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Abstract

The paper discussed specific f&r@ts of boiling heat transfer on developed induktrigcro-surfaces and surfaces with capillary porous
coverings obtained with varioug¢hniques. Boiling on such surfaces is charactertsedhe occurrence of a few physically disparate
hysteresis phenomena, as well as by the different counseabéate boiling crisias compared with smooth surfaces. Attempts at modelling
the nucleation hysteresiand that of thd-kind and alsonucleate boiling crisisfor various surfaces with capillary-porous covering were
presented. Apart from the discussion of other researchers’ investigation results, the physical interprdtatiod bf/steresiphenomenon
was given. A theoretical model congruent with experimental data for metal fibrous coverings was also provided. The properties of three
hydrodynamic models afucleate boiling crisisvere discussed as well. The statistical concept of the maximum point process was employed
for the sake ofntra-layer boiling crisismodelling; the result obtained was consistent with the experiment.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction 2. Heat transfer hysteresis

Developed micro-surfaces, manufactured by industries, 2-1- Hysteresis phenomena diversity

and capillary porous structures, covered with various tech- o ]

niques, do not only enhance heat transfer but also might 1he application of potr)f)us c(;)verlngsl to heat transferf f)n_'l

cause various hysteresis phenomena and change the Courg}eancement requires ;tg € and unambiguous course of bok-
. L . ing curves. Hysteresis is generally regarded as a disadvan-

of nucleate boiling crisisvhen compared with smooth sur- . S

faces. Many variations of boiling heat transfer hysteresis tageous phenomenon, which prevents thermal stabilisation

i y ofing y ~ of the systems emitting high heat flux densities. Due to the
are much more clearly manifested on surfaces with capil-

i ) analysis of experimental boiling curves, it is possible to dif-
lary porous coverings than @mooth surfaces. Experimen- ¢, o n4iote typical hysteresis kinds shown in Fig. 1:
tal boiling hysteresis curves show diversified shapes, which

depend on geometrical and thermal parameters of a cap-(a) nucleation hysteresisermed alsaero boiling crisisor
illary porous covering and théquid physical properties. temperature overshopt

The reason formax (or ¢¢) increase on developed micro- (b) I-kind hysteresis also intra-layer (internal) boiling
surfaces and porous structures is thought to be a smaller di-  crisis, reverse hysteresis logpeing characterised by the
ameter of vapour bubbles breaking away and increased fre-  decrease in heat transfer cigent after the decrease
quency of departure, increase in the number of nucleation  in heat flux; it occurs a@ér the flux has reached its

centres in comparison with sioth surfaces and also ham- maximum density;

pered bubble coalescence into a vapour film, which might (¢) l-kind hysteresis, simple hysteresis loop, hysteresis with
cause obstruction to the liquid flow to the porous cover-  emperature deviatiocharacteristic of whichis the heat
ing. transfer coefficient increasat the heat flux diminishing,

prior to the flux reaching the maximum density;
(d) hysteresis characterised by the heat transfer coefficient
decrease at the decrease in the flux, before it reaches the
E-mail addresstmpmp@tu.kielce.pl (M.E. Poniewski). maximum density;
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Nomenclature

a celldensity ..............ccoovieiiiia... Th

A cross-section, surface ...................! 2m

b dried celldensity....................... Th

C; constants

d micro-findimension...................... m

D diameter...........cooiiii i i m

E" specific work, potential or kinetic energynd—3

f field ratio, function

g OraVvity ..ot BT?

h heat transfer coefficient . ........ W2.K™1

hig heat of evaporation..................:kg™*

H height.......... . ... ... m

k constants, thermal conductivity .. W1.K—1

K permeability ... ’m

L path. .. ..o m

m MASS . . e vttt ettt e kg
finparameter.......................... M

n number of layers

N nucleation centredensity................ ~fn

] perimeter.........o.oviiiiiii i m

p Pressure. ... ..ot Pa
probability

q heat fluxX. . .........c.ovveeneannann.. Wi—2

R FadiUS .. ..o m
gasconstant .................... KI1kg?t

T temperature . ..., Q)

u VEIOCItY .« oo sl

y pore diameter distribution function....... Th

) layer thickness............ ... it m

e porosity

» slope of a boiling curve—T ... .. Nm—2.K-1

0 wettingangle........................... deg

A wavelength .............................. m
Poisson process intensity

n percolation threshold

wandv dynamic and kinetic viscosity &#m=2, m?.s~1

v dry-out intensity

P density. ...oovieei i kg3

o surface tension ...................... it

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

ar grain

h hydrodynamic
hst hysteresis

ib initiation of boiling

KH Kelvin—Helmholtz
I 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
o surface tension
2ph two-phase

Superscripts

cell single active cell
* characteristic, specific or modified
- mean value

(e) hysteresis, a particular characteristic of which is, first,
decrease and then increaseheat transfer coefficient
while the heat flux is reducedfter the flux has reached
its maximum density (" and “e” found rarely);

() boiling crisis hysteresjccharacterised by the increase in
the maximum heat flux whil¢he flux increases again

[10,12].

2.2. Nucleation hysteresis

Three various hypotheses explainimgcleation hystere-
sisare put forward, namely: the total filling of inactive pores

with the liquid and the resistance of medium flow through
the capillary-porous layer [16], the dynamic change in the
wetting angle in the function of the liquid motion direc-
tion [3] and various geometry of pores occupied by vapour
for boiling incipience and fading [9]. Theoretical consider-
ations referred mainly to the results of experimental inves-
tigations where porous coverings made of sintered powders
were used.

