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Abstract
Modulated (periodically non-uniform thickness) porous-layer coatings, as an example of capillary artery-evaporator
systems, are experimentally shown to enhance the pool-boiling critical heat ¯ux nearly three times over that of a plain
surface. The modulation separates the liquid and vapor phases, thus reducing the liquid±vapor counter¯ow resistance
adjacent to the surface. Theories are suggested for two independent mechanisms capable of causing the liquid choking
that leads to the critical heat ¯ux. The Zuber hydrodynamic theory is modi®ed to account for the eect of the coating
modulation-wavelength on the development of the stable vapor layer above the coated surface, which eectively chokes
the liquid down-¯ow towards the surface (above the coating). The second liquid-choking limit occurs within the porouslayer coating when the viscous drag surpasses the available capillary pumping. The lower of these liquid-choking limits,
for a given set of geometrical and thermophysical parameters, is theorized to predict the observed critical heat ¯ux. The
predicted wetted-surface regime and the two limits are compared with the experimental results and good agreement is
found. The theories are then used to discuss the optimization of the enhancement and suggest that completely separated
liquid and vapor ¯ow paths can result in substantial further enhancement. Ó 2001 Elsevier Science Ltd. All rights
reserved.

1. Introduction
The eciency and performance of devices experiencing high heat loads is often limited by the relationship between the generation or storage of heat in the
device and the associated elevated and often undesirable
device material temperatures. Examples of such limitations can be found in electronic cooling [1,2], the increasing of the eciency of process and heat transfer
equipment, among others [3±5]. Future technologies
promise ever higher heat loads and compel the search
for improved heat transfer (removal) systems.
Nucleate pool boiling is a well-recognized means for
passively removing high heat loads from a device while
maintaining relatively low material temperatures. Vari*
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ous surface modi®cations, including integrated surface
structures (e.g., channels and ®ns) and the application of
a uniform thickness porous-layer coating to the surface,
have been shown to passively provide eective enhancement to boiling heat transfer [4,5]. Fig. 1 presents a
map of the potential enhancement of surface modi®cations as collected from the published experimental data.
Thin uniform thickness porous-layer coating of boiling
surfaces has been experimentally proven to be an especially eective passive enhancement technique capable of
providing an increase in the critical heat ¯ux qCHF , and/
or a reduction in the surface superheat, Ts Tlg , for a
given surface heat ¯ux q, compared to the performance
of a plain surface [6±13]. A number of phenomenological theories have been put forth to explain boiling heat
transfer from porous-layer coatings. The enhancement is
attributed to combinations of an extended surface area
eect, a capillary-assist to liquid ¯ow eect, an increased
nucleation site density eect, and the dependence of the
vapor escape paths from the porous-layer on the pore
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Nomenclature
a
A
cp
Ca
CE
d
Dhlg
g
h
H
i
j
J
Ja
k
K
`
M
N
p
Pe
q
Q
r
R
Red
s
T
u
v
WeK 1=2
x
Z
Greek
d

k
l

area ratio
area m2
speci®c heat (J/kg K)
capillary number, see Eq. (19)
Ergun coecient
diameter (m)
enthalpy of vaporization (J/kg)
gravitational acceleration m=s2 
enthalpy (J/kg)
capillary rise height (m)
axial node counter
radial node counter
Leverett J -function, J  J s
Jakob number, Ja  cp;l Ts Tlg =Dhlg
thermal conductivity (W/m K)
absolute permeability tensor m2 
thermal diusion thickness (m)
molecular weight (kg/kmol)
size of computational domain N  N 
pressure (Pa)
Peclet number, Ped  hul id=al
heat ¯ux W=m2 
heat transfer rate (W)
spatial coordinate, or radius (m)
base radius (m), or radius of curvature (m), or
universal gas constant (J/kmol K)
Reynolds number, see Eq. (14)
saturation
temperature (K)
velocity, or axial velocity (m/s)
radial velocity (m/s)
Weber number, see Eq. (19)
spatial coordinate, or height (m)
Melrose function, Z  Z hc 
symbols
coating thickness (m)
porosity, or area fraction
¯ow-critical length scale (m), or wavelength
(m)
dynamic viscosity (kg/m s)

distribution at the top of the layer adjacent to the liquid
pool. These eects are dependent on the ¯uid and solid
thermophysical properties and geometrical coating
parameters, such as coating thickness d 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 ¯ow 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

q
r
h
hc

density kg=m3 
surface tension (N/m)
included cone angle (degrees)
contact angle (degrees)

Subscripts
b
base layer, or base of characteristic
hydrodynamic cell
c
most critical kRT , or curvature, or capillary
CHF critical heat ¯ux
d
diameter, or most dangerous kRT
f
¯ow corridor
g
gas (vapor), gas ¯ow
h
hydrodynamic limit
i
axial node counter
j
radial node counter
je;i
last node of row i; je;i  N i  1
jo;i
®rst node of ¯ow corridor in row i,
jo;i  is i  1
J
Leverett coecient, CJ  0:53
k
conduction
ku
conduction±convection
KH
Kelvin±Helmholtz
l
liquid
lg
liquid±vapor, or saturation
m
modulation
p
plain (i.e., uncoated)
R
Rayleigh, or critical radius coecient
r
radial direction
RT
Rayleigh±Taylor
s
solid, surface, or stack
u
uniform porous-layer coating
v
viscous-drag limit
Z
Zuber correlation for qCHF
h
included cone angle
Superscript
d
dispersion
Symbols

non-dimensionalized
h i
volume or space averaged
k; ? parallel and perpendicular to
¯uid ¯ow

physical parameters without the use of the several empirical constants.
In a general sense, the limit on the qCHF of any
evaporating (e.g., pool boiling) system 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 ¯ow 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
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Fig. 1. The potential of various surface modi®cations used to
enhance pool boiling.

described by Gambill and Lienhard [14] as the kinetic
limit for evaporation given by
qCHF;max
h
i  1;
1=2
1=2
Rg =2pM
Dhlg pg  qg pg Tlg1=2 pg  qg;1 Tlg;1
1
where qg ; Tlg , and Dhlg are functions of the local vapor
pressure, pg , at the liquid±vapor interface, and where
subscript ``1'' denotes a far-®eld pressure assumed here
to be pg;1  1 atm. The interface pg is higher than the
far-®eld pressure due to the ¯ow of evaporated molecules leaving the interface resulting from the evaporation. As an example, Eq. (1) results in qCHF;max 
8:09  107 W=m2 for pentane, at pg  1 atm, evaporating to a vacuum, pg;1  0. In practice, achievable, passively enhanced and sustainable qCHF are smaller by two
orders of magnitude. But this shows that there is much
room for 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 counter¯ow resisting each others motion.
As the heat ¯ux is increased, the liquid ¯ow rate supplying the resulting evaporation, and in turn the liquid
¯ow resistance, must increase. Eventually, a qCHF is
reached where either the liquid ¯ow towards the phasechange interface chokes as in the case for high eusivity
surfaces (i.e., high ` qcp k1=2
surface and coating mas
terials 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 dryout locations) as
in the case for low eusivity surfaces. This work restricts
itself to cases where the surface and coating materials
are assumed to exhibit high eusivity.
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In pool boiling from high eusivity plain (uncoated)
surfaces, the resistance to liquid ¯ow towards the surface
can be considered to arise from the thermal-hydraulics
in the liquid±vapor counter¯ow directly above the surface and in the liquid pool. Zuber [15] theorized for in®nite plain surfaces that the hydrodynamics impose
stability limits to the counter¯ow determining a hydrodynamic liquid-choking limit (i.e., critical heat ¯ux
qCHF;Z  qCHF;p , where subscript ``Z'' denotes the Zuber
hydrodynamic limit, and where subscript ``p'' denotes a
plain surface).
In boiling from thick porous layers, there is an additional resistance to the liquid±vapor counter¯ow imposed by the solid porous matrix that can act to ``trap''
the escaping vapor above the phase-change interface and
within the layer, thus reducing the relative permeability
of the liquid and causing a viscous-drag determined
dryout at ¯uxes much lower than that of plain surfaces
(i.e., qCHF;v  qCHF;p , where subscript ``v'' denotes the
viscous-drag liquid-choking limit) [16,17]. Udell [17]
derived an expression for the critical heat ¯ux of a deep
porous layer with internal liquid±vapor counter¯ow,
qCHF;cf  qCHF;v jd!0 , as
Kqg Dhlg g ql

qCHF;cf
h
1=4 i
qg =lg 1  ql lg =qg ll

4

 1:

