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Peculiarities of boiling heat transfer on capillary-porous coverings
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Abstract

The paper discussed specific features of boiling heat transfer on developed industrial micro-surfaces and surfaces with capillary poro
coverings obtained with various techniques. Boiling on such surfaces is characterisedby the occurrence of a few physically dispara
hysteresis phenomena, as well as by the different course ofnucleate boiling crisisas compared with smooth surfaces. Attempts at mode
the nucleation hysteresisand that of theI-kind and alsonucleate boiling crisisfor various surfaces with capillary-porous covering we
presented. Apart from the discussion of other researchers’ investigation results, the physical interpretation ofII-kind hysteresisphenomenon
was given. A theoretical model congruent with experimental data for metal fibrous coverings was also provided. The propertie
hydrodynamic models ofnucleate boiling crisiswere discussed as well. The statistical concept of the maximum point process was em
for the sake ofintra-layer boiling crisismodelling; the result obtained was consistent with the experiment.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Developed micro-surfaces, manufactured by industr
and capillary porous structures, covered with various te
niques, do not only enhance heat transfer but also m
cause various hysteresis phenomena and change the c
of nucleate boiling crisiswhen compared with smooth su
faces. Many variations of boiling heat transfer hystere
are much more clearly manifested on surfaces with ca
lary porous coverings than onsmooth surfaces. Experime
tal boiling hysteresis curves show diversified shapes, w
depend on geometrical and thermal parameters of a
illary porous covering and theliquid physical properties
The reason for

•
qmax (or

•
qc) increase on developed micr

surfaces and porous structures is thought to be a smalle
ameter of vapour bubbles breaking away and increased
quency of departure, increase in the number of nuclea
centres in comparison with smooth surfaces and also ham
pered bubble coalescence into a vapour film, which m
cause obstruction to the liquid flow to the porous cov
ing.

E-mail address:tmpmp@tu.kielce.pl (M.E. Poniewski).
1290-0729/$ – see front matter 2003 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2003.10.002
se

-

-
-

2. Heat transfer hysteresis

2.1. Hysteresis phenomena diversity

The application of porous coverings to heat transfer
hancement requires stable and unambiguous course of
ing curves. Hysteresis is generally regarded as a disad
tageous phenomenon, which prevents thermal stabilisa
of the systems emitting high heat flux densities. Due to
analysis of experimental boiling curves, it is possible to d
ferentiate typical hysteresis kinds shown in Fig. 1:

(a) nucleation hysteresis, termed alsozero boiling crisisor
temperature overshoot;

(b) I-kind hysteresis, also intra-layer (internal) boiling
crisis, reverse hysteresis loop, being characterised by th
decrease in heat transfer coefficient after the decreas
in heat flux; it occurs after the flux has reached i
maximum density;

(c) II-kind hysteresis, simple hysteresis loop, hysteresis
temperature deviation,characteristic of which is the he
transfer coefficient increase at the heat flux diminishing
prior to the flux reaching the maximum density;

(d) hysteresis characterised by the heat transfer coeffi
decrease at the decrease in the flux, before it reache
maximum density;
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Nomenclature

a cell density . . . . . . . . . . . . . . . . . . . . . . . . . . . . m−2

A cross-section, surface . . . . . . . . . . . . . . . . . . . . m2

b dried cell density . . . . . . . . . . . . . . . . . . . . . . . m−2

Ci constants
d micro-fin dimension . . . . . . . . . . . . . . . . . . . . . . m
D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
E′′′ specific work, potential or kinetic energy J·m−3

f field ratio, function
g gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−2

h heat transfer coefficient . . . . . . . . . W·m−2·K−1

hlg heat of evaporation . . . . . . . . . . . . . . . . . . . J·kg−1

H height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
k constants, thermal conductivity . . W·m−1·K−1

K permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

L path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
m mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg

fin parameter . . . . . . . . . . . . . . . . . . . . . . . . . . m−1

n number of layers
N nucleation centre density . . . . . . . . . . . . . . . . m−2

O perimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa

probability
•
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

R radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
gas constant . . . . . . . . . . . . . . . . . . . . J·K−1·kg−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . K (◦C)
u velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

γ pore diameter distribution function. . . . . . . m−1

δ layer thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ε porosity
ϑ slope of a boiling curvep–T . . . . . N·m−2·K−1

θ wetting angle . . . . . . . . . . . . . . . . . . . . . . . . . . . deg
λ wavelength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Poisson process intensity
Π percolation threshold
µ andν dynamic and kinetic viscosity N·s·m−2, m2·s−1

ν dry-out intensity
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ surface tension . . . . . . . . . . . . . . . . . . . . . . N·m−1

Subscripts

a active
ad additional
ap aperture
c critical
cc conduction and convection
del delay
ef effective
ej ejection
f fin or friction
g gas or vapour
gr grain
h hydrodynamic
hst hysteresis
ib initiation of boiling
KH Kelvin–Helmholtz
l liquid
lg liquid–gas/vapour
m modulated
max maximum
min minimum
n nominal
p pore
pf perforation
pl plane
s solid
sat saturation
sb surface boiling
sk skeleton
vs viscous
w wall-saturated liquid
σ surface tension
2ph two-phase

Superscripts

cell single active cell
∗ characteristic, specific or modified
− mean value
rst,
t
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(e) hysteresis, a particular characteristic of which is, fi
decrease and then increase in heat transfer coefficien
while the heat flux is reduced, after the flux has reache
its maximum density (“d” and “e” found rarely);

(f) boiling crisis hysteresis, characterised by the increase
the maximum heat flux whilethe flux increases agai
[10,12].

