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ABSTRACT

Modulated (periodically non-uniform thickness) porous-layer coatings, as an ex-
ample of capillary artery-evaporator systems, are experimentally shown to enhance
the pool-boiling critical heat flux nearly three times over that of a plain surface, while
maintaining low surface superheats. This enhancement is examined experimentally
and discussed theoretically. This work marks the first such study on the effect of
modulation of a porous-layer coating on pool boiling.

The fabrication of the modulated porous-laver coating consisting of sintered.
monosized. spherical copper particles is described. Measurements of the heat flux
versus surface superheat. during the wetted-surface regime and up to the critical
heat flux. are presented for plain surfaces and surfaces with uniform and modulated
porous-layer coating.

The modulation separates the liquid and vapor phases, thus reducing the liquid-
vapor counterflow resistance adjacent to the surface. Theories are suggested for two
independent mechanisms that are capable of causing the liquid-choking that leads to
the critical heat flux. The liquid-choking limit predicted to occur first. with increasing
surface heat flux. is considered to correspond to the critical heat flux experienced by
the surface.

The Zuber hydrodynamic theory for the critical heat flux is modified to account
for the effect of the coating modulation-wavelength on the development of a stable

vapor layer above the coated surface, effectively choking the liquid down-flow to-



wards the surface (above the coating). The resulting hydrodynamic model relates
this second liquid-choking limit to the inverse of the square root of the modulation
wavelength. A finite-volume model of the transport in the porous-layer coating is
used to predict the heat flux versus surface superheat. The second liquid-choking
limit is predicted by this model and occurs within the porous-layer coating when the
viscous drag surpasses the available capillary pumping.

The predicted wetted-surface regime and the two liquid-choking limits are com-
pared with the measurements and good agreement is found. All of the tested sur-
faces are predicted to have hydrodynamically determined heat fluxes. The theo-
ries are then used to discuss the optimization of the enhancement and suggest that

completely separated liquid and vapor flow paths can result in substantial further

enhancement.
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CHAPTER I

INTRODUCTION

1.1 Motivation

The efficiency and performance of devices experiencing high heat loads is of-
ten limited by the relationship between the generation or storage of heat in the device
and the associated elevated and often undesirable device material temperatures. Ex-
amples of such limitations can be found in electronic cooling [1. 2]. the increasing of
the efficiency of process and heat transfer equipment. among others (3. 4. 3]. Future
technologies promise ever higher heat loads and compels the search for improved heat
transfer systems. The aim of this work is to examine the modulated (i.e.. periodic
variations of thickness) porous-layer coating of a boiling surface as a proposed means

of enhancing surface heat transfer.

1.2 Introduction

Liquid-vapor phase change is a well recognized means for passively removing
high heat loads from a device while maintaining relatively low material temperatures.
A variety of processes and devices utilizing phase change have been explored to
achieve this high heat load removal, including impinging-spray droplet evaporation (6,

7]. thin film evaporation [8], heat pipes [9, 10, 11}, and pool and flow boiling heat



N

transfer [12, 4, 3].

In the case of pool boiling, the critical heat flux gcyr can be considered as
the upper limit of the nucleate-boiling (or wetted-surface regime) heat flux from a
surface. It occurs near the operating flux in which the vapor is generated at the rate
of maximum vapor removal from the vicinity of the surface, beyond which flux the
accumuiating vapor would choke the liquid flow towards the surface. It marks the end
of efficient cooling conditions near the surface, and in the case of a heat-dissipation
controlled process. it marks the point of a runaway surface-temperature transient
to the next stable operating point in the film boiling regime. qualitatively shown
in Fig. 1.1 by the dashed arrow. The resulting temperature rise can be one to two
orders in magnitude leading to surface drvout and. in many cases. device destruction
or meltdown. Thus. the development of heat-dissipating, powered technology that
utilizes nucleate boiling processes is limited by the qcyr. Bergles [13] goes so far
as to declare the gcyr point as the most important design parameter of fixed-heat-
dissipation devices. Despite nearly seven decades of dedicated examination that
have generated vast amounts of experimental and theoretical research, there is still
no general, clear consensus for the governing mechanisms of the gcyr because of the
many parameters influencing the vapor generation and removal processes.

Various surface modifications have been experimentally shown to passively
provide effective enhancement of boiling heat transfer [4. 5]. The enhancement can
be realized either as an increase in the gcyr. or as a decrease in the surface superheat
for a given heat flux ¢. This is schematically shown in Fig. 1.2. The surface superheat
is defined here as the area-averaged solid surface temperature T beneath the porous-
layer coating minus the fluid saturation temperature. i.e., T, — Tj,.

Two classes of enhancing surface modifications that have proven to be com-
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Figure 1.1: Typical boiling curve showing the different boiling regimes. qcyr. and

possible runaway surface-temperature transient for a heat flux controlled
system.
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Figure 1.2: Schematic showing qualitative enhancement in the gqcyr and reduction
in the T, — T,.



Table 1.1: The gcyr ratios of some commercial tubes with enhanced surfaces to a
smooth tube [4].

Surface (gcHF )enhanced / (9CHF Jsmooth
ECR-40 1.4
Gewa-T 1.5
Thermoexcel-E 1.5
High Flux 2.0

mercially viable, especially when applied to tubes, include integrated surface struc-
tures. such as channels and fins (e.g.. the Furukawa Electric Everfin ECR-40, the
Wieland-Werke Gewa-T. and the Hitachi Thermoexcel-E), and the application of a
porous-layer cooting to the surface (e.g., the Union Carbide High Flux). Table 1.1
presents enhancement ratios for these surfaces over that of smooth tubes as measured
by Yilmaz and Westwater [4].

Figure 1.3 presents a map of the potential enhancement of the surface modi-
fications as collected from the published experimental data. The enhancement zones
shown are considered approximate and are generated from published data for vari-
ous surfaces and geometries [4, 3. 14, 15, 16, 17], experimental results presented here
(e.g.. gcur/qcur.p = 3). and the expectations of the author.

Thin uniform thickness porous-layer coating of boiling surfaces has experi-
mentally proven to be an especially effective passive enhancement technique capable
of providing an increase in the critical heat flux gqcyr. and/or a reduction in the sur-
face superheat T, — T}, for a given surface heat flux q, compared to the performance
of a plain surface {14, 15, 16, 17, 18, 19, 20, 21, 22|. In addition, a review of the gcur

from an impermeable heated surface in contact with a thick porous medium is given
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by Kaviany [23]. This review notes that a thick porous-layer coating would actually
decrease the gcyr by trapping the vapor inside the coating.

The use of porous layer coating to enhance the evaporation rate (i.e., gcyr)
is an example of a more general class of thermal systems utilizing a liquid-supply
artery to feed an evaporation zone. Here, the heat transfer systems in this class
are called capillary artery-evaporator systems. A well-known example of this class
is the evaporator section of the heat pipe. A simple heat pipe can be viewed as a
closed liquid-vapor phase-change system contained within a pipe with closed ends.
In a section at one end of the pipe, vapor is condensed (i.e.. heat is removed through
the pipe wall in a region defining a condensation zone) and the condensed liquid
is then drawn by capillarity and gravity through a wick to a section at the other
end of the pipe to be evaporated (heat is added through the pipe wall in a region
defining an evaporation zone). The generated vapor then flows from the evaporation
zone through vapor channels running parallel to the wick and back to the conden-
sation zone. There are a number of derived maximum heat flux limits bounding
the operational range of a heat pipe including the viscous limit. the sonic limit. the
entrainment limit. and the wicking limit {24]. These limits generally are formulated
for cases in which the liquid draw is perpendicular to the applied heat flux in the
evaporation zone (i.e., drawn axially through a wick in the pipe with radial heat
addition). and they often include the effect of the geometry of the pipe from the
evaporation zone to the condensation zone. This work focuses narrowly on the limits
of the liquid and vapor flows to and from the evaporation interface as they relate
to the gcyr and the g versus T, — Tj, curve. and does not address the vapor fow
after it leaves the evaporation zone, nor does it address the condensation zone. The

operating limits developed to describe heat pipes then are not explicitly discussed in



this work, but instead specific upper limits for the heat flux (i.e., liquid-choking) are
developed for the capillary arterv-evaporator systems.

Therefore, the focus of this work is on relatively thin porous-layer coatings
with structural modulations (i.e., spatially periodic variations of layer thickness)
that encourage preferential liquid and vapor counterflow paths entering and exiting
the coating, which in turn facilitate the vapor flow away from the surface. delaying

surface dryout and allowing sustained higher heat fluxes.

1.3 Modulated Porous-Layer Coatings

Modulated porous-layer coatings are coatings with periodic. designed varia-
tions of layer thickness d. The modulation is imposed to create alternating regions
of low resistance to vapor escape and high capillaryv-assisted liquid draw. This would
result in the preferential liquid-vapor counterflow paths within the layer facilitat-
ing heat transfer from the surface to the liquid pool in a manner similar to that of
thermosyphons (i.e.. heat pipes).

Figures 1.4 and 1.5 show micrographs of example modulated porous-layer

coatings. A description of the fabrication of these coatings is given in Chapter 3.

1.4 Background

In boiling from high conpacitance [i.e.. an effective surface material thickness
¢ multiplied by the surface material effusivity (pc,k)!/?] plain (uncoated) surfaces.
the resistance to liquid flow towards the surface can be considered to arise from
the thermal-hydraulics in the liquid-vapor counter-flow directly above the surface
and in the liquid pool. Zuber [25] theorized for infinite plain surfaces that the hy-

drodynamics impose stability limits to the counterflow determining a hydrodynamic



Figure 1.4: SEM of single-height, modulated porous-layer coating showing (a) the
side view, (b) top view. and (c) the perspective view. The porous-layer
contains spherical copper particles of diameter d = 200 pm molded into
conical stacks.
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Figure 1.5: SEM of single-height, modulated porous-laver coating showing (a) top
view. and (b) the perspective view. The porous-laver contains spherical
copper particles of diameter d = 200 zm molded into tapered walls.



11

liquid-choking limit (i.e., critical heat flux gcur z = qcur.p)-

In boiling from thick porous layers, there is an additional resistance to the
liquid-vapor counterflow imposed by the solid porous matrix that can act to “trap”
the escaping vapor above the phase-change interface and within the layer, thus re-
ducing the relative permeability of the liquid and causing a viscous-drag determined
dryout at fluxes much lower than that of plain surfaces (i.e., gcur.vy < gcur.p) |23, 26).
Udell [26] derived an expression for the critical heat flux of a deep porous layer with

internal liquid-vapor counterflow, gcye f, as

(CHF f
I\.pgAh-lgg(pl - pﬂ) [l + (pl;u'g )1/4]—4

= 1. (1.1)

Thin layers. however. when not thick enough to appreciably resist vapor es-
cape. have been shown to enhance the critical heat flux (i.e.. gcyr., > qeur.p) [13.
16. 20, 27. 28]. This enhancement is believed to be due to the lateral capillary-assist
to the liquid-flow towards the phase-change interface. which reduces the liquid-vapor
counter-flow resistance (i.e.. provides preferential flow paths for the liquid and va-
por. or phase separation). and prolongs the liquid-“wetting” of the solid material.
The porous layer also creates non-hydrodynamically determined locations of vapor
escape into the liquid pool possibly altering the thermal-hydraulics and extending
the hydrodynamic liquid-choking limit (i.e.. gcurn > gcurz) [21. 28].

