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TADEUSZ MICHAŁ WÓ,]CIK-

Experimental investigations into intra-layer boiling
crisis and hysteresis in metal, fibrous, porous

coverings

Chait of Thermodynamics and Fluid Mechanics, Kielce {Jniversity of Techno-
logy, Aleja Tysiąclecia P.P. 7, 25-314 Kielce, Po]and

Abstract
Capillary-porous structures (CPS) do not only enhance boiling heat transfer, they also may

cause the increase in the value ofthe critical heat flux. Apart from boiling crisis, resulting, as for
a smooth surface, in the wall burnout, in CPS there also occurs the so-called ((intra-layel boiling
crisis". The results of experimental investigations into boiling heat transfer on heating surfaces
covered with fibrous, porous layers were presented. The interest area covered the impact of the
increase in heating surface temperature on the values of the heat flux and boiling heat transfer
coefficient.

Keywords: Boiling crisis; Porous coverings; Hysteresis

Nomenclature

CPS - capillary porous structure T - temperature
q - heat flux 

^T 
- temperature difference, T* - T"

p - pressure ó - thickness of the porous layer
Ap - pressure drop tI - porosity

u - wall
s - saturation
kr - critical

Subscripts

* - for intra-layer crisis
l - liquid
u - vapour

* tr-mail address: tmptw@tu.kielce.pl
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Introduction

Boiling lreat transfer enhancement constitutes one of the important issues in
nrodern technology. Most effective and totally reliable cooling systems aTe re-
cirrired to cool high integration circuits, nuclear power and space devices. Heat
transfer enhancement is also essential in refrigerating engineering and chemical
industry, air conditioning equipment, thernral pipes and others. The economic
aspect is not to be overlooked, eitlrer. The plrenomenon contributes to tlre re-
duction in weight, dimensions and costs of heat exchangers and lowers enelgy
consunption.

Capillary - porous structures functioning as heating surface coverings offer
significant boiling lreat transfer enhancement The drawback of CPS applications
js tlre appearance of disadvantageous phenomena accompanying transitions be-
ili-een various boiling stages. The so-called "intra-layer boiling crisis" is one of
the tlost significant phenomena amongst them.

2 Intra-layer boiling crisis

Irr spite of numerous theoretical and experinrental works, the vast literature
otl tlre subject does not report a uniform orrtlook orr the process mechanisnr.

T}re diversity of structures being manrrfactured results in a variety of boiling
cl,isis phenomena. AIso, the very notion of boiiing crisis has been defined in an
arł,biguous manner. Boiling crisis in porous coverings cannot be understood in
tlre same way as in the case of a smooth surface. The autlrors studying boiiing
neclratrism quote "intra-Iayer crisis", "filling a structure with vapotrT", "vapour
lal,er appearance on the outer porous covering surface", etc. Thus, the definition_s
of trucleate boiling crisis in polous covering demonstrate significant divergence.
Tlrree ciraracteristic ranges of boiiing curves can be observed in porous coverings
boilirrg (Fig. 1). In two of tlrem (II arrd III), heat transfer is thoright to be boiling
urrder crisis conditions, thus:

o II, characterised by the decrease in heat transfer coefficient, which according
to many authors, is caused by the appearance of a vapour layer inside CPS
(see [1,2]).

o III, characterised by the occulrence of a continuous vapour film in the
polous layer, (see [1,3]). In this range, the increase in the heat flux leads
to the wall burnout.

Tlre transition from lange I (nucieate boiling) to range III (boiling with a vapoill
iayer) can take various forms, (Fig.1), possible to register when the heat flux
density is determined as the wa1l temperature function.
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:'-,:ure 1, Shapes of boiling curves on a smooth surface (1) and the surface with capillary porous
covering (2), (3) and (4) - on the basis of [1],

The decrement of heat transfer coeffi,cient yalue, accompanying phenomenon
-I is caused by the occurrence of the so-cal]ed "intra-layer crisis". It is a pro-
.i§_c characteristic to porous coverings, which consists in vapour film formation
.-'ide the porous strtrcture. In the diagram, it is manifested as the characteristic
-- ange of the boiling curve inclination or in the occulrence of horizontal sectors of
.;, tlrreshoid values, (Fig.2). Transitions are accompanied by high temperatule
-_lcrements.

Tlre disruption of circu]ation within the porous layer and a vapour filrn for-
ration at the base of the porous covering are regarded to be [3J the reason for
:,-hy intra-layer boiling crisis takes place.
stable circulation of the liquid through the porous layer occurs for:

Lpł> Lp,* Lpt,

rhere: Ap6 is pressure head due to the liquid capillarity in the porous structure;
\p, pressure drop due to the vapour flow within the porous }ayer; Apl pressure
1rop due to the liquid flow in the porous layer,

Witlr the increase in lreat flux, the vapoul flow increases. At a certain value
rf heat flux, the sum of Lpu + Ap1 becomes greater than App.