2.2. Nucleation hysteresis

Three various hypotheses explainingnucleation hystere
sisare put forward, namely: the total filling of inactive por
with the liquid and the resistance of medium flow throu
the capillary-porous layer [16], the dynamic change in
wetting angle in the function of the liquid motion dire
tion [3] and various geometry of pores occupied by vap
for boiling incipience and fading [9]. Theoretical consid
ations referred mainly to the results of experimental inv
tigations where porous coverings made of sintered pow
were used.

For the sake of calculations of the surface superhea
H. Zhang and Y. Zhang [16] relied on the followin
dependencies required for a balance of vapour nuc
created inside a pore: the condition of pressure balanc
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Fig. 1. Kinds of boiling heat transfer hysteresis on capillary-porous co
ings [10,12].

the liquid, vapour and inertial gas contained in a pore,
Clausius–Clapeyron ideal gas equation of state for ine
gas, which determines the boiling curve inclination:

�T1 = �Tw,1 = �Tw,1 − Tsat

= Tsat
(
2σlg/R − 3mgRgTg/4πR3)/hlgρg (1)

If residual quantities of vapour or gas do not linger in pore
mg = 0, the superheating is expressed by the dependen

�T2 = 2σlgTsat/hlgρgR (2)

Obviously �T2 > �T1, this means that the superheati
of the surface, indispensable to boiling initiation, is
this case much higher than in the situation when resid
quantities of vapour, or gas, arecontained in the pore. Thu
the temperature rise characteristic ofnucleation hysteresi
amounts to

�Thst= �T2 − �T1 = 3mgRgTsatTg/4πR3ρghlg (3)

Prior to the boiling initiation, in sintered powder porous la
ers, the residual quantities of inertial gas or vapour are un
able to leave the inside of the pore, in spite of the sign
cant superheating of the heating surface. It is caused b
following factors: liquid static pressure, high resistance
flow through the porous structure and capillary forces. T
increase in superheating leads to the vapour accumul
inside the porous covering. Hence, the superheating�T2(2)

is larger than�T1(1), sufficient for sustaining the boiling
With appropriate pressure growth, some vapour leaves
porous covering, which leads to pressure drop and explo
boiling of a certain amount of liquid. Explosive boiling e
hances heat transfer and thesurface superheating decreas
reaching a stable value of�T1.
Therefore the temperature rise accompanyingnucleation
hysteresis�Thst is properly described with Eq. (3). Th
rise is related to the pore ability to accumulate gas
vapour),mg, the liquid thermal propertieshlgρg and the
thermodynamic state of the residual quantities of gas
vapour),Tg, Tsat [16].

Ko et al. [3] suggested their own interpretation of te
perature rise�Thst, partially based on the same assumptio
as in the previous model. With some simplifications, s
tered powder porous structure was assumed to be comp
of vertical capillaries. Other assumptions stated that m
powder grains have the same diameter, all vacant sp
(pores) have the same shape, each vacant space is an
nucleation centre, the porous layer thermal conductan
high, that is, the temperature gradient per layer can be
regarded. The pressure of the liquid column above the h
ing surface and the porous covering geometrical characte
istics were also taken into account. On the basis of th
assumptions, the following dependence fornucleation hys-
teresistemperature rise was derived:

�Thst= �T2 − �T1

= Tsat�ρlg

hlgρlρg

(
Hgρl + 2σlg

Rap
cosθ − psat

)

−
(

ΛqR2
p

kl
+ 2σlg

ϑR2
p

)
(4)

whereΛ is the coefficient characterising the porous cover
geometry. Eq. (4) implies that thenucleation hysteresi
temperature rise will be the larger, the higher is the liq
column above the heating surfaceHgρl , the lower is the
wetting angle valueθ , the higher is the surface tensio
σlg and the lower is the vaporisation heat,hlg. The porous
covering structural parametersΛ also affect the value o
�Thst. The final conclusions drawn by Ko et al. [3] are th
the wetting angle and its dynamic change in the func
of the liquid motion direction, that is, the boiling liqui
penetration properties have decisive impact on hysteres

Neither of the models presented above offers the po
bility to predict the temperature rise�Thst for preset porous
covering structural parameters and the boiling liquid ther
properties.

Malyshenko and Styrikovich [9] believed that the diffe
ences in heat flux and the surface superheating for bo
incipience and fading resulted from the different geomet
of pores filled with vapour in each of these processes
porous surfaces, two characteristic radii are found: mic
hollow opening radiusRap and the minimum radius of
vapour filled pore when the vapour starts getting outside
porous layerRp. The smaller of the two radii decides abo
the surface superheating, appropriate for the boiling inc
ence:

�Tib = 2σlgTsatcosθ/hlgρgR (5)

whereR = min{Rap;Rp}. As Rap andRp for porous struc-
tures are much larger thanRap for smooth surfaces, the boi
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ing incipience for these structures takes place at sm
�Tib. Numerous experimental data confirm this conclusi

At the same time, the activepores deactivation proceed
far easier because the curvature radius at the pore entra
the function of the diameters of grains making the por
structure, i.e., it is large enough. Under such conditi
thermo-capillary convection can also develop in the mic
layer of the liquid covering the structure skeleton walls
is caused by the surface inactive and not evaporating li
impurities. This mechanism can be the cause ofnucleation
hysteresis, far more clearly manifested here than on a smo
surface [9].

