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How to create an efficient surface for nucleate boiling?
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Abstract

From a brief historical overview of the ideas on bubble generation, some directives for developing of efficient structures with nucleate
boiling are deduced in the first part of the paper. Then, starting from the survival conditions of a vapour bubble in a liquid with a temperature
gradient, a criterion is obtained for the creation of such structures. The efficiency of a heater surface covered with a structure is considered
ideal if the driving temperature difference does not change with the heat flux. Experiments show that constancy of the wall superheat can
be realized on surfaces provided with an appropriate micro-structure. The required properties of the structure are: It must be generated from
identical elements which are arranged in a mono-pattern on the heating surface, the structure elements (protrusions) must trap vapour after
bubble detachment and generate a possibly long three-phase-line (TPL) formed by intersection of the vapour—liquid interface with the heating
surface.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction tems. Particularly the effect of surface structure of nano- and
micro-sizes on formation of premature bubble embryos and
Nucleate boiling of liquids has been the subject matter bubble growth are still to be explored.
of a number of studies, which cover questions ranging from  Despite these facts considerable effort has been under-
formation of stable bubble nuclei in metastable liquids, via takenin the last decades to develop efficient boiling surfaces.
bubble growth and departure to boiling heat transfer under The guiding idea is to provide the surface with a structure
various conditions. The state of the art can be obtained fromthat increases the heat flux in comparison to technical sur-
several review articles and monographs, e.g., by Westwaterfaces at the same surface superheat. The achievements in
[1], Nesis [2], Carey [3] and Collier and Thome [4], to name this direction are considerable, as may be taken, e.g., from
only a few. The capillarity theory is mostly used to describe Thome [5]. The boiling characteristics of such surfaces are
the bubble equilibrium in a superheated liquid. This theory qualitatively similar to the ones of technical surfaces show-
requires a liquid—vapour interface of macroscopic proper- ing a dependency of the heat flux on the surface superheat.
ties to exist and is, therefore, not applicable to the very This behaviour allows the conclusion that the potential for
start of bubble formation. The processes preceding forma-yapour generation on structured surface is still available.
tion of a Stable Vapour bubble are St|" p00r|y Understood; In the present paper a re'ationship origina”y deve'oped
consequently, there is not a theory that could describe the:seOy Hsu and Graham [6] is used to deduce some directives
processes successfully. The existence of the heating surfacg, how to create an efficient heat transfer surface for nu-
makes the system heterogeneous and the boiling physicg;jeate pool boiling. This equation specifies the condition for
much more complicated in comparison to homogeneous sys+pple grow under the conditions of a temperature gradi-
ent and leads to a relationship for the surface structure (size
T Tel.: +49 5251 60 2409: fax: +49 5251 60 3207. of bubble cavity) in dependence of process parameters. As
E-mail addressmitrovic@tvt.upb.de (J. Mitrovic). will be shown, a surface having an appropriate monostruc-
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Nomenclature

interface area

constant

pin diameter

enthalpy of phase change
length

mass

pin number density
surface density of TPL
heat flux

heat flow rate

thermal resistance
radius

temperature
temperature difference
time

velocity

coordinate, wall distance
heat transfer coefficient
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8 distance to wall

A thermal conductivity
P density

K thermal diffusivity

o surface tension
TPL three-phase-line (solid, liquid, vapour)
Subscripts and superscripts
B bubble

C cavity

CR critical

L liquid, length TPL

1 interface

Vv vapour

w wall

o0 far from wall

- average

ture results in a boiling characteristic that is different from

ously, he had in mind the difference of the pressures act-

the ones of technical surfaces. Namely, in a certain range ofing on the free water surface (in the well) and in the suc-
the process parameters, the heat flux is largely independention pipe expressing his wondering about the water sus-

of the wall superheat.
The paper begins with a short historical overview mainly
focussing on the evolution of the ideas and growth of the

knowledge at the beginning of the research in the area of

bubble formation.

2. Early studieson bubble generation

Like in many fields of science, also the beginning of boil-
ing physics in written form cannot be stated very precisely,
but the following text seems to shed some light on the is-
sue [7]:

“The well-known incident of the failure of the pump
to suck water from a deep well occurred when Galileo
Galilei (1564—1642) retired to his villa at Alcetri and his
life was drawing to a close. All the ingenuity of the Grand
Duke’s artisans failed to make the water rise more than
about 30ft in the suction pipeWhen asked for his ad-
vice, Galileo replied that it would be well to find out why
the water rose at all, and to the suggestion that Nature

taing such a tension. This remarkable thought occurred at
a time where the atmospheric pressure was still to be dis-
covered?

