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Abstract

A hydrodynamic critical heat flux (CHF) model has been developed in this study for downward facing boiling on the outer sur-
face of a hemispherical vessel with micro-porous layer coatings. The CHF model considers the vapor dynamics and the boiling-
induced two-phase motions in three separate regions adjacent to the heating surface. These include a micro-porous coating layer,
a liquid sublayer, and a two-phase boundary layer. Mathematical formulation of the CHF model has been made, taking into
account the flow paths to an evaporation site within the porous coating layer, the behavior of the liquid sublayer, and the fluid
motions of the two-phase boundary layer. It is found that the local CHF limit is reached when the liquid supply from the two-phase
boundary layer through the liquid sublayer and the micro-porous coating to the heating surface is not sufficient to prevent local
dryout of the heating surface. The dryout process consists of two sequential stages. In the initial stage, the vapor slug that forms
by the downward facing boiling process moves toward the micro-porous coating layer owing to the depletion of the liquid sublayer.
In the final stage, depletion of the capillary-assisted liquid supply occurs in the micro-porous coating layer, resulting in the dryout of
the heating surface. This is followed by an abrupt increase in the local surface temperature, marking the occurrence of CHF. Com-
parison of the hydrodynamic CHF model with experimental data has been made and the results are found to be quite satisfactory.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

To improve the ability of high-level decay heat re-
moval during external passive cooling of the lower head
of a nuclear reactor vessel, it has been proposed that sur-
face coating be used to facilitate the process of down-
ward facing boiling on the vessel outer surface. Water
is made available on the bottom side of the reactor ves-
sel by flooding the reactor cavity during a severe core-
meltdown accident. By applying a suitable surface
coating on the external surface of the lower head, en-
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hanced boiling of water in the flooded cavity can be ob-
tained. One surface coating being considered is the class
of micro-porous layer coatings. Micro-porous layer
coatings are extra-thin porous-layer coatings having
layer thicknesses that are less than the superheated lig-
uid layer thickness for activation of the cavities during
nucleation (Chang and You, 1997). The use of a thin
surface coating has been experimentally shown to be
an effective passive enhancement technique by many
researchers. O’Connor and You (1995) found a 109% in-
crease in the CHF limit over a non-painted surface in
saturated FC-72 with almost an 80% reduction in nucle-
ate boiling superheat. Chang and You (1996) obtained
approximately an 80% reduction in incipient superheat,
330% enhancement in nucleate boiling heat transfer, and
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Nomenclature

Capital letters

A net flow area across liquid sublayer

A, flow cross-sectional area of porous medium

Ay surface area occupied by all vapor jets

Ay, total heating surface underneath the porous
layer coating

C universal constant, Eq. (14)

G, universal constant, Eq. (16)

Cs universal constant, Eq. (17)

Cy universal constant, Eq. (21)