The minimum radius of a pore filled with vapour can
calculated when the pore radius distribution functionγ and
the pore spatial network geometry are known (on the bas
percolation theory [2]). The assumption that the vapour
propagate inside the porous layer along the largest avai
pores leads to:

Rmax∫
Rp

γ (R)dR = Π (6)

on the basis of which, it is possible to calculate the p
radius Rp for vapour beginning to leave the layer.Π is
percolation threshold [2]. On the basis of Eqs. (5) and
the heating surface superheating�Tib was calculated fo
the incipience of water nucleate boiling on capillary-poro
coverings made of nichrome sintered powders. The re
obtained were congruent with the experiment [9].

2.3. I-kind hysteresis

As far as boiling with I-kind hysteresisis concerned
Malyshenko and Styrikovich [9] differentiated two kinds
nucleate boiling, namely I and II kind, for increasing a

decreasing heat flux. In the case of the I kind,
•
q <

•
q∗,

Fig. 1(b), vapour areas inside the covering do not coale
and the liquid stays in contact with the heating surface.
a certain characteristic flux, a dissipation change of ph
occurs from I to II nucleate boiling kind. It is accompani

by a dramatic increase in relaxation time, when
•
q → •

q∗, and

I-kind hysteresisif
•
q values are diminished.

I-kind hysteresiswas also termedhysteresis with memory,

as the shape of the boiling curve when
•
q is reduced depend

on the remembered value of the surface superheating�Tw,
at which the heat flux reduction began, Fig. 1(b).

I-kind hysteresisoccurs when the porous structure dem
strates high inhomogeneity while pores are being filled w
vapour. It takes place in the case of structures of low
meability and low thermal conductivity [9]. Phase transition
from I to II nucleate boiling kind corresponds to a certa
percolation threshold, when vapour “punctures” the por
covering, i.e., penetrates the pores occupied with the liq
at nucleate boiling initiation. It means that the pores or
nally occupied with vapour and corresponding to the orig
is

percolation thresholdΠ should be excluded from the spat
network of stochastically distributed pores, which gives

Π∗ = Π/(1− Π) (7)

The minimum radius of pores occupied with vapour un
I-kind hysteresisconditions is calculated from Eq. (6), whe
Π = Π∗.

For known R∗, �T ∗
1 is calculated from Eq. (5). Fu

superheating of the heating surface�T ∗
w for phase transition

I → II nucleate boiling kind is the sum

�T ∗
w = �T ∗

1 + �T ∗
2 (8)

where the second term is a mean temperature drop
vapour layer,δg, from the heating surface to the evaporat
zone. For known mean grain sizeDgr, known grain packing
geometry and skeletal conductivityksk, it can be assume
that for densely packed porous structures the values of

�T ∗
2 = •

q∗δg/ksk, δg ≈ Dgr/4 (9)

The values of�T ∗
w, calculated in accordance with the abo

stated procedure, are close to the experimental data.
The observations of theI-kind hysteresisled Kovalev et

al. [4,6] to interpret it as theintra-layer boiling crisis for
the vapour layer formation inside the porous covering
the heating surface. They also proposed generalised bo
curves characteristic of a surface with a capillary-por
covering, Fig. 2, and regardnucleation hysteresis, curve 2,
sectionA′′–A as characteristic of porous structures of sm
pore diameters. This is also the reason why the superhe
�Tw,A′′ is higher than for technically smooth surface
Point E marks the beginning ofnucleate boiling crisis. If
the vapour leaving the porous structure is hampered,
lowering of the heat flux takes place along the curvesEFG
or DHB. CurveBFE is realised in porous structures of lo
permeability. Hysteresis loopsEFGandDHB result from the
phenomenon ofcapillary hysteresis, which consists in the
liquid flow from small diameter pores to larger ones be
limited due to surface tension [6].

Capillary hysteresisresults from pressure differenc
for adsorption (condensation) and desorption (evaporat
which take place on heating surfaces of changeable geom
try and under the conditions of non-ideal wetting [2]. Hen
intra-layer boiling crisisor capillary crisisoccurs when the

Fig. 2. Generalised boiling curves for capillary-porous surfaces [6].
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forces of capillary suction are lower than the resistanc
liquid and vapour flow through the porous layer [4,6].

2.4. II-kind hysteresis

II-kind hystereses, and boiling crisis hysteresis, Fig. 1(c)
and (f), were first observed by Tehver et al., for Fre
113 on a flat aluminium surface with a bronze poro
covering obtained with a plasma spraying technique [
They attribute changes in the boiling curve shapes
those in Fig. 1(c) and (f), to changes in the amount
active pores. That results from inhomogeneity of p
diameter distribution in a porous covering. This conc
was further developed by Poniewski et al. in theirII-kind
hysteresismodel, based on vast experimental investigati
into copper, fibrous, capillary-porous coverings [10,12,1
II-kind hysteresisoccurred in small thickness coverin
(δ � 0.6 mm) and with a liquid of the wetting angle small
than that of water, i.e., Freon-113 and ethanol.

Fig. 3 presents a boiling curve, which generalises ex
imental results. A dotted line in this figure marks rang
of very small superheating(�T ∼ 1 K), not demonstrated
in experimental boiling curves because of results distor
due to the measurement error. Their existence and sh
nevertheless, result from the development of heat tran
processes in a thin-layered porous structure.

Range “k”, Fig. 3, covers the liquid convection an
conduction in a porous layer.

Range “o” demonstrates pores activation on the struct
external surface. In the structure of inhomogeneous p
dimensions distribution, there occurs a gradual activa
of nucleation centres of smaller and smaller diametersDa
at the heating surface temperature increase up to�T2, in
accordance with Eq. (2), whereR = Da/2.

Because of theII-kind hysteresisformation mechanism
ranges “a”, “ b” and “c” are of particular importance.