A number of phenomenological theories have been put forth to explain boiling
heat transfer from porous-layer coatings. This enhancement is attributed to com-
binations of an extended surface area effect. a capillary-assist to liquid flow effect,
an increased nucleation site density effect, and the dependence of the vapor escape

paths from the porous-layer on the pore distribution at the top of the layer adjacent
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to the liquid pool. These effects are dependent on the fluid and solid thermophysi-
cal properties and geometrical coating parameters, such as coating thickness ¢ and
pore size distribution. The exact relational dependence is not well understood and
the extent of possible enhancement is not known. Due to the complexity of the flow
conditions and phase-change processes inside and near the porous coating, analytical
models have not been developed that have proven to be applicable over a wide range

of the physical parameters without the use of several empirical constants.

1.4.1 Critical Heat Flux Modeling

In a general sense, the limit on the gcyr of any evaporating (e.g.. pool boiling)
svstem depends on the mechanisms of liquid supply to and vapor escape from the
phase-change interface. and therefore can be considered to be limited by the liquid
and vapor flow resistances. The theoretical maximum would then be the kinetic
limit for the resistance to the evaporated vapor molecules leaving the liquid-vapor
interface. or that described by Gambill and Lienhard [29] as the kinetic limit for

evaporation given by

R 9 2 2 ¢
getFmax = (5—)2 Mg (pg) (06 (Pe) Toy 2 (Pg) = Py Tie s (1.2)
A M

where p,. Tj,, and Ahy, are functions of the local vapor pressure at the liquid-vapor
interface. and where subscript “x” denotes a far-field pressure (here assumed to be
pg = 1 atm). The interface p, is higher than the far-field pressure to enable the
flow of evaporated molecules leaving from the interface (due to heat addition). As
an example. this results in gcur.max = 8.09 x 107 W/m? for pentane evaporating
to a vacuum. In practice, achievable, passively enhanced and sustainable gcyr are

smaller by two orders of magnitude. But this shows that there is much room for
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enhancement.

Within the liquid pool above the surface, and to a certain extent within
porous layers of uniform layer thickness, the liquid supply and vapor escape occur as
a liquid-vapor counterflow resisting each others motion. As the heat flux is increased,
the liquid flow rate supplving the resulting evaporation, and in turn the liquid flow
resistance, must increase. Eventually, a gcyr is reached where either the liquid
flow towards the phase-change interface chokes as in the case for high effusivity
surfaces [i.e.. high (pcyk)!/? surface and coating materials capable of maintaining a
nearly uniform temperature], or the phase-change interface is reduced due to the
development of local material hot spots above a critical rewetting temperature (local
drvout locations) as in the case for low effusivity surfaces. This work restricts itself
to cases where the surface and coating materials are both assumed to exhibit high
conpacitance.

From an examination of the literature. various approaches have emerged that
describe the way the gcpr is viewed and modeled. Here, these approaches are classi-
fied into two broad categories: Fluid-Side Models (FSMs) dealing with the hydrody-
namics just above the surface. and Surface-Side Models (SSMs) dealing with effects

of surface characteristics and material properties.

1.4.1.1 Fluid-Side Models

The term fluid-side model (hereafter. FSM) refers to those models that are
governed by the thermo-hydraulics and hvdrodynamics just above the surface on
which boiling occurs. FSMs, in general. are independent of the surface characteristics
and material. These models assume the formation of effective, liquid-vapor structures

or patterns, mechanistically idealizing the liquid and vapor flow paths above the
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surface. The ¢cyr is then said to occur when some criterion, as a function of the
heat flux and idealized liquid-vapor counterflow structure, is achieved causing vapor-
binding. Vapor-binding refers to the choking of the liquid, or rather, the inability
of the liquid to wet the surface by penetrating through the vapor generated at the
surface. This criterion can take various forms, such as the onset of a liquid-vapor
interfacial instability, some form of a time scale reiating to bubbie dynamics, or a
critical bubble-packing density over the surface which produces bubble coalescence.
Three main FSM classes can be defined by these three criteria, namely the single-
staged hydrodynamic model class. the multi-staged hydrodynamic model class. and
the bubble coalescence model class. After a brief review of some hydrodynamic basics

common to many of these models, these classes are discussed below.

Hydrodynamic Basics: Single-staged and multi-staged hydrodynamic models are
so named for their basis in linear hvdrodvnamic stability theory. In particular. they
relv heavily on the Kelvin-Helmholtz and the Rayleigh-Taylor interfacial stability

wavelengths, given respectively as

(1.3)
and

g

ArT = C 27—
KT : [g(Pl - pg)

J12. (1.4)
where C} in Eq. (1.4) equals unity for the most critical wavelength \gr., and C, =
3'/2 for the “most dangerous” (i.e., fastest growing) wavelength Agr4. These models

generally idealize and simplify the liquid-vapor counterflow above the surface as
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consisting of vertical, vapor-escape columns surrounded by the liquid. These columns
are used in the models either as the complete vapor-escape path, or as part of a vapor
escape system, possibly as vapor conduits leaving the surface and terminating in a
vapor mass (bubble).

The Kelvin-Helmholtz wavelength Axy describes the periodic interfacial shape
that naturally arises due to physical instabilities resulting from a relative motion
between two adjacent, different fluids in the absence of a body force. In this case,
the Agy is related to the vertical interface between a liquid surrounding a vapor jet
through which the generated vapor is escaping from the heated surface. The Agy
determines the critical balance between surface tension working to stabilize the jet
and the velocity-dependent, flow-induced pressure forces working to destabilize the
jet. The manner in which these wavelengths are used in hydrodynamic models will
be discussed later. This wavelength with the resulting interfacial pattern is shown
conceptually in Fig. 1.6(a).

The Rayleigh-Taylor wavelength Agr describes the periodic interfacial shape
that naturally arises due to physical instabilities inherent in the situation where an
adverse density gradient exists parallel to a body force across the interface of two
motionless fluids. The Agt determines the critical balance between surface tension
working to stabilize the interface and buoyvancy forces working to destabilize the
interface. In this case. the Agr also indicates the locations along the interface between
a vapor and a superpositioned liquid where the vapor will theoretically rise through
and penetrate into the liquid due to gravitational forces (buoyancy). This wavelength
with the resulting interfacial pattern is shown conceptually in Fig. 1.6 for an infinitely

large, upward-facing, horizontal surface.
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Figure 1.6: Conceptual schematics showing the Mgy and the Agr. (a) The \ky as-
sociated with a vapor jet; and (b) top view and (c) perspective view of
the resulting Arr-spaced array of locations of vapor rise into a superpo-
sitioned liquid on an infinitely large, upward-facing, horizontal surface.
(Redrawn based on figures by Lienhard and Witte [30])
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Single-Staged Hydrodynamic Models: The single-staged hydrodynamic class
of models refers to those models for the gcyr that assume a steady, time-independent,
liquid-vapor structure above the surface. One of the more well-known versions of
this class is the model proposed by Zuber and Tribus, in Zuber’s doctoral thesis [25],
where stable, vertical vapor jets are distributed in an array over a surface corre-
sponding to the circles in Fig. 1.6. This model is expanded and used in the present
work here, and therefore, a more detailed description is left until Chapter 2. Briefly,
in this model, liquid flows towards the surface and evaporates. The vapor that is
generated then escapes away from the surface through the circular vapor jets of a
given radius R = Agr/4. As the heat flux is increased towards the gcyr. the rate of
vapor generation increases. and from mass continuity, the vapor velocity increases.
The gcyr is then achieved when the vapor velocity u, becomes greater than the
critical velocity for a circular jet into a fluid. as determined by the \gy.

Zuber then performed an energy balance between the heat flux at this critical
velocity and the escaping latent heat associated with the vapor to eventually reach

his well-known correlation for the critical heat flux:

qeurz = Capy2 Mhuglog(p — pg)]'*, (1.5)

where he recommends. as an approximation. Co = (7/24). to approximate both
choices of ('} in Eq. (1.4).

Before the publication of Zuber's thesis, Kutateladze [32] presented a number
of dimensionless groups describing the “flooding” of a distillation column. He then
related these groups to boiling processes and scaled the critical heat flux with the

“flooding” mechanism. This resulted in a dimensionless form similar to Eq. (1.5)
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as [30, 31, 32]

qCcHF
pa2Ahylog(p — pg)] '

Since this time, the left-hand-side of Eq. (1.6) has been referred to as the Kutateladze
Number, Ku. Kutateladze then compared Eq. (1.6) with various experimental data
and recommended a value for the constant of C3 = 0.131, nearly identical to Zuber’s
constant of C, = m/24 = 0.1309 [31].

One common shortcoming of all the single-staged hydrodynamic models is the
need to specify, or assume, a value for the Agy. Lienhard and Hasan [33] presented
one method of replacing this need with that of knowing the surface area of departing
bubbles by utilizing a mechanical energy stability criterion. They equate the rate of
kinetic energy increase due to the flow of generated vapor into a growing, hovering
vapor mass to the release of capillary energy per unit volume resulting from bubble
departure. By doing so, they are able to specify the critical u4. This method.
though more complicated in its formulation and application. becomes useful when
assumptions about the Agy become difficult to make.

For their highly idealized simplicity, single-staged hydrodynamic models have
enjoved remarkable success in predicting the gcyr. especially for highly wetting fluids.
The physical model of stable, large-scale vapor columns, however. does not resemble
photographic evidence of the boiling process at high heat fluxes. Multi-staged models
have therefore been developed towards finding a more physically-true. and generally

applicable, hydrodynamic description of the gcyr.