For the sake of calculations of the surface superheating,
H. Zhang and Y. Zhang [16] relied on the following
dependencies required for a balance of vapour nucleus
created inside a pore: the condition of pressure balance for
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gt 2) g1 b) G = const Therefore the temperature rise accompanyiangleation
7 hysteresisAThst is properly described with Eq. (3). The

77 rise is related to the pore ability to accumulate gas (or

7 vapour), mg, the liquid thermal propertieigpg and the
AT, AT, AT, AT thermodynamic state of the residual quantities of gas (or
) vapour),Tg, Tsat [16] - - -
q P4 Ko et al. [3] suggested their own interpretation of tem-

perature rise\ Thst, partially based on the same assumptions

s as in the previous model. With some simplifications, sin-
tered powder porous structure was assumed to be composed
AT, of vertical capillaries. Other assumptions stated that metal
powder grains have the same diameter, all vacant spaces
(pores) have the same shape, each vacant space is an active
nucleation centre, the porous layer thermal conductance is
high, that is, the temperature gradient per layer can be dis-
regarded. The pressure of the liquid column above the heat-

Heat flux: " ing surface and the porous coirey geometrical character-
« increasing 1 - first run istics were also taken into account. On the basis of these
< decreasing 2 - second run assumptions, the following dependence fioicleation hys-

. ) . ) ) teresistemperature rise was derived:
Fig. 1. Kinds of boiling heat transfer hysteresis on capillary-porous cover-

ings [10,12]. AThst= ATo — ATy
TsatApig 2'fflg
the liquid, vapour and inertial gas contained in a pore, the " higppg Hep+ Rap €O — psat
Clausius—Clapeyron ideal gas equation of state for inertial AgR2 20,
gas, which determines the boiling curve inclination: — Py %9 (4)
ki z?R%

ATy=ATwi=ATw1— Tsat whereA is the coefficient characterising the porous covering

= Tsa201g/ R — 3mgRqTy/47 R®) [ higpg (1) geometry. Eqg. (4) implies that theucleation hysteresis
temperature rise will be the larger, the higher is the liquid
column above the heating surfaéggp|, the lower is the
wetting angle valug), the higher is the surface tension
AT, = 2019 Tsai/ higpg R (2) oig and the lower is the vaporisation heajy. The porous

) ) _ covering structural parameters also affect the value of
Obviously ATz > ATy, this means that the superheating a7, The final conclusions drawn by Ko et al. [3] are that
of the surface, indispensable to boiling initiation, is in the wetting angle and its dynamic change in the function
this case much higher than in the situation when residual ¢ the liquid motion direction, that is, the boiling liquid

quantities of vapour, or gas, acentained in the pore. Thus  penetration properties have decisive impact on hysteresis.

If residual quantitis of vapour or gas do not linger in pores,
mg = 0, the superheating is expressed by the dependence:

the temperature rise characteristicrafcleation hysteresis Neither of the models presented above offers the possi-
amounts to bility to predict the temperature ris®Ths; for preset porous
AThst= ATy — ATy = 3nggTsatTg/47TR3/)ghlg 3) (F:)cr)(\)/s(relrr:igeztructural parameters and the boiling liquid thermal
Prior to the boiling initiation, in sintered powder porous lay- Malyshenko and Styrikovich [9] believed that the differ-

ers, the residual quantitie mertial gas or vapour are un-  ences in heat flux and the surface superheating for boiling
able to leave the inside of the pore, in spite of the signifi- incipience and fadig resulted from the different geometry
cant superheating of the heating surface. It is caused by theof pores filled with vapour in each of these processes. In
following factors: liquid static pressure, high resistance of porous surfaces, two characteristic radii are found: micro-
flow through the porous structure and capillary forces. The hollow opening radiusRap and the minimum radius of a
increase in superheating leads to the vapour accumulationvapour filled pore when the vapour starts getting outside the
inside the porous covering. Hence, the superheatifig 2) porous layerR,. The smaller of the two radii decides about
is larger thanAT1(1), sufficient for sustaining the boiling.  the surface superheating, appropriate for the boiling incipi-
With appropriate pressure growth, some vapour leaves theence:

porous covering, which leads to pressure drop and explosive

boiling of a certain amount of liquid. Explosive boiling en- 2 7o = 201g7satC0S9/ higpg R )
hances heat transfer and therface superheating decreases whereR = min{Rap; Rp}. AS Rap and Ry, for porous struc-
reaching a stable value afT;. tures are much larger thaky, for smooth surfaces, the boil-
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ing incipience for these structures takes place at smallerpercolation thresholdl should be excluded from the spatial

ATip. Numerous experimental data confirm this conclusion.
At the same time, the actiyaores deactivation proceeds

far easier because the curvature radius at the pore entrance is

the function of the diameters of grains making the porous
structure, i.e., it is large enough. Under such conditions
thermo-capillary convection can also develop in the micro-
layer of the liquid covering the structure skeleton walls. It

network of stochastically distributed pores, which gives
[0* =11/ 1) (7)

The minimum radius of pores occupied with vapour under
I-kind hysteresisonditions is calculated from Eq. (6), where
IT = IT*.