Range “a”. Nucleate boiling was clearly observed and t

shape of the section “a” of the boiling curve(
•
q ∼ �T 1

w)

points to unchangeable thermal resistance and a con
amount of active cells on the porous covering exter
surface, Fig. 4(a).

Fig. 3. Characteristic ranges of boiling curves for ethanol and Freon
and thin-layered porous structures [12,13].
,

t

Range “b”. A dramatic change in the boiling curv
inclination at point “A” means that the increase in heat fl
is accompanied by a growing number of nucleation centres

N = f (
•
q). The activation of subsequent cells of smaller a

smaller sizes takes place, Fig. 4(b).
Range “c”. Hysteresis phenomenon, represented in Fi

by curves “c”, is revealed after the heat flux is diminishe
in range “b”. The boiling curve shape indicates that po
activated in range “b” remain active despite reduced he
flux. That is the physical reason behindII-kind hysteresis.

While constructing the boiling model in ranges “b” and
“c” with II-kind hysteresis, the authors relied on the wor
of Smirnov et al. [14]. In that model, an elementary cell
a capillary-porous covering was substituted with a fragm
of finned surface as presented in Fig. 5. It was also assu
that it is the thermal resistance of liquid micro-layer cover
vapour channels that decides about heat transfer. The m
was extended to account for thin-layered structures
adopting an assumption of a finite height of a micro-fin a
that of inhomogeneity of pore dimensions.

For very small superheating�Tw < �T1, range “k”, on
the whole of the porous structure surfaceA1 = A (f1 =
A1/F = 1), the heat flux amounts to
•
q1 = hcc�Tw (10)

wherehcc stands for the equivalent heat transfer coeffici
for conduction and convection. Beginning from�Tw =
�T1, there appears another heat transfer mechanis
boiling on the porous structure external surface, Fig
range “o”. With the increase in superheating, it affects larg
and larger partA2 of the total surfaceA. The fraction of

Fig. 4. Heat transfer mechanisms in ranges “a” and “b” [13].

Fig. 5. Simplified model of an elementary cell of capillary-porous struc
[14].
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the structure external surface, on which boiling takes pl
amounts to

f2 = A2/A

=
Dp,max∫
Da

D2
pγ (Dp)dDp

/ Dp,max∫
Dp,min

D2
pγ (Dp)dDp (11)

where the minimum diameterDa of active pores depend
on superheating�T ∗

w, in accordance with Eq. (2). Whe
the porous structure parameters are known, it is possib
determine characteristic superheatings�T1 and�T2, Fig. 3,
by inserting into Eq. (2) the maximum and minimum po
diameterDmax andDmin, respectively.

Due to very small structure thickness and relatively h
covering thermal conductivity, the structure conductiv
thermal resistance is to be disregarded. In the areaA2, heat
transfer process is expressed by
•
q2 = hsb�Tw (12)

where hsb is the experimentally determined boiling he
transfer coefficient for the structure external surface.

In the superheating range�T1 < �Tw < �T2, sec-
tion “o”, Fig. 3, the total flux of transferred heat amounts
•
q = •

q1(1− f2)︸ ︷︷ ︸
conduction

and convection

+ •
q2f2︸︷︷︸

boiling on the
external surface

(13)

In range “a”, where�T2 < �Tw < �T3 andA2 = A (f2 =
A2/A = 1), the total heat flux is
•
q = •

q2 (14)

It is assumed that vapour phase formation takes p
on the surface of liquid micro-layer, which covers vapo
channel surface. A vapour channel, together with an adja
skeleton, constitutes an elementary cell treated as a frag
of finned surface, Fig. 5.

On the basis of the condition that the sum of press
drop in liquid and vapour jets moving in opposite directio
should be smaller or equal to the capillary pressure in
ment, the boundary liquid micro-layer thicknessδl was cal-
culated [14]:

�pl + �pg � 4σlg/Dp (15)

δl const
( •
qcellνlDp/hlgσlg

)0.4
(Af/O)0.6(kef/kl)

0.2 (16)

where
•
qcell is the heat flux in a single porous structu

cell, in which boiling takes place. The solution of the h
conduction equation for a micro-fin led to the determinat

of the heat flux
•
qcell:

•
qcell = kefm(�Tw − �T ∗)

×
(

h

mλef
+ th(mδ)

)/(
1+ h

mλef
th(mδ)

)
(17)

where �T ∗ is the temperature increment resulting fro
the action of capillary forces, determined from Eq. (2)
t
t

Da = Dp. As h = kl/δl andδl , in accordance with Eq. (16

depends on
•
qcell, Eq. (17) is of implicit character and has

be solved numerically.
Similarly to what happened on the external side of

porous covering, range “o”, gradual activation of cells o
smaller and smaller diameterD∗

a also takes place inside th
covering. When the boiling agent is the liquid of a sm
wetting angle, however, due to the phenomenon of pote
nucleation centres flooding, the activation of pores insid
delayed in accordance with

D∗
a = 4σlgTsat/ρghlg

(
�Tw − �(�Tdel)

)
(18)

where�(�Tdel) is experimentally determined delay in por
activation inside the structure, Fig. 3.

Hence the fraction of the structure surface affected
internal boiling amounts to

f3 = A3/A

=
Dp,max∫
D∗

a

D2
pγ (Dp)dDp

/ Dp,max∫
Dp,min

D2
pγ (Dp)dDp (19)

whereas the density of the heatflux transferred from active
cells equals

•
q3 = (1− ε)

Dp,max∫
D∗

a

•
qcellγ (Dp)dDp (20)

where term 1− ε is proportional to the area occupied
micro-fins.