Some twenty years lateChristiaan Huygeng1629—
1695) [8] made public the discovery ténsile strength of
water. He observed that water can resist a considerable
tension when filled in a tube that is arranged vertically
and open at its lower end. In 1669 he also demonstrated
before the Royal Society of London columns of air-free
water to not subside in the tube. The studiesRgbert
Hook (1635-1703), who originated the idea of mechani-
cal strength of materialdDenis Papin(1647-1712), who
invented the digester (pressure cooler), and of many oth-
ers, were guided by the desire to mainly understand the
Torricelli empty[9]. Since then, the vapour nucleation in
liquids has attracted the attention of physicists and engi-
neers both as a natural phenomenon and from a practical
point of view. In this context it is also interesting that al-
readyAristotele[10] was aware of transition of phases and
thatsee-water can be rendered potable by distillatifs it
seemsgexperimenton boiling and condensatiorwere first

abhorred a vacuum, he answered that it was apparently herformed not with pure liquids but witmixtures while

only a vacuum less than about 30ft that Nature was to
averse to”

The above remark by Galilei probably stands at the very

beginning of experiments witliquids under tensionObvi-

1 Grand Duke of Tuscany, Ferdinand the lind.

making liquors [11].

2 Evangelista Torricelli is supposed to have been present to this memo-
rable occasion, and thus, being drawn to consider the question, he conceived
the happy idea of making a vacuum in a tube by means of a liquid heavier
than water [7].
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2.1. Historical development of the ideas on bubble
nucleation

Important in several respects, the question of bubble for-
mation in liquids has been debated extensively in the past,

but a satisfactory answer to the question does not seem to

exist in the literature. In modern publications in this area
of engineering science one usually takes a bubble as given
formed somehow. In the following, a brief historical devel-
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ter than the boiling point, yet the rest of the water has not
time to communicate much of its heat to that coat before
the bubble is past. For this reason when the water boils
with a vast number of small bubbles its heat ought in gen-
eral to exceed the boiling heat less than when it boils with
large bubbles succeeding one another slowly”

Regarding the heat of ebullitionbdiling inception),
Cavendish says:

opment of the ideas is presented, aiming at keeping and

supporting discussion on this important and interesting sub-
ject.
Edmé Mariottg1620-1684), well know from the isother-

mal pressure—volume relationship of gases, supposed that

water contains air which escapes during boiling thus as-
sisting in bubble formation. As boiling continues after the
air has completely escaped, he assumed the existerace of

other matter which appears only in connection with boiling

In 1690,Edmund Halley{1656-1742) [12], the discoverer of

a comet which bears his name, held

“that warmth does separate the particles of Water and
emit them with a greater and greater \elocity as the heat
(temperaturgis more and more intense.”

At about the same timé&enis PapinandGottfried Wilhelm
Leibniz (1646-1716) argued that the effect of superheated
water, the fulmination is caused by the water itself. As it
now appears, the vapour pressure was meant by this term
In addition, Leibniz ascribed theoiling soundto beating of
fluid particles against the heating wall.

Some 70 years latedenry Cavendislil731-1810) [13],
discriminated betweepvaporation(in presence of a gas)
andboiling with bubble formation

“Water as soon as it is heated ever so little above that de-
gree of heat which is acquired by the steam of water

is immediately turned into steam, provided it is in contact
with steam or air; this degree | shall call the boiling heat,
or boiling point. It is evidently different according to the
pressure acting on the water. If the water is not in contact
with steam or air, it will bear a much greater heat with-
out being changed into steam, namely that which De Luc
calls the heat of ebullition”

“The excess of the heat (temperature) of the water above
the boiling point is influenced by a great variety of cir-
cumstances. The quantity of air in the water has a very
great influencefor the more air it contains, the less heat
will the water in contact with the bottom be capable of
receiving, and the greater number of bubbles will be dis-
charged. It is this which seems to be the reason of the dif-
ference between water beginning to boil and long boiled”

In addition, a Committee appointed by the Royal Society
concerning the fixed points of thermometers that was chaired
by Cavendish recommended [14]:

“...not to dip the thermometer into the water, but to ex-
pose it only to the steam, ...”

in order to exclude the wall effect on boiling temperature.