2

Thin porous layers, however, when not thick enough
to appreciably resist vapor escape, have been shown
to enhance the critical heat ¯ux (i.e., qCHF;v P qCHF;p 
[8±11,18]. This enhancement is believed to be due to the
lateral capillary-assist to the liquid-¯ow towards the
phase-change interface, which reduces the liquid±vapor
counter ¯ow resistance (i.e., provides perferential ¯ow
paths for the liquid and vapor, or phase separation) and
hinders the development of localized dryout conditions.
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.,
qCHF;h > qCHF;Z ) [12,18].
The use of porous layer coating to enhance the
evaporation rate (i.e., qCHF ) is an example of a more
general class of thermal systems utilizing a liquid-supply
artery to feed an evaporation zone. The capillary
pumping in the porous media generates the required
liquid draw thus establishing the ¯uid ¯ow artery. By
designing the artery to provide controlled direction to
the liquid and vapor ¯ows, and to minimize the liquid±
vapor counter¯ow resistance (i.e., create phase separation with directed ¯ow paths), signi®cant enhancement
in the sustainable heat loads can be achieved.
This work endeavors to theoretically analyze and
experimentally utilize such an artery-evaporator system.
Speci®cally, the advantages of porous-layer coatings in
pool boiling heat transfer are enhanced by the design of
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arteries within the porous layer that promote phase
separation within the layer aimed at reducing the liquid±
vapor counter¯ow 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 proposed to
¯ow out of the layer from between the modulation peaks
(i.e., not internally through the porous medium). The
liquid is drawn by capillarity through 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-¯ow
arteries.
The goal is to enhance the qCHF and the q versus
Ts Tlg curve by using such modulated porous-layer
coating systems. To reduce the number of variable
parameters under consideration, this study restricts itself
to atmospheric pressure, 1g, saturated pool boiling of
pentane from ¯at horizontal 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 theoretical 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.
2. Modulated porous-layer coatings
Modulated porous-layer coatings are coatings with
periodic, designed variations in layer thickness d. The
modulation is imposed to create alternating regions of
low resistance to vapor escape and high capillary-assisted
liquid draw. This would result in the preferential liquid±
vapor counter¯ow paths within the layer facilitating heat
transfer from the surface to the liquid pool in a manner
similar to that of thermosyphons (e.g., heat pipes).
Figs. 2 and 3 show micrographs of example modulated porous-layer coatings. The coatings are made from
spherical copper particles sieved within a narrow band
of mesh sizes to provide near uniform particle diameters.
The loose particles are consolidated (i.e., adhered) to
each other and the test surface by dry-phase diusion
sintering in a tube furnace with a reducing atmosphere
of Nitrogen and Hydrogen. Sintering times and temperatures varied with particle size. For particles of 200
lm nominal diameter, sintering at 1015°C for 4 h was
determined to be sucient for necking between two
particles of 10±20% of the particle diameter. During
sintering, the particles are held in the desired modulation
shape using open-faced graphic molds. The loose particles are poured into the upward-turned open-faced

Fig. 2. SEM of single-height, modulated porous-layer coating
showing (a) the side view, (b) the top view, and (c) the perspective view. The porous-layer contains spherical copper particles of diameter d  200 lm molded into conical stacks.

molds and then the excess particles are removed to leave
behind the desired uniform-thickness base layer on top.
A polished-¯at copper test piece substrate (taken from a
5.08 cm diameter copper round) is then inverted into the
base-layer particles on the mold, and the whole mold±
particles±substrate unit is placed in the furnace. After
sintering, the substrate is lifted from the mold with the
porous-layer coating attached.
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indicated that coatings consisting of the particle stacks
in hexagonal arrays provided better performance.
Therefore, the results of only these coatings are presented in this study.
3. Theory

(a)

(b)
Fig. 3. SEM of single-height, modulated porous-layer coating
showing (a) the top view, and (b) the perspective view. The
porous-layer contains spherical copper particles of diameter
d  200 lm molded into tapered walls.

Various modulations of the graphite mold were machined using dicing blades and single-¯ute pointed drill
bits with a h  20° taper. Mechanical limitations in the
strength of the drill bit prohibited the use of smaller
included-angle tapers. Modulation size limitations were
also inherent in the ability of the graphite to resist
¯aking 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, resulted in fabrication limits
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 simplify analytical modeling. A more complete description
of the surface fabrication is given by Liter [9].
The resulting fabricated modulations consisted of
either particle walls in a ``wae'' pattern or of conical
``stacks'' of particles arranged in either square or hexagonal arrays across the surface. Preliminary results

It is hypothesized that the modulation in the porouslayer coating separates the liquid and vapor phases to
enable capillary assisted liquid feeding to an evaporation
zone with minimal resistance to vapor escape, and that
two possible mechanisms exist for the choking of the
liquid ¯ow towards the surface (i.e., the qCHF ). In the
¯uid above the surface, there is a hydrodynamic liquid
choking limit, qCHF;h , that can be mechanistically related
to hydrodynamic instabilities as functions of ¯ow-critical length scales. Zuber [15] originally formulated this
limit for a uniform-temperature plain surface (i.e.,
qCHF;h ! qCHF;Z as d ! 0). This hydrodynamic liquidchoking limit is dependent on the ¯uid properties and
the surface macro-scale geometry, but not the microscale
surface characteristics or particle diameter. Within a
porous-layer coating, the counter¯ow of liquid and
vapor can also result in a liquid-choking limit, qCHF;v ,
due to a critical viscous-drag resistance in the ¯uid. This
viscous-drag liquid-choking limit is dependent on the
¯uid and coating material properties and the macro- and
pore-scale geometries of the coating. The realized qCHF
on a surface would then correspond to the liquidchoking limit that ®rst occurs, either above the coating
due to the liquid±vapor counter¯ow hydrodynamics, or
within the coating due to the liquid-¯ow viscous drag.
These limits are shown in Fig. 4.
The modeling required to determine the qCHF;v also
enables the determination of the q versus Ts Tlg in the
wetted-surface regime prior to reaching qCHF . In this
section, the physical model and accompanying simplifying assumptions are presented and discussed, followed
by the theory predicting the q versus Ts Tlg , then the
descriptions of the two proposed liquid-choking mechanisms.
3.1. Liquid ¯ow and heat transfer models
To describe, predict, and optimize the liquid ¯ow
within the porous-layer coating, the ¯ow paths to an
evaporation zone must be modeled. Valid simpli®cation
of the ¯ow paths is dicult since the complex liquid±
vapor counter¯ow 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 diculty of visually observing the
phenomena. Here, some simplifying assumptions are
made with regard to the ¯ow paths, without rigorous
validation, in order to develop a model that allows for
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Fig. 4. A rendering of the various regimes in pool boiling with modulated porous-layer coating.

initial, qualitative study of the q versus Ts Tlg curve
and of the viscous-drag liquid-choking limit.
Fig. 5 shows the proposed physical model for the
liquid and vapor ¯ow paths within and above a porouslayer coating with modulation in the form of conical
particle stacks. This model is based on the geometry of
the fabricated and experimentally tested surfaces. The
stacks themselves are assumed to be porous media of
uniform porosity and contained within axially symmetric frustums of right circular cones of height ds  d 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
size ratio, to simplify the analysis of the transport
through the particle stacks making up the modulation.
It is assumed, without visual veri®cation, that there is
complete phase separation within the coating wherefore
the vapor escapes from between the stacks and the
particle stacks and base layer are completely liquid saturated at all heat ¯uxes up to the liquid-choking limit.
This appears to be reasonable considering that any

Fig. 5. A rendering of the physical model of the viscous-drag
instability limit to liquid reaching the surface for the modulated
porous-layer coating.
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vapor within the porous matrix of the particle stacks
would signi®cantly increase the liquid-drag resistance
and likely reduce the qCHF to values well below those
measured.
3.2. Wetted-surface regime
3.2.1. Momentum equation
Based on the preceding assumptions, the liquid is
idealized as entering at the top of the stacks, and then
¯owing down towards the surface. The vapor pressure
everywhere in the system is assumed to be constant at
the saturation pressure. The ¯ow through the stack is
related to the liquid pressure drop and is modeled using
the Darcy±Ergun momentum relation [16]

0

rpl  ql g

ll
hul i
K

CE
q j hul i j hul i;
K 1=2 l
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3

where hul i is the volume-averaged liquid velocity vector
through the stack, K is the stack permeability, and CE is
the Ergun coecient. The Carmen±Kozeny model is
used for the permeability and results in K  f d 2 
3 d 2 =180 1 2  and CE  0:018=3 1=2 . A constant
stack porosity of   0:4 is assumed.
The particle stack and base layer are divided into
regions and zones as shown in Fig. 6(c). It is assumed
that the liquid is pumped through the stack by capillary
and gravity forces to the evaporation zone.
Eq. (1) enables the determination of the temperature
drop from a liquid±vapor interface to the far-®eld gas