For known R*, AT} is calculated from Eq. (5). Full

is caused by the surface inactive and not evaporating liquid superheating of the heating surfat&,; for phase transition

impurities. This mechanism can be the causewdleation
hysteresisfar more clearly manifested here than on a smooth
surface [9].

The minimum radius of a pore filled with vapour can be
calculated when the pore radius distribution functjoand

I — Il nucleate boiling kind is the sum
ATy = AT + ATS (8)

where the second term is a mean temperature drop in a
vapour layergg, from the heating surface to the evaporation

the pore spatial network geometry are known (on the basis ofzone. For known mean grain siz&;,, known grain packing

percolation theory [2]). The assumption that the vapour will

geometry and skeletal conductivikgy, it can be assumed

propagate inside the porous layer along the largest availablethat for densely packed porous structures the values of

pores leads to:
Rmax
/ymmRzn

Rp

(6)

on the basis of which, it is possible to calculate the pore
radius Rp for vapour beginning to leave the laydtd is
percolation threshold [2]. On the basis of Egs. (5) and (6),
the heating surface superheating’, was calculated for
the incipience of water nucleate boiling on capillary-porous

The values oAT,}, calculated in accordance with the above
stated procedure, are close to the experimental data.

The observations of thekind hysteresided Kovalev et
al. [4,6] to interpret it as théntra-layer boiling crisisfor
the vapour layer formation inside the porous covering at
the heating surface. They also proposed generalised boiling
curves characteristic of a surface with a capillary-porous
covering, Fig. 2, and regamlicleation hysteresicurve 2,

coverings made of nichrome sintered powders. The resultssectionA”—A as characteristic of porous structures of small

obtained were congruent with the experiment [9].
2.3. I-kind hysteresis

As far as boiling withl-kind hysteresiss concerned,
Malyshenko and Styrikovich [9] differentiated two kinds of
nucleate boiling, namely | and Il kind, for increasing and

decreasing heat flux. In the case of the | kilq.rd,< c}*,

pore diameters. This is also the reason why the superheating
ATy 4» is higher than for technically smooth surfaces.
Point E marks the beginning ofiucleate boiling crisis|f

the vapour leaving the porous structure is hampered, the
lowering of the heat flux takes place along the culz€&

or DHB. CurveBFE is realised in porous structures of low
permeability. Hysteresis loofiF~G andDHB result from the
phenomenon ot€apillary hysteresiswhich consists in the

Fig. 1(b), vapour areas inside the covering do not coalesceliquid flow from small diameter pores to larger ones being

and the liquid stays in contact with the heating surface. For

a certain characteristic flux, a dissipation change of phase

occurs from I to Il nucleate boiling kind. It is accompanied
by a dramatic increase irlaxation time, wheg — é*, and

I-kind hysteresisf q values are diminished.
I-kind hysteresisvas also termebysteresis with memayry

as the shape of the boiling curve wheis reduced depends
on the remembered value of the surface superheatifig
at which the heat flux uction began, Fig. 1(b).

I-kind hysteresisccurs when the porous structure demon-
strates high inhomogeneity while pores are being filled with
vapour. It takes place in the case of structures of low per-
meability and low thermal condugtty [9]. Phase transition
from | to Il nucleate boiling kind corresponds to a certain
percolation threshold, when vapour “punctures” the porous
covering, i.e., penetrates the pores occupied with the liquid
at nucleate boiling initiation. It means that the pores origi-
nally occupied with vapour and corresponding to the original

limited due to surface tension [6].

Capillary hysteresisresults from pressure differences
for adsorption (condensation) and desorption (evaporation),
which take place on heatingidaces of changeable geome-
try and under the conditions of non-ideal wetting [2]. Hence,
intra-layer boiling crisisor capillary crisisoccurs when the

B~y
)
<

I- smooth, 2 - porous
log AT,

Fig. 2. Generalised boiling curves for capillary-porous surfaces [6].
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forces of capillary suction are lower than the resistance of

liquid and vapour flow through the porous layer [4,6].
2.4. ll-kind hysteresis
lI-kind hystereses, and boiling crisis hysteresifgy. 1(c)

and (f), were first observed by Tehver et al., for Freon-
113 on a flat aluminium surface with a bronze porous

covering obtained with a plasma spraying technique [16].

435

Range b". A dramatic change in the boiling curve
inclination at point “A” means that the increase in heat flux
is accompanied by a growing nio@r of nucleation centres,

N = f(é). The activation of subsequent cells of smaller and
smaller sizes takes place, Fig. 4(b).

Range ¢”. Hysteresis phenomenon, represented in Fig. 3
by curves ¢”, is revealed after the heat flux is diminished
in range ‘b”. The boiling curve shape indicates that pores

activated in range8” remain active despite reduced heat

They attribute changes in the boiling curve shapes, asg, Thatis the physical reason behitikind hysteresis

those in Fig. 1(c) and (f), to changes in the amount of
active pores. That results from inhomogeneity of pore

diameter distribution in a porous covering. This concept

was further developed by Poniewski et al. in thikikind

hysteresisnodel, based on vast experimental investigations

into copper, fibrous, capillary-porous coverings [10,12,13].
lI-kind hysteresisoccurred in small thickness coverings
(6 < 0.6 mm) and with a liquid of the wetting angle smaller
than that of water, i.e., Freon-113 and ethanol.