Doubtlessly, the notions of Cavendish could fill lines of
an actual publication.

De Luc(1727-1817) [15,16] stated that boiling is pro-
duced bybubbles of the air which the heat disengages from
the liquid® Deprived of air, water can boil only on the upper
or free surface, he concluded.

By a number of experimentchard (Franz Carl Achard
1753-1821) [19], much more known as the inventor of the
Prussian Sugar and who was the first to built up a factory for
making sugar from sugar-beet, arrived in 1785 at the con-
clusion that theboiling point of water varies much more in
metallic than in glass vesselde also noticed that a drachm
of iron-filings or some other insoluble solids added to wa-
terlowers its boiling pointand that there were considerable
differences in the lowering degree, depending on whether the
solid is in powder or in lump

In 1812 and 1817Gay-Lussac(Joseph Louis, 1778—
1850, well known from the isobaric temperature-volume re-

Cavendish also gave an explanation of the chief phenomenaationship of gases) [20,21], supposed the boiling point to

of boiling:

“When water is set on the fire and begins to boil, the lam-
ina of water in contact with the bottom of the pot is heated
till either small particles of air are detached from it, or till
bubbles of steam are produced by ebullition. As these par-
ticles or bubbles ascend, the water in contact with them, if
at all hotter than the boiling point is immediately turned
into steam. .. liough the coat of water immediately in
contact with the bubbles during their passage is not hot-

vary in different vessels according to the nature of their sur-
faces and the materigl¢he variation depending on both the
conducting power of the materiédr heat and on theolish

of the surfaceAccording toMarcet [22] the lower boiling

3 DeLuc (Jean André De Luc, or John Andrew de Luc, frequently written
DELUC) was a member of the above mentioned Cavendish’s committee. He
was for many years Reader to Queen Charlotte, and was engaged in many
field of science of the late eighteenth century [17]. For an account of De
Luc’s achievements see Emeis [18].
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temperature of water on metallic surfaces in comparison to
glass surfaces is caused by a corresponding weakezsion

of water particles to the wall. Bubble generation is expected
when therepulsive action of heaivercomes theohesion of
the liquid along with the atmospheric pressure. He also no-
ticed the dependence of thebble departure diametend

the bubble frequencyn the strength of heat sourcéheat
flux).

It is interesting that some basic studies of boiling phe-
nomena were originated from the development of ther-
mometers and explosions of steam boilers. To the former
group of works belong at least by part also the studies by
Cavendish [14]. In a paper byudberg[23] there are con-
siderations of liquid evaporation during bubble rise through
the liquid and expansion of vapour making the bubble.

First precise experiments omagative pressure in liquids
were performed byBerthelot(1827-1907) [24] at constant

volume, showing that liquids can sustain a considerable ten-

sion (water 50 bar, ether 150 bar, approximately). However,

for the present purposes of much greater interest is the iso-

baric liquid superheabDufour [25] seems to be the first who
investigated the superheatwéter droplets suspended in olil
thus avoiding a direct contact between the test liquid and the
solid wall. By this method, he was able to obtain water su-
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leaving part still attached to the vessel to form a cen-
tre from which another bubble grows, to be thrown off in
turn, and while the bubbles rise in rapid succession the
root remains fixed.

Aitken also discussed treffect of roughnesand ofsurface
active substancesn bubble generation, but he assumed gas
nuclei for formation of vapour bubbles, which was not a new
idea.

From this short review of the literature we may draw the
following conclusions concerning the state of the art in the
area of nucleate boiling (bubble nucleation) at the end of
19th century:

(1) Bubble generation is intimately connected with inert
gases, either dissolved in the liquid or adsorbed on the
surface of the wall.

(2) The boiling temperature (liquid superheat) depends on
the amount of the dissolved gases, the surface rough-
ness/porosity and the interaction liquid—solid wall.

