasoperating ahigh vaporqualitiesbelow 100% where
annular pressure drop is larger than homogeneas Fig. 4.33). As shown inFig.
4.45(a)(d), a large area of the chanmedsactuallydry, despite the outlet vapor quality
being only 10%. Accordinglyonly a small portion of the total pressure drop is generated
by flow in the moderate quality range, and accordingly, the pressure drop does not
increase as drastically as one might expect. Finally, the friction factor was changed to
developing, and the pressure dmwpsobserved to increase. However, the incresase
significantly larger for the higher mass flux case (G=800 kg/rsince the higher mass

flux wasmore in the developing regime.
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Accordingly, the most accurate physics options are assumed to be homogenous
momentum, developing friction, Zivi void fracticzorrelation,and developing Nusselt

number.
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Table 4.4.2 Summary of various independent and mutually exclusive physics options, as well as corresponding equations

Momentum Friction Void Fraction/Slip Liquid Temperature
romogerousied | Homegenoushuly | Homooenausild facton | ety uly ceveopec
Eq.(4.3113a) Egs.(4.352a) & (4.353a) Eq.(4.31133) Egs.(4.3642) & (4.3.71a) & (4.3833)
Zivi void fraction L : . Thermally developing:
. Annular, fully developed Zivi void fraction correlation
correlation Egs.(4.3.64b) & (4.3.71b) &
Eq.(4.3113b) Eqgs.(4.352b) & (4.353b) Eq.(4.3.113b) (4.383b)
Fu"é?ﬁ:ﬂfped Developing Fully developedannular Developing Nu
Eqgs.(4.352c) & (4.353c) Eq.(4.3.113c) EqQs.(4.3.64b) & (4.3.71b) & (4.3.83c)

Eq.(4.3.113c)
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Fig. 4.45: Effects of physics (a)-(d) Liquid quality contours for various mass fluxes in surface #17 at 10%hermodynamic
outlet vapor quality; (e) corresponding wall HTC vs vapor quality graph; (f) wall HTC contours for thermally fully developed
film evaporation with nucleate boiling turned off; (g) wall HTC contours for thermally fully developedfilm evaporation with
nucleate boiling turned on.
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Fig. 4.4.6: Effects of physics.
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