Fig. 3 presents a boiling curve, which generalises exper-

imental results. A dotted line in this figure marks ranges
of very small superheatingAT ~ 1 K), not demonstrated

in experimental boiling curves because of results distortion

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

For very small superheating7,, < ATi, range %", on
the whole of the porous structure surfade = A (f1 =
A1/ F = 1), the heat flux amounts to

due to the measurement error. Their existence and shape,

nevertheless, result from the development of heat transferg; = e ATy

processes in a thin-layered porous structure.
Range %", Fig. 3, covers the liquid convection and
conduction in a porous layer.

Range 9

of nucleation centres of smaller and smaller diamefess
at the heating surface temperature increase up g, in
accordance with Eq. (2), where= Dy/2.

Because of thdl-kind hysteresiformation mechanism,
ranges &”, “ b" and “¢” are of particular importance.

Range 4”. Nucleate boiling was clearly observed and the
shape of the sectiona™ of the boiling curve(é ~ AT})

demonstrates pores activation on the structure
external surface. In the structure of inhomogeneous pore
dimensions distribution, there occurs a gradual activation

(10)

whereh¢ stands for the equivalent heat transfer coefficient
for conduction and convection. Beginning fromT,, =
ATy, there appears another heat transfer mechanism—
boiling on the porous structure external surface, Fig. 3,
range ‘0”. With the increase in superheating, it affects larger
and larger partd; of the total surfaceA. The fraction of

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

Heating surface Heating surface

y

A

q g

v

Koy, v v | o=
- AIT] sz Vapour %

Fig. 4. Heat transfer mechanisms in ranges&nd “b” [13].

q

Fig. 3. Characteristic ranges of boiling curves for ethanol and Freon-113 Fig. 5. Simplified model of an elementary cell of capillary-porous structure

and thin-layered porous structures [12,13].

[14].
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the structure external surface, on which boiling takes place, Dy = Dp. As h = ki /8 and$, in accordance with Eq. (16),

amounts to
fo=A2/A
Dp,max Dp,max
= / D5y (Dp)dDy / / D5y (Dp)dDy (11)
Da Dp,min

where the minimum diametad, of active pores depends
on superheating\7,;, in accordance with Eq. (2). When

depends og e, Eq. (17) is of implicit character and has to
be solved numerically.

Similarly to what happened on the external side of the
porous covering, rangeo”, gradual activation of cells of
smaller and smaller diametér; also takes place inside the
covering. When the boiling agent is the liquid of a small
wetting angle, however, due to the phenomenon of potential
nucleation centres flooding, the activation of pores inside is

the porous structure parameters are known, it is possible todelayed in accordance with

determine characteristic superheatingg andAT7», Fig. 3,
by inserting into Eq. (2) the maximum and minimum pore
diameterDmax and Dpin, respectively.

Due to very small structure thickness and relatively high
covering thermal conductivity, the structure conductivity
thermal resistance is to be disregarded. In the drgdneat
transfer process is expressed by

d2= hspA T (12)

where hgp is the experimentally determined boiling heat
transfer coefficient for the structure external surface.

In the superheating rangaAT; < ATy < ATy, sec-
tion “0”, Fig. 3, the total flux of transferred heat amounts to
9=4q11—-fo) + 4q2/2 (13)

——— ——
conduction boiling on the
and convection  external surface

Inrange ‘a”, where AT, < ATy < ATz andA2 = A (fo =
A2/A =1), the total heat flux is

q=4 (14)

D; = 4O’|gTsat/pgh|g(ATW - A(ATdel)) (18)

whereA (ATye) is experimentally determined delay in pores
activation inside the structure, Fig. 3.

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

fa=Az/A
Dp,max Dp,max

= / D5y (Dp) dDy / / D5y (Dp)dDy (19)
D; Dp,min

whereas the density of the hdhix transferred from active
cells equals

Dp,max

d3=(1-¢) %"y (Dy) dD) (20)

D3
where term 1— ¢ is proportional to the area occupied by

micro-fins.
One of the implications of the model assumed is that

It is assumed that vapour phase formation takes placethe total heat flux in rangeb® of the boiling curve can be

on the surface of liquid micro-layer, which covers vapour

channel surface. A vapour channel, together with an adjacents
skeleton, constitutes an elementary cell treated as a fragmen? o

of finned surface, Fig. 5.

On the basis of the condition that the sum of pressure

drop in liquid and vapour jets moving in opposite directions

should be smaller or equal to the capillary pressure incre-

ment, the boundary liquid micro-layer thicknesavas cal-
culated [14]:

Ap1 + Apg < 4oig/ Dp (15)

81 cons{@®®v Dp/ higoig) ** (Ar/ 0)°8 (ket/ k)2 (16)

where ¢! is the heat flux in a single porous structure
cell, in which boiling takes place. The solution of the heat
conduction equation for a micro-fin led to the determination

of the heat fluxgce!:
%" = kepm (AT — AT*)

X < +th(m8))/(l+ h th(m8)> a7
mhef mAef

where AT* is the temperature increment resulting from
the action of capillary forces, determined from Eq. (2) for

calculated from

q2(1— f3) + é3f3
—_— ——

boiling on the
external surface

(21)

boiling inside

the covering

To sum up the reasoning presented so far, the process of heat
transfer on thin-layered porous surface in rangés “o”,

a” and “b" of the boiling curve can be expressed with a
single equation

q=(91(1— f2) +d2f2)(L— f2) +q3f3 (22)

where the quantitieél, C;z andég as well asA, and A3z are
described with formulas (10)—(12), (19), (20), respectively.
Fig. 6 presents, in a symbolic way, the sequence and
co-occurrence of individual ethanisms in heat transfer
process together with the areas they affect for subsequent
boiling curve ranges.