Cg Ergun coefficient

Cr friction coefficient

C; Leverett function constant number

J(s) Leverett function

K media permeability

L, dimensionless quantity for radius of the vessel

P.x  maximum pressure drop

P, capillary pressure

P, pressure inside the gas phase

12 pressure inside the liquid phase

Olyr dimensionless quantity for Critical Heat Flux

R radius of vessel

R, radius of curvature of interface

U, dimensionless vapor velocity

U dimensionless liquid velocity

Lower case letters

d diameter of spherical metallic particle

g gravitational force coefficient

hig latent heat of vaporization

Ji liquid velocity entrained from the ambient
liquid

/ characteristic length of vapor slug

Im characteristic length of porous medium

my, rate of liquid supply from porous-layer
coating

B local nucleate boiling heat transfer rate

qéyr  local critical heat flux

qéup,  critical heat flux at initial location

ty vapor ejection cycle

U p liquid velocity within porous-layer coating

Ug local vapor velocity

n local liquid velocity

Ug, vapor velocity leaving initial location

uy, liquid leaving initial location

Vg local vapor jet velocity

v local liquid jet velocity

Greeks

o void fraction

0 two-phase boundary layer thickness

0o two-phase boundary layer thickness in the bot-
tom center region

Om liquid sublayer thickness

Op thickness of porous-layer coating

g porosity of coating

0 angular location

0o angular position of initial location

u dynamic viscosity

01 liquid density

Oy vapor density

a surface tension coefficient

Ty wall shear stress

T interfacial shear stress

Other letters

Q angle of inclination

A dimensionless two-phase boundary thickness

Subscripts

c capillary

1 liquid

g gas

p porous layer

CHF  critical heat flux

100% enhancement in CHF using micro-porous layer
coatings made of copper particles (1-50 um) and alumi-
num particles (1-20um). Dizon et al. (2003) obtained
more than a 100% increase in the CHF value at different
angular locations of a downward facing curved surface
under transient quenching conditions. Liter and Kavi-
any (2001) reported an enhancement in CHF of nearly
a factor of three using modulated porous-layer coatings.

Theoretically, a number of studies have been per-
formed to investigate the CHF mechanisms for pool
boiling on a plain surface. Carey (1992) reviewed four
postulated mechanisms as the cause for the CHF phe-
nomenon in pool boiling. Kutateladze (1948) first estab-

lished a relation for CHF using dimensional analysis by
linking the phenomenon of flooding to the CHF
condition:

Gewr = Crpt*hiylg(py — py)o]* (1)

Zuber (1959) included Taylor wave motion and
Helmhotz instability analysis in his CHF model. The
model was further refined by Lienhard and Dhir
(1973) as follows:

[g(pl —zpv)a} v

v

‘I%HF = Cpyhg, (2)
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In Zuber’s original model the constant on the right side
of the above expression is n/24 while in the model pro-
posed by Lienhard and Dhir the constant is equal to
n/[16(3)"].

A number of phenomenological theories have been
put forth to explain the CHF enhancement by using por-
ous-layer coatings. The observed enhancement with por-
ous-layer coating is attributed to several effects: capillary
pumping action on the liquid supply flow, increased
number of nucleation sites, extended heat transfer sur-
face area and the availability of the vapor escape paths
from the porous coating adjacent to the liquid pool.
Although several models are available to predict the
CHF value for upward-facing surfaces, virtually no the-
oretical studies have been completed for CHF enhance-
ment on downward facing surfaces with porous-layer
coatings. In all CHF models for an upward-facing sur-
face the liquid path is proposed as vertical columns or
stacks from the porous-layer coating to the vapor film,
leading to two independent liquid choking mechanisms.
One is based on Zuber hydrodynamic theory and the
other one is based on the viscous drag surpassing the
available capillary pumping within the porous layer
(Liter and Kaviany, 2001). However, the above models
can not be applied to the present work, as the liquid
path is different due to the orientation of the downward
facing surface. The rate of liquid supply is determined
not only by the portion from the upward two-phase
boundary layer flow but also by the capillary pumping
flow within the porous media along the curved surface
to the evaporation site. In another words, the limit of
CHF would not be reached unless the sum of these
two liquid supply mechanisms is not sufficient to main-
tain nucleate boiling under certain heating conditions.

In this study, a hydrodynamic CHF model is devel-
oped for downward facing boiling on a hemispherical
vessel with a micro-porous coating layer, taking full ac-
count of the capillary effect of the vessel coating. Spatial
variation of the local CHF limit on the vessel outer sur-
face predicted by the model is compared with the exper-
imental data recently obtained by Dizon et al. (2003)
and Yang et al. (2004).

2. Theoretical modeling

As described in Fig. 1, there are three layers of inter-
est. These include the thin surface coating sublayer, a
liquid sublayer and a buoyancy-driven two-phase
boundary layer. The surface coating sublayer refers to
the micro-porous layer adjacent to the heating surface
with liquid artery and vapor generation sites. The liquid
sublayer corresponds to the layer underneath an elon-
gated vapor slug growing over the surface coating. This
liquid sublayer consists of a continuous liquid film with
numerous micro-vapor jets. The buoyancy-driven two-

Surface Coating
Sublayer

Liquid Sublay

~  Vapor Slug

\ Two-Phase

Buoyancy-Driven
Boundary Layer

Fig. 1. Schematic of the sublayers underneath an elongated vapor
slug.

phase boundary layer corresponds to the external buoy-
ancy-driven two-phase boundary layer flow region. A
detailed analysis of the flow and heat transfer for each
layer is given below.