Fig. 6. Rendering of (a) the heat and liquid ¯ow paths, (b) a schematic showing the breakdown of the liquid ¯ow model used in the
calculations, and (c) the various region designations within the particle stack and the discretized computational domain.
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saturation temperature as a function of the evaporation
heat ¯ux. As an example, a qCHF;max  106 W=m2 would
result in a DT  0:28°C. This is negligible compared to
the Ts Tlg across the porous-layer coating, and therefore the added evaporation resistance is not included in
the model. The liquid is assumed to undergo thin-®lm
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 ¯ow 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 bene®t and likely improvement in accuracy of a fully
numerically determined ¯ow ®eld through the stacks
under the given assumptions is not large, so an approximate ¯ow channel is assumed along a path of low
¯ow resistance. Therefore, liquid ¯ow is constrained to
an annular ¯ow corridor of uniform thickness Drf  d=2
along the side of the stack. Since the ¯ow is assumed to
occur only in the stack, the stack contains the ¯uid artery
that feeds the evaporation. Therefore the entire stack is
hereafter referred to as the artery region. The remaining
interior liquid in the stack core (i.e., not in the ¯ow
corridor) and the liquid in the base layer are assumed to
be stagnant. The base layer is labeled the conduction
region since the heat ¯ux must pass through the base
layer by conduction to reach the evaporation zone.
The conduction and artery regions and the evaporation zone are shown in Fig. 6 along with the heat and
liquid ¯ow paths and the discretized domain used for the
numerical calculations. The discretized, two-dimensional annular ¯ow corridor in x and r is also shown.
For a given row in the artery region, the ®rst node of the
¯ow corridor is denoted as jo;i  is i  1, and the last
node (also the outer boundary node of the row) as
je;i  N i  1. The row at the top of the base layer (at
the base height) is labeled ib , while the row at the center
of the topmost particle (at the stack height) is labeled is .
For ¯exibility in specifying dierent geometries, and for
ease of computation, the computational domain is a
section of an N  N 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
 2
Dr
Ax 1  p
; Ax j2;N  2prj Dr;
2


Dr
Dx;
Ar j1;je;i 1  2p rj 
2


Dr
Dx:
Ar je;i  2p rj 
4

determine the required liquid supply rate (i.e., velocity
distribution), as opposed to using the pressure ®eld. The
liquid mass ¯ow is assumed to be radially lumped for a
given x location. This is shown schematically in Fig.
6(b). The liquid velocity (i.e., ¯ow) distribution is then
determined from the mass ¯ow distribution by summing
the required local evaporation rates along the periphery
from i  ib ! is . For a given row i, the radial mass ¯ow
is assumed to be constant for all j and equal to that
leaving through node je;i by evaporation. The axial mass
¯ow entering from the row above is then determined as
the sum of all the evaporation rates at each row ib ! i.
Since the included cone angle is small, the direction of
the mass ¯ow from one row to the next is assumed to be
in the x-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 area ratio Ax;j =Ax;j1 .
The simpli®ed ¯ow ®eld is therefore determined by
the evaporation rate under the imposed constraints of
the localized uniform ¯ow ®elds as described above, and
is determined prior to calculating the pressure drop. The
discretized equations determining the liquid velocities in
the ¯ow corridor are as follows.
Initializing je;i  N i  1 and jo;i  is i  1, then
for
i  ib ! is
Ti;je;i Tlg
;
Dhlg Rr;ku i;je;i
"
#
i 1
X
_ l  M
_ l ;

M
k
i;je;i

_ l 
M
i;je;i
_ l
M
R;i

Ax;f  p

The temperature distribution in the particle stack determines the evaporation rate, which is then used to

rje;i

Dr

2

2


rjo;i

Dr
2

2 #
;

6

j  jo;i ! je;i
h vl i;j i 

_ l
M
i;je;i

=Ar j ;
ql
_ l P
M
;i
=Ax;f ;
ql

h ul i;j i 

7

where
Rr;ku i;je;i 
Per i;je;i 

4

kib

"

5

exp Per i;je;i  1
Dr=2
;
hkiAr je;i Per i;je;i exp Per i;je;i 

h vl i;j iql cp;l Dr
;
2hki

An example of the calculated ¯ow ®eld is shown as a
vector plot in Fig. 7.
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
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particles with pentane resulted in a H  12:7 cm, which
then results in a pc  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 [16]
pg

pl  pc  J s
 CJ

Fig. 7. A vector plot of the predicted velocity distribution
hul i x in the ¯ow corridor.

capillary-pumping through the stack. There is a capillary-limiting minimum radius Rc that corresponds to the
capillary pressure of the porous medium, and consequently determines the critical maximum viscous-drag
resistance.
Once the ¯ow ®eld is determined, the resulting
pressure drop across the stack is calculated and compared with the maximum available pressure drop (i.e.,
maximum capillary pumping). If the calculated pressure
drop exceeds this maximum pressure drop, then the ¯ow
®eld, and consequently the temperature distribution, is
considered impossible. The viscous-drag liquid choking
limit is then de®ned as the heat ¯ux resulting in the
evaporation rate (i.e. heat ¯ux) that requires a liquid
feed rate corresponding to Rc , 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, pc  pg pl  2r=Rc in the porous
medium of the stack. From the required velocity distribution, the resulting pressure gradient through the stack
as a function of x is found from Eq. (3), and is integrated
across the artery region from d  x  d to give the total
pressure drop.
Ferrel and Alleavitch [20] presented an approximation for the radius of curvature Rc of water saturating a
bed of randomly packed spherical particles as
Rc  CR d=2, where the ratio of the largest minimum
pore diameter to the particle diameter was given as
CR  0:41. Assuming this expression to remain valid for
pentane, in a porous medium consisting of spherical
particles of d  200 lm, this results in a pc  698 Pa.
The capillary pressure can also be related to a capillary
rise height as pc  ql gH . Laboratory tests using these

r cos hc Z hc 

r
K=1=2

K=1=2
for s  0;

8

where hc is the contact angle and is assumed negligible, Z hc  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 corresponds to a constant CJ  J s  0. For
the data presented by Leverett, Schiedeggar determined
CJ  0:523, while Udell reported a value of 0.56 [16].
Equating pc  4r= CR d from Ferrel and Alleavitch,
with CR  0:375, to that of Leverett in Eq. (8) results in
a CJ measured for the particles of 0.53, in good
agreement with the reported values. Therefore, Eq. (8)
was used with CJ  0:53 to determine the capillary
pressure.
From the calculated velocity ®eld, the calculated total
pressure drop through the ¯ow corridor is determined
by summation of the pressure drop across each row due
to an averaged axial velocity in that row, hui iDrf , which is
shown schematically in Fig. 6 and determined by
hui iDrf 

je;i

je;i
X
1
ui;j :
jo;i  1 jjo;i

9

Then following Eq. (3), the discretized pressure equations are
0

1
Dpl;i
ql g cos h=2
cos h=2 Dx
lhui iDrf
CE
q hui iDrf j hui iDrf j;
K cos h=2 K 1=2 cos2 h=2 l
10

where a correction for the taper angle is included. The
total pressure drop, DpR , through the ¯ow corridor is
then found by
DpR 

is
X

Dpl;i :

11

iib

Under the above assumptions, the model assumes that
the available capillary pumping of the liquid to the
evaporation zone is sucient to sustain the evaporation
rate at all heat ¯uxes up to the viscous-drag liquidchoking limit. At this limit (i.e., the critical heat ¯ux
qCHF;v , the evaporation rate requires a velocity that
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results in the accumulated total pressure drop being
equal to the capillary pressure, i.e., DpR  pc :
To determine the evaporation rates, and the resulting
¯ow ®eld and pressure drop across the stack, the temperature distribution must be calculated. Before discussing the model for the determination of the
temperature distribution, some comments on thermal
equilibrium within the stacks are presented.
3.2.2. Thermal equilibrium
The liquid and solid phases are assumed to be in local
thermal equilibrium (LTE) everywhere within the particle stack since the added complexity of local nonthermal equilibrium (LNTE) is not warranted within the
framework of this simpli®ed model [19]. Although the
assumption of LTE is not globally valid within the
computational domain, it still enables qualitative results.
Recall that in the artery region there is assumed a small
stagnant core surrounded by an annulus of liquid
¯owing from the top of the stack to the evaporation
zone through the ¯ow corridor. The high velocities in
the ¯ow corridor result in a high Peclet number, Ped ,
which acts to resist the ¯ow of heat into the liquid-¯ow
zone and to determine the thickness of the evaporation
zone. The high Ped indicates that the convection would
dominate over the opposing conduction heat transfer
processes across (up) the stack height d, i.e., in the artery
region.
The high liquid velocity also results in a large hydrodynamic dispersion term which acts to locally increase the eective thermal diusion parameter in the
¯ow corridor. Since the heat ¯ux vector is (within the
model assumptions) completely consumed by phase
change in the small evaporation zone, increases in the
local thermal diusion parameter only within the ¯ow
corridor would have little eect on the resulting q versus
Ts Tlg curve. This is because the strong downward
convection in the artery region restricts the majority of
the heat ¯ux from penetrating too high above the conduction zone (base layer). For Ped  0:5 the parallel and
perpendicular dispersion coecients can be expressed as
[16],
Ddk