If there occurs a decrease in heat flux, range bBefore
superheating\ 7 is reached, Fig. 3, the Bgparticipating in
boiling process will remain active although their diameters
may become smaller thaP}. In other words, if the heat
flux decrease takes place at superheathiys;, the area
affected by boiling inside the structure remains unchanged
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a) Range k b) Range o for developed micro-surfaces and capillary porous structures
A=4,, f =1 fi=4/4 f,=4,]4 is often termed thenaximum heat flug may.
> U s — There are plenty of factors which affect boiling crisis:
| | | V A the type of industrial micro-surface or capillary porous
structure, the structure thickness, the size of pores and the
¢) Range a d) Range b distribution of their diameters, the boiling liquid thermal

B B B B properties and the way the porous layer is supplied with the
A= Ag’\fz =1 /2 _,AZ/A Js R A3/A liquid. They all contribute to the phenomenon complexity.

. ! Investigators, therefore, comment dme decrease in the
7 BRXORRXK K ! !
Y 2 Wz heat transfer coefficienvalue, the structure being filled
with vapour intra-layer crisisor capillary crisis preceding
nucleate boiling crisisor heat flux corresponding to the

[ ¢, - conduction and convection

(22 4, - boiling on the external surface maximum heat transfer coefficient
B2 ¢, - boiling inside the porous covering By analogy with technically smooth surfacesjcleate

boiling crisis is most frequently thought to begin together
Fig. 6. Occurrence and reach of heat transfer mechanisms for subsequeniyith the formation of a stable, continuous, thin vapour Iayer
ranges of boiling curve [13]. outside the external surface of the capillary structure. A dif-
ferent character of nucleabmiling on industrial developed
micro-surfaces and capillary-porous coverings, as well as the
multitude of factors affecting the phenomenon, account for
serious difficulties in its modelling.

Experimental data concerning mesh structures and those
of sintered powders led to the constructiontwb hydrody-
namic models of nucleate boiling crisis

The model of Smirnov et 4lL,15], related to mesh porous

6 F
10 - Ethanol I
[ A

L
g | a/'
3.105: I A

0.1MPa | 5=0.% mm structures, assumes that the crisis occurs when the stability
10— 30 T 10 30 of wall adjacent two-phase layer is lost. This happens
AT, K AT, K when the kinetic energy of the vapour generated inside

the capillary porous structure is greater than, or equal to
Fig. 7. Experimental and theoretical boiling curves witkind hysteresis the energy of the potential two-phase layer at the heating
[10,12,13]. surface:

. 2 2 12
- : h > 12 (o — = 24
and equalsdps. The constant fraction of the active area (9c/ higpg) pg > ki (p1 = pg) (01g8/ (p1 = Pg) (24)

Jfnst= Anst/A can be calculated by inserting; = Dy where ¢¢ is the critical boiling heat flux for a smooth
into Eq. (19). Thus the heat flux density dependence on gyrface consistent with hydrodynamic Kutateladze—-Zuber
superheating in rangec™ of the boiling curve can be  pypothesis. In order to emphasise the difference in the
calculated on the basis of phenomenon character on capillary-porous coverings, the
q=q2(1— fhs) + 93 fist (23) characteristic heat flux was markegiax.

_ . _ The work of friction forces during vapour transportation
The above equation, together with Eq. (22), provides a through the capillary porous covering gives the following

mathematical description of a boiling curve withkind energy balance:
hyStereSiS S 2 "

The comparison of calculation results and experimental £k = k1 E2ph — k2Ef (25)
data was presented in Fig. 7. The results of theoretical Ca"whereE/k” is the kinetic energy of the vapour jeﬂ/z/ﬁh—

culations are qualitatively_, and to some extent quantitatively, o potential energy of the two-phase layer near the heating
congruent with the experimental data [12,13]. surface, being the right part of Eq. (24);" is the work of
friction forces for the vapour passing through the covering.

The maximum heat fILé(maX can be evaluated in the same

3. Boilling crisis way as in Egs. (24) and (25):

Boiling crisis in porous layers cannot be understood E}' = (émax/h|gpg)2pg (26)
in the same way as for a smooth surface. Experimental
investigations show that the heating surface temperature
increase is not so vehement and the heat transfer coefficien R 5
diminishes in a gentle manner. Thus tréical heat fluxgc k2 Epn = C1(4c/ higpg) g (27)

The potential energy of a stable two-phase layer can be
{;alculated from
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While formulating expression (24), the existence of only one the layers. The complete energy condition the boiling
source of potential energy was assumE%h. Therefore, crisis should be a combination of both conditions (29)
the presence of the porous covering should lead to theand (30). A discussion of detailed forms of individual terms
decrease iMmax, Which disagrees with experimental data. N Egs. (29) and (30) was presented in [1,15]. After the
During a boiling process, the curvilinear interface is formed introduction of necessary simplifications, the final result of
by capillary forces inside the covering cells closest to the the considerations presented above can be given in the form

heating surface. This factor can be regarded as a new source, _ A Cay —1 2
of potential energy, which could be calculated from Laplace =~ C4( +Cs ) (32)
equation where

ksEq' ~ Cadoig/ Dp (28)  Z = Gmax(f(e)/ higpgn A) (K*Oné/L)

where £ is the potential energy developed by capillary y = { f(e)((4o1/ Dp) £ pigH) / pgA22} (K* Ons/ L)
forces. (33)