One of the implications of the model assumed is t
the total heat flux in range “b” of the boiling curve can be
calculated from
•
q = •

q2(1− f3)︸ ︷︷ ︸
boiling on the

external surface

+ •
q3f3︸︷︷︸

boiling inside
the covering

(21)

To sum up the reasoning presented so far, the process o
transfer on thin-layered porous surface in ranges “k”, “ o”,
“a” and “b” of the boiling curve can be expressed with
single equation
•
q = ( •

q1(1− f2) + •
q2f2

)
(1− f3) + •

q3f3 (22)

where the quantities
•
q1,

•
q2 and

•
q3 as well asA2 andA3 are

described with formulas (10)–(12), (19), (20), respectiv
Fig. 6 presents, in a symbolic way, the sequence
co-occurrence of individual mechanisms in heat transf
process together with the areas they affect for subseq
boiling curve ranges.

If there occurs a decrease in heat flux, range “c”, before
superheating�T4 is reached, Fig. 3, the cells participating in
boiling process will remain active although their diamet
may become smaller thanD∗

a. In other words, if the hea
flux decrease takes place at superheating�Thst, the area
affected by boiling inside the structure remains unchan
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Fig. 6. Occurrence and reach of heat transfer mechanisms for subse
ranges of boiling curve [13].

Fig. 7. Experimental and theoretical boiling curves withII-kind hysteresis
[10,12,13].

and equalsAhst. The constant fraction of the active ar
fhst = Ahst/A can be calculated by insertingD∗

a = D∗
hst

into Eq. (19). Thus the heat flux density dependence
superheating in range “c” of the boiling curve can be
calculated on the basis of
•
q = •

q2(1− fhst) + •
q3fhst (23)

The above equation, together with Eq. (22), provide
mathematical description of a boiling curve withII-kind
hysteresis.

The comparison of calculation results and experime
data was presented in Fig. 7. The results of theoretical
culations are qualitatively, and to some extent quantitativ
congruent with the experimental data [12,13].

3. Boiling crisis

Boiling crisis in porous layers cannot be understo
in the same way as for a smooth surface. Experime
investigations show that the heating surface tempera
increase is not so vehement and the heat transfer coeffi
diminishes in a gentle manner. Thus thecritical heat flux

•
qc
t

t

for developed micro-surfaces and capillary porous struct

is often termed themaximum heat flux
•
qmax.

There are plenty of factors which affect boiling cris
the type of industrial micro-surface or capillary poro
structure, the structure thickness, the size of pores and
distribution of their diameters, the boiling liquid therm
properties and the way the porous layer is supplied with
liquid. They all contribute to the phenomenon complex
Investigators, therefore, comment onthe decrease in th
heat transfer coefficientvalue, the structure being filled
with vapour, intra-layer crisisor capillary crisis preceding
nucleate boiling crisisor heat flux corresponding to th
maximum heat transfer coefficient.

By analogy with technically smooth surfaces,nucleate
boiling crisis is most frequently thought to begin togeth
with the formation of a stable, continuous, thin vapour la
outside the external surface of the capillary structure. A
ferent character of nucleateboiling on industrial develope
micro-surfaces and capillary-porous coverings, as well as
multitude of factors affecting the phenomenon, account
serious difficulties in its modelling.

Experimental data concerning mesh structures and t
of sintered powders led to the construction oftwo hydrody-
namic models of nucleate boiling crisis.

The model of Smirnov et al.[1,15], related to mesh porou
structures, assumes that the crisis occurs when the sta
of wall adjacent two-phase layer is lost. This happ
when the kinetic energy of the vapour generated ins
the capillary porous structure is greater than, or equa
the energy of the potential two-phase layer at the hea
surface:( •
qc/hlgρg

)2
ρg � k2

1 (ρl − ρg)
(
σlgg/(ρl − ρg)

)1/2 (24)

where
•
qc is the critical boiling heat flux for a smoot

surface consistent with hydrodynamic Kutateladze–Zu
hypothesis. In order to emphasise the difference in
phenomenon character on capillary-porous coverings,

characteristic heat flux was marked
•
qmax.

The work of friction forces during vapour transportati
through the capillary porous covering gives the followi
energy balance:

E′′′
k � k2

1E′′′
2ph− k2E

′′′
f (25)

whereE′′′
k is the kinetic energy of the vapour jet,E′′′

2ph—
the potential energy of the two-phase layer near the hea
surface, being the right part of Eq. (24),E′′′

f is the work of
friction forces for the vapour passing through the cover

The maximum heat flux
•
qmax can be evaluated in the sam

way as in Eqs. (24) and (25):

E′′′
k = ( •

qmax/hlgρg
)2

ρg (26)

The potential energy of a stable two-phase layer can
calculated from

k2
1E

′′′
2ph= C1

( •
qc/hlgρg

)2
ρg (27)
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While formulating expression (24), the existence of only o
source of potential energy was assumed,E′′′

2ph. Therefore,
the presence of the porous covering should lead to

decrease in
•
qmax, which disagrees with experimental da

During a boiling process, the curvilinear interface is form
by capillary forces inside the covering cells closest to
heating surface. This factor can be regarded as a new so
of potential energy, which could be calculated from Lapl
equation

k3E
′′′
σ ≈ C34σlg/Dp (28)

where E′′′
σ is the potential energy developed by capilla

forces.
In boiling, an intensive entrainment of liquid droplets o

side the porous layer takes place, causing an additiona
of kinetic energy,�E′′′

ej . The modified energy stability con
dition for two-phase layer, which provides for all conside
tions above, Fig. 8, will be as follows:

E′′′
k � k2

1E
′′′
2ph− k2E

′′′
f + k3E

′′′
σ − �E′′′

ej (29)