3
1
Ped
;
 Ped  p2 1 Ped ln
8
12
al
2
Dd?
63

1 1=2 Ped ;
al
320 21=2
qcp l j hul i j d j hul i j d

:
Ped 
kl
al

12

For a typical velocity at qCHF;v ; hul i  0:1 m=s. This results in Ddk =al  744:61 and Dd? =al  28:78. Since the
eective volume-averaged thermal conductivity in the
model is assumed isotropic, an isotropic dispersion coecient was assumed for simplicity to be equal to the
larger parallel dispersion coecient, Dd  Ddk , and was

included locally in the ¯ow corridor [i.e., in each control
volume i; j in which hul ii;j  was non-zero]. This results
in only a slightly larger evaporation zone which in turn
results in a negligible shift of the q versus Ts Tlg curve
to the left in Fig. 4. The dierence in the results are
assumed to be well within the uncertainty of this simpli®ed model, and therefore further re®nement of the
inclusion of the dispersion coecient was considered
unnecessary.
From the above discussion, the liquid and solid
phases in the artery region (excluding the small evaporation zone) are assumed to be always at nearly the
pentane saturation temperature, Tlg , 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 discussion of the validity in assuming LTE, an estimation of the NTU in the ¯ow
corridor can be made. The NTE can be de®ned as
NTU 

Aku hNuid kl =d
;
Au qcp l j hul;x ids j

13

where Aku is the liquid±solid interfacial area for surface
convection and Au is the ¯ow area, both in the ¯ow
corridor, and j hul;x ids j is the averaged axial velocity
through the ¯ow corridor. For a randomly packed system of spherical particles with d  200 lm, an assumed
porosity of   0:4, a stack height of d  5d, and an
included cone angle of h  20°, the areas would then be
Aku  1:56  10 6 m2 , and Au  8:68  10 8 m2 . The
¯uid properties are listed in Table 1. To determine the
hNuid , an empirical expression was used for surface
convection through a packed bed of particles and is given as [21,22]
2=3
0:4
hNuid  2  0:4Re1=2
d  0:2Red Pr ;

where Red 

ql j hul;x ids j d
:
ll 1 

14

For an average velocity of j hul;x ids j 0:1 m=s (typical
order of magnitude of the numerical results near the
Table 1
Thermophysical properties of saturated pentane at pg  1 atm
[26]
M
DTlg
ql
qg
Dhlg
r
ll
lg
kl
kg
cp;l
Pr

72:151 kg=kmol
36.05°C
610:2 kg=m3
3:00 kg=m3
358:2 kJ=kg
0:0143 N=m
1:96  10 4 kg=m s
6:9  10 6 kg=m s
0:107 W=m K
0:0167 W=m K
2340 J=kg K
4.29
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r   qcp l hul ihT i
hki  hkid rhT i

0;
rj < rje;i

r  ql hul iDhlg ; rj  rje;i ;
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15

which can be non-dimensionalized and scaled with d as
hkid
rT  
r  Ped ul T   1 
hki

0;
rj < rje;i

r  Ped ul =Ja; rj  rje;i ;

16

where
Ped 
Fig. 8. The variation of NTU with respect to particle diameter
d, for ds  5d.

predicted qCHF;v for this geometry), the hNuid  17:2.
Then the NTU  1:2. This would indicate that the heat
exchanger eectiveness of the ¯ow 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 j hul;x ids j
0:0125 m=s (determined from the numerical model for
Ts Tlg  10°C), the hNuid  6:6 resulting in an
NTU  3:5. This would indicate that the heat exchanger
eectiveness of the ¯ow corridor is near unity and LTE
would be a valid assumption. As the heat ¯ux (and
correspondingly the Ts Tlg ) decreases, the average
liquid velocity decreases resulting in a longer residence
time of the liquid in the ¯ow 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 qCHF point. This analysis does not include the
eect of the evaporation at the end of the ¯ow corridor
consuming the incoming heat ¯ux. Fig. 8 shows the
variation of NTU versus particle diameter for constant
ds =d; j hul;x ids j, and ¯uid properties. This plot indicates
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 evaporation zone is least valid, but since
this zone constitutes such a small part of the domain, the
invalidity of the assumption negligibly aects the predictions.
3.2.3. Energy equation
Assuming LTE, the temperature distribution is
modeled following

T 

qcp l d j hul i jh0
;
hki

hT i Tlg
;
Ts Tlg

ul 

Ja 

cp;l Ts Tlg 
;
Dhlg

hul i
j hul i jh0

and where hT i is the local volume-averaged temperature,
hki is the volume-averaged eective stagnant thermal
conductivity, hkid  qcp l Dd is the dispersion contribution to the total thermal conductivity hki  hkid ;
j hul i jh0 is a constant for a given q and is the maximum
velocity corresponding to a cylindrical stack, and the
evaporation term (right-hand side of the equation) is
assumed zero everywhere except on the side boundaries
of the stack. The volume-averaged stagnant thermal
conductivity is assumed constant and is predicted to be
hki  9 W=m2 K by the modi®ed Zehner±Schlunder
model [23] accounting for a 0:15d sintered contact area,
and using an assumed porosity of   0:4.
The upwards heat ¯ux is in part resisted by the
downwards convection due to the liquid ¯ow in the
stack within the annular ¯ow corridor. At the liquid±
vapor interface along the periphery of the bottom of the
stack (i.e, at the top of the base layer at x  d), the heat
¯ux begins to be consumed by evaporation. The heat
¯ux rising through the stack then diminishes to zero at
some height as it is completely consumed. The model
predicts this height to be on the order of magnitude less
than one particle radius from the base of the stack.
The temperature distribution must be calculated to
determine the evaporation rates, and the resulting ¯ow
®eld and required pressure drop, in order to predict the
qCHF;v . The temperature distribution is determined using
the discretized ®nite-volume form of Eq. (15). The
boundary conditions for the system are an evaporation
heat ¯ux to a constant vapor temperature Tg  Tlg on the
side of the stacks [r x from ib < i < is ], an insulated
vertical side through the symmetry plane in the base
layer [r x  Rb from 0 < i < ib 1], a constant saturation temperature on the top j; i  is , and a constant
input heat ¯ux at the bottom surface j; i  0. The
temperature distribution is therefore predicted as a
function of the input surface heat ¯ux. The surface
superheat is then determined for each prescribed ¯ux as
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the area-averaged predicted base temperature Ts Tlg 
hT i jx0 . The discretized energy conservation equations
are given in the appendix.
3.2.4. Slope of wetted-surface regime
It is assumed that at all heat ¯uxes below that resulting in the viscous-drag choking limit, there exists
sucient liquid pumping through the ¯ow corridor to
the evaporation zone to feed the liquid±vapor phase
change. Since the resistence for evaporation is assumed
negligible, the phase change eectively consumes all of
the heat ¯ux within a short evaporation zone, on the
order of less than 0:5d, above which the volumeaveraged temperatures would be equal to the saturation temperature Tlg . Below the evaporation zone, in
the base layer, the heat ¯ux is assumed to be by conduction only. Calculations predict that the heat ¯ux
through the base layer is indeed nearly one-dimensional in the x-direction, before converging towards the
evaporation zone at the top of the base layer. This can
be seen from the example plots of the calculated temperature pro®les shown in Fig. 9. Therefore, assuming
a linear temperature pro®le from the surface to the
evaporation zone, to approximate a one-dimensional
heat ¯ux, a characteristic length, Lk  d=Ck (where Ck
is a correction factor), would exist that would account
for the thickness of the base layer (if db > d, the eect
of the cylindrical geometry, the turning of the heat
¯ux towards the evaporation zone (peripheral surface),
plus an additional average eective height above the

Fig. 9. A contour plot of the predicted temperature distribution
within the base layer and the particle stack for (a)
Ts Tlg  10°C corresponding to the typical magnitude of the
measurements, and (b) Ts Tlg  149°C corresponding to the
predicted (i.e. theoretical) qCHF;v .

top of the base layer and into the evaporation zone.
The heat ¯ux in the wetted-surface regime can then be
approximately related to the surface superheat, Ts Tlg ,
by
q
Ts

Tlg



hki
hki
:
 Ck
Lk
d

17

Since the geometry is scaled with d, Ck is independent of
particle size for a given geometry. For a conical stack
geometry, Ck is dominantly dependent on the aspect
ratio of the base layer, i.e., the height of the base layer
db , and the base diameter of the stack, 2Rb . The base
diameter is characterized by the stack height, ds , and the
included angle of the cone, h. Therefore, the functional
dependence of the conduction coecient is approximated as Ck  f ds =d; h; db =d. For a base layer of
height db  1d, the constant Ck would be expected to be
slightly less than unity (i.e., Lk is expected to be slightly
greater than db ). Solving the numerical model for q as a
function of Ts Tlg , a constant value of Ck  0:82 was
found for this conical stack geometry characterized by
h  20°; ds  4d; and db  d.
From Eq. (17), the q versus Ts Tlg curve in the
wetted-surface regime prior to the critical heat ¯ux can
be calculated and plotted as shown in Fig. 4.
3.3. 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 hul i x. As the
evaporation (i.e., heat ¯ux) is increased, the liquid ¯ow
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 ¯ow
paths were shown in Fig. 5.
Recall that the liquid is assumed to be pumped
through the artery region by capillary and gravity forces.
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 Rc that corresponds
to the capillary pressure for the porous media, and
consequently determines the critical-maximum viscousdrag resistance. The viscous-drag liquid choking limit is
then de®ned as the heat ¯ux resulting in the evaporation
rate (i.e. heat ¯ux) that requires a liquid feed rate corresponding to dp=dx  pc =ds .
The viscous-drag liquid-choking limit (i.e., the critical heat ¯ux qCHF;v ) is then considered to be at the ¯ux
requiring a velocity that results in the pressure drop
being equal to the capillary pressure, i.e., DpR  pc .
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Instead of the numerical model, an analytical approximation for the qCHF;v can be found by making a few
further simpli®cations. Assuming that the eect of
variable ¯ow area (i.e., assuming cylindrical instead of
conical stacks, h ! 0) is negligible, and that all of the
liquid ¯ows one-dimensionally the full length ds through
the ¯ow corridor before evaporating, then the pressure
gradient through the vertical ¯ow corridor would be
linear. Further, assuming the eect of gravity is negligible, and using a characteristic length scale of K 1=2 , and
noting u x < 0, then Eq. (10) can be simpli®ed for a
one-dimensional system to be
0

dp
 Ca  WeK 1=2
dx

h  0;