Multi-Staged Hydrodynamic Models: The muiti-staged hydrodvnamic class

of models refers to those models for gcgr that assume a quasi-steady, often time-
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dependent, liquid-vapor structure and cyclic pattern above the surface. One of the
more well-known versions of this class is the model proposed by Haramura and
Katto [34] in which the structure takes the idealized form of that shown in Fig. 1.7.
Again, for lack of a better assumption, the unit cell for heat transfer in the Haramura-
Katto model is the same as that shown in Fig. 1.6. Based on photographic studies,
this model assumes the existence of a thin macrolayer on the heater surface consisting
of a liquid film transversed bv many small, vertical vapor passages. Conceptually,
this model determines the gcyr by relating the time for macrolayer evaporation to
the vapor bubble dynamics. More precisely, a vapor mass is assumed to hover at the
top of the macrolayer while being supplied with additional vapor from the macrolaver
evaporation. After a calculable period of time. the vapor mass departs as a bubble.
allowing immediate replenishing of the macrolayer to its maximum. initial thickness.
Omt-

Haramura and Katto noted that in the photographic studies they reviewed.
the d,,; was reported to be inversely related to the heat flux. The criterion for
the gcyr in their model is therefore prescribed as the balance between the bubble
departure time 7 (also referred to as the hovering period) and the time necessary
to evaporate a macrolayer of a critical thickness d,, . corresponding to the qcyr.
The critical thickness was related to the Agy. They used their resulting correlation
to predict. with fair results. the gcyp for a variety of boiling conditions, from pool
boiling on cylinders and small disks without sidewalls. to even some flow boiling

situations.
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Figure 1.7: Conceptual schematic showing the liquid-vapor jet structure in the
Haramura-Katto multi-staged hydrodynamic FSM. (Redrawn based on
a figure by Haramura and Katto [34])
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Bubble Coalescence: Although both multi-staged and single-staged hydrody-
namic models have exhibited fair success in predicting the gcyr, they still have
many shortcomings and are suffering in their acceptance to what is becoming a more
and more limited applicability as the development of powered technology advances.
To explain, hydrodynamic models were developed independently of surface charac-
teristics and therefore, in their current state, do not consider such factors atfecting
the qcyr as bubble-size scale structures on the surface. the surface material effusivity
(i.e.. (pcpk)l/?), and the contact angle along triple-phase lines on the surface (i.e.. the
wettability). Hvdrodynamic models are tailored to situations in which these effects
are minimized, such as boiling of highly wetting liquids on high conductivity, thick
heaters with nearly smooth surfaces. As such. these models can be considered as
providing upper limits for the range of the gcyr from nearly smooth surfaces. since
high contact angles and thin heaters tend to lower the gcyr.

Before the generation of the first hydrodynamic models. attempts were made
to model the gcyr based on some observations of the surface. These observations.
however. were mainly used to determine the distribution of vapor generating sites
(nucleating sites). which in turn was used to determine bubble locations and the
bubble-packing density distribution over the surface. Once the bubble locations were
determined, the mechanism for the gcyr was considered to be bubble crowding. or
bubble coalescence. over the surface causing vapor-binding, and thus are classifiable
here as FSMs.

One of the first reported model of this type was suggested by Addoms as
reported by Rohsenhow and Griffith [35]. He assumed a system in which bubble
packing in a square array on a surface would lead to liquid choking. He used dimen-

sional analysis to relate an average vapor velocity scaled with an effective thermally
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diffusive-buoyant liquid velocity to a pressure effect in the form of a buoyancy term.

His resulting relation is [35]

qCHF L PP
pgdhig(cug)'’? Pg

(1.7)

Equation (1.7) was then revised by Rohsenow and Griffith {33}, who, citing
an observation that the rise-speed of bubbles appears to be “very fast,” assumed
gravity had a negligible effect on gcyr. They. instead. postulated a gcyF criterion in
which the average vapor velocity would scale with the bubble detachment velocity

fdp resulting in

qCHF ~ Pt — Py
PyNhig( fds) Pg

(1.8)

Rohsenhow and Griffith [33]. citing experiments by Jakob that found the fd, for
boiling of CCl,; and H,O was nearly constant (at 0.078 m/s). curve fit some experi-

mental data to obtain the following dimensional relation

ﬁ*‘hiw = 0.012(ﬂ—;gﬁ)°-6. (1.9)

These models have not garnered wide acceptance due to the difficulties in
predicting f and d,. Other models that are similar to. or have evolved from Ad-
dom’s [35] mechanistic model are still being studied today in which two-phase flow
near the surface is being modeled using integral momentum, energy. and interfacial
density balances [36]. But these models, as with the hydrodynamic models, remain

detached from surface material effects. However, a number of researchers have used
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the bubble coalescence model’s concept of using nucleation sites in determining bub-
ble spacing on the surface as inspiration for looking at ways to include the heater

itself in modeling of the gcyr.

1.4.1.2 Surface-Side Models

In attempts to explain over-predictions of qcyr as a function of T — T, from

12 a

FSMs for thin heating surfaces, surfaces with low conpacitance (i.e.. €(pcpk)}

combination of parameters considered by some to correlate experimental surface-side
effects on pool boiling {19, 37]). and fluid-surface combinations with large contact
angles. a number of SSMs have been developed. These are similar to bubble coales-
cence models in that they look to nucleation sites to provide and define unit cells on
the surface. but they are verv different in the way thev use these cells. The SS)MIs.
like the bubble coalescence models. consider the nucleation site density on a surface
to be dependent on the heat flux. They then consider the local effects on the unit
cells. such as the local. distributed surface temperature profile. and the presence of a
fuid microlayer underneath the bubble from which the majority of evaporation (i.e..
solid to fluid heat transfer) takes place.

Concepts behind SSMs, then. include the theories of local hot-spots. or dry-
spots, and their relationship to the surface characterization (e.g. nucleation site
density. wettability, orientation) and the surface material effusivity [37. 38. 39. 41.
42, 43]. The concept of local hot-spots is related to the concept of conpacitance
[€(pcyk)/?]. The conpacitance is a measure of the relationship between a heater’s
ability to store energy and its ability to conduct it laterally along the surface. It was
first suggested by Bar-Cohen, but no physical modelling was given as justification

for its use as a correlating parameter [44]. The gcyr has been shown to qualitatively
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correlate with the conpacitance [37, 38, 41, 43, 44]. If a heater exhibits a relatively
low conpacitance, then it may experience local areas of high temperature compared to
the surface-averaged temperature. These high local temperatures can accelerate the
evaporation of the microlayer underneath a bubble such that it becomes on the same
order of time as the bubble departure frequency. The resulting dry-spot under the
bubble can act as a local insulator driving the surface temperature up even higher.
When these areas of high temperature exceed a critical rewetting temperature, then
local dryout is said to occur, often spreading over the surface and leading to global
gcur over the surface.

Other SSMs consider local surface temperatures and their effect in activating
new nucleation sites and altering bubble departure frequencies. As the local tem-
peratures are increased. local areas of higher nucleation site densities will develop.
A critical packing of bubbles will then be reached in these areas of high site-density
which can lead to a local dryout that. again. can spread over the surface leading to
qeur [42].

Surface-side factors have been shown to have a strong influence on the qcyf.
The exact characterizations of the surface that govern this influence are uncertain.
but they are believed to be strongly related to the material properties, fAuid-solid
wettability, and bubble departure frequency. As a result of this current uncertainty
in the exact relationships between surface-side characteristics and the gcyr. empirical
correlation is widely used.

In the situations where the effects of surface-side characteristics are mini-
mized. FSMs have exhibited fair success in predicting the gcyr. Such situations
include boiling from large surface areas, boiling from high effusivity surfaces, and

boiling with highly wetting liquids. Since all of these situations appear to help main-
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tain a wetted and even-temperatured surface, FSMs appear to provide an upper limit
for the gcyr from smooth surfaces.

This study restricts itself in scope to highly-wetting fluids boiling on high
conpacitance surface and coating materials, therefore, further details regarding the
SSMs in the sense described above are not presented here. Rather, an extension will
be made of the single-stage hydrodynamic FSM that incorporates into the gcyr model
a functional dependence of the surface-side geometry characterizing the porous-
layer coating (see Chapter 2). l.e., this dependence of the gcyr on the surface-side

geometry is considered independent of the material conpacitance.

1.5 Scope and Objective

The use of porous layer coating to enhance the evaporation rate (i.e.. gcyr)
is an example of a capillary arterv-evaporator system. The capillary pumping in the
porous media generates the liquid draw thus establishing the fluid flow artery. By
designing the artery in such a way as to provide controlled direction to the fluid
flows and to reduce and minimize the liquid-vapor counterflow resistance (i.e.. create
phase separation with directed flow paths), significant enhancements in the sustain-
able heat loads can be achieved. This work endeavors to theoretically analyze and
experimentally utilize such an artery-evaporator system. Specifically. the advantages
of porous-layer coatings in pool boiling heat transfer are enhanced by the design of
arteries within the porous layer that promote phase separation within the layer aimed
at reducing the liquid-vapor counterflow resistance. These arteries are realized in the
form of modulation of the porous-layer thickness. In the example of a modulated
porous-layer coating presented in this work. the vapor escape is relegated to flow

out of the layer from between the modulation peaks (i.e., not internally through the
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porous medium). The liquid flows into the tip of the modulation peaks and towards
the surface through the porous medium to the location where evaporation occurs.
The local regions along the coating of larger porous-layer thickness then become the
liquid-flow arteries.

More specifically, this work theoretically and experimentally analyzes the use
ot porous-layer coatings in pool boiling heat transter while designing means to pro-
mote phase separation within the layer aimed at reducing the liquid-vapor counter-
flow resistance. The ultimate goal is to enhance the gcyr and the g versus T, — Tj,
curve for such surface-coating systems. This is to be done by implementing porous-
layer macrostructures created by designed modulation of the layer thickness. thus
providing the designed preferential vapor escape paths and liquid-flow arteries. To
reduce the number of variable parameters. this study restricts itself to atmospheric
pressure. l-g. saturated pool boiling of pentane from flat horizontal (i.e.. negligible
lateral effect of buovancy across the surface) copper surfaces with various modulated
porous-layer coatings consisting of sintered. spherical copper particles with selected
uniform diameters.

Below. the modulated porous-layer coating is described. followed by a theo-
retical approach to the prediction of the boiling performance of these coated surfaces.
and then by a description of the experiments. Finally, the experimental results are

presented. compared with the predictions. and discussed.



CHAPTER II

THEORY

2.1 Theoretical Approach

It is hypothesized that the modulation of the porous-layver coating separates
the liquid and vapor phases to enable capillary assisted liquid feeding to an evapora-
tion zone with minimal resistance to vapor escape. and that two possible mechanisimns
exist for the choking of the liquid flow towards the surface (i.e.. the gcyr): namely
the hydrodynamic and viscous-drag liquid-dhoking limits.

In the fluid above the surface. there is a hydrodynamic liquid choking limit.
gcur.h. that can be mechanistically related to hydrodynamic instabilities as functions
of flow-critical length scales and fluid properties. Here. this liquid-choking limit above

the coating is characterized by

gop Ahuig(pr — pg) o "Mrre

qCHF g(pr — pg) dgr A ‘

= ] (2.1)
where the ellipsis points would imply other parameters leading to dryv-out limits. and
Am is the modulation wavelength of the coating. Zuber [25] originally formulated
this limit for a uniform-temperature plain surface (i.e., the coating thickness § —

0.gcurn — qcmr.z).- This hydrodynamic liquid-choking limit is dependent on the

[}V
~l
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fluid properties and the surface macro-scale geometry, but not the microscale surface
characteristics or particle diameter, and therefore does not account for their effects.
The hydrodynamic theory also is incapable of predicting the g versus T, — T}, curve
in the nucleate-boiling (wetted) regime.

Within a porous-layer coating, the counter flow of liquid and vapor can also
resulit in a liquid-choking limit, gcyr v, due to a critical viscous-drag resistance in the
fluid. This viscous-drag liquid-choking limit is dependent on the fluid and coating
material properties and the macro- and pore-scale geometries of the coating. Here.

the liquid-choking limit of this model within the coating is characterized by

qCHF.y _ _ [pl(uz)"'f\'l“ cpui(Ts = Toy) (upu (u)d ky d (K/e)'? | (22)
pioAhyg o ’ Ahyg, o oo kTS d -
Hi

where d is the particle size. ¢ is the maximum layer thickness. € is the porosity. A
is the absolute permeability, and the ellipsis points again implies other parameters
leading to dry-out.