(3) The state of a superheated liquid is instable and bub-
ble formation in such a liquid can be initiated in various
ways. At a strong superheat the boiling manifests itself
explosively.

perheats up to 70 K at atmospheric pressure. He termed the

state of the superheated liquidetastable Dufour's exper-
iments aimed at clarifying the cause of explosion of steam

The papers referred to so far are scarcely mentioned in cur-
rent literature. The notions about bubble formation described

boilers. At high superheats, he observed a vapour genera-in these old and vastly forgotten publications are interesting

tion in the whole liquid mas¥rebs[26] reported on similar
boiling behaviour, which he calleelxplosive boiling As it

not only from a historical point of view.

appears, both authors reached in their experiments nearly &.2. Theoretical speculations

homogeneous vapour nucleation

Two further classical contributions to the understanding
of bubble nucleation are worth mentioninipmlinson[27]
stressed that formation of bubble nuclei depends not only
on thestate of the surfacéclean, unclean) but also on its
porosity He gave a very interesting definition of a liquid near
or at its boiling point:

“A liquid at or near its boiling point is a supersaturated
solution of its own vapour, constituted exactly like soda-
water, champagne, and solution of some soluble gases”

Tomlinson’s ideas have sharply been criticized Aigken
[28], remarking, we cannot imagine a porous body while un-

The conclusions above are mainly based on experimental
observations. Besides, there are also theoretical models in
this area aiming at deeper insights into the boiling phenom-
ena. The model connecting the separation of liquid particles
by action of heat was originally proposed by Halley [12]. In
Query 31 Isaac Newtor{1642—-1727) [29] has drawn the at-
tention to particles, released from and beyond the attraction
of a body, receding from it and from one another with great
strength. The idea developed Bytoine Lavoisie(1743—
1794) [30] unifies the notions of Halley and Newton. He
assumed that the particles of all bodies are subjected to both
attractive and repulsive force$Vhen removed beyond the
limits of attraction, a change of state (phase) might be ex-

der the same conditions both to absorb vapour from the waterpected. This idea has already been developdddsaquliers

and give it out again in a constant, never-ceasing flow. Aitken
continues to describe the boiling supposing a free surface to
exist. The free surface is formed by adsorption of gases that
were dissolved in the liquid. He says:

“...bubbles have sprung from certain points where the
water is not in contact with the vessel, but is separated
from it by a small quantity of gas or vapguinto this

gas or vapour the water vaporises till it grows to such a
size that part of it breaks away and rises to the surface,

(1683-1744) [31] andBoskovic(1711-1787, Roger Josph
Boscovich, or Rudjer Josip Boska@y) [32]. Desaquliers
postulated that in liquids there exists bothegulsiveand
anattractiveforce between the particles. The former would
be augmented and suppress the attraction if the temperature
is increased and elastic fluid formed. Boskovic [32] speaks
in his Theoria (8462), appeared in 1763 evhporatiorand
ebullition. According to Boskovica slow evaporation will

take place when the repulsive force does not greatly exceed
the attractive forceAn ebullitionis expected when the mass
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sandwiched between the limits of approach and recession arsuperheat. As they noticed, the micro roughness of the boil-

rives at theoutside of the attraction

The theoretical contributions of fundamental importance
in this area byWilliam Thomson(Lord Kelvin, 1824—
1907) [33],J.W. Gibbq1839-1903) [34], and.J. Thomson
(1856-1940) [35], resulting in analytical relationships, re-
mained unrecognized for decades. This might be due to the
complexity of the ideas, particularly by Gibbs, as may be de-
duced from the foreword to the German translation of Gibbs’
studies byw. Ostwald [36]:

“Anmerkungen und Erlauterungen hinzuzufiigen hat der
Verfasser nicht die Zeit und der Ubersetzer nicht den Mut
gehabt”

On the basis of a thought experiments, W. Thomson [33]
quantified theeffect of curvaturef the interface orvapour
pressure,while Gibbs [34] introduced arnergy barrier
equal to thework of bubble formationThe other Thomson,
J.J., derived an equation for theuid superheat arising from
the interface curvaturg3s,37].

More recent works in the area of bubble formation and
boiling heat transfer mostly deal with specific phenomena
such adluctuation of state parametepeceding bubble nu-
cleation, an issue, which can be traced back to the time of
van der Waalq38], and even ofBoskovic[32]. The heat
transfer to a growing bubble, adhering to a heater surface
occurs mainly in the region where all the phases involved
(liquid, vapour, solid wall) are interacting and the heat flux
may change its direction [39]. The detection of this phe-
nomenon makes the boiling process by no means simpler,
but contributes to understanding the boiling events occur-
ring around a growing bubble. The issue becomes much
more complicated if the heater surface is provided with a
micro-structure that should enhance boiling kinetics, see,
e.g., Thome [5] and Webb [40].

