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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.
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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])