In boiling, an intensive entrainment of liquid droplets out-
side the porous layer takes place, causing an additional los
of kinetic energyAEgj’. The modified energy stability con-
dition for two-phase layer, which provides for all considera-
tions above, Fig. 8, will be as follows:

SThe experimental data were obtained for a flat circular
copper heating surface, covered with various screen metallic
layers. The number of screen layarshanged from 1 to 24,
the cell size ranged 0.04-0.5 mm, the saturation pressure
was 0.01-0.1 MPa [1,15]. Eqg. (32) matches the experimental
E{ > K2Egy — k2E{' + k3E]) — AE (29)  data concerning the screen porous covering for water and

Another extreme condition, occurring mainly in heat pipes, €thanol whenCs = 1.8 x 1_075 andCs = 2.21 x 105-. The
is usually calledhydrodynamic limit For dmax this limit approxlmatlng eurve in Fig. 9 is the best \(lsua! fit of the
: . . ax . experimental data with the scatter reaching, in extreme
is calculated from the condition of inequality of capillary

0,
pressure and hydraulic resistance of the liquid flow inside the cases;£50%.

orous layer reduced or augmented by hydrostatic pressure; The hydrodynamic model by Kovalev et [#,7] substi-
P y 9 yhy P tuted a real capillary porous structure with a system of ver-

4oig/Dp < i L/K + pigH (30) tical cylindrical capillaries onnected with one another by
whereu is the liquid velocity inside the porous laye, is means of horizontal channels, Fig. 10. For the heat flux val-

the structure permeability anfl is the maximum liquid ~ ues close to the critical one.< 4, a vapour layer is formed
transportation path, Fig. 8. The mass flux of the liquid is

equal to the mass flux of the vapour generated inside the 107" Wat
porous covering. On the basis of this balance, the velagity ater $50%) 3
is calculated 102 A-70-30-5 .
e -2m-41d -6 Y
Ul = gmaxA/ hignd O (31) p=0.01;0.03; 0.1 MPa - m
where O is the perimeter of the heating surfadejs the 1073 ’
thickness of a single screen layer amds the number of
Liquid level 107
Capillary-porous covering ? sl
iy 10 Ethanol
2 V-7 =-9 a-11
i 1071 0-8 w-10 o-12
& »2=0.005;0.01; 0.03; 0.1 MPa
10-8 [ I S N A N
= 10°* 10° 10" 107 10° 10'
) Y
Q
|

Fig. 9. Generalisation of the experintal data for screen porous coverings:
o . 1—stainless steel (SSPp = 0.04 mm,n =2, 3; 2—SS,Dp = 0.06 mm,
Liquid  Heating n = 2,3,4,5,10,24; 3—SS,Dp = 0.125 mm,n = 2,3,4,5,9; 4—SS,
T level surface Dp =02 mm,n = 2,3,4,509; 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;
Fig. 8. Graphic illustration of energy stability condition for two-phase layer 8—SS, Dp = 0.125 mm,n = 2,3,8; 9—SS,Dp = 0.45 mm,n = 2, 3;
inside capillary-porous covering, Eq. (29), and the hydrodynamic limit, 10—brass,Dp =0.08 mm,n = 3,9; 11—brassDp = 0.16 mm,n =2, 3;
Eq. (30) [1]. 12—copper,Dp = 0.045 mm,n = 2; [1,15].
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20¢gPg )
=c¢chg |————(1—TT(R:(6 37
‘ 'g\/ ﬂ(pg+p|)Rpf( (Re®)) 37)

The approximate value aff (R¢(8)) was determined from
the percolation theory, as well as on the basis of the data
obtained from a numerical experiment for structures sintered
from spherical particles [2]. For the most frequently applied
coverings of sintered powders the following can be stated:

hd 1/2
dmax = 0.52h1g>28 (0191 pg/ (01 + pg) Rpf) (38)

The theoretical values}max calculated on the basis of
Eq. (38) range from 0.52 to 1.44 of the experimental values
for water, ethanol, Freon-113 and nitrogen for boiling on
coverings of copper and bronze sintered powders [7].
Poniewski et al. [11] put forward model of intra-layer
boiling crisis based orthe concept of the maximum point
process It was assumed that the distribution of pores in the
covering could be always described with two-dimensional
Fig. 10. Heat transfer model far< 4.: (a) evaporation front location inside ~ P0iSsSON point process of constant intensity, proportional to
the capillary-porous structure, (b) temperature distribution [7]. the number of pores per surface unit. It was also assumed
that the rule, which decides about a porous cell being
inside the porous covering, which is adjacent to the heating filled with vapour as the surface superheating function, is
surface. The heat flux is transferred through the vapour layereéxpressed in the form of a thinning functign= p(x).
to the boiling front inside the covering. Hence the heating Under given heat transfer conditions, it ascribes a certain
surface superheating is much higher than for a smooth sur-probability p(x) to each celk.
face. In other words, the distribution of dried sites of the
The maximum vapour velocity in a capillary, Fig. 10, Porous covering can be modelled mathematically with the
was determined on the basis of stream stability condition in So-called thinned point proces$, the one originating from