The realized qcur on a surface would then correspond to the liquid-choking
limit that first occurs, either above the coating due to the liquid-vapor counter-flow
hydrodynamics, or within the coating due to the liquid-flow viscous drag. These
limits in their functional form are shown in Fig. 2.1. Also shown is the kinetic limit
for evaporation as presented in Chapter 1. and the hydrodynamic liquid-choking
limit for surfaces porous-layer coating and the deep-layer counter-flow liquid-choking
limit to be discussed later.

The modeling required to determine the gcyr v also enables the determination
of the g versus T, —T}, in the wetted-surface regime prior to reaching qcyr. In the next

section, the physical model and accompanying simplifving assumptions are presented
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and discussed, followed by the theory predicting the g versus T, — Tj,, and then the

descriptions of the two proposed liquid-choking mechanisms.

2.2 Liquid Flow and Heat Transfer Models

To describe, predict, and optimize the liquid flow within the porous-layer
coating, the flow paths to an evaporation zone must be modeled. Valid simplification
of the flow paths is difficult since the complex liquid-vapor counterflow during boiling
from the thin, modulated porous-layer coating is not well understood. This lack of
understanding is attributed to the small range of length scales and the difficulty of
visually observing the phenomena. The additional non-homogeneity introduced by
the modulation of the coating thickness further complicates the problem and makes
valid simplification difficult. It is believed that a combination of point-wise. particle-
level. and volume-averaged treatments are necessary to model the performance of
such coatings. Here. some simplifving assumptions are made in regard to the flow
paths. without rigorous validation, in order to develop a model that allows for initial.
qualitative study of the g versus T, — Tj, curve and of the viscous-drag liquid-choking
limit.

Figure 2.2 shows the proposed physical model for the liquid and vapor flow
paths within and above a porous-layer coating with modulation in the form of conical
particle stacks. This model is based on the geometry of the fabricated and experi-
mentally tested surfaces. The stacks themselves is assumed to be porous media of
uniform porosity and contained within axially symmetric frustums of right circular
cones of height J, = § — d situated on top of a uniform base layer of single-particle
thickness d. Local volume averaging of properties, temperature, and liquid velocity

are assumed to be valid, without restriction and regardless of the particle-domain
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Figure 2.2: A rendering of the physical model of the viscous-drag instability limit to
liquid reaching the surface of the modulated porous-layer coating.
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size ratio, to simplify the analysis of the transport through the particle stacks making
up the modulation.

It is assumed, without visual verification, that there is complete phase sep-
aration within the coating so that the vapor escapes from between the stacks and
the particle stacks and base layer are completely liquid saturated at all heat fluxes
up to the liquid-choking limit. This appears to be reasonable considering that any
vapor within the porous matrix of the particle stacks would significantly increase the
liquid-drag resistance and likely reduce the gcyr to values well below those measured.

2.2.1 Wetted-Surface Regime
2.2.1.1 Momentum Equation

Based on the preceding assumptions. the liquid is idealized as entering at the
top of the stacks. and then flowing down towards the surface. The vapor pressure
everywhere in the system is assumed to be constant at the saturation pressure. The
flow through the stack is related to the liquid pressure drop and is modeled using
the Darcy-Ergun momentum relation [23]

Ce

0=-Vp+pg- %(ul) - WM(U:)KU!)- (2.3)

where (u;) is the volume-averaged liquid velocity vector through the stack. A is the
stack permeability, and Cg is the Ergun coefficient. The Carmen-Kozeny model [23]
is used for the permeability and results in A" = f(e)d*> = 3d?/[180(1 - ¢)?] and
Ce = (0.018/€%)!/2. A constant stack porosity of € = 0.4 is assumed for the randomly
packed spherical particles.

The particle stack and base layer are divided into regions and zones as shown

in Fig. 2.3(c). The liquid is pumped through the stack by capillary and gravity forces
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to the evaporation zone.

Equation (1.2) enables the determination of the temperature drop from a
liquid-vapor interface to the far-field gas saturation temperature as a function of the
evaporation heat flux. As an example, a gcyFmac = 10° W/m? would result in a
AT = 0.28%C. This is negligible compared to the T, — T}, across the porous-layer
coating, and therefore the added evaporation resistance is not inciuded in the model.
The liquid is assumed to undergo thin-film evaporation. with negligible convection
thermal resistance, in the evaporation zone around the perimeter of the lower part
of the stacks and above the base layer.

The path of least flow resistance between the liquid entrance at the top of the
stack and the location of evaporation would be nearer to the outer edge of the stack
as opposed to passing through the deep interior. The benefit and likely improvement
in accuracy of a fully numerically determined flow field through the stacks under the
given assumptions is not large. so an approximate flow channel is assumed along a
path of low flow resistance. Therefore. liquid flow is constrained to an annular flow
corridor of uniform thickness Ary = d/2 along the side of the stack. Since the flow is
assumed to occur only in the stack. the stack contains the fluid artery that feeds the
evaporation. Therefore the entire stack is hereafter refered to as the artery region.
The remaining interior liquid in the stack core (i.e.. not in the flow corridor) and the
liquid in the base layer are assumed to be stagnant. The base layer is labeled the
conduction region since the heat flux must pass through the base layer by conduction
(through the volume-averaged liquid and solid) to reach the evaporation zone.

The conduction and artery regions and the evaporation zone are shown in
Fig. 2.3 along with the heat and liquid flow paths and the discretized domain used for

the numerical calculations. The discretized, two-dimensional annular flow corridor
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in r and r is also shown. For a given row in the artery region, the first node of
the flow corridor is denoted as j,; = is — i + 1, and the last node (also the outer
boundary node of the row) as j.; = NV — i + 1. The row at the top of the base layer
(at the base height) is labeled i, while the row at the center of the topmost particle
(at the stack height) is labeled i,. For flexibility in specifying different geometries,
and for ease of computation, the computational domain is a section of an N x .V
mesh, where each rectangular unit cell is a cross section of a cylindrical-shell control

volume. The computational unit cell facial areas are then determined as

I T(%._L)", Arjmay =27r,Ar
Arjmtjonmt = 20y + )Nz, A, = 22(r, + S0)Az. (2.4)

The temperature distribution in the particle stack determines the evaporation
rate. which is then used to determine the required liquid supply rate (i.e.. velocity
distribution). as opposed to using the pressure field. The liquid mass flow is as-
sumed to be radially lumped for a given r location. This is shown schematically in
Fig. 2.3(b). The liquid velocity (i.e., flow) distribution is then determined from the
mass flow distribution by summing the required local evaporation rates along the
periphery from ¢ = i, — i;. For a given row i. the radial mass flow is assumed to be
constant for all j and equal to that leaving through node j.; by evaporation. The
axial mass flow entering from the row above is then determined as the sum of all
the evaporation rates at each row i, — i. Since the included cone angle is small.
the direction of the mass flow from one row to the next is assumed to be in the
z-direction only, and is shifted by j -+ 1 for each descending row to account for the

diverging area. The velocities are then adjusted accordingly by multiplying with the
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area ratio Az j/4; 1.

The simplified flow field is therefore determined by the evaporation rate un-
der the imposed constraints of the localized uniform flow fields as described above,
and is determined prior to calculating the pressure drop. The discretized equations
determining the liquid velocities in the flow corridor are as follows.

[nitializing jo;, = .V — i+ 1 and j,; = is — i + 1. then for

i=ib—>is

. T, - T, . e . .
(M)ij., = Ahng(Rr.ku)lii,,,’ (M) = [Siz, M) + (M)iy.,  (23)
Ay =al(rye, + 3 = (1, — )] (2.6)
j = jD.l — .je.l
)., e, )
() = ey () = - B0mey (27)
P A
where
(R ) o Ar/? e(Per)i.je.x -1 (Pe ) _ ((Ul)i.j)Ple.lAf'
rhu/i e, (k>-lrjz.x (Per)i.j,,. e(Pe')i'j,,, * ritjes Q(k)

An example of the calculated flow field is shown as a vector plot in Fig. 2.4.

The evaporation along the side of the stack. constituting the evaporation zone.
is assumed to alter the local liquid-vapor interface to provide the corresponding
interface curvature distribution for the required liquid capillarv-pumping through
the stack. There is a capillary-limiting minimum radius R. that corresponds to the
capillary pressure of the porous medium, and consequently determines the critical

maximum viscous-drag resistance.
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Figure 2.4: A vector plot of the calculated velocity distribution (u;)(z) in the flow
corridor.
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Once the flow field is determined, the resulting pressure drop across the stack
is calculated and compared with the a maximum available pressure drop (i.e., max-
imum capillary pumping). If the calculated pressure drop exceeds this maximum
pressure drop. then the flow field, and consequently the temperature distribution,
is considered impossible. The viscous-drag liquid choking limit is then defined as
the heat flux resulting in che evaporation rate (i.e. heat flux) that requires a liquid
feed rate corresponding to R., or in other words, it is considered to occur when the
calculated pressure drop equals this maximum available pressure drop.

Therefore, the maximum sustainable pressure drop across the stack height,
ds, is assumed to be equal to the capillary pressure p. = p, — p = 20/R, in the
porous medium of the stack. From the required velocity distribution. the resulting
pressure gradient through the stack as a function of r is found from Eq. (2.3). and
is integrated across the artery region from d < r < 4 to give the total pressure drop.

Ferrel and Alleavitch [45] presented an approximation for the radius of cur-
vature R, of water saturating a bed of randomly packed spherical particles as R, =
Crd/2, where the ratio of the largest minimum pore diameter to the particle diam-
eter was given as Cp = 0.41. Assuming this expression to remain valid for pentane.
in a porous medium consisting of spherical particles of d = 200 pm. this results
in a p. = 698 Pa. The capillary pressure can also be related to a capillary rise
height as p. = pigH. Laboratory tests using these particles with pentane resulted
ina H = 12.7 cm. which then results in a p. = 760 Pa. This would correspond
to Cr = 0.375. The Leverett J-function relates the liquid saturation (s). porosity.
permeability, and wettability to the capillary pressure through [23]

o cosf.Z(6.) o

Pg — Pt =pc = J(s) K/ =CJ(K/G)1/2 for s =0, (2.8)
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where 0. is the contact angle and is assumed negligible, Z(6.) is the Melrose function
and is assumed unity, and J(s) is the Leverett function. The capillary rise height
corresponds to the case of a transition from a saturated region to a region of zero
saturation (above the rise height). Therefore the maximum capillary pressure cor-
responds to a constant C; = J(s = 0). For the data presented by Leverett [23],
Schiedeggar {23} determined C; = 0.523, while Udell [23] reported a value of 0.56.
Equating p. = 40/(Cgd) from Ferrel and Alleavitch [43], with Cr = 0.375, to that of
Leverett in Eq. (2.8) results in a C; measured for the particles here of 0.53. in good
agreement with the reported values. Therefore, Eq. (2.8) was used with C; = 0.53
to determine the capillary pressure.