3. Efficient bailing surfaces
3.1. Vapour trapping and ideal boiling surface

The above short overview of the literature shows that the
effect of wall on boiling temperature has been recognized

ing surface was one of the fundamental factors governing the
heat transfer:

“It may be postulated that there exist cavities in the
metallic surface and that in these cavities vapour is
trapped after an earlier bubble has broken loosely. The
trapped vapour then acts as the nucleus for the next bub-
ble from the same spot”

“A vapour-filled cavity may act as nucleus for bubble for-
mation as long as the superheat in the surface is high
enough to support the vapour phase inside the cavity
against the constrictive effect of surface tension in the
phase boundary.”

These findings by Corty and Foust in 1955 (PhD disserta-
tion of C. Corty 1951) concerning theapour restacting
as a nucleus for the next bubble are perfectly in agreement

with the ideas developed by Aitken [28] in 1878. Corty and

Foust applied an expression for the equilibrium temperature
of a concave interface to a bubble in a cavity. This seems to
be for the first time to specify theinimum wall superheat

in nucleate boiling required by thermodynamics for a sta-
ble vapour bubbleThis idea has been extended by Hsu and
Graham [6,43] tonon-isothermal systenad refined in the
mean time by many others. We will use the Hsu and Gra-
ham relationship in a slightly modified form further below
to estimate the cavity size of an efficient surface for nucleate
boiling. Prior to this, however, it seems appropriate to define
an ideal surface regarding the boiling heat transfer:

A heat transfer surface in nucleate boiling is considered
to be ideal if the variation of the heat flux does not result
in any change of the driving temperature difference.

Fig. 1 illustrates typical shapes of boiling curves. As
schematically shown in Fig. 1(c) and (d), the heat fiux
is independent of the wall superheaf". This heat flux in-
dependency requires a change of the thermal resistace
nucleate boiling according to the expression

q - R= AT =const 1)

almost three centuries ago. First systematic investigationswhich means that any increase in the heat flux results in a de-
of the wall effect on nucleate boiling heat transfer were crease in the thermal resistance thus keeping the heat transfer
seemingly performed by Jakob and Fritz [41]. Corty and potential unchanged. This relationship follows the general

Foust [42] reported heat transfer data obtained with differ- Theorem of ModeratiofLe Chatalier Principle, as a partic-
ent liquids boiling on surfaces of various polish. Depending ylar case):
on the pair liquid—surface, Corty and Foust [42] observed the

heat transfer coefficient to be almost independent of the wall

4 “The author had no time and the translator no courage to provide com-
ments and explanations”. W. Ostwald was one of the leading scientists in
physical chemistry of his time.

Any system in a steady state undergoes, as a result of
a variation in one of the factors governing this state, a
compensating change in a direction such that, had this
change occurred alone it would have produced a varia-
tion of the factors acting in the opposite direction.
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a) c) the three-phase-line (TPL, liquid, solid, wall). For the idea
to be realistic, the bubble frequency and/or the activation
// l T of further bubble cavities must take place without any ad-
ditional increase in the wall temperature. One possibility to
accomplish this is to adopt the ideas of Aitken [28] and Corty
and Foust [42] and tepostulatea permanent existence of
the vapour-liquid interface on the heating surface. Another
— Alp = ATg one could be based on an appropriate surface structure inter-
TEMPERATURE DIFF. AT actirlg With the bubble—in_duced quu_id flow in a way Whigh
assists in bubble generation. We will return to this question
further below.

HEAT FLUX q
HEAT FLUX q

TEMPERATURE DIFF. AT

b) d) IDEAL
NO HYSTERESIS 3.2. Criterion of bubble growth
ATg =0
// T From the above, we may draw the conclusion that a sur-
face efficient in nucleate boiling should be able to generate
vapour bubbles at (nearly) zero waiting time. This implies a
vapour rest to remain in the surface cavity at the bubble de-
— ATg ® ATeq tachment. The existence conditions of this vapour rest would
then formulate a criterion for bubble growth. This criterion
must not be confused with the condition of boiling inception.
Fig. 1. Some shapes of boiling characteristics: (a) Partial activation of bub- ~ Like Corty and Foust [42] also Griffith and Wallis [45]

ble sites after boiling inception; (b) Simultaneous activation of bubble sites proposed a relationship between the cavity size and the wall
after boiling inception; (c) Simultaneous activation of bubble sites followed superheat:

by independency of wall superheat on heat flux; (d) Ideal boiling surface at
zero inception superheat. o Tso

rcrR=2—— 2 2
R= S Aoy (Tw — Too) @

What could be the nature of these factors in case of nucleateHere - denotes the radius of the cavity mouththe sur-
boiling in accordance with Eq. (1)? face tensionAh the evaporation enthalpy; the tempera-