3
Sy

accordance with Kelvin—Hedholtz’s stability hypothesis: processN through randomly “cuttingout” its location in
12 accordance with probability(x). It is worth mentioning
ugmax={201gp1 / (IT(Rp) pg(p1 + pg) Rp) } (34) that the process formed in this way is also Poisson process

p Of certain intensity..
The process of the porous covering drying up as the

function of increasing superheatiagly is, if this approach

is adopted, a statistical prog® There exists a certain critical
Sevel of drying intensityv, the exceeding of which in a
random area of the heating surface causes the covering
drying up. Levelv(A) is a measure proportional to the field
2013/ Re(8) = Appt + pg(ug)? (35) of the dried surfacei. At the same time the proportionality
constan® provides information about the lowest number of
cells per surface unit which must be dried up for vapour
film to be formed inside the covering. It means that the
occurrence ointra-layer heat transfer crisigs equivalent to
the maximum point procegxceeding the critical intensity
level in a random area of the covering, larger than the critical

According to this hypothesis, vapour jets are stable for muc
higher vapour velocities than in Taylor's model and it gives

c}max > C}C. Prior to determining the participation of pores
acting as vapour channels, it is necessary to calculate th
radius of liquid meniscus on the external surface of the
porous covering from

It describes the balance of liquid and vapour phases at the
outlet of a porous covering. Pores of the radRgs> Rc(8)

are filled with vapour and pores witRp < R¢ with liquid,

Fig. 10. The vapour maximum velocity at the porous
covering outlet corresponds to the radius of the liquid
volume perforation through the vapour jé&,= Rpt, which

. : i one,Ac.
is determined from Egs. (34) and (35): Values of parameters b, Ac, p1, ..., pn (See nomencla-
Rc(8) = ]'L’Rpfp|/((]'[ + Do + pg) (36) ture) were assumed. They depend on the structure geomet-

rical properties and thermal properties of both the structure
and the liquid. The probabilitp* of intra-layer boiling cri-
sisnon-occurrence was estimated for the series of superheat-
ingsTy,..., Ty:

where forpg < o1, Rc(8) = 0.76Rpt.

The maximum density of the heat flisxobtained by
summing up vapour jets with reference to the porous
covering surface unit: )

)\k f+1 v )\‘k f
. Rmax e_(f-i_l))L < Z F) < P* < e_f)L < Z F) (39)
dmax= ehigpg / ug(Rp)y (Rp) dRp k=0 k=0

Re where
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p=1-7p", v =[bAcl,
)»=aAc{1—(1—171)...(1—1711)}, f=I[F/Ac] (40)

and the symbdlx] denotes the integer part of the number
Hence the probability of crisis occurrence is, in particular,
the function of the heating surface superheating rahgg,
for a given covering and liquid, it is, therefore, possible
to find the value of permissible superheating, which will
be smaller than the pre-set safety level. It is also possible
to calculate the superheating value, for whiakra-layer
boiling crisis occurs. Such methodology allows numerical
simulation of nucleate boiling crisisformation in porous
structures.
The model (39) underwent initial verification for a metal
fibrous covering, Fig. 11. Withy approaching 7 x 10°

W-m~2 (this is the experimental value éfmax), the prob-

ability approaches 1, which means that the model (39) de-
scribes the phenomenon under investigation in a satisfactory

manner. The impact of the magnitude of the critical fietth
intra-layer boiling crisisoccurrence was also investigated.

The dependence obtained proved to be monotone, decreas-

ing, Fig. 11(b), and congruent with the intuitive understand-
ing of the phenomenon being considered.

An interesting and sophisticated approach, both theo-

retical and experimental, to the critical (maximum) heat
flux enhancement was proposed by Liter and Kaviany [8].
They applied modulated porous coatings with periodically
non-uniform, designed variations in the covering thickness,

Fig. 12. The coverings were made from sintered spherical (f) hydrodynamic liquid—choking limit,q

copper particles by dry-phase diffusion in a reducing at-

mosphere. The imposed modulation was assumed to create
alternating regions of low resistance to vapour escape and
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Fig. 11. The dependence iotra-layer boiling crisisoccurrence probability
p =1-— p* onvalues of: (a) heat flux; (b) assumed critical area [11].
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highly capillary-assisted liquid draw. This should facilitate
liquid-vapour counter flow within the capillary-porous layer
and enhance boiling heat transfer from the substrate to the
liquid pool in a manner similar to heat pipes.

For the investigated porous covering design, various
possible physical limitations causimyicleate boiling crisis
were considered. The limitations ranged from counter flow

limit for a deep porous layer (the Ioweéhax) to kinetic
evaporation limit (the highesémax). Some simplifying
assumptions were made, as regards the flow paths, without
rigorous experimental validation in order to develop models

that would allow to calculate the boiling curge= c}(ATw)
and theémax. The most important assumptions were as
follows:

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

(b) local thermal equilibrium in all phases;

(c) Darcy—Ergun momentum equation with Levefefunc-

tion relating the liquid saturation, porosity, permeability

and wettability to capillary pressure;

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

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

.max = ‘}maxh,
which determines the ability of the liquid to flow to-
wards the heating surface through the escaping vapour;

the limit determines the highest heat fh}lﬁqax, at which
the liquid is able to reach the heating surface.