From the calculated velocity field. the calculated total pressure drop through
the flow corridor is determined by summation of the pressure drop across each row
due to an averaged axial velocity in that row. (u;),,. which is shown schematically

in Fig. 2.3 and determined by

1 Je.s

> (2.9)

=Jou

ui).) = 0
( & Je.i — Jou +1 J

Then following Eq. (2.3). the discretized pressure equations are

1 Api
L ... * O 8/2)
0=~ @) ar —PIcos(8/2)
(i) ar Ce

K cos (8/2) T R U2c082 (8/2)

pui) ar (i) ar s (2.10)

where the effect of the taper angle is included. The total pressure drop. Aps, through

the flow corridor is then found by
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Aps =Y Ap. (2.11)

i=iy

The available capillary pumping of the liquid to the evaporation zone is suffi-
cient to sustain the evaporation rate at all heat fluxes up to the viscous-drag liquid-
choking limit, where at this limit (i.e., the critical heat flux gcur.v), the evaporation
rate requires a velocity that results in this pressure drop being equali to the capillary
pressure, i.e.. Apy = p,.

To determine the evaporation rates. and the resulting flow field and pressure

drop across the stack, the temperature distribution must be calculated.

2.2.1.2 Thermal Equilibrium

The liquid and solid phases are assumed to be in local thermal equilibrium
(LTE) evervwhere within the particle stack since the added complexity of non-local
thermal equilibrium (NLTE) is not warranted within the framework of this simplified
model. Although the assumption of LTE is not globally valid within the computa-
tional domain. it still provides good qualitative results. In the artery region there
is a small stagnant core surrounded by an annulus of liquid flowing from the top of
the stack to the evaporation zone through the flow corridor. The high velocities in
the flow corridor result in a high Peclet number. Pes, which acts to resist the flow
of heat into the liquid-flow zone and to determine the thickness of the evaporation
zone. The high Pe; indicates that the convection would dominate over the opposing
conduction heat transfer processes across the stack height 4. i.e.. in the arterv region.

The high liquid velocity also results in a large hydrodynamic dispersion term
which acts to locally increase the effective thermal diffusion parameter in the flow
corridor. Since the heat flux vector is completely consumed by phase change in

the small evaporation zone, increases in the local thermal diffusion parameter only
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within the flow corridor would have little effect on the resulting q versus Ty — T},
curve. This is because the strong downward convection in the artery region restricts
the majority of the heat flux from penetrating too high above the conduction zone
(base layer). For Pey > 0.3, the parallel and perpendicular dispersion coefficients

can be expressed as [23],

D|(|i 3 1 9 Ped

‘Q—l' = gpe(j'*'ﬁ‘h' (I—G)PEdln?

D¢ 63 2 (pep)i {u) | d _ [(u)| d

—+ = ——— (1 -¢€)/?Pey, Pey =12 = .22

o 3a0() 2\ € Fea Peu ke » (2.12)
For a typical velocity at qcur.y. () = 0.1 m/s. This results in Dl‘f/a, = 745 and

D4 /oy = 29. Since the effective volume-averaged thermal conductivity in the model
is assumed isotropic. an isotropic dispersion coefficient was assumed for simplicity
to be equal to the larger parallel dispersion coefficient. D¢ = Dl‘l‘. and was included
locally in the flow corridor [i.e.. in each control volume (:.j) in which ({w),,) was
non-zero|. This results in only a slightly larger evaporation zone which in turn results
in a negligible shift of the g versus T, — T, curve to the left in Fig. 2.1. The difference
in the results are assumed to be well within the uncertainty of this simplified model.
and therefore further refinement of the inclusion of the dispersion coefficient was
considered unnecessary..

From the above discussion, the liquid and solid phases in the artery region
(excluding the small evaporation zone) can be assumed always at nearly the pentane
saturation temperature, Ty, and to not have large thermal gradients. Therefore. the
liquid and solid phases in this region are also assumed to be in LTE.

As an alternative approach to discuss the validity in assuming LTE, the flow

through the corridor can be viewed as flow through a single stream heat exchanger,
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where the porous matrix consisting of the spheres acts as the bounding surface.
Then, an estimation of the number of transfer units (:VT'U) in the flow corridor can

be made. The NTU can be defined as

.\ ki
A (Nu)y—
Aku U)dd

NTU = ’
Au(pep) [(urr)s, |

(2.13)

where Ay, is the liquid-solid interfacial area for surface convection and 4, is the flow
area. both in the flow corridor, and |(u; ;)s,]| is the averaged axial velocity through the
flow corridor. For a randomly packed system of spherical particles with d = 200 pm.
an assumed porosity of € = 0.4, a stack height of § = 3d. and an included cone angle
of & = 20°. the areas would then be Ay, = 1.56 x 107® m?. and 4, = 8.68 x 10~® m?.
The fluid properties are listed in Table 3.1. To determine the (Nu)y, an empirical
expression was used for surface convection through a packed bed of particles and is

given as [46]

) ) Dald
(Nu)g = 2 + (0.4Re)* + 0.2Re’*)Pr%*. where Rey = % (2.14)
w{l —e

For an average velocity of |(u;.)s,| = 0.1 m/s (typical order of magnitude of the
numerical results near the predicted qcpr.y this geometry), the (Nu)y = 17.2. Then
the NVTU = 1.2. This would indicate that the heat exchanger effectiveness of the flow
corridor is around 0.6 at this theoretical operating condition and that LTE would not
be a valid assumption. Evaluating the .NTU at more realistic operating conditions of
[{u1.z)s,] = 0.0125 m/s (determined from the numerical model for T; — T, = 10C).
the (Nu)q = 6.6 resulting in an NTU = 3.5. This would indicate that the heat
exchanger effectiveness of the flow corridor is near unity and LTE would be a valid

assumption. As the heat flux (and correspondingly the T, —T},) decreases, the average
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liquid velocity decreases resulting in a longer residence time of the liquid in the flow
corridor allowing the liquid and solid phases to reach LTE. This would indicate that
the assumption of LTE becomes more valid the further the system operates in the
wetted-surface regime away from the gcyr point. This analysis does not include the
effect of the evaporation at the end of the flow corridor consuming the incoming
heat fiux. Since the evaporation zone consumes most of the heat flux. and since the
high Pe would indicate a high convection effect working to restrict the heat from
penetrating too far up into the artery region, the temperatures in the majority of
the artery region are expected to be nearly equal to Tj,, and therefore this region is
still assumed to be in LTE for simplification purposes. Figure 2.5 shows the variation
of NTU versus particle diameter for constant d,/d. |{u;;)s,|. and fuid properties.
From this plot it can be seen that the assumption of LTE becomes increasingly valid
with decreasing d.

In the conduction zone, the liquid is assumed to be stagnant. and at steady
state conditions and neglecting thermobuoyant motion. the liquid and solid phases
here can be assumed to be in LTE as well. The assumption of LTE within the evap-
oration zone is least valid. but since this zone constitutes such a small part of the

domain. the invalidity of the assumption negligibly affects the predictions.

2.2.1.3 Energy Equation

Assuming LTE. the temperature distribution is modeled following

V - [(pcp)i{w){(T) — ((k) + (KYHV(T)] = rj < T,
V- (p{w)Ahy) ri=rj,.,,

which can be nondimensionalized and scaled with 4 as
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Figure 2.5: The variation in the .NTL™ with respect to particle diameter d for d, = 5d.
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(k d O rj < rje.i
V - [PesuiT* + (1 + - )VT*] = (2.16)

(k) V -Pesui/la rj=r;,,

where

Pe; = (PCp)1 0 [{ur)|o=0 Ja = cp(Ts — Tlg)y T —

(k) ’ Ahyg

(H-Ty . _ (W)
T.-Ty ' ' Nudle=o

and where (T') is the local volume-averaged temperature. (k) is the volume-averaged
effective stagnant thermal conductivity, (k)¢ = (pcp)1D? is the dispersion contribu-
tion to the total thermal conductivity ({(k) + (k)?). [{u)|g=o is a constant for a given
g and is the maximum velocity corresponding to a cylindrical stack, and the evapo-
ration term (right hand side of the equation) is assumed zero evervwhere except on
the side boundaries of the stack.

The volume-averaged stagnant thermal conductivity is assumed constant and
is predicted by the modified Zehner-Schlunder model [47] accounting for a sintered
contact area and an assumed porosity. In this model. (k) is related to a particle
shape factor, B. a particle deformation factor. a. and the liquid and solid thermal
conductivities. k; and k. as

(k)

R

Fy 1 2F

(1——) (B—1)+F_)_—F3 Fy
F}

- ln_"_

+F2—F3[ (F, — F3)? F;

where
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Fi=(1-¢'%,  F=1+aB,  Fy=(1+a)Bhk/k,.

The contact diameter, d, is related to B and a by

(fi_c_ IR¢ +1aB)2’ (218
and e is related to B and a by
B? »
e=1- (B_I)GF.)_,{{(B—1)°—2(B—1)]+
2(1 +a)F> In i +a(B-1)[(B-1)?=-2}. (2.19)

Exki/k,

For a d. = 0.15d. and an € = 0.4. Egs. (2.18) and (2.19) can be solved simultaneously
to find B = 1.97 and e = 5.82 x 10~? for a pentane/copper system. Using these
factors in Eq. (2.17). the effective stagnant thermal conductivity is found to be
(k) =9 W/m?-K .

The upwards heat flux is in part resisted by the downwards convection due to
the liquid flow in the stack within the annular flow corridor. The heat flux is drawn
towards the liquid-vapor interface along the peripheryv near the bottom of the stack
(i.e. the evaporation zone starting at the top of the base layer at r = d) to provide
the heat for evaporation (i.e.. the liquid-vapor phase change). The heat flux is then
conserved as it is conducted through the base layer, and then the magnitude of the
heat flux conducting upwards through the stack (i.e.. artery region) diminishes to
zero at some height as it is completely consumed. Currently, the model predicts this

height to be less than one particle diameter from the base of the stack.
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The temperature distribution must be calculated to determine the evapo-
ration rates, and the resulting flow field and required pressure drop, in order to
predict the gcur,y. The temperature distribution is determined using the discretized
finite-volume form of Eq. (2.15). The boundary conditions for the system are an
evaporation heat flux to a constant vapor temperature T, = T}, on the side of the
stacks [r(r) from i, < ¢ < i}, an insulated vertical side through the symmetry plane
in the base layer [r(r) = R, from 0 < i < i, — 1|, a constant saturation temperature
on the top (j, ¢ = i), and a constant input heat flux at the bottom surface (j, : = 0).
The temperature distribution is therefore predicted as a function of the input surface
heat flux. The surface superheat is then determined for each prescribed flux as the
area-averaged predicted base temperature T, — Tjy = (T)|;=0. The discretized energy

equations are as follows, where T = (T) = (T)* = (T)".