2.1. Behavior of the porous-layer coating

The flow paths to an evaporation site within the por-
ous-layer coating are critical to the occurrence of the
CHEF. Accurate description of the flow paths is not pos-
sible at this time, as the extremely complex liquid-vapor
flow during downward facing boiling within the porous-
layer coating is not well understood. The difficulty of
visually observing the phenomenon within the thin coat-
ing hinders the understanding of the phenomenon. In
this work, some simplifying assumptions are made
regarding the flow paths in order to make the study of
the CHF possible. First, it is assumed that there is com-
plete phase separation within the coating where the
vapor escapes from the void formed among the metal
particles (see SEM photo in Fig. 2).

Second, when the local void shown in Fig. 2 is taken
as the local representative elementary volume, this
smallest differential volume will result in statistically
meaningful local average properties. Adding extra pores
(extra volume) around the representative elementary
volume will not change the values of the local volume-
averaged properties such as temperature and liquid
velocity.

The liquid flow is idealized as entering toward the
bottom of the porous layer, and then flowing along
the surface matrix to the vapor generation zone. The
vapor pressure is assumed to be constant at the satura-
tion pressure everywhere in the system. As the process of
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Fig. 2. SEM photos of an aluminum micro-porous layer coating.

depletion of capillary-assisted liquid supply approaches
the critical condition, some deviations from the Darcy
law are assumed. These deviations are due to the inertial
contribution to the momentum balance. At any liquid
supply velocity, the sum of the body force contribution,
viscous contribution and inertial contribution make up
the momentum balance for the flow. To account for
the inertia effect, the pressure drop in the liquid
through the porous coating is considered being gov-
erned by the Darcy-Ergun momentum relation (Kavi-
any, 1999):

apy = pgsin® Mgy~ CE o ) ) ()

K P K] /2 1 P By

where (1, ,) is the magnitude of the volume-averaged liq-
uid velocity vector through the liquid saturated region
within the micro-porous coating layer. The (u;,) de-
scribes the liquid supply motion toward the vaporization
sites driven by local capillary-induced pressure gradient.
K is the media permeability, Cg stands for the Ergun
coefficient, and K'? is used as the length scale. The
quantity Q indicates the angular location measured from
the bottom center of the curved heating surface. The
coefficient Cg represents deviation from the Stokes flow
and the flow direction effect. Here the scalar form of Cg
is used assuming that the angle between the direction of
the pressure gradient of interest and the flow direction is
zero. The Carmen—Kozeny model is used for the perme-
ability, which predicts the value of K for packed beds
reasonably well. This gives

Sd*
T 180(1 — &) )
12
. _ (0.2318> 5

The porosity of the coating ¢ is assumed to be independ-
ent of the presence of a pressure gradient for the rigid
surface coating matrices of interest. Although there are
some porosity measurement techniques available, in this

study photography is chosen because the length scale in
the tangent direction of the matrix is much larger than
the scale in the radial direction. By comparing the sum
of areas of solid to the sum of areas of void, the porosity
of the coating ¢ can be determined. The metallic particle
diameter d is equal to 50 pm in this study, as shown in
Fig. 2, and the coating porosity is about 0.4.

The coexistence of liquid and vapor within the voids
of the micro-porous coating gives rise to capillary forces.
As interfacial tension exists on the boundary between
two phases in a pore space, the interface is curved and
there is a capillary pressure difference across the inter-
face. There is a maximum sustainable pressure drop
across the characteristic length of the coating, which is
assumed to be equal to the capillary pressure, i.e.,

2a
Prmax pg b Rc (6)
where o is the surface tension and R, the radius of cur-
vature of the interface.