Another extreme condition, occurring mainly in heat pip

is usually calledhydrodynamic limit. For
•
qmax, this limit

is calculated from the condition of inequality of capilla
pressure and hydraulic resistance of the liquid flow inside
porous layer reduced or augmented by hydrostatic press

4σlg/Dp � µlulL/K ± ρlgH (30)

whereul is the liquid velocity inside the porous layer,K is
the structure permeability andL is the maximum liquid
transportation path, Fig. 8. The mass flux of the liquid
equal to the mass flux of the vapour generated inside
porous covering. On the basis of this balance, the velocitul
is calculated

ul = qmaxA/hlgρlnδO (31)

whereO is the perimeter of the heating surface,δ is the
thickness of a single screen layer andn is the number of

Fig. 8. Graphic illustration of energy stability condition for two-phase la
inside capillary-porous covering, Eq. (29), and the hydrodynamic li
Eq. (30) [1].
e

:

the layers. The complete energy condition forthe boiling
crisis should be a combination of both conditions (2
and (30). A discussion of detailed forms of individual ter
in Eqs. (29) and (30) was presented in [1,15]. After
introduction of necessary simplifications, the final resul
the considerations presented above can be given in the

Z = C4
(√

1+ C5Y − 1
)

(32)

where

Z = •
qmax

(
f (ε)/hlgρgνlA

)
(K∗Onδ/L)

Y = {
f (ε)

(
(4σlg/Dp) ± ρlgH

)/
ρgA

2ν2
l

}
(K∗Onδ/L)2

(33)

The experimental data were obtained for a flat circu
copper heating surface, covered with various screen me
layers. The number of screen layersn changed from 1 to 24
the cell size ranged 0.04–0.5 mm, the saturation pres
was 0.01–0.1 MPa [1,15]. Eq. (32) matches the experime
data concerning the screen porous covering for water
ethanol whenC4 = 1.8 × 10−5 andC5 = 2.21× 105. The
approximating curve in Fig. 9 is the best visual fit of t
experimental data with the scatter reaching, in extre
cases,±50%.

The hydrodynamic model by Kovalev et al.[5,7] substi-
tuted a real capillary porous structure with a system of
tical cylindrical capillaries connected with one another b
means of horizontal channels, Fig. 10. For the heat flux

ues close to the critical one,
•
q �

•
qc, a vapour layer is forme

Fig. 9. Generalisation of the experimental data for screen porous covering
1—stainless steel (SS),Dp = 0.04 mm,n = 2,3; 2—SS,Dp = 0.06 mm,
n = 2,3,4,5,10,24; 3—SS,Dp = 0.125 mm,n = 2,3,4,5,9; 4—SS,
Dp = 0.2 mm, n = 2,3,4,5,9; 5—brass,Dp = 0.08 mm, n = 2,3,5;
6—copper,Dp = 0.045 mm,n = 2,3,5; 7—SS,Dp = 0.06 mm,n = 2,9;
8—SS,Dp = 0.125 mm,n = 2,3,8; 9—SS,Dp = 0.45 mm, n = 2,3;
10—brass,Dp = 0.08 mm,n = 3,9; 11—brass,Dp = 0.16 mm,n = 2,3;
12—copper,Dp = 0.045 mm,n = 2; [1,15].
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Fig. 10. Heat transfer model for
•
q �

•
qc: (a) evaporation front location insid

the capillary-porous structure, (b) temperature distribution [7].

inside the porous covering, which is adjacent to the hea
surface. The heat flux is transferred through the vapour l
to the boiling front inside the covering. Hence the heat
surface superheating is much higher than for a smooth
face.

The maximum vapour velocity in a capillary, Fig. 1
was determined on the basis of stream stability conditio
accordance with Kelvin–Helmholtz’s stability hypothesis:

ug,max= {
2σlgρl

/(
Π(Rp)ρg(ρl + ρg)Rp

)}1/2
(34)

According to this hypothesis, vapour jets are stable for m
higher vapour velocities than in Taylor’s model and it giv
•
qmax �

•
qc. Prior to determining the participation of por

acting as vapour channels, it is necessary to calculate
radius of liquid meniscus on the external surface of
porous covering from

2σlg/Rc(δ) = �ppf + ρg(ug)
2 (35)

It describes the balance of liquid and vapour phases a
outlet of a porous covering. Pores of the radiusRp > Rc(δ)

are filled with vapour and pores withRp < Rc with liquid,
Fig. 10. The vapour maximum velocity at the poro
covering outlet corresponds to the radius of the liq
volume perforation through the vapour jet,R = Rpf, which
is determined from Eqs. (34) and (35):

Rc(δ) = πRpfρl
/(

(π + 1)ρl + ρg
)

(36)

where forρg � ρl , Rc(δ) ∼= 0.76Rpf.
The maximum density of the heat fluxis obtained by

summing up vapour jets with reference to the por
covering surface unit:

•
qmax = εhlgρg

Rmax∫
ug(Rp)γ (Rp)dRp
Rc
= εhlg

√
2σcgρgρl

π(ρg + ρl)Rpf

(
1− Π

(
Rc(δ)

))
(37)

The approximate value ofΠ(Rc(δ)) was determined from
the percolation theory, as well as on the basis of the
obtained from a numerical experiment for structures sinte
from spherical particles [2]. For the most frequently appl
coverings of sintered powders the following can be state
•
qmax= 0.52hlgε

2.28(σlgρlρg/(ρl + ρg)Rpf
)1/2 (38)

The theoretical values
•
qmax calculated on the basis o

Eq. (38) range from 0.52 to 1.44 of the experimental val
for water, ethanol, Freon-113 and nitrogen for boiling
coverings of copper and bronze sintered powders [7].