A lot of authors assume that the boiling crisis starts only when the entire
luter side of the porous layer has been covered with a vapoul film (point c, Fig.
2b). The appearance of a vapour film outside t}re porous covering induces the
leating surface btrrnout in a short period of time [5].

(1)
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Figure 2. Irrtra-layer boiiing crisis: a) investigations of Adrianov et al [4], structule manufac-
tured with the method of AlzOe plasma splay, ó - thickness of the porous layer b)

investigations of Afgan et al [3], sintered netal particle layer, C - the boiling crisis
point.

3 l-type hysteresis

While the heat flux strpplied to tlre heating surface coveled with CPS dinrin-
islres, heat transfer hysteresis is revealed, whiclr pTevents the thermal stabilisa-
tion of lreat eńitting systems. Experimental boiling cuTves denronstrate various
courses, depending on the porous covering parameters and the liquid physical
ploperties, Fig. 3.

I-tvpe hysteresis is characterised by decreasing lreat transfer coemcient ac-

conpanying the heat fltrx decrease below its critical value, Fig. 3.d.c, [1,3,4,6].
It is assumed that this lrappens because it is difficult for the vapoul film formed
inside the porous coveling to flow away. Strch a mechanism seems to be confirmed
by tlre experiments concerning heat pipes [3].

Earlier experiments carried out at the Kielce {Jniversity of Technology [7]

showed the occurrence of I-kind hysteresis in thick-Iayered (ó ranging 0,B-2 mm).

copper, fibrotrs CPSs.
Figure 4 presents the characteristic experimental boiling culve for I-type hys-

teresis [7]. It was determined for water and about 2 mm thick structure of 40 %

porosity, at atntospheric pressure. Tlre typical phenomena presented in this figure

were also observed for water for other covelings on a various scale.

Boiling on tlre porous layer begins at lower temperature difference (A7 below
2K) than on a smooth one, A significant increase in the heat flux, in regard
to a smooth strrface, is a characteristic feature of boiling for small temperature

smooth l l,zc
, z-///

l_--.7-żl
,-i--j7f^_,o, ./\ -_/,\/

tt \. ./'l { jr'. .././ \-/l./
n .1.5 
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Figure 3. Various kinds of boiling heat transfer hysteresis in capillary, porous structures.
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Figure 4, Boiling curve for water at atmospheric pressure [7]: 1 - copper fibrous CPS, II : 40Ta,
ó : 2 mm; 2 - smooth copper surface.
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differences (zone I, Fig. a). Tlre heat transfer coefficient for a low }reat _

@ =S.104Wm-2) is more than 5 times higher than for a smootlr surface.
When the value of the heat flux, qi, - 7.7 .105, (Fig. 4), is reached, a cons-

self-induced growth of the surface temperature occuTs - zol7e II. This is a .
process, where the temperature grows at a pace of approximately 15 Klh. -

flat slrape of the curve clearly indicates a decrease of the heat transfer coeffic_.

If even a very slight but sudden increase of the supplied heat flux takes p

and its new value is then retained - zoTle IIa - the surface temperature wi1l ,,

grow trncontrol}ably like in zoneII, whereas the pace of tlre temperature gro\\-:

}righer than before. The decrease of the heat transfer coefficient in these ra.-.

indicates that a vapotu layer is forming inside tlre porous structure, wlric
called an intra-Iayer crisis.

When the heat flux is decreased in zone IIa, the surface temperature be.
to drop, albeit along a different curve than the one observed when the fltrx -

itrcreased. The boiling curve in zone IIa/ now approximates the higher v&lut,,

AT, Tlre heat transfer coefficient, which approxirnates a constant value, pc

to constant thermal resistance in this zone of the boiling culve. The same ;
nomenon was observed in zone II/ when decreasing the heat flux began in :
II. The heat flux was decreased also in zone I. In this case, the boiling curve
not change shape when the heating surface temperature dropped to lower va_

The conclusions drawn from the literature review are that the flux cri
valtre could be regarded as the one, which initiates vapoul formation inside "

structrrre as well as boiling with a vapoul film outside the covering. The
thor of tlre present paper believes that the minimum heat flux 8[", which s:

intra-layer boiling crisis, should be considered to be the criticai flrrx at the po:

layer boiling. Tlre basic argument in favour of tlre above thesis is the inab_

for the eqtripment to function in a stable manneT at changeable heat flux. r

exceeding q[r. Although the heat transfer coefficient drop, which occurs t__

does not catrse such violent temperattrre changes as in the case of technic
smooth strrface ("burn-out"), yet a given surface is excluded from work. Ti_.
fore, experimental and theoretical investigations, which aim at boiling model_-

seem indispensable,

4 Aim and scope of the investigations

The aim of the paper was to carry out experimental investigations into ir_-

1ayerboi1ingheattransfercrisisinnretaI,fibrousandporousstructures.
strbject of research were copper, fibrous, porous structures widely applied in _

pipes. Their elementary structure components were coppeT wires of 3 mm Ie:-.

and 50 pm diameter, sintered both with one another and with the copper :
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Fig. 5. The specific featrrre, which differentiates metal, fibrous CPS from struc-
:ures obtained with other methods (e.g. that of therma] spray), is the fact that
,rrly open poles occul in them.