Luikov (1966) derived an expression for the largest
minimum pore diameter R. of a system consisting of
uniform spherical particles of small radius. With cubic
packing, the largest minimum pore diameter has been
determined as

d
R.=041- 7
2 7)
For a porous medium made of spherical metallic parti-

cles of d = 50 um, this will give:
4o
Pe= 0414

Leverett (1976) defined a reduced capillary pressure
function, which was subsequently named the Leverett
J-function and used for relating the liquid saturation,
media porosity and media permeability to the capillary
pressure through the equation

= 11.473 kPa (8)

o
P =) 9)
In the above relation, J(s) is the Leverett function. For
the maximum capillary pressure, the Leverett function
is represented by a constant number C;. According to
Liter and Kaviany (2001), Scheidegger (1960) deter-
mined the value of C;=0.523 from the data presented
by Leverett. Udell reported a value of 0.56 (1985). By
utilizing the results of Luikov (1966) shown in Eq. (8),
C; would be 0.48 for the particle size of 50 um which
is in good agreement with the available data. In the sub-
sequent analysis, the following equation is used to calcu-
late the capillary pressure.
a

Pe CJ (K/8)1/2 (10)
The maximum liquid velocity within the porous media is
obtained through the momentum balance given by Eq.
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(3) along with the available capillary force given by Eq.
(10). The liquid supply velocity below the critical condi-
tion within the porous media can be linearly related as a
fraction of this maximum velocity, where the ratio is
determined by the media geometric parameters. Insert-
ing Eq. (10) into Eq. (3) one can explicitly solve for
(u1,p):

Cjo W

C
12, (urp) — —11;:2 pl(“lp>2
(K/e) ' I K K

1/2
K'? i 4CepCo
<”‘*">:Tgpl <ﬂ+¢> -2 an

K> K'V2(K/e) 1,

where length /,, represents the length for the porous
medium. The characteristic length /, represents the
length that the liquid flow needs to go through toward
the vaporization sites. In deriving Eq. (11), the effect
of gravity is assumed to be negligible since the capillary
effect dominates in the micro-porous coating layer. In
terms of the characteristic length, /, of the vapor slug
(see Fig. 1), the net flow cross-sectional area A, can be
expressed by

Ay ~ £5,1 (12)

where J,, is the thickness of the micro-porous layer
coating.

It follows that the local rate of liquid supply, m,,
from the micro-porous layer coating to the heating sur-
face is given by

iy, = prdp () (13)

2.2. Behavior of the liquid sublayer

Cheung and Haddad (1997) combined the Helmholtz
wavelength analysis (Carey, 1992) with Haramura and
Katto’s statement (1983) that the micro-layer area ratio
is a function of the density ratio, to relate the liquid sub-
layer thickness, J.,, to the relative velocity between the
vapor jets and the liquid:

6 = Ciint — 2C‘g“" (1 ; %) o — ) (14)
and

() _ o1 (Aw

<Ul> B Py <Av 1> (15)

where A, is the surface area occupied by all the vapor
jets, and A, is the total heating surface area underneath
the micro-porous layer coating. The quantities (v,) and
(v)) represent the local vapor jet and liquid velocities,
respectively. According to the finding of Haramura
and Katto (1983), we have:

A4, AN
v g 1
Aw C2 (pl> ( 6)

Combination of Egs. (14)-(16) gives:

0.4 2
O = C3opg(l +&) (ﬁ) (hf> (17)
g g qNB

The net flow area across the liquid sublayer can be ex-
pressed by

Ay ~ Syl (18)

Thus the local rate of liquid supply, m, from the two-
phase boundary layer to the liquid sublayer is given by

g = py () A (19)

2.3. Occurrence of the local CHF

The local critical heat flux limit is reached when the
liquid supply from the two-phase boundary layer
through the liquid sublayer and the micro-porous coat-
ing to the heating surface is not sufficient to prevent
local dryout. This process comprises two steps. In the
first step, the vapor slug moves toward the surface-coat-
ing sublayer as a result of the depletion of the liquid sub-
layer. In the second step, depletion of the capillary-
assisted liquid supply in the micro-porous coating initi-
ates the local dryout process. This marks the occurrence
of the local CHF that leads to an abrupt increase in the
local temperature of the heating surface. From Egs. (13)
and (19), an expression for the local critical heat flux can
be obtained, based on a local energy balance, by setting
the sum of m,, and my equal to the rate of the liquid
depletion at the local CHF:

q// Aw \
BB )i
g

12 2 12
K I 4Cgp,Cy0 Ml s g
e I\t ) K|
efr | \K" K'"*(K/e)'"Iq

(20)

From the two-phase boundary layer flow observations
by Cheung and Haddad (1994, 1995), the characteristic
length /, is found to be proportional to the local two-
phase boundary layer thickness, dy, in the bottom center
region, i.e.