Poniewski et al. [11] put forwarda model of intra-layer
boiling crisis based onthe concept of the maximum poi
process. It was assumed that the distribution of pores in
covering could be always described with two-dimensio
Poisson point process of constant intensity, proportiona
the number of pores per surface unit. It was also assu
that the rule, which decides about a porous cell be
filled with vapour as the surface superheating function
expressed in the form of a thinning functionp = p(x).
Under given heat transfer conditions, it ascribes a cer
probabilityp(x) to each cellx.

In other words, the distribution of dried sites of t
porous covering can be modelled mathematically with
so-called thinned point processNp, the one originating from
processN through randomly “cuttingout” its location in
accordance with probabilityp(x). It is worth mentioning
that the process formed in this way is also Poisson pro
of certain intensityλ.

The process of the porous covering drying up as
function of increasing superheating�Tw is, if this approach
is adopted, a statistical process. There exists a certain critic
level of drying intensityν, the exceeding of which in
random area of the heating surface causes the cov
drying up. Levelν(A) is a measure proportional to the fie
of the dried surfaceA. At the same time the proportionali
constantb provides information about the lowest number
cells per surface unit which must be dried up for vap
film to be formed inside the covering. It means that
occurrence ofintra-layer heat transfer crisisis equivalent to
the maximum point processexceeding the critical intensit
level in a random area of the covering, larger than the crit
one,Ac.

Values of parametersa, b, Ac, p1, . . . , pn (see nomencla
ture) were assumed. They depend on the structure geo
rical properties and thermal properties of both the struc
and the liquid. The probabilityp∗ of intra-layer boiling cri-
sisnon-occurrence was estimated for the series of super
ingsT1, . . . , Tn:

e−(f+1)λ

( ν∑
k=0

λk

k!
)f +1

� p∗ � e−f λ

( ν∑
k=0

λk

k!
)f

(39)

where
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p = 1− p∗, ν = [bAc],
λ = aAc

{
1− (1− p1) . . . (1− pn)

}
, f = [F/Ac] (40)

and the symbol[x] denotes the integer part of the numberx.
Hence the probability of crisis occurrence is, in particu

the function of the heating surface superheating range�Tw,
for a given covering and liquid, it is, therefore, possi
to find the value of permissible superheating, which w
be smaller than the pre-set safety level. It is also poss
to calculate the superheating value, for whichintra-layer
boiling crisis occurs. Such methodology allows numeri
simulation of nucleate boiling crisisformation in porous
structures.

The model (39) underwent initial verification for a me

fibrous covering, Fig. 11. With
•
q approaching 1.7 × 105

W·m−2 (this is the experimental value of
•
qmax), the prob-

ability approaches 1, which means that the model (39)
scribes the phenomenon under investigation in a satisfac
manner. The impact of the magnitude of the critical fieldc on
intra-layer boiling crisisoccurrence was also investigate
The dependence obtained proved to be monotone, dec
ing, Fig. 11(b), and congruent with the intuitive understa
ing of the phenomenon being considered.

An interesting and sophisticated approach, both th
retical and experimental, to the critical (maximum) h
flux enhancement was proposed by Liter and Kaviany
They applied modulated porous coatings with periodic
non-uniform, designed variations in the covering thickne
Fig. 12. The coverings were made from sintered sphe
copper particles by dry-phase diffusion in a reducing
mosphere. The imposed modulation was assumed to c
alternating regions of low resistance to vapour escape

(a)

(b)

Fig. 11. The dependence ofintra-layer boiling crisisoccurrence probability
p = 1− p∗ on values of: (a) heat flux; (b) assumed critical area [11].
-

e

highly capillary-assisted liquid draw. This should facilita
liquid-vapour counter flow within the capillary-porous lay
and enhance boiling heat transfer from the substrate to
liquid pool in a manner similar to heat pipes.

For the investigated porous covering design, vari
possible physical limitations causingnucleate boiling crisis
were considered. The limitations ranged from counter fl

limit for a deep porous layer (the lowest
•
qmax) to kinetic

evaporation limit (the highest
•
qmax). Some simplifying

assumptions were made, as regards the flow paths, wi
rigorous experimental validation in order to develop mod

that would allow to calculate the boiling curve
•
q = •

q(�Tw)

and the
•
qmax. The most important assumptions were

follows:

(a) separated liquid and vapour mass fluxes within
covering space, Fig. 12;

(b) local thermal equilibrium in all phases;
(c) Darcy–Ergun momentum equation with LeveretJ -func-

tion relating the liquid saturation, porosity, permeabil
and wettability to capillary pressure;

(d) energy equation for volume-averaged values of the
uid local temperature and the stagnant thermal con
tivity of the porous covering;

(e) viscous–drag numerical model, which defines the e
oration rate at the liquid–vapour interface and the h
flux at the bottom of the porous covering;

(f) hydrodynamic liquid–choking limit,
•
qmax = •

qmax,h,
which determines the ability of the liquid to flow to
wards the heating surface through the escaping vap

the limit determines the highest heat flux
•
qmax, at which

the liquid is able to reach the heating surface.