18

where dp =dx is a dimensionless and normalized
pressure gradient, and where We is the Weber number
and Ca is the capillary number, each de®ned as
ql hul i2 K 1=2 CE ds
;
r
CJ K1=2
j hul i j ll
ds
; CJ  0:53:
Ca 
r
CJ K1=2

19

In Eq. (18), the solution would indicate the maximum
velocity achievable by the available capillary pumping
power. This velocity 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 ds d, and therefore on the
particle size, d. Note that this theoretical limit is determined solely in the artery region (i.e., stack), and is
independent of base layer thickness, db . In this model,
variations in db would be realized through Ck and the
resulting shifting of the q versus Ts Tlg curve to the
right or left. The velocity in the stack can then be
classi®ed as a fraction of this maximum velocity (corresponding to a maximum viscous-drag liquid-choking
limit, qCHF;v h0 ), where the ratio would depend on the
stack geometric parameters such as the included cone
angle.
The velocity, hul i, can be written in terms of the
critical heat ¯ux and an area fraction, s , de®ned as the
ratio of the cone-base area to the unit-cell surface area,
as
qCHF;v h0
:
s ql Dhlg

for the maximum viscous-drag liquid-choking limit,
qCHF;v h0 , can be found as
qCHF;v h0

s CJ ql rDhlg =ll  K1=2 =ds 

1

CE ds qCHF;v 2h0
:
CJ 2s 1=2 ql rDh2lg
21

In this recursive form, the eect of particle diameter on
the qCHF;v h0 can be seen. Since the stack height, ds ,
and the square root of permeability, K 1=2 are assumed
each directly proportional to d, the eect of d is consolidated into the second term of the right-hand side of
Eq. (21). As d ! 0, then the right-hand side of Eq. (21)
equals unity. Eq. (21) was scaled with the solution to the
viscous limit of Eq. (18), namely the solution to
Ca  dp =dx . Therefore, as d decreases, viscous forces
dominate over inertial forces, and in the limit, a maximum qCHF;v exists as
ql rDhlg K1=2
ll
ds
WeK 1=2 ll Dhlg

d ! 0:
Ca2 CE K 1=2

qCHF;v h0  s CJ

WeK 1=2 

hul i 
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The cone-base area to unit-cell surface area ratio, s , is
included to account for the dierent patterns of the stack
modulations across the surface. For example, for adjacent single-height stacks in a square array, s 
p=4  0:785, and for an hexogonal array, s  31=2 p=6 
0:907.
Recursively solving Eq. (18) for u through the ¯ow
corridor, and substituing Eq. (20) for u, an expression

22

Eq. (20) can be used with Eq. (18) to also explicitly solve
for qCHF;v h0 as
qCHF;v h0
1

2 WeK 1=2 =Ca2 
WeK 1=2 =Ca2  ll Dhlg =CE K 1=2 
"
#1=2
2
1
1
:


2 WeK 1=2 =Ca2 
WeK 1=2 =Ca2

23

For cases when h > 0, a coecient 0 < Ch h 6 1 can be
used to adjust the maximum velocity found in Eq. (18)
to account for the eect of variable ¯ow area (i.e.,
conical sidewalls as opposed to a cylindrical stack), as
computed with the numerical model. Therefore, the
unit-cell critical heat ¯ux (i.e., surface viscous-drag
liquid-choking limit), corresponding to the qCHF;v calculated from the model, can be approximated as
qCHF;v  Ch qCHF;v h0 ;

24

where Ch is an empirical function of h found by taking
the ratio as a function of h of the numerical results and
that predicted by Eq. (23). The function Ch was found to
be negligibly dependent on d within the range of interest
50 lm 6 d 6 200 lm at various h. The variation of Ch
versus h, as determined from the results of the numerical
model, is shown in Fig. 10.
The viscous-drag liquid-choking model presents a
means of determining the q versus Ts Tlg relationship
and the qCHF;v corresponding to the theoretical viscousdrag liquid-choking limit within the stack. It is highly
dependent on the model used for treating the porous
medium as well as the assumed simpli®ed liquid-¯ow
paths, but as a ®rst approach, it appears to have
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Fig. 10. The calculated variation of the coecient Ch as a
function of included angle of a conical stack (for 50 lm 6 d 6
300 lm).

qualitative agreement with the experimental results to be
presented.
3.4. Hydrodynamic liquid-choking limit
A hydrodynamically determined liquid-choking limit
qCHF;h has been proposed in addition to qCHF;v . 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 hydrodynamic liquid-choking limit. This
model, therefore, considers the ability for the liquid to
¯ow towards the surface through the escaping vapor.
Zuber [15] developed a mechanistic theoretical model
for the qCHF based on idealized hydrodynamics of a
liquid±vapor interface system above the surface. Idealizing the vapor ¯ow, he equated the boiling heat transfer
Q to the rate of heat escape by buoyant ¯ow of the vapor
through the liquid as
Q  qg ug hg Ag ;

25

where Ag is the cross-sectional ¯ow area for vapor escape
above a representative (spatial periodicity assumed)
portion of the surface. Then the maximum heat transfer
QCHF was when the vapor enthalphy approached the
latent heat resulting in an expression for qCHF as
qCHF 

QCHF
Ag
 qg ug Dhlg ;
Ab
Ab

26

where Ab is the base surface area of a representative cell
beneath Ag , i.e., Ab  Ag  Al . Fig. 11 shows a rendering
of the determination of Ag and Ab . Zuber hypothesized
that the base surface area Ab corresponds to a periodic
cell determined by a ¯ow-critical, base length scale kb of

the ¯uid, i.e., Ab  k2b . From the spacing determined by
kb , the vapor bubbles would then ¯ow from the surface
(i.e., break through the liquid) through idealized cylindrical vapor-¯ow channels of area Ag  pR2g , where
radius Rg  akb , and where a is the to be determined
ratio of Rg =kb . In this idealized model, as the heat ¯ux is
increased, the vapor velocity increases until the liquid±
vapor interface of the channel walls becomes unstable.
For a vapor ¯owing adjacent to a liquid with the liquid±
vapor interface parallel to gravity, the critical-¯ow
length scale along the interface as a function of vapor
velocity corresponds to the Kelvin±Helmholtz instability
wavelength as [15]
!1=2
2pr
2pr
kKH 
or ug 
:
27
qg u2g
kKH qg
Substituting Eq. (27) into Eq. (26), we obtain
!1=2
2pr
pa2 k2b
qCHF  qg Dhlg
kKH qg
k2b
 3 4
1=2
2p a rqg
 Dhlg
:
kKH

28

The kKH and a must then be determined to evaluate the
qCHF with Eq. (28). From a capillary energy analysis,
Rayleigh determined that for a ¯uid jet of diameter 2R,
the ¯ow-critical length scale corresponding to destabilization is equal to the jet circumference, i.e., the Rayleigh wavelength kR  2pR [24]. Zuber then equated the
Kelvin±Helmholtz and Rayleigh wavelengths as
kKH  kR  2pRg  2pakb . This form still requies the
proper determination of kb and a. In the work of Zuber,
for boiling on a plain surface, the kb 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
¯uid is above a less dense ¯uid with respect to gravity,
the critical instability wavelengths kb 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 instability wavelength, kRT;c or kRT;d  31=2 kRT;
c  31=2 2pfr=g ql qg g1=2 . After separately substituting both of these wavelengths into Eq. (28), Zuber
simpli®ed the two results into his well-known relation
for the critical heat ¯ux from plain surfaces by compromising on an intermediate value of kb  9=2pkRT;c .
He then set kKH  2pakb  9akRT;c to obtain
qCHF;Z


qg1=2 Dhlg rg

ql

qg

1=4 

p
;
24

29

where, also for simplicity, he chose a  1=4.
Lienhard and Dhir [25] argued from experimental
observation that the kRT;d would be the dominating ¯ow-
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Fig. 11. Rendering of the geometry for the liquid and vapor counter¯ows showing the spacing for the vapor escape into the liquid
pool.