1 = Cydy (21)

where C,4 is an empirical constant having a value very
close to four along the curved heating surface. As dis-
cussed by Cheung and Haddad (1994, 1995), the CHF
point is a continuation of the nucleate boiling regime in
the high heat flux region. Helmholtz instability is acting
upon the micro-vapor jets throughout the entire high
heat flux nucleate boiling regime including the CHF
point. Hence, Eq. (17) should be applicable to the CHF
limit. By setting ¢} equal to g¢y in Eq. (20), the follow-
ing equation is obtained for the occurrence of CHF:
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A(ql(/ZHF)3 - B(ngF)z -C=0 (22)
where the coefficients are given by
A
A= 23
W 23)

1/2
4Cep,Cyo Hy
KRk ) K]

lei/z ﬂ_12+
2Ce | \K?

(24)

o\ [\

C = pl(u1>C4C3500pgh?g (1 + _g) (_g) (25)
P/ \ P

The quantity, (u;) in Eq. (25) can be determined from

the following two-phase boundary layer flow analysis.

2.4. Behavior of the two-phase boundary layer

During the heating process, a large amount of vapor
would be generated as a result of downward facing boil-
ing of water on the heating surface. Under the influence
of buoyancy, the vapor would flow upward along the
curved outer surface of the vessel. The ambient liquid
water, which is saturated and quiescent initially, would
be entrained by the vapor flow, thus resulting in a buoy-
ancy-driven upward co-current two-phase flow along
the boundary layer.

It is not necessary to develop a comprehensive analyt-
ical model for the liquid-vapor two-phase flow as the
main focus here is the local heat transfer enhancement
by the micro-porous layer coating. A simplified system
of governing equations (Carey, 1992) with the ability
to provide an accurate assessment of the local quantity,
(1), in Eq. (25) is used in this study. Although informa-
tion regarding the local behavior of the flow is lost in
doing so, the model provides the required information
for predicting the local CHF value. A schematic of the
two-phase boundary layer is shown in Fig. 3.

The momentum for the vapor-liquid mixture in the
two-phase boundary layer is governed by the following
differential equation:

\
\\ cufum Pool g
\ Hex Vessel Wall
= 7

— &,

R Vessel Coating

™~
~
~ /8 B
g s Py &/
St == Elongated
7 Vapor Slug
Two-Phase Boundary Layer

Fig. 3. Two-phase boundary layer on the outer surface of a
hemispherical vessel coated with a micro-porous layer.

\ Rdo

d .
g {peri + pi(1 = )] 6 sin 0}

= adRg(p; — pg)sinze — (tw + 7;)Rsin 6 (26)

where 7, and t; represents the wall and the interfacial
shear stresses. These quantities are given by Cheung
and Epstein (1987):

Ty + T = 0.5C [0y + (1 — o)uy][p 0y + py (1 — o)ry]
(27)

where Cp is a friction coefficient having the value of
0.005.

The mass flow rate across the thickness of the two-
phase boundary layer is governed by the following dif-
ferential equation:

d
do
where j; is the net liquid velocity entrained from the
ambient fluid into the two-phase boundary layer at 0.
In this case, j; only represents the liquid mass swept into
the boundary layer by the upward motion induced by
vapor generation, excluding the portion of liquid mass
depletion due to boiling on the heating surface. Simi-
larly, the vapor mass across the thickness of the two-
phase boundary layer under saturated boiling conditions
at a given location 0 is governed by the following
equation:

[(1 — a)uosin 0] = jR sin O (28)

d . qéypRsin 0

0 [augd sin 0] = pohs (29)
In Eq. (29), the heat flux is set equal to the local CHF
value so that the local vapor and liquid velocities would
correspond to those appearing in Eq. (25). Note that the
local CHF condition gives rise to the maximum local
vapor/liquid velocities and boundary layer thickness
that can possibly be developed at a given downstream
location.