Figure 5. Photograph of metal fibrous porous covering, fibre diameter 50 pm.

Experimental investigations concentrated mainly on the determination of the
:npact of the heating surface temperature increase on the heat flux values and
roiling heat transfer coefficient.

After the system has reached balance, under the conditions of stable nucleate
:eating, the heater powel increased, which resulted in a systematic increase in
:le wall temperature. The temperature valtres under the sample, in the copper
:Iock as well as the boiling liquid temperature were registered every 0.5 second
11, means of Keithley 500A measurement data acquisition system.

Tlre heat flux density was determined with a gradient method.

ó Experimental stand

Tlte diagram of an experimental stand [6] as well as of its basic module were
:resented in Figs. 6 and 7. The experimental stand consists of the following
components:

1. basic module;

2. heating module with the measurement of power supplied;

3. temperature measurement module;
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i--- *-]]

Figure 6. The diagram of the experimental stand with co-operating systems: 1 - basic mor,
2 - heat loss compensation system, 3 - heating module with the measurement ci
power provided, 4 - pressure measurement in the liquid tank, 5 - module prod:r]]
and measuring low pressures, 6 * vapour cooling and condense recovery modut
- boiling digital recording module, 8 * the system signalling the exceeding oi
preset temperature, 9 - temperature measurement module, 10 - measurement Li
acquisition and processing module.

Figure 7. Schematic diagram of the basic module: ]. - condenser; 2 - boiling liquid; 3 - spec"T]

with capillary - porous structure; 4 - low-conductivity mineral wool; 5 - thermo:"
ples; 6 - copper block; 7 - main heater; 8 - ceramic pipe.
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4.

5.

module generating and measuling pressure;

module supplying the stand with liquid fluid and module of vapour cooling
and condensate recovery;

measurement data acquisition and processing module;

module for boiling image digital registration and analysis .

The sample (3), (Fig. 7), with porous covering was fixed onto a copper
roll (6). The heater (7) wound onto the roll was supplied with alternat-
ing current through an autotransformer. Thermocouples (5) were installed
under the sample (3), on the roll axis (6) and in the boiling liquid. The
temperature of the heating surface was determined by extrapolating it with
reference to temperatures measured along the axis of the roll.

6.

7.

8.

B Investigations results

Figure 8 presents the temperattrre trnder the heating surface as a function of
ime. Tlre surface was covered with a copper CPS of 40 % porosity and 0.8 mm
hickness, At the beginning, gentle and then quite fast (aprox. 20 K/min), sys-
;ematic increase in the heating surface temperature is visible, It should be noted
,hat temperature increases at much slower rate than on a smooth surface, Figure
} presents the course of changes in the heat flux in refrigerant R-113 boiling.
lhree characteristic'ranges could be differentiated. Initially (range I, Fig. 9),
ignificant heat flux increase is seen, which is connected with the activation of
rew nucleation centres. With the heat flux density reaching the maximum value

ń : 3.Z , t05 W/m2, (range I, Fig. 9) inside the porous structure there appear
paces occupied with vapour. The reason for the clrange in boiling mechanism
s the drying up of vapouT generating pores, caused by the increase in vapour
urd liquid resistance and afterwards, the combination of dried sites. The heat
ransfer coefficient inverse constitutes the qualitative measure of the thickness
lf the conventional vapour layer inside CPS. In Fig. 10 the course of thickness
hanges was pTesented as the function of time. The vapour layer thickness was
stimated as:

6r: ),rf a ,
(r\

yhere: ), is refrigerant R-113 vapouT thermal conductivity, a is heat transfer
:oefficient, determined experimentally for the boiling range undeT scruting.

conclusions

1. Minimum heat flux Qi", which starts intra-layer boiling crisis should be
considered to be the critical flux at polous layer boiling,
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Figure 8. Wall temperature as a function of time; copper CPS, II : 40To, ó : 0.8 mm; refrig.:
R-113 boiling at atmospheric pressure.
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Figure 10. Vapour layer thicknes§ a§ a function of time; copper CPS, fI : 40Ta, ó : 0.:
refrigerant R-113 boiling at atmospheric pressure,
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2. Tlre analysis of temperature changes ]eads to better understanding of heat
transfer mechanisms dominant in intra-layer boiling crisis,

3. Experimental investigations, with the use of gradient method for heat flux
determination suggest that g does not have a constant value after it exceeds
the value of intra-layer boiling crisis. The reason why it happens is the
change in thermal resistance of the porous strrrcture being dried out. The
boiling culve resembles the shape (2), Fig. 1.

]. Two zones of conventional thickness of vapour layer can be observed (qual-
itative mea§uTe of volume of vapour spaces inside the structure), with fluc-
tuations caused by bubbles braking away.

5. Investigations into temperature distribution and visualisation experiments
should be continued. They will broaden the knowledge of the reasons for
thermal resistance of intra-layer boilirrg crisis.

].:,:eived 20 February 2002
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