Conduction zone:

Boundary on bottom surface:

Ts - n%—l.j

=q(d;); i=0.i=1—= N -1 +1.
(Rox)o, 40k J " (

o
[3]
o
g

Base layer nodes:

Fori=1—1i—-1:

T;,; —Ti_y, + Ti;-Tin; Ti;-Tij- 4 Ti; — Tiju
(Rek)i-vj (Rek)ij (Rrk)ij—1 (Rrk)i

=0

]=2-2N —i. (‘.'

1§
o
'-—l
A
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Tij—-Tiovj Tij—Tin,; Tij—Tijo : .
= 4 + = — = J=N—iy+1,
(Rek)i-1,j (Rek)ij (Rrk)ij-1 J b

Artery region:
Initializing jo, = V — i+ 1 and j,; = is — i+ 1, then

For i = iy:

:ri.j - T'i—l,j Tx_) — L+l + Tl_[ - T’i.j—l + T’,J - Tl'.j-f-l
(Rr,k)i—l.J (R:.k)i.j (Rr.k)i.j—~l (Rr.k)i._)

=0

.j=2_-)j0.l—l' :

Ly=Tyy Ly =Ty Tiy=Tyar Ty =Tysr _

=0 | = Jou-
(Rrk)i-1, (Rzku)ij (Rri)ij—1 (Rrku)ij )=

Li,-T_.., T.;-Tiw, T.,;-T,-1 T.,-T =
+ + +
(Reg)i-1, (Rzku)iy (Rrku)ij-1 (Rrku)iy

=0.

j=jo.i+1_>je.z—1-

Tz., - Ti—»l.j Ti.j — Tz.j—l Ti-j - le ; i
+ + =0 = Je.i-
(Ret)iety;  Rrkadigmr © (Rera)in. I=

Fori=i4p+1—i,—1:

Ti; — Ty . Tij — Tiv1 + Tj—Tij- + T.j—Tijn1
(Reg)i-1 (Rzk)iyg (Rrk)ij—1 (Rrk)ij
j = 2 — jo.i - 1?

=0
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Tij —Tiovj + Tij—Tirj + Tij—Tij-1 | Tij —Tijn

=0
(Rzk)i-1j (Rzku)ij (Rrk)ij-1 (Rrku)inj

j = jo,ir

n.j - Ti—l.j Tl_) - T‘i-.&l.j + Ti._) — Ti,_/—l + T;; - Ti.j+l

=0,
(Rrku)i-1 N (Rzku)ij (Rrku)ij-1 (Rrku)i,

j=jv,i+1-‘)je.x—l~,

Tz.] - Tx—l.j + Ti.j - ’rx'.j—l + Tz._} - Tlg

=0 ) = Jea-
(R:.ku)z—l.j (Rr.ku)i._l—l (Rr.ku)idt,. ' /

For i = i,:

Lij—Tio; T, = Tiyu
(R:.k)i—~l._1 (Rr.ku)i.j

=0 J=Jou

Ti; - Ti_yy + Tij—Tijov  Tij—Tijn
(Rzku)i-1j (Rrku)ij-1 (Rrku)ij

T,j—Tio;  Tij—Tij + T,; - Ty
(Rzku)i-1j (Brsu)ij-1  (Rrku)ije,

=0 J=Jeir

=0 J=Joi+t1l—jei—1

(» .>

[SV]
N
oo
ot

(2.30)

(2.33)



50

Center column of nodes:

Tin = Tit1a + T, —Ti»
(Rek)it (Rri)in

=0 j=1li=1—>1i,—1.

where
Ar Ar/2
(R:,k)u - (/1) -l.’t_] ( r.k)O._) (k) _1:1
(Pe:)i. —
(R:.ku)i 2 . L .
('I") + (l‘> )4 rj Per)u e(Pe:)x.J
_In(rye/ry) ~ _In(rj/r;-0) Y
(Rr‘k)i._j - I <k).§.:‘ (Rr.k)l._]—l - Zﬂ'—_Zk).JA.L' . (Rr.k)x,l = (k).-{rl
; (Per)i.' —-
(Rr.ku) = ’ L R
(I‘ + (I"> (Pe ) (Per)i.j
and

- _ {(w)ij)acpaAz - {w)ij)picpaAr
(Pez)i; = ) . (Per)iyj= B :
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2.2.1.4 Slope of Wetted-Surface Regime

At all heat fluxes below that resulting in the viscous-drag choking limit, there
exists sufficient liquid pumping through the flow corridor to the evaporation zone to
feed the liquid-vapor phase change. Since the resistance for evaporation is assumed
negligible, all of the available heat flux is used for liquid-vapor phase change within
a short evaporation zone, on the order of less than 0.5d, above which the volume-
averaged temperatures would be equal to the saturation temperature ;4. Below the
evaporation zone, in the base laver. the heat flux is assumed to be by conduction
only. Calculations show that the heat flux through the base layer is indeed nearly
one-dimensional in the r-direction. before converging towards the evaporation zone
at the top of the base layer. This can be seen from the example plot of the calcu-
lated temperature profiles shown in Fig. 2.6. one for T, — T, = 10°C corresponding
to the typical magnitude of the measurements. and another for T, — T;, = 149C
corresponding to the predicted (i.e. theoretical) gcyp.,. Therefore. assuming a lin-
ear temperature profile from the surface to the evaporation zone. to approximate a
one-dimensional heat flux. a characteristic length, Ly = Cid, would exist that would
account for the effect of the cyvlindrical geometry. the turning of the heat flux towards
the evaporation zone (peripheral surface), plus an additional average effective height
above the top of the base layer and into the evaporation zone. The heat flux in the

wetted-surface regime can then be approximately related to the surface superheat.

Ts - I’lg.~ b}'

L_]}g

1= ~(KVT = (k) ==

(2.10)

Since the geometry is scaled with d, Cy is independent of particle size for a given
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Figure 2.6: A contour plot of the predicted temperature distribution within the base
laver and the particle stack for (a) T, — Tjy, = 10°C corresponding to
the typical magnitude of the measurements. and (b) T, — T, = 149C
corresponding to the predicted (i.e. theoretical) qcuF.v.
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geometry. For a conical stack geometry, Cy is dominantly dependent on the height
of the base layer d, = Cpd, and the base diameter of the stack. The base diameter is
characterized by the stack height, §; = Csd, and the included angle of the cone, 8.
Therefore, the functional dependence of the conduction coefficient is approximated as
Cr = f(Cs,8,Cp). For a base layer of height o, = Cpd = 1d, the constant C; would
be expected to be slightly greater than unity (i.e., Ly is expected to be slightly
greater than d, or in other words, Cj is expected to be slightly greater than Cj).
Numerically solving for q as a function of T, — T,, a constant value of C = 1.22 was
found for this conical stack geometry characterized by § = 20°, C5 = 4. and C, = 1.

From Eq. (2.40), the q versus T, — T;, curve in the wetted-surface regime prior

to the critical heat flux can be predicted.
2.2.2 Viscous-Drag Liquid-Choking Limit

As mentioned. the evaporation along the side of the stack requires a certain
rate of liquid supply which determines the liquid velocity distribution (u;)(z). As
the evaporation (i.e., heat flux) is increased. the liquid flow must increase. This
results in an increased viscous-drag resistance within the particle stack. The viscous-
drag liquid-choking limit is then determined by a balance between the rate of liquid
evaporation and the ability for the liquid to be resupplied through the stack. These
flow paths were shown in Fig. 2.2.

Recall that the liquid is assumed to be pumped through the arterv region
by capillary and gravity forces. The relative importance of the gravity forces to the
capillarity is described by the Bond number given as

gpd’

= 9 .
BOd o . (...-11)
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For pentane liquid and with d = 200 pgm, this results in Bog = 0.02, thus indicating
that gravity is negligible within the stack, but it is still included in model to allow
for variation of d.

The evaporation along the side of the stack is assumed to alter the local liquid-
vapor interfaces to provide the required interface curvature distribution for the liquid
capillary-pumping through the stack. There then exists a capillary-limiting minimum
radius R, that corresponds to the capillary pressure for the porous media. and conse-
quently determines the critical-maximum viscous-drag resistance. The viscous-drag
liquid choking limit is then defined as the heat flux resulting in the evaporation rate
(i.e. heat flux) that requires a liquid feed rate corresponding to —dp/dz = p./J;.

The viscous-drag liquid-choking limit (i.e.. the critical heat flux gcyrv) is then
considered to be at the flux requiring a velocity that results in this pressure drop
being equal to the capillary pressure. i.e.. Aps = p..

An analytical approximation for the gcyr. can be found by making a few
further simplifications. Assuming that the effect of variable flow area (i.e.. assuming
cylindrical instead of conical stacks, § — 0) is negligible. and that all of the liquid
flows the full length J, through the flow corridor before evaporating. then the pressure
gradient through the vertical flow corridor would be linear. Further. assuming that
the effect of gravity is negligible (i.e.. Boy is small). a characteristic length scale is
R'2, and noting u(zr) < 0. then Eq. (2.10) can be simplified for a one-dimensional

system to be

0= —ZZ' +Ca+ \‘VeKl/e (9 = 0) (242)

where dp*/dz* is a dimensionless and normalized pressure gradient, and where We
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is the Weber number, Ca is the Capillary number, each defined as

p(w)* K" Ced, Ca = Kudlm &
o CiKe)'l? o CiKe'*

We,\»l/z = Cj = 0.53.

In Eq. (2.42), the solution would indicate the maximum velocity achievable by the
available capillary pumping power. This velocitv would not be that experienced
within the experimental stack. but rather represents an upper limit that is dependent
on the permeability and stack height, K'(d) and d,(d). and therefore on the particle
size. d. The velocity in the stack can then be classified as a fraction of this maximum
velocity [corresponding to a maximum viscous-drag liquid-choking limit. (qcHF v )o=0).
where the ratio would depend on the stack geometric parameters such as the included
cone angle.

The velocity. (u;). can be written in terms of the critical heat flux and an area
fraction. e,. defined as the ratio of the cone-base area to the unit-cell surface area.
as

() (gcHF v )o=0

S i 2.
“ EsplAhlg ( 43)

Recursively solving Eq. (2.42) for u through the flow corridor. and substi-
tuting Eq. (2.43) for u, an expression for the maximum viscous-drag liquid-choking

limit. (gcuF.v)o=o0. can be found as

((ICHF.\.—)():O == 1— & .)(53 (QCHFN)é:O (244)
e pioAhyy (Ke)'/? Cyé2el/? poAhi)
s“J =
Hi os

In this recursive form. the effect of particle diameter on the (gcyr.v)s=o can be seen.