It is necessary to have the relative velocity between
the liquid and vapor phases to close the governing sys-
tem. This is obtained by assuming that once the vapor
mass departs from the heating surface, it would attain
its terminal rise velocity relative to the liquid phase in
the two-phase boundary layer (Wallis, 1969). Accord-
ingly, the relative velocity is given by

@mwm—%w“ (30)

pi
Egs. (26)—-(30) complete the governing system for the

buoyancy-driven external two-phase boundary layer
flow.

ug:u1+1.53[

2.5. Initial conditions and the universal constants

To solve Egs. (22)—(30) simultaneously for the spatial
variation of the local CHF, it remains necessary to
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determine the initial value of the two-phase boundary
layer thickness at the bottom center of the vessel. To
do so, the vapor mass that forms in the bottom center
region needs to be considered. The initial location is
chosen as the bottom center surface at a small 0y away
from the vertical axis. Since 0y < 7/2, the local critical
heat flux can be treated as a constant equal to (g¢yg)o-
The vapor velocity leaving initial location, ug, can be
determined from a mass balance:

0o
Pyitg,4(2TR g sin O) = hl / qlyp2mR? sin 0d0 (31)
fg JO
This leads to
Uy, = (9¢ur)o [1 — cos 00} (g) (32)
0

O(pghfg sin 6()

From Eq. (30), it can be shown that

og sin 0 (p; — pg>] v (33)

pi
Based upon the vapor dynamics observed by Cheung
and Haddad (1994, 1995), the aspect ratio of the vapor
mass is very close to four, i.e., C4 =4 in Eq. (21). There
is another universal constant, Cs, that needs to be deter-
mined from experimental data. To do this, the vapor dy-
namic and the local CHF limits at 0 = 0, observed by
Dizon et al. (2003) are employed. The occurrence of
the local CHF limit in the bottom center region is the re-
sult of liquid depletion within the liquid sublayer and the
micro-porous coating before the departure of the vapor
mass from the heating surface. The mass of the liquid
sublayer is p0,(4w — 4,), whereas the mass of liquid
hold up in the micro-porous coating under the same
heating area is pdpe4,,. The total rate of the nucleate
boiling heat transfer is ¢{;;. The observed duration of
the vapor ejection cycle is ¢,, as such local dryout would
occur if gfigAwt,/hr, becomes equal to or larger than the
mass of the total liquid available in the bottom center re-
gion. Thus, the local CHF limit at the bottom center is
given by

" h Ay
(9lur)o = ng |:p15m (1 — A> + p16p8:| (34)

Uy = Ug, — 153|:

where 0., is given by Eq. (17). This leads to

Cs = <(qCZF)OtV _ p15p8> /
fg

04 2
P\ (P hy,
d Pg< P1 P1 (qCur)o (3%)

where the term involving the area ratio has been ignored
since A,/Ay, < 1.

According to the experimental observations reported
by Dizon et al. (2003) and Cheung and Haddad (1994,
1995), the duration ¢, was found to be 0.2s whereas
the local CHF limit was 0.85 MW/m?. Using the proper-

ties for water at one atmosphere pressure, the value of
C; is calculated to be 0.00141.

3. Numerical calculations

Egs. (22)—(30) form a complete set of coupled equa-
tions governing the local variations of the CHF, gy,
the vapor and liquid velocities u, and u;, respectively,
the two-phase boundary layer thickness, J, and the void
fraction, «. The liquid entrainment rate, j; in Eq. (28) is
needed to solve this set of equations, however, no exper-
imental data or relation on the liquid entrainment for
such case is available to date. To circumvent this diffi-
culty, the local void fraction in the two-phase boundary
layer is postulated to be a constant value as the CHF
limit is approached on the heating surface. This postula-
tion has been justified by Cheung and Haddad (1997)
based on their experimental observations (1994, 1995).
According to the experimental data of Cheung and Had-
dad (1994, 1995), « is set equal to 0.915. Thus, Eq. (28),
which contains the liquid entrainment term, can be elim-
inated from the governing system. The remaining un-
known quantities (i.e. ¢¢yp,us, w1 and J) can be
determined from Egs. (22)—(27) and Egs. (29) and (30)
through numerical calculations.