Numerical solution of the momentum and energy equa-
tions for the viscous drag numerical model and the wetted
surface regime, Fig. 12, allowed the prediction of the slope

of f}vs versusA Ty, curve. The model underestimates m;g

as the function ofAT,,, but it can be considered to be in
fair agreement with the experimental dashed line, Fig. 13,
despite many assumptions that were made. The authors [8]

Vapour column

Fig. 12. Scheme of the physical mdd# liquid—vapour interface hydro-
dynamic instability limit for the liquid reaching the surface at boiling on
modulated porous covering [8].
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Her A, =1.7mm 4. Conclusions
4

Goaxp oSS IIIIIIIIIIIIIIIII GRS
' - ‘km=1.6mm e Nucleation hysteresi&ig. 1(a), is far more strongly man-
510 - ! ifested on capillary-porous coverings than on technically
smooth and flat surfaces. The phenomenon is affected by the
following factors: wetting anglé and its dynamic variation
in the liquid motion function, penetration properties of the
boiling liquid and various geoatry of vapour filled pores in
4 the processes of boiling incipience and fading [3,9,16]. An
additional factor enhancingucleation hysteresis porous
structures can be thermo-capillary convection in the liquid
micro-layer covering the walls of the structure skeleton [9].
I-kind hysteresis(hysteresis with memaoyyintra-layer
Copper boiling crisis), Fig. 1(b), occurs when the forces of capillary
D =200 pm drag are smaller than the liquid and vapour resistance in
5'10“1 1 ;""1‘0 — 0 the flow through the capillary-porous layer [9]. That means
AT K condition (15) is not satisfied and vapour layer persists inside
" the porous covering.
Fig. 13. Experimental data for vaus porous coverings: 1 — single lI-kind hysteresisFig. 1(c), results from two subsequent
modulated,8 = 6D, Am = 5D; 2 — double modulateds = 5D and D, phenomena. The first one is the flooding of potential nucle-
Am = 8D; 3 — uniform layer$ = 3D; 4 — plain surface [8]. ation centres with boiling liquid, which takes place for small
values of surface superheatiagly,,. When the nucleation
conclude that the assumptions regarding liquid flow paths process is fully developed and the superheaikify, has
and volume averaging of the porous media should be recon-reached an appropriately high value, pores activated while
sidered to make the result of numerical calculations show heat flux was increasing, still remain active after heat flux
higher congruence with the experiment. It was also assumedhas decreased. Itis the thermal resistance of the liquid micro-
that modulation of the porous covering imposes a geomet-layer covering vapour channels that decides about heat trans-
rically determined, i.e., modulated, critical wave length, fer[12,13].
Fig. 12, which supersedes the dependence on the Rayleigh— In their modelling of thenucleate boiling crisismost au-
Taylor wave length and extends the hydrodynamic choking thors rely on well-established hypotheses that liquid—vapour
limit. This way of thinking led to a very simple final expres- interface demonstrates hydrodynamic stability, Smirnov et
sion for‘}max: al. [1,15], Kovalev et al. [5,7] and Liter and Kaviany [8].
Only Poniewski et al. [11] suggest that boiling crisis might
émaxh = (71/8)h|g(cng,og/km)l/2 (42) be treated as the maximum point process, which develops
. . . inside the porous layer. Both hydrodynamic models and that
For .the porous coverings tested by Liter and K:alwany [8]. based on the maximum point process approach indicate that
the ¢max is shown to be hydrodynamically limitedmax = the maximum heat flux density for capillary-porous cover-
‘}maxh, Fig. 13. The congruence of the theory andéhﬁxh ings depends, in a complex manner, on the porous layer
experimental data, Fig. 13, is presented in a slightly obscurestructural parameters, boiling liquid thermal and penetration
manner. For the dual-height modulation covering, the exper- properties and their mutual relation. For hydrodynamic ap-
imentald max corresponds t@ maxn for Am = 1.46 mm pre- proach it is necessary to assume a simplified geometry of
dicted from Eq. (41) and the rea, = 1.6 mm. For single-  POrous structure and, consequently, a simplified model of
height modulation, the appropriate values.gfare 1.68 and ~ vapour and liquid flows inside the structure. Liter and Ka-
1 mm, respectively; the difference is quite substantial. viany say, quite rightly, that assumptions of that kind are
One of the obvious advantages of the presented hydro-made withoutrigorous experimental validation [8].
dynamic model is high congruence of measured and calcu- _ All the models of hysteresis and nqcleate boiling crisis
lated values Ot;c,pl for a flat porous covering, Fig. 13. The discussed in the paper made assumptions about the physics

investigated modulated capillary-norous coverinas provide of heat transfer at the level of a single cell of a porous struc-
9 pilary-p gsp ture. The results obtained for those models were verified,

a noticeable increase iMmax and a decrease inT,, when however, on the basis of experimental investigations into a
compared with a flat coverings tested in this study, Fig. 13, |arge set of porous cells, i.e., the whole porous covering of
and reported in the literature [1,5,9,11]. The authors [8] pre- the heating surface. That means none of the models of hys-
dict that further enhancement of thgax in the modulated  teresis phenomena or boiling crisis discussed in the paper
capillary-porous covering can be done by the reduction of was confirmed by experimental investigations, either in a
the modulated wave lengthy, and the particle siz®, and single pore cell or in a set of neighbouring cells. All mod-
by removing the limiting hydrodynamic mechanism. els discussed rely on hypothetically assumed mechanism of

Pentane
" p=0.1MPa

g, W-m?

110
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