Since the stack height, d,, and the square root of permeability, K/2 are assumed
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each directly proportional to d, the effect of d is consolidated into the second term
of the right hand side of Eq. (2.44). Asd — 0, then the right hand side of Eq. (2.44)
equals unity. Equation (2.44) was scaled with the solution to the viscous limit of
Eq. (2.42), namely the solution to Ca = dp*/dr*. Therefore, as d decreases, viscous

forces dominate over inertial forces, and in the limit, 2 maximum gcyr . exists as

p[U.’_\hlg ([\"6)1/2 _ W'e,\»u-_- ,LL[Ah.[g

(gcuF v )o=0 = €:Cy

1 ds Ca® CeK'?
or
((ICHF.»')():O’ =1 d-o. (2.46)
poAhy, (Ke)/?
e,Cy -
I Os

Equation (2.43) can be used with Eq. (2.42) to also explicitly solved for

(9cHF.v)o=0 as

((ICHF \')0:0 i 1 9 1 1/2 -
: =- —— )+ 2, 2.
\«Ve,‘-x/z ;tl_‘\h[g .)\lVer/z + ‘)“e,\-x/z + We,‘-u: ( 4‘)
Ca® CgA'/? " Ca? T Ca? Ca®

The cone-base area to unit-cell surface area ratio, ¢,, is included to account
for the different patterns of the stack modulations across the surface. For example.
for adjacent single-height stacks in a square array, ¢, = 7/4 = 0.785. and for an
hexagonal array. €, = 3'/%7/6 = 0.907.

For cases when § > 0, a coefficient 0 < Cy(f) < 1 can be used to adjust
the maximum velocity found in Eq. (2.42) to account for the effect of variable flow
area (i.e.. conical sidewalls as opposed to a cylindrical stack), as computed with the

numerical model. Therefore, the unit-cell critical heat flux (i.e., surface viscous-drag
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liquid-choking limit), corresponding to the gcyr v calculated from the model, can be

approximated as

gcur.v = Co(gcur v)o=o, (2.48)
or
qCHF .v i _ - 1 — CE § .)()-s _ QéHF,\; : (2.49)
CafsC_] plUAh(g ([\ 6)1/' CJCJ 6;61/' pm’Ah,‘g

Hi 03

where Cy is an empirical function of # found by taking the ratio as a function of § of
the numerical results and that predicted by Eq. (2.47). The function Cy was found
to be negligible dependent on d within the range of interest 50 um < d < 200 pm.
The variation of Cy versus § is shown in Fig. 2.7.

The viscous-drag liquid-choking model presents a means of determining the g
versus Ty — Tj, relationship and the gcyr.- corresponding to the theoretical viscous-
drag liquid-choking limit within the stack. It is highly dependent on the model
used for treating the porous medium as well as the assumed simplified liquid-flow
paths, but as a first approach. it appears to have qualitative agreement with the

experimental results to be presented.
2.2.3 Hydrodynamic Liquid-Choking Limit

A hvdrodynamically determined liquid-choking limit gcyr.n has been proposed
in addition to gcyr.y. The modulated porous-layer coating can create designed (non-
hydrodynamically determined) locations of vapor escape into the liquid pool altering

the thermal-hydraulics in the pool and above the layer, thus extending the classical
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Figure 2.7: The calculated variation of the coefficient Cy as a function of included
angle of a conical stack (for 50 um < d < 300um).
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hydrodynamic liquid-choking limit. This model, therefore, considers the ability for
the liquid to flow towards the surface through the escaping vapor.

Zuber [25] developed a mechanistic theoretical model for the qcyr based on
idealized hydrodynamics of a liquid-vapor interface system above the surface. Ideal-
izing the vapor flow, he equated the boiling heat transfer Q to the rate of heat escape

by buoyant flow of the vapor through the liquid as

Q = pyughy,, (2.50)

where A, is the cross-sectional flow area for vapor escape above a representative
(spatial periodicity assumed) portion of the surface. Then the maximum heat trans-

fer Qcur was when the vapor enthalpy approached the latent heat resulting in an

expression for qcyr as

A ]
qcur = 1 =pgug_\h,gi. (2.51)

where ., is the base surface area of a representative cell beneath Ay, i.e. 4y = A,+.4;.
Figure 2.8 repeats part of Fig. 1.6 for convenience and shows a rendering of the
determination of A4, and ,. Zuber hypothesized that the base surface area .4,
corresponds to a periodic cell determined by a flow-critical. base length scale A, of
the fluid. i.e.. 45 = A;. From the spacings determined by \;, the vapor bubbles
would then flow from the surface (i.e., break through the liquid) through idealized

cylindrical vapor-flow channels of area A, = 7R, where radius R, = a),. and
where a is the to be determined ratio of R;/\s. In this model, as the heat flux is

increased, the vapor velocity increases until the liquid-vapor interface of the channel
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Figure 2.8: Rendering of the geometry for the liquid-vapor counter flow hydrody-
namics. (Redrawn based on figures by Lienhard and Witte [30])
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walls becomes unstable. For a vapor flowing adjacent to a liquid with the liquid-
vapor interface parallel to gravity, the critical-flow length scale along the interface as a
function of vapor velocity corresponds to the Kelvin-Helmholtz instability wavelength

as [25]

2o 2ro . Y -
AKH = 5 Or g = j (2.92)
Palty AKHPg

Substituting Eq. (2.52) into Eq. (2.51). we obtain

In\2
2ra | pTa N

Axnpg) A

2riatop, U2

qcuF = PgNhyy( = Ahyg(

AKH
The Aky and a must then be determined to evaluate the gcyr with Eq. (2.33). From
a capillary energy analysis, Rayleigh determined that for a fluid jet of diameter 2R.
the flow-critical length scale corresponding to destabilization is equal to the jet cir-
cumnference. i.e.. the Rayleigh wavelength \g = 27 R [30]. Zuber then equated the
Kelvin-Helmholtz and Rayleigh wavelengths as \xy = Ag = 27 R, = 2wa)\,. This
form still requires the proper determination of A\, and a. In the work of Zuber, for
boiling on a plain surface, the \, was assumed to develop from the condition of the
vapor being generated on the surface but underneath the liquid pool. For a liquid-
vapor interface system in which a more dense fluid is above a less dense fluid with
respect to gravity. the critical instability wavelengths )\, would arise from a balance
of surface tension and buoyancy and would result in either the most critical (largest
disturbance) or most dangerous (fastest growing disturbance) Rayleigh-Taylor insta-
bility wavelength, Agrc or Agra = 3'2\gr. = 32(27){o/[glp — pg)]}"/3. After

separately substituting both of these wavelengths into Eq. (2.53), Zuber simplified



62

the two results into his well known relation for the critical heat flux from plain sur-
faces by compromising on an intermediate value of A\, = (9/27)Agr,.. He then set

AkH = 2ma)\, = 9a)\rT . to Obtain,

gCHF .Z -
oy hyglog(p - po)]'H T 24

(2.54)

where, also for simplicity, he chose ¢ = 1/4. Lienhard and Dhir [40] argued from
experimental observation that the Agr 4 would be the dominating flow-critical length
scale along the surface. and that for infinite surfaces, these waves would continue
into the vapor channels, thus effecting the destabilization of the channel walls before
the Rayleigh waves. They suggested as a better choice to set A\, = Mgy = Agra =
32 \pT. resulting in a value 1.14 times higher than that predicted by Eq. (2.54).
These determinations of \, ignore the presence of any protuberances into the
liquid-vapor interface that might delay the development of the Agr. thus prolonging
the wetting of the surface by allowing the liquid to break through. We hvpoth-
esize that modulation of the porous-layer thickness (i.e.. introduction of protuber-
ances). imposes a geometrically determined critical length scale \,. corresponding to
the modulation wavelength, that supersedes the dependence on the Rayleigh-Taylor
wavelength and extends the hydrodynamic liquid-choking limit. The modulation
therefore delays surface drvout and extends the gcyr to where a stable flow-critical
wavelength can be established between two protuberances. Figure 2.9 shows a ren-
dering of the physical model for the hydrodynamic instability limit to liquid reaching
the surface for both the porous-layer coating and a plain surface. Measurements of
the gcyr fromn a plain surface performed for this study had good agreement with

Eq. (2.54). Therefore, using Zuber’s approach with ¢ = 1/4 and setting
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Figure 2.9: A rendering of the physical model of the hvdrodynamic instability limit
to liquid reaching the surface for a plain surface and a modulated porous-
layer coating.
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AkH = 2mal, = 2waln,, Eq. (2.53) then becomes

[ a 1/4

qCHF h _ 9 /\R’I‘,c /2 _ Q(Pl - pg) 5 ==
LAV 4 2r A - 7z (2.35)
2170 “Ahylog(o — py)l =% im “m

or more simply
T OPg 1/
qQCHF . = gihlg(-\—g)l/l,
‘m

where the subscript h distinguishes this gcyr as the hydrodynamic liquid-choking
limit (as opposed to the viscous-drag liquid-choking limit), and where A\, = A\,
is now assumed to be determined by the dominating mechanism for determining
the vapor-escape spacing along the surface. For the porous-layer coated surface,
Am corresponds to the macro-scale geometry (i.e.. a modulation wavelength) of the
modulated porous-layer coating.

Figure 2.10 shows the variation of gcyryn with A, following Eq. (2.53) for
pentane as the working fluid. The upper limit of A, for it to still affect the qcyry, is
Am = (9/27)\gr.c. because this is where the qcyrn — qcurz. The gconrn increases
proportionally with \;!/2 as \,, is reduced from (9/27)Agr.. There exists a A, for
optimum qcyr h, below which a larger A, will begin to develop over the top of the
protuberances resulting in a decrease in the gcyr. The optimum A, is considered
to be a function of a liquid-column (channel) curvature limit which depends on the
porous-medium particle diameter d. fluid properties. and coating thickness J. In
the limit of \,, — d. the modulation effectively vanishes and the coating becomes
a uniform porous-layer coating with its accompanying, lower enhancement in gcyr.

Determination of the optimum A, is yet to be done.



Fluid: Pentane

(qCHF,h)mm( 103

el
deppn » kW/m

5 . Experiment
| i Liquid-Column * Dual-Height Modulation
Curvature Limit * Single-Height Modulation
e Uniform Coating
i ° Plain Surface
800 - 3 (2] e
[ 4CHF.A = _&pi-py)
i %p(:,”Alx,c[Gg(p,- P A
600
- . o Plain Surface
400 Limit,
9
- M > 5 ART.c
""" 700‘ L o
70 5 10 15 20
. Ap=n Agr =9
m, min m = 2x “RT.c g(p,-pg
Liquid-Column A
m A

Curvature Limit

(To Be Determined)

)
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CHAPTER III

EXPERIMENT

As mentioned in Chapter 1, a method for fabricating the porous-layer coatings
with designed modulation was developed. Coatings were fabricated from monosized.
spherical copper particles and were applied to a solid. planar copper test surface
of d = 5.08 cm. Different porous lavers were constructed with various porous-layer
overall thicknesses ranging between 1 to 9 particle diameters. and various modula-
tions creating uniformly spaced hexagonal unit cells ranging in size from 3 to 15
particle diameters. Only the two modulated porous-layer coatings exhibiting the
best enhancement are presented in detail here. The results from the other tests and

their interpretations follow at the end of this chapter. The two are:

(i) A coating of single-height modulated conical stacks fabricated with J = 6d,,

and \y = 3d, (dp = 200 pum). This surface is shown in Figure 3.1.

(ii) A coating of dual-height modulated conical stack groups consisting of a tall
stack of 0 = 9d, surrounded by six shorter stacks of § = 3d,. and a peak-to-
peak tall-stack spacing of Ay = 8d,, (d, = 200 pm). This surface is shown in

Figure 3.2.