To update the local value qlyp, u,, i and 6, control
volumes are assigned, distributed evenly, along the
curved heating surface starting from the bottom center
region to the hemisphere equator. With initial values
of ¢y, Ug, w and d, which are determined and discussed
in the previous section, Egs. (26) and (29) could be
numerically integrated over the control volumes, how-
ever, the local CHF limit is updated through the follow-
ing implicit relation derived from Eq. (23):

/ C
CHE = A |———— 36
dcHF Al — B (36)

where 4, B and C are given by Egs. (23)—(25).

4. Results and discussion

Numerical calculations of the local boundary layer
flow quantities, the local liquid supply velocity and the
local CHF limits have been made for water along the
curved porous-layer-coated heating surface. The vessel
diameter has been treated as a parameter in these calcu-
lations. Results are shown in Figs. 4-9. To better show
the physical size effect of the vessel, dimensionless quan-
tities for the two-phase boundary thickness, vapor/liquid
velocities and local CHF limit are defined in the
following,

1 o 2
MRLM—%J 7
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Fig. 4. Spatial variation of the local two-phase boundary layer
thickness.
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Fig. 5. Spatial variation of the local vapor velocity in the two-phase
boundary layer.

Physically, L, represents the ratio between the character-
istic bubble size and the radius of the vessel. For all val-
ues of Ly, the two-phase boundary layer thickness
increases considerably from the bottom center to the
upper edge of the vessel (see Fig. 4). It can be seen by
comparing the dimensionless quantity to the actual value
of the two-phase boundary layer thickness that the size
effect becomes less important as the vessel diameter in-
creases. For L,=0.000164 (D=30.5m) and
Ly, =0.00164 (D = 3.05m), the dimensionless two-phase
boundary layer thicknesses are very close to one another.
However, the actual thickness of the two-phase bound-
ary layer is a strong function of L, because the heating
surface increases as the square of the vessel diameter.
The spatial variations of the vapor and liquid veloci-
ties are presented in Figs. 5 and 6, respectively. For all
vessel sizes, the vapor and liquid velocities increase by
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Fig. 6. Spatial variation of the local liquid velocity in the two-phase
boundary layer.

more than an order of magnitude from the bottom cen-
ter to the upper edge of the vessel. The relative velocity
between the liquid and vapor phases is on the same or-
der of the vapor and liquid velocities when 0 is small.
For large values of 0, the relative velocity is an order
of magnitude smaller than the liquid and vapor veloci-
ties. The effect of Ly, is quite strong on u; and u,, but very
weak on the dimensionless quantities U, and U,. For
vessels larger than 0.3m (Ly, < 0.0164), 1 and u, would
vary according to the square root of the vessel diameter
whereas U, and U, are essentially independent of the
vessel size.

Fig. 7 shows the spatial variation of the local critical
heat flux predicted by the model. The dimensionless
quantity Qcyr appears to be a weak function of the ves-
sel size especially when the vessel diameter becomes

L,.=0.00164
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Fig. 7. Spatial variation of the local CHF on the coated heating
surface.

large. This clearly demonstrates the fact that for heated
vessels with diameters considerably larger than the char-
acteristic bubble size, the critical heat flux is weakly
dependent of the vessel size. Note that away from the
bottom center region the local critical heat flux increases
from the bottom center to the upper edge of the vessel.
This result is similar to the spatial variations of CHF ob-
served experimentally by Dizon et al. (2003). As the
local liquid velocity increases more than an order of
magnitude along the vessel outer surface, there is a large
increase in the local liquid supply rate, resulting in a sig-
nificant increase in the local critical heat flux. Note,
however, that there is a local peak value of CHF at
the bottom center where the local liquid supply rate is
higher due to the convergent effect. This result is consist-
ent with the behavior observed experimentally by Dizon
et al. (2003).
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Fig. 9. Liquid supply velocity through the micro-porous layer coating.