Numerical solution of the momentum and energy eq
tions for the viscous drag numerical model and the we
surface regime, Fig. 12, allowed the prediction of the sl

of
•
qvs versus�Tw curve. The model underestimates the

•
qvs

as the function of�Tw, but it can be considered to be
fair agreement with the experimental dashed line, Fig.
despite many assumptions that were made. The author

Fig. 12. Scheme of the physical model of liquid–vapour interface hydro
dynamic instability limit for the liquid reaching the surface at boiling
modulated porous covering [8].
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Fig. 13. Experimental data for various porous coverings: 1 – sing
modulated,δ = 6D, λm = 5D; 2 – double modulated,δ = 5D and 9D,
λm = 8D; 3 – uniform layer,δ = 3D; 4 – plain surface [8].

conclude that the assumptions regarding liquid flow pa
and volume averaging of the porous media should be re
sidered to make the result of numerical calculations sh
higher congruence with the experiment. It was also assu
that modulation of the porous covering imposes a geom
rically determined, i.e., modulated, critical wave lengthλm,
Fig. 12, which supersedes the dependence on the Rayle
Taylor wave length and extends the hydrodynamic chok
limit. This way of thinking led to a very simple final expre

sion for
•
qmax:

•
qmax,h = (π/8)hlg(σlgρg/λm)1/2 (41)

For the porous coverings tested by Liter and Kaviany

the
•
qmax is shown to be hydrodynamically limited,

•
qmax =

•
qmax,h, Fig. 13. The congruence of the theory and the

•
qmax,h

experimental data, Fig. 13, is presented in a slightly obs
manner. For the dual-height modulation covering, the ex

imental
•
qmax corresponds to

•
qmax,h for λm = 1.46 mm pre-

dicted from Eq. (41) and the realλm = 1.6 mm. For single-
height modulation, the appropriate values ofλm are 1.68 and
1 mm, respectively; the difference is quite substantial.

One of the obvious advantages of the presented hy
dynamic model is high congruence of measured and ca

lated values of
•
qc,pl for a flat porous covering, Fig. 13. Th

investigated modulated capillary-porous coverings prov

a noticeable increase in
•
qmax and a decrease in�Tw when

compared with a flat coverings tested in this study, Fig.
and reported in the literature [1,5,9,11]. The authors [8] p

dict that further enhancement of the
•
qmax in the modulated

capillary-porous covering can be done by the reduction
the modulated wave lengthλm and the particle sizeD, and
by removing the limiting hydrodynamic mechanism.
–

4. Conclusions

Nucleation hysteresis, Fig. 1(a), is far more strongly man
ifested on capillary-porous coverings than on technic
smooth and flat surfaces. The phenomenon is affected b
following factors: wetting angleθ and its dynamic variation
in the liquid motion function, penetration properties of t
boiling liquid and various geometry of vapour filled pores in
the processes of boiling incipience and fading [3,9,16].
additional factor enhancingnucleation hysteresisin porous
structures can be thermo-capillary convection in the liq
micro-layer covering the walls of the structure skeleton [

I-kind hysteresis(hysteresis with memory, intra-layer
boiling crisis), Fig. 1(b), occurs when the forces of capilla
drag are smaller than the liquid and vapour resistanc
the flow through the capillary-porous layer [9]. That mea
condition (15) is not satisfied and vapour layer persists in
the porous covering.

II-kind hysteresis, Fig. 1(c), results from two subseque
phenomena. The first one is the flooding of potential nu
ation centres with boiling liquid, which takes place for sm
values of surface superheating�Tw. When the nucleation
process is fully developed and the superheating�Tw has
reached an appropriately high value, pores activated w
heat flux was increasing, still remain active after heat fl
has decreased. It is the thermal resistance of the liquid m
layer covering vapour channels that decides about heat t
fer [12,13].

In their modelling of thenucleate boiling crisis, most au-
thors rely on well-established hypotheses that liquid–vap
interface demonstrates hydrodynamic stability, Smirno
al. [1,15], Kovalev et al. [5,7] and Liter and Kaviany [8
Only Poniewski et al. [11] suggest that boiling crisis mig
be treated as the maximum point process, which deve
inside the porous layer. Both hydrodynamic models and
based on the maximum point process approach indicate
the maximum heat flux density for capillary-porous cov
ings depends, in a complex manner, on the porous l
structural parameters, boiling liquid thermal and penetra
properties and their mutual relation. For hydrodynamic
proach it is necessary to assume a simplified geometr
porous structure and, consequently, a simplified mode
vapour and liquid flows inside the structure. Liter and K
viany say, quite rightly, that assumptions of that kind
made without rigorous experimental validation [8].

All the models of hysteresis and nucleate boiling cr
discussed in the paper made assumptions about the ph
of heat transfer at the level of a single cell of a porous st
ture. The results obtained for those models were verifi
however, on the basis of experimental investigations in
large set of porous cells, i.e., the whole porous coverin
the heating surface. That means none of the models of
teresis phenomena or boiling crisis discussed in the p
was confirmed by experimental investigations, either i
single pore cell or in a set of neighbouring cells. All mo
els discussed rely on hypothetically assumed mechanis
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heat transfer. As they were worked out and experimen
verified for a single type of a porous covering, their use
ness for practical applications is not particularly high.

The knowledge of the boiling crisis and heat transfer h
teresis phenomena broadens mainly owing to experime
investigations. As researchers cannot agree about the m
anisms of heat transfer and often obtain contradictory ex
perimental results, it is necessary to conduct elementar
search. The following issues should be examined in par
lar:

(a) visualisation of the liquid micro-layer covering th
skeleton of the porous structure (it would allow
measure the liquid layer thickness and velocities of
liquid and the vapour inside the structure);

(b) nucleation in porous layers (nucleation at superheat
lower than those on smooth surfaces and delayed bo
incipience);

(c) conditions of intra-layer boiling crisis occurrence;
(d) impact of the materials a porous covering is made of

its geometry and also physical properties of heat ag
on the boiling curve shape.

Only such detailed and sophisticated experimental in
tigations can help verify discussed hypotheses and bro
the knowledge of nucleate boiling inside a capillary-por
layer.
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