Experiments were performed at atmospheric pressure using pentane as the

liquid and copper as the surface and coating-particle material. The pentane satu-

66
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Figure 3.1: SEM of single-height, modulated porous-layer coating showing a) the
side view, b) top view, and c) the perspective view. The porous-layer
contains spherical copper particles of diameter d = 200 pm molded into
conical stacks.
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Figure 3.2: SEM of dual-height, modulated porous-layer coating showing a) top view.
and b) the perspective view. The porous-layer contains spherical copper
particles of diameter d = 200 um molded into conical stacks.
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ration properties used are listed in Table 3.1. To better approximate the boiling
from an infinite flat surface, a short glass cylinder was positioned in the liquid pool
around the circular test surface to prevent lateral entrainment of liquid due to the
buoyvant convection of the vapor. Joulean heaters were used to heat an insulated
copper thermal mass to which the test surfaces were attached. The Q and T, — T
were measured after the system reached quasi-steady state conditions at intervals of
increasing heat input. The gcyr was said to have occurred at the last quasi-steady

state measurement interval before the transition to film boiling was observed.

Table 3.1: Thermophysical properties of saturated pentane at 1 atm [48].

M 72.151 kg/kmol
Ty 36.05°C

12 610.2 kg/m?
Pq 3.00 kg/m?

AV 358.2 kJ/kg

o 0.0143 N/m

L 1.96 x 10~* kg/m-s
Hhg 6.9 x 107% kg/m-s
k, 0.107 W/m-K

k, 0.0167 W/m-K

Cpu 9340 J/Kg-K

Pr 4.29




3.1 Porous-Layer Coating

3.1.1 Design Objective

As stated, modulated porous-layer coatings are coatings with periodic, de-
signed variations in layer thickness J. The modulation is imposed to create alternat-
ing regions of low resistance to vapor escape and high capillary-assisted liquid draw.
The objective in design is to then develop a way of creating repeatable and uniform

modulations in a this porous coating while controlling the modulation geometry.

3.1.2 Fabrication of Coating

The porous-layer coatings used in this studv are made of spherical copper
particles screened between size 80 mesh (180 pm) and 60 mesh (250 pum) sieves to
supply an nearly uniform particle diameter of 200 um. Open-faced graphite molds
are machined to provide a 3-dimensional negative image of the desired coating modu-
lations. enabling the creation of certain opened. controlled-shaped voids or structures
within the layer. The process for surface fabrication is as follows. The particles are
poured into the mold and shaken level. The test piece is then placed inverted onto
the powders so that gravity holds the test surface in contact with the particles while
the mold holds the particles in the shape of the desired modulated surface. The
mold, particles, and test piece are then placed into a tube furnace with a reducing
atmosphere. While in the furnace, the particles are diffusion sintered together and
to the test surface creating the porous-layer coating.

The modulation in the graphite mold was machined using either dicing blades
or single-flute pointed drill bits with a § = 20° taper. Mechanical limitations of the
strength of the drill bit prohibited the use of drill bits with smaller included-angle

tapers. Modulation size limitations were also inherent in the ability of the graphite
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to resist flaking or chipping during machining (i.e., high aspect ratio or very thin
graphite walls in the mold were not possible). These manufacturing restrictions,
as well as the geometric restrictions arising from the modulation structures being
nearly the same order in size as the spherical particle diameters, placed restrictions
on the possible modulation length scales and designs that could be fabricated with
this method. An additional and unnecessary restriction was imposed such that the
modulation be divisible into repeated unit cells to simplifv analytical modeling.
The resulting fabricated modulations consisted of either particle walls in a
“waffle” pattern or of conical “stacks” of particles arranged in either square or hexag-
onal arrays across the surface. Preliminary results indicated that coatings consisting
of the particle stacks provided better performance. Therefore. the predictions of the
results from these coatings were a major focus of this study and a single particle

stack was used as the domain for the analytical model.

3.2 Experimental Apparatus

The experimental apparatus is shown in Fig. 3.3. A solid copper cylinder is
used as a thermally massive base to supply heat to the testing surface. The top of the
base is machined with a male screw thread for attachment of test surface pieces. A 3.8
cm diameter flat surface is left on the top of the thread for thermal contact between
the base and the test pieces. The large thermal mass of the base provides a thermal
inertia that allows the gcyr through the test surface to be observed while afterwards
allowing enough time to power-down the system before the solid temperature reaches
destructive levels.

The base cylinder is heated by a 1.3 kW cartridge heater, and by a 1 kW band
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Figure 3.3: Schematic of the experimental setup.
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heater wrapped circumferentially around the lower half of the base. The cylindrical
base is surrounded on the sides and bottom by a ceramic fiber insulation and then
enclosed in a wooden container. A stainless steel top plate is attached to the top of
the wooden container. The test piece is extended through this top plate exposing
the test surface to the fluid. The copper base and the wooden container are mounted
independently on a steel bottom plate using threaded rods. After a test piece is
screwed onto the copper base, the threaded rods are adjusted at the bottom plate
until the test piece is horizontally level with. and extending through. the stainless
steel top plate.

The test pieces are constructed from a 5.08 cm diameter copper cvlinder. They
measure 3.8 cm in height with a screw thread machined axially into the bottom. The
test pieces are screwed onto the base such that the bottom of the pocket-well of the
thread in the test piece seats flush with the flat surface on the top of the male thread
of the base. Thermally conductive silver grease is used between the test piece and
base contact surfaces to reduce the thermal contact resistance. The porous-layer
coatings are applied onto the top 5.08 cm diameter area of the test piece using solid-
phase diffusion sintering methods. A rectangular cross-section. circular Teflon sleeve
is placed around the circumference of the test piece top-flush with the testing surface
to reduce boiling from the sides of the test piece. The sleeve is sealed to the test
piece with high-temperature silicone putty to prevent leaking. A Viton O-ring is used
to seal between the Teflon sleeve and the stainless steel top plate. The remaining
crevice between the Teflon sleeve and the test piece does provide a nucleation site
for boiling, but visual observations revealed that the rate of bubble formation (and
therefore the amount of heat flux flowing to the crevice) was much smaller than that

for the majority of the porous-coated surface. Therefore the effect of boiling from
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the crevice was considered to be within the experimental error.

A Pyrex glass reservoir was fabricated from two concentric cylinders (one
having a 8.9 cm ID and an 18 cm length, and the other having a 12.0 cm ID and
30 cm length) fused at the bottom. This glass reservoir is positioned upon the top
plate as shown in Figure 3.3 where the inner cylinder is sealed to the stainless steel
plate with a Viton O-ring. The volume inside the inner cylinder constitutes the
main liquid pool, in which the boiling takes place. The annular volume between
the two cylinders constitutes the insulating-replenishing liquid pool. A tape/guard
heater (not shown in the Figure 3.3) is wrapped around the outer cylinder to ensure
uniform saturation temperatures within the liquid. The top of the glass reservoir is
closed with a plastic cap through which runs a copper coil condenser. A shallow,
conical shaped Pyrex glass weir is used to direct the falling condensate from the
condenser into the insulating-replenishing pool where it is reheated to its saturation
temperature. The liquid is allowed to flow from the insulating-replenishing pool
into the main pool through 6 circumferentially spaced inter-pool ports. A Pyrex
glass inner ring (3.8 cm length. 5.3 cm ID) is placed in the main liquid pool. on
the top plate. and around the test surface to prevent liquid cross flows and reduce

entrainment.

3.3 Experimental Procedure

Power is turned on and increased until boiling initiates. The liquid is boiled
in the lower end of the nucleate boiling regime for 4 to 6 hours to purge any dis-
solved gases. The surface superheat and heat flux are then measured. The power is
then incrementally increased and the system is allowed to reach quasi-steady state

conditions. Quasi-steady state conditions are considered to be reached when the
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average temperature of each of the thermocouples appears steady (within +0.1°C)
for at least 120 seconds. The power is then again incrementally increased and the
same procedure is followed. When the critical heat flux is surpassed, the system is
seen to exhibit film boiling on the surface and the temperatures in the copper test
piece quickly begin to rise. As soon as this occurs, power is turned off and the last
quasi-steady state heat flux data point is taken as the critical heat flux for that sur-
face. All heat flux measurements are taken for increasing increments and the effects

of hysteresis are not explored

3.3.1 Data Acquisition

Seven Type E thermocouples are positioned as shown in Figure 3.3 and are
used to measure the temperatures and heat flux through the system. The six ther-
mocouples positioned in the copper base and test piece. labeled as 20 and 25 in the
figure. are potted with a copper-oxide ceramic into holes such that the thermocouple
beads are aligned along the axial center line. The three thermocouple beads in the
copper base are located at 14.0 cm. 15.7 c¢cm, and 17.5 cm above the bottom and
are referred to as the heat-flux thermocouple set. The first and third thermocouple
temperature readings of the heat-flux set are used in conjunction with Fourier’s Con-
duction Law to determine the heat flux to the test surface. The three thermocouple
beads in the test piece are located at distances of 2.15 cm. 1.15 cm. and 0.15 cm
below the test surface before coating and are referred to as the surface-temperature
set. The readings of the first thermocouple (located at z = 2.15 cm) of the surface-
temperature set and the determined heat flux are used with Fourier’s Conduction
Law to estimate the surface temperature at the testing surface under the porous-

layer coating. The seventh thermocouple is located in the main liquid pool nearly
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2 mm above the center of the porous-layer coating. This thermocouple is used to
monitor the bulk liquid temperature above the surface to ensure that the saturation

temperature is maintained.

3.3.2 Measurement Uncertainty

The measurement uncertainties were evaluated using the method of Kline and
McClintock [49]. Property uncertainties were estimated to be 0.5 percent, thermo-
couples uncertainties to be 1.7°C. and length measurement uncertainties to be 0.03
cm.

The uncertainty in the heat flux. ;. was evaluated as

Un
Az

) + (giz-)‘*]”'l. (3.1)

. Ukvo Ui Un
Uy = () + (33 + (33 + =

Tk AT AT

For typical values at the critical heat flux point of a modulated porous-layer

coated surface, this estimates the percent uncertainty in the critical heat flux to be

U,

” 1.7C, 0.05 cm
q

= [(0.003)* + 2( 66°C )"+ 2(

Tie o) | * 100% = 4.2%. (3.2)

Note that the uncertainty increases with decreasing heat flux due to the smaller AT.

The percent uncertainty of the extrapolated surface temperature was similarly

found to be
UT, _ Uk 2 Uq 2 UTx 2 Urx 211/2
. 1.7C.. 0.05 cm
= =\2 912 Y. V.U R\ 2y172 — ,
[(0.005)? + (0.042)" + (355 )* + (575 o) 1V* * 100% = 6.4%. (3.4)



CHAPTER IV

Results and Discussion

4.1 Measurements

Repeatable results for a number of surfaces with various porous-laver coating
modulations have been obtained for the heat flux ¢ versus the surface superheat T, —
Tiy up to the critical heat flux qcyr. F