Fig. 8 shows the predicted local critical heat flux to-
gether with the experimental data from Dizon et al.
(2003) and Cheung and Haddad (1994, 1995). For the
same vessel size L, = 0.0164 (D = 0.305m), the predicted
CHF limits agree reasonably well with the experimental
data. It should be noted that in the work of Dizon et al.
(2003), uncertainties in the data acquisition system and
the thermocouple resistance could cause slight fluctua-
tions in the CHF value recorded. Thus, the experimental
data do not display a smooth profile compared to the
predicted CHF limits. Note that for a plain surface,
the CHF limit increases monotonically with 0, which is

different than the trend showed for the coated surface.
For a coated vessel, the present model predicts a local
peak at the bottom center with the local CHF limit
decreasing in the downstream locations for small values
of 0. This predicted behavior is consistent with that ob-
served by Dizon et al. (2003). This behavior is due to the
convergent effect on the local liquid supply at the bot-
tom center, where the liquid could enter from all radial
directions through the porous layer coating such that it
helps prevent dryout at the bottom center, thereby
increasing the local CHF limit. Another possible physi-
cal explanation for such behavior could be due to the
availability of vapor escape paths provided by the por-
ous layer coating. According to the experimental obser-
vation, for a coated vessel, the vapor bubbles generated
in the bottom center region did not tend to agglomerate
and were smaller than those vapor slugs generated for a
plain vessel that would cover the whole bottom center
region. Such dispersed vapor bubbles in the bottom cen-
ter region would help the escape of newly generated
vapor bubbles such that the CHF limit in the bottom
center region becomes larger than those in the immedi-
ate downstream locations.

By comparing the CHF limits for a plain surface re-
ported by Cheung and Haddad (1994, 1995), the CHF
enhancement effect of the micro-porous layer coating
can be clearly seen. This enhancement is mainly attrib-
uted to several effects: capillary pumping action on the
liquid supply flow, increased number of nucleation sites,
extended heat transfer surface area and the availability
of the vapor escape paths from the porous coating layer
adjacent to the liquid pool. Among the four enhance-
ment mechanisms, the capillary pumping action on the
liquid supply through the porous layer is the dominant
factor. The capillary induced liquid supply velocity is
presented in Fig. 9. Although the magnitude of liquid
supply velocity through the porous layer coating is
much less than the liquid velocity of the two-phase
boundary layer, such liquid supply to the vaporization
sites on the heating surface prevents local dryout and en-
hances the local CHF limits. Note that the liquid supply
rate from the porous layer coating increases monotoni-
cally with the porosity ¢, owing to the influence of ¢
on the availability of the flow channel inside the coating.
However, the liquid supply rate tends to decreases as the
diameter of the particles increases, as can be seen from
Egs. (6) and (10). Smaller particles give rise to a larger
capillary pressure force.

5. Conclusions

A hydrodynamic CHF model has been developed for
downward facing boiling on the outer surface of a por-
ous-layer-coated hemispherical vessel. The model repre-
sents a first attempt to discern the enhancement effect of
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vessel coating on the local CHF limits for downward
facing boiling on the vessel outer surface. Based upon
the results of this study, the following conclusions can
be made:

1. Local dryout of the heating surface occurs when the
local rate of liquid supply from the two-phase bound-
ary layer through the liquid sublayer and the micro-
porous coating becomes smaller than the rate of
depletion of the liquid film by boiling. This critical
condition determines the maximum local wall heat
flux leading to dryout corresponding to the local
CHF limit.

2. There is a considerable enhancement of the local
CHF limits due to the vessel coating. This enhance-
ment is mainly due to the capillary pumping effect
on the liquid supply through the flow path formed
inside the micro-porous layer coating. The present
model, which accounts for the capillary effect on the
CHF enhancement, agrees favorably with the availa-
ble experimental data.

3. There is a local peak at the bottom center where the
local CHF limit is higher than those values immedi-
ately downstream. This behavior, which is distinctly
different from that observed for a plain surface, is
due to the convergent effect on the liquid supply rate
at the bottom center. Liquid could enter from all
radial directions through the porous layer coating
such that it helps prevent dryout at the bottom center,
thereby increases the local CHF limit.

4. The effect of the vessel size is relatively weak on the
dimensionless two-phase flow quantities and the
dimensionless critical heat flux. For a coated vessel
with a diameter considerably larger than the charac-
teristic bubble size, the dimensionless liquid and
vapor velocities are essentially independent of the ves-
sel diameter whereas the dimensionless CHF limit is a
weak function of the vessel diameter.
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