critical length scale along the surface, and that for in®nite surfaces, these waves would continue into the vapor
channels, thus eecting the destabilization of the channel
walls before the Rayleigh waves. They suggested as a
better choice to set kb  kKH  kRT;d  31=2 kRT;c resulting in a value 1.14 times higher than that predicted by
Eq. (29).
These determinations of kb ignore the presence of any
protuberances into the liquid±vapor interface that might
delay the development of the kRT , thus prolonging the
wetting of the surface by allowing the liquid to break
through. We hypothesize that the modulation of the
porus-layer thickness (i.e., introduction of protuberances), imposes a geometrically determined critical
length scale km , correspnding to the modulation wavelength, kb , that supersedes the dependence on the Rayleigh±Taylor wavelength and extends the hydrodynamic
liquid-choking limit. The modulation therefore delays
surface dryout and extends the qCHF to where a stable
¯ow-critical wavelength can be estabilished between two
protuberances. Fig. 12 shows a rendering 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 qCHF from a
plain surface performed for this study had good agreement with Eq. (29). Therefore, using Zuber's approach
with a  1=4 and setting kKH  2pakb  2pakm , Eq. (28)
then becomes

1=2
qCHF;h
9 kRT;c




1=4
2p km
p=24q1=2
qg
g Dhlg rg ql

1=4
3 r=g ql qg 

;
1=2
km
30
or more simply


rqg 1=2
p
;
qCHF;h  Dhlg
km
8
where the subscript h distinguishes this qCHF as the hydrodynamic liquid-choking limit (as opposed to the
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"
qCHF;u  0:52

2:28

Dhlg

rql qg
ql  qg Rbr

#1=2
;

where Rbr is the measured breakthrough pore radius.
Assuming Rbr  d=2 and ql = ql  qg   1, this can be
rewritten in the form of Eq. (30) as

1=4
3 r=g ql qg
qCHF;u
;

1=4 
ku1=2
p=24q1=2
qg
g Dhlg rg ql
31
where

ku 

Fig. 12. A rendering of the physical model of the hydrodynamic instability limit to the liquid reaching the surface, for a
plain surface, and for a surface with a modulated porous-layer
coating.

viscous-drag liquid-choking limit), and where kb  km is
now assumed to correlate with the dominating mechanism for determining the vapor-escape spacing along
the surface. For the modulated porous-layer coated
surface, km corresponds to the macro-scale geometry
(i.e., a modulation wavelength).
The liquid and vapor exchange in and above a uniform coating, i.e., not having preferential paths provided
by modulation of the coating or by some other means,
would be characterized by a random distribution of
vapor escape from a fraction of the pores into the liquid
pool above the layer. It has been suggested that a corresponding km  ku for a uniform coating could be determined using statistical empiricism for the vapor
escape locations, along with a means of accounting for
the liquid±vapor counter¯ow within the layer such as a
percolation theory or the concept of a breakthrough
pressure [12]. Using the concept of the breakthrough
pressue along with a statistical pore-size distribution for
a wide range of experimental data, Polezhaev and
Kovalev modi®ed the hydrodynamic Zuber theory to
suggest an expression with two empirical constants for
the thin uniform porous-layer coating critical heat ¯ux,
qCHF;u , as [12]

2
p
d:
2:28
5:88

Note that here, as is the case for the modulated porouslayer coating, ku is a function of geometry and structure
only, and is independent of thermophysical properties
[except whereas they might aect the Rbr which was here
assumed as Rbr  Rbr d.
Fig. 13 shows the variation of qCHF;h with km following Eq. (30) for pentane as the working ¯uid. Also
shown in the ®gure are the experimental measurements.
The upper limit of km for it to still aect the qCHF;h is
km ! 9=2pkRT;c , because this is where the qCHF;h !
qCHF;Z . The qCHF;h increases proportionally with km1=2 as
km is reduced from 9=2pkRT;c . There exists a km for
optimum qCHF;h , below which a larger kb will begin to
develop over the top of the protuberances resulting in a
decrease in the qCHF . The optimum km  km;min is considered to be a function of a liquid-column (channel)
curvature limit which depends on the porous-medium
particle diameter d, ¯uid properties, and coating thickness d. In the limit of km ! d, the modulation eectively
vanishes and the coating becomes a uniform porous-

Fig. 13. Variation of the predicted qCHF;h with respect to the
modulation wavelength km .
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layer coating with its accompanying lower enhancement
in qCHF . Determination of the optimum km  km;min is
yet to be done.
4. Experiment
As mentioned above, a method for fabricating the
porous-layer coatings with designed modulation was
developed. This method was previously described with
more detail, along with the experimental setup and
procedure, by the authors [18]. A brief description is
repeated here. Experiments were performed at atmospheric pressure using pentane as the liquid and
copper as the surface and coating-particle material. The
pentane saturation properties used are listed in Table 1.
Coatings were fabricated from monosized, spherical
copper particles, as described in Section 2, and were
applied to a solid, planar copper test surface of
d  5:08 cm. The hydrodynamic model of Zuber [15]
and the extensions developed here assume an in®nite
surface dimension. Lienhard and Dhir [25] experimentally showed that there is a minimum number of escaping vapor locations spaced kb  kRT;d for a plain
surface) across a surface before it can be approximated
as in®nitely large and edge eects can be neglected. They
showed that the criterion for such an approximation is
that the characteristic dimension of the surface (e.g., the
test surface diameter, ds ) must be at least three times the
kRT;d or ds P 3kRT;d . For our testing surface and liquid,
kRT;d  1:69 cm and ds =kRT;d  5:08=1:69  3:01, so the
test surfaces were assumed to behave as in®nite surfaces.
To better approximate the boiling from an in®nite ¯at
surface, a short glass cylindrical tube was positioned in
the liquid pool around the circular test surface to prevent lateral entrainment of liquid due to the buoyant
convection of the vapor.
The coated test surfaces were attached to a large,
cylindrical, insulated copper thermal mass by the use of
clamping plates. A silver grease was used to reduce the
thermal contact resistance. A glass reservoir and a steel
base plate were fabricated to seal around the test surface
and to hold the liquid pool. A copper-pipe condensor
was used to condense the vapor, and a ¯exible plastic
cap was used to close the system and to maintain atmospheric pressure. Joulean heaters were used to heat
the lower half of the insulated copper thermal mass. The
insulation directed the heat transfer through the top half
of the thermal mass and then through the test piece. Six
Type E thermocouples were aligned axially at measured
locations, three in the thermal mass and three in the test
piece. These were used to determine the heat ¯ux
through Fourier's Conduction Law. The surface temperature underneath the porous coating was determined
by extrapolation of the heat ¯ux through the thermocouples in the test piece. Estimating the uncertainties in
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the property values to be 0.5%, in the thermocouples to
be 1.7°, and in the position measurements to be 0.05 cm,
the uncertainty in the heat ¯ux at the critical point was
determined to be on the order of magnitude of 5%, and
in the extrapolated surface temperature on the order of
7%. Note that the percent uncertainty in the heat ¯ux
measurement would increase with decreasing heat ¯ux
due to the associated smaller DT .
The Q and Ts Tlg were measured after the system
reached quasi-steady state conditions (local-time-average temperatures at each thermocouple location did not
vary for 5 min) at intervals of increasing heat input, the
intervals becoming smaller as qCHF was approached. The
qCHF was said to have occurred at the last quasi-steady
state measurement interval before the transition to ®lm
boiling was observed. This observation was noted as a
sudden runaway transient temperature increase.
Dierent porous layers were constructed with various
porous-layer overall thickness ranging between 1 and 9
particle diameters, and various modulations creating
uniformly spaced hexagonal unit cells ranging in size
from 5 to 15 particle diameters. Only the two modulated

Fig. 14. SEM of dual-height, modulated porous-layer coating
showing (a) the top view, and (b) the perspective view. The
porous-layer contains spherical copper particles of diameter
d  200 lm molded into conical stacks.
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porous-layer coatings exhibiting the best enhancement
are presented here. They are listed below:
(i) A coating of single-height modulated conical
stacks fabricated with d  6d, and kb 
5d d  200 lm). This surface is shown in Fig. 2.
(ii) A coating of dual-height modulated conical
stack groups consisting of a tall stack of d  9d
surrounded by six shorter stacks of d  5d, and
a peak-to-peak tall-stack spacing of kb 
8d d  200 lm). This surface is shown in Fig. 14.
5. Results and discussion
5.1. Measurements
Repeatable results for a number of surfaces with
various porous-layer coating modulations have been
obtained for the heat ¯ux q versus the surface superheat
Ts Tlg up to the critical heat ¯ux qCHF . Fig. 15 shows
four experimentally obtained curves; the two reported
modulated porous-layer coatings, a uniform porouslayer coating, and a plain, polished surface. Table 2 lists
the experimental results for the qCHF points of these four
curves.
The measurement of the plain surface critical heat
¯ux was qCHF  245 kW=m2 . The uniform porous-layer

Fig. 15. Measured pool-boiling heat ¯ux from porous-layer
coated surfaces.
Table 2
Measured qCHF and the corresponding Ts
in Fig. 15

Dual height-modulation
Single-height modulation
Uniform coating
Plain surface

Tlg for results shown

Ts Tlg CHF
(°C)

qCHF
kW=m2 

22
16
22
34

762
712
480
245

coating provided a two fold increase in the critical heat
¯ux, qCHF  480 kW=m2 , in agreement with results for
similar coatings found by other researchers [8±11].
The results for the modulated porous-layer coatings
provided an additional fold increase in the qCHF over
that of a uniform coating, while further decreasing the
surface superheat at high heat ¯uxes during the nucleate
boiling regime. The single-height modulated porous
layer coating provided a qCHF  711 kW=m2 . The dualheight modulated porous layer coating exhibited the
greatest enhancement in the qCHF over that of the plain
surface, qCHF  762 kW=m2 , an enhancement of nearly
three times. For both modulated porous-layer coatings,
the q versus Ts Tlg pro®les are nearly equal and are an
order of magnitude lower than the plain surface Ts Tlg .
5.2. Predicted hydrodynamic liquid-choking limit
The measured qCHF  245 kW=m2 for the plain surface was found to be in excellent agreement with that
predicted by Eq. (29) as qCHF;p  247 kW=m2 .
The prediction of the qCHF from the uniform porouslayer coating was made using Eq. (31) with   0:4 and
d  200 lm. This results in a ku  3:73 mm, and a
predicted qCHF;u  478 kW=m2 which agrees very well
with the measured value of qCHF  480 kW=m2 shown
in Fig. 15. The agreement is surprising considering that
Rbr was not measured and an approximation was used.
Nevertheless, the excellent agreement between the predicted qCHF;h and the measured qCHF for both the plain
and the uniformly coated surfaces lends credence to the
hydrodynamic model as a prediction tool for the qCHF .
For the dual-height modulation results shown in
Fig. z15, with qCHF  762 kW=m2 , the corresponding km
predicted from Eq. (30) is 1.46 mm, in good agreement
with the designed modulation wavelength between the
tall center stacks of km  kb  8d  1:6 mm. Note that
the side-to-side distance of the top spherical particles of
two adjacent stacks is kb d  1:4 mm, and that the
predicted km falls between the side-to-side and center-tocenter distances.
For the single-height modulation results shown in
Fig. 15, with qCHF  712 kW=m2 , the corresponding km
predicted from Eq. (30) is near 1.68 mm, which is
greater than the designed kb  5d  1 mm. Note though
that the next larger length scale across the coating, the
distance from one stack to, not one of the six adjacent
nearest, but one of the six next nearest stacks is
km  31=2 kb  1:73 mm, with a side-to-side distance of
the top spherical particles of 1.53 mm. Within this
theory, this would indicate that a stable wavelength
has developed between a pair of nearest, but not adjacent, stacks and extended in between the two adjacent
stacks separating them, where the two adjacent stacks
do not provide interference destabilizing the interfacial
wave.
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The measured results for both cases, along with the
results for the plain and the uniformly coated surface,
are therefore considered to correlate extremely well with
that predicted by Eq. (30) and shown in Fig. 13 as a
function of a geometric length scale of the coating. It is,
however, important to note that the correct length scale
for the modulated porous-layer coatings is not always
the most obvious one, as shown in the case of the uniform-height stacks. The selection process for the appropriate length scale determining the hydrodynamic
liquid-choking limit needs further examination. To determine when side obstacles would create an interference
destabilizing a developing interfacial wavelength, the
radius of action (magnitude) of the wave must be determined. This is beyond the scope of the current work
and is left for future consideration. Note, though, that in
the case of the dual-height coating, the presence of the
short stacks introducing the interference would explain
why the critical heat ¯ux corresponded with the spacing
between two nearest tall stacks, instead of the next
nearest.
5.3. Predicted wetted-surface regime and viscous-drag
liquid-choking limit
The viscous-drag model allowed for the prediction of
the wetted-surface regime up to and including the qCHF;v .
The slope of the predicted q versus Ts Tlg curve for the
wetted surface regime is considered to be in fair agreement with the measurements. Both the prediction and
measurements are shown in Fig. 17. For a given surface
heat ¯ux, the model can be seen to overpredict the
Tg Tlg , but it is still considered to be in fair agreement
with the measurements. At qCHF  711 kW=m2 ,
measured for the single-height modulation, the measured Ts Tlg  16°C. The model predicts a value of
Ts Tlg  22°C, a dierence of 38%.
The qCHF;v is dependent on the liquid velocity distribution, the particle size d [through the coating thickness
d d, and the permeability, K], the particle and liquid
thermal conductivities ks and kl , and the porous-layer
macrostructure (i.e., the kb and the modulation geometry of the cones, etc.). An analytical expression was
given in Eq. (24) to approximate the numerical results.
The dependence on the included cone angle has been
included through the use of an empirical coecient Ch
that accounts for the diverging ¯ow area through the
¯ow corridor and the corresponding increase in viscousdrag resistance through the artery region. This was
found to be nearly independent of d and was shown in
Fig. 10. The dependence on particle diameter is shown in
Eq. (21) where d  d d. Here it was noted that as the
diameter of the system decreased, the inertia term (i.e.,
WeK 1=2 ) in Eq. (18) became negligible and the solution
became Darcy (or viscous) limited. This is shown in
Fig. 16, for Ch h  20°  0:4, along with the Darcy
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Fig. 16. Variation of the predicted hydrodynamic and viscousdrag liquid-choking limits with respect to d. Also shown is the
Darcy limit for the viscous-drag liquid-choking limit, and the
experimental result for the dual-height modulated porous-layer
coating.

limit and the prediction of qCHF;h from Eq. (30). Variations in these parameters can raise or lower the qCHF;v , as
well shift the q versus Ts Tlg curve left or right.
The predicted qCHF;v for a particle stack with
d  200 lm and d  6d was qCHF;v  4760 kW=m2 . This
is higher than both the predicted qCHF;h and the
measurements by an order of magnitude. A more realistic ¯ow distribution would be expected to increase the
liquid-¯ow resistance and reduce the predicted viscousdrag liquid-chocking limit, but it is not believed that the
qCHF;v would actually fall below the predicted qCHF;h for
those coatings.
The formulation of the qCHF;v assumed complete
phase separation where the porous stacks were considered to be completely liquid saturated and the vapor
¯owed only between the stacks. If vapor±liquid
counter¯ow was considered to occur within the stack,
the viscous liquid-¯ow resistance would increase substantially for the same surface heat ¯ux, q. Additionally,
the liquid-¯ow resistance also increases with the porouslayer thickness. Therefore a deep uniform porous-layer,
in which there was liquid±vapor counter¯ow, would be
expected to have a high liquid-¯ow resistance and to
exhibit a low counter¯ow critical heat ¯ux,
qCHF  qCHF;cf . The expression for qCHF;cf from Udell
[17] was given in Eq. (2). For pentane boiling in a deep
porous layer consisting of particles of d  200 lm and
  0:4, this results in a qCHF;cf  760 W=m2 , three orders of magnitude less than for the thin modulated porous-layer coatings.
5.4. Predicted boiling curve of capillary surfaces
Fig. 17 shows the experimental results plotted against
the numerical predictions. The predicted qCHF;h , from
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Fig. 17. Comparison of the measured and predicted poolboiling heat ¯ux from modulated porous-layer coated surfaces.

Eq. (30), for the km suggested by each of the two modulated porous-layer coatings, is shown along with the
prediction of the q versus Ts Tlg curve up to the qCHF;v
from the viscous-drag numerical model for the uniformheight coating.
By our theory, the surface q versus Ts Tlg would
follow the viscous-drag predicted q versus Ts Tlg until
either of the two liquid-choking limits occurs. In this
case the predicted viscous-drag liquid-choking limit is
much higher than the predicted hydrodynamic limit,
i.e., qCHF;v  4760 kW=m2 K  qCHF;h  762kW=m2 K.
Therefore this coating is predicted to be hydrodynamically limited and the portion of the predicted q versus
Ts Tlg for qCHF;h < q < qCHF;v , depicted by the longdashed line, is not observed. The experimental boiling
curve is then predicted to follow the solid lines as shown
in Fig. 17.
6. Discussion of optimization
Two types of optimization of modulated porouslayer coatings can be considered, namely, the reduction
in Ts Tlg and the increase in qCHF .
The modulated porous-layer coating is an example of
an artery-evaporator system as described above. The
concept of an artery-evaporator system in itself is only
limited by the viscous-drag liquid-¯ow resistance. It is

the macrostructure shape of the system and the locations
and means of vapor escape from the system that can
further limit the qCHF by introducing hydrodynamic
liquid-¯ow resistance. Optimization of the qCHF can be
achieved by minimizing the ¯ow resistance to vapor escape from the surface, i.e., maximizing the liquid-choking limit. In the case of the uniform and modulated
porous-layer coatings presented here, the vapor is given
to escape by buoyancy into the liquid pool, and thus
places the hydrodynamic limit on the liquid supply to
the artery.
For hydrodynamically limited surfaces, it is proposed
that qCHF  qCHF;h increases with decreasing km down to
a theorized liquid-curvature limit km;min , below which the
qCHF;h would decrease from the maximum possible value
towards the qCHF of a surface with a uniform porouslayer coating. The maximum qCHF;h is a function of the
¯uid properties and the coating macrostructure, and
therefore would indicate the optimum pool boiling qCHF
that can be achieved by an opened-modulation porouslayer coating in which the vapor escapes back through
the liquid in a buoyant counter¯ow. The minimum km
has not yet been determined or experimentally veri®ed
and is left for future consideration. It is possibly related
to the decreasing radius of curvature across two modulation peaks as the modulation wavelength is decreased. This would determine a minimum stable bubble
departure diameter, dependent on surface tension, for
the vapor to escape into the liquid pool. If this bubble
diameter is near the km , then there will be increased resistance to the vapor leaving the porous layer from in
between stacks creating a vapor accumulation near the
surface that would increase the liquid-¯ow resistance to
the incoming liquid supplying the artery.
Since, by comparison with experiment as shown in
Fig. 13, our surfaces appear to be hydrodynamically
limited, discussion of optimization of the qCHF;v appears
to be academic. But if a means of removing the hydrodynamic limitation is achieved, then an artery-evaporator system optimized for the viscous-drag limit could
potentially provide an additional order of magnitude
increase in the qCHF of an uncoated surface while still
maintaining low Ts Tlg .
The viscous-drag model does, however, allow for
discussion of the enhancement of the Ts Tlg . From Eq.
(17) the Ts Tlg can be seen to vary with the particle size.
There must exist a minimum d below which the enhancement would degrade until at d ! 0 the
Ts Tlg  Ts Tlg p . Determination of this minimum
optimized d is left for future consideration. There is now
a practical limitation on d imposed by fabrication.
Within the proposed method of using graphite molds
and sintering processes for creating a macrostructured
system, it is expected that machining limitations of the
mold would prevent the use of particle sizes of less than
d  O 50 lm. Currently, the quality of the graphite
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used for the molds has limited this study to particles of
d  200 lm. Experiments on coatings made with particles of smaller d are left for future considerations.
Optimization of the Ts Tlg can further be achieved
by maximizing the rate of evaporation per unit surface
area. The evaporation was noted, through predictions
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from the numerical viscous-drag model, to occur mainly
along the sides of the lower portion of the conical particle stacks. The evaporation rate can be increased by
maximizing the capillary liquid-pumping and the size of
the evaporation zone. The liquid-pumping can be increased by optimizing the balance between the opposing

Fig. 18. Comparison of various predicted liquid-choking limits, and a schematic rendering of the surface and/or coating structure and
the liquid and vapor ¯ow paths.
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capillary and viscous-drag forces, i.e., by decreasing the
particle size. The interfacial area of the evaporation zone
can be increased either by increasing the number of
particle stacks per unit surface area, or by increasing the
eective conductivity, hki, of the stack to enable the heat
¯ux to conduct further into the artery region in order to
utilize more of the side area of a stack. The current
fabrication technique does not allow for easy increase of
these parameters.
As a proposed (not fabricated) artery-evaporator
system that would not be hydrodynamically limited,
consider a porous-layer coating with modulation stacks
of uniform height on top of which a thin porous layer of
uniform thickness (denoted as the cover layer) is sintered. The liquid pool would then be adjacent to the top
of the cover layer. This is shown schematically in Fig. 18
in the furthest system on the right and labeled as the
artery-evaporator system with completely separated
liquid±vapor ¯ow paths. The cover layer in such a system would draw liquid in by capillarity and act as a
barrier to vapor ¯ow. The generated vapor would then
escape along the path of least ¯ow resistance, in this
case, laterally between the modulations, underneath the
cover layer, and outwards to the edge of the coated
surface. It is assumed that the width of the coated test
piece is small enough to render the lateral vapor pressure
drop negligible (i.e., no vapor±¯ow resistance and no
high-pressure vapor breakthrough in the cover layer). In
this type of design, there is no liquid±vapor counter¯ow
at the liquid entrance into the artery, and therefore the
hydrodynamic liquid-choking would not occur, leaving
the qCHF of the system to be determined by the liquiddrag viscous-choking limit. Furthermore, in such a design, the vapor is no longer depending on buoyancy to
remove it from the liquid entrance into the artery, and
therefore the performance would be independent of
gravity and orientation as long as the liquid pool was
kept in contact with the cover layer. The vapor, once it
reaches the side of the coated surface and leaves the
porous-layer coating, could then be directed to a condenser to resupply the liquid pool. Such a system, fully
utilizing the bene®ts of complete phase separation could
potentially provide a means to realize the order of
magnitude enhancement over that of a plain surface as
predicted by the viscous drag model.
The proposed artery-evaporator system with completely separated liquid and vapor ¯ow paths conceptually exempli®es how the qCHF can be increased to
where it is governed by qCHF;v by removing the hydrodynamic liquid-choking mechanism. If the viscous-drag
liquid ¯ow resistance can be reduced to zero, then the
next limiting mechanism would be that described by the
kinetic theory in Eq. (1). This is depicted in Fig. 4. It is
not possible to bypass the viscous-drag liquid-choking
limit, however, with a system using a porous wick for
liquid-pumping through an artery, since this type of

system must at some point be viscous limited as shown
by Eq. (21).
One result that is clear, and is in agreement with both
the hydrodynamic and viscous-drag optimizations, is
that the qCHF will increase with decreasing d down to
some minimum practical value.

7. Conclusion
Modulation of a porous-layer coating was proposed
as a means to enhance the qCHF while reducing the
Ts Tlg of boiling from a plain surface.
Experiments were presented showing that porous
coatings with modulation (e.g., conical macrostructures), with currently designed size, shape, and distribution, provide a three-time increase in the qCHF and a
substantial decrease in the Ts Tlg from that for an in®nite plain surface, as compared to a maximum of 2 to
2.5 times previously reported in the literature for porous-layer coatings of uniform thickness [8±11,13].
The hydrodynamic limit qCHF;h and the viscous-drag
limit qCHF;v , were proposed as two possible liquidchoking limits for artery-evaporator systems and were
discussed. The qCHF;h depends on the ¯uid properties and
is inversely proportional to a ¯ow-critical length scale
corresponding to the coating macrostructure geometry.
The qCHF;v occurs when the viscous-drag on the liquid
¯ow within the liquid supply artery (i.e., within the
coating) exceeds the available capillary-gravity pumping. The measured qCHF experienced by the coated surface is predicted to occur corresponding to the lower of
the two liquid-choking limits for a given surface-coating-¯uid system.
The hydrodynamic liquid-choking limit was given in
Eq. (30) as
qCHF;h

1=2
p=24qg Dhlg rg ql

qg

1=4 


3 r=g ql
k1=2
m

qg

1=4
;

where km was a length scale characterizing the vapor
escape locations into the liquid pool from the porouslayer coating or surface. For a plain surface, km depends
on the balance between buoyancy and surface tension,
and is then a function of ¯uid thermophysical properties. For surfaces with porous-layer coatings, km is a
function of geometrically determined vapor escape paths
and is therefore a function of the porous structure.The
viscous-drag liquid-choking limit was given in Eq. (24),
which can be expressed as
qCHF;v
Ch s CJ ql rDhlg =ll  K1=2 =ds 
1

CE
ds
qCHF;v 2
:
2 2 1=2
CJ Ch s 
ql rDh2lg
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All of the liquid-choking limits presented in this work
are graphically compared and shown with schematic
depictions of the system and liquid and vapor ¯ow paths
in Fig. 18.
An idealized viscous-drag numerical model was also
presented and provides a method for predicting the q
versus Ts Tlg curve from a modulated porous-layer
coating. Currently, the model underpredicts the q as a
function of Ts Tlg , but is considered in fair agreement
with the experiment results, especially considering the
many assumptions that were made. Some simplifying
assumptions (e.g., those regarding the liquid-¯ow paths
and the volume-averaging of the porous media) must be
revised and/or reconsidered to bring the predictions into
better quantitative agreement.
For the surfaces tested in this study, the qCHF is
shown to be hydrodynamically limited. Predictions from
Eq. (30), relating the critical heat ¯ux with the appropriate modulation wavelength km of the porous-layer
coating, are in good agreement with the experimental
results, as was shown in Fig. 13.
It is predicted that further enhancement in the qCHF
of modulated porous-layer coatings is possible by reducing the modulation wavelength km down to an optimum value. Further experimental and theoretical
investigations are required to determine the optimum
modulation wavelength km  km;min . It is predicted that
improved enhancement in the Ts Tlg is possible by reducing the particle size, d, for a given modulation geometry. It is also suggested that an order of magnitude
enhancement in the qCHF from an artery-evaporation
system would possibly be achieved by controlling the
vapor escape paths to remove the limiting hydrodynamic mechanism.
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;
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;
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:
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