To answer this question requires an analysis of the mech-tyre, andp the mass density. The indic&s W andoco refer
anisms of b0|I|ng heat transfer. These mechanisms have beerﬂo vapour, wall and to ||qu|d ata |arge distance from the wall,

discussed in several publications dealing with the boiling on respectively.

common, technical surfaces, and a recent paper by Yu and  The temperature differendgy — T, in Eq. (2) represents
Cheng [44] should be mentioned in this context, instead of the minimum wall superheat required by the thermodynamic
giving a literature review. According to the well-accepted equilibrium conditions for a concave interface of the radius
figure of nucleate boiling, the bubble density increases with 5. Being derived by J.J. Thomson in 1886 for the first time,
rising heat flux. Consequently, tistirring effectof growing it would be safe to name this equati®homson’gJ.J) nu-

and detaching bubbles should principally be included when cleation criterion

discussing Eq. (1). However, considering that an improve-  As noted above, the conditions of bubble existence in a
ment of the stirring effect requires a corresponding increase system with temperature gradient was apparently first for-
in bubble frequency and/or bubble density, the stirring ef- mulated by Hsu and Graham [6,43]. Their analysis starts

fect does not represent a direct event in the chain of bubblefrom the (J.J. Thomson) equation for a bubble in a liquid
events and the reduction of the thermal resistance with in- of homogeneous temperature,

creasing heat flux according to Eq. (1) seems less probable T

by this effect. The same holds for other transfer mechanisms7y = 7, + p (3)

like Marangoni convectiomr displacement of hot liquity Ahpyrs

growing bubbles. They all depend on the wall superheat sowhich is identical to Eq. (2); the indei refers to the bubble.

that an increase in the heat flux necessitates a rise of the wall  The fate of a bubble in a liquid of an inhomogeneous tem-

temperature [44]. perature will depend both on its size and place with regard
A direct heat transfer event in nucleate boiling would be to the temperature distribution near the wall. As illustrated

evaporation at an existing vapour—liquid interface which in- in Fig. 2 for a liquid of a linear temperature distribution, all

teracts with the heating surface, if the molecules leaving bubbles of the temperatu® and the radiugg are thermo-

the liquid phase receive the necessary energy jump (activa-dynamically stable in the laye¥ adhering to the wall. By

tion energy) immediately from the heating wall. This idea contrast, bubbles above the lifig (outsides) were instable

implies that the wall heat flux is completely consumed by and would condense [46]. Analogously, another bubble tem-

vapour generation directly on the wall surface, as it occurs on peraturel’s would require a corresponding bubble radius.

HEAT FLUX g
HEAT FLUX g
-

TEMPERATURE DIFF. AT TEMPERATURE DIFF. AT
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LiQuID

lcrR2
BUBBLE

Fig. 3. lllustration of bubble growth criterion.

If the line Ty, in Fig. 2 intersects the bubble interface, an

evaporation—condensation process may be expected to oc-

cur, and the conditions of bubble growth would demand

dmv

o “4)

Z—/pL(uLl —u;)dA >0
A

wheremy is the mass of the vapour,, the radial velocity
of the liquid at the interface moving at the velocity, andA
the interfacial surface area. This equation requires the evap-.
oration to balance or overcome the condensation; the liquid
temperaturd;, at the distancé + rz must at least be equal
to the bubble temperatuf®;, as stated by the nucleation cri-
terion (3).

For a semi-spherical bubble attached to the mouth of a
cavity of the radius¢ = rg, the temperatur&p in EqQ. (3)
can be plotted as a function of the wall distance- rp,
Fig. 3 [47]. A linear temperature distribution in the liquid
near the wall,

a7, q

= (5)
dy )\.L

and the requirement of tangencyyat rcr give

d7p _ Tp — Twer _ 6] _a(Twer — Teo)

e TWR__ 1 —_ = (6)
dy rCR AL

oT, arcr
Twer—Too =2—— a ( ) (7
Ahpyrcr

were A;, denotes the liquid thermal conductivity,the heat
transfer coefficient, and the index CR refers to the critical
bubble (cavity) radius. The structure of this equation is iden-
tical to the one reported by Howell and Siegel [48].
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— EQUILIBRIUM, Ty
Ty
SUPERHEAT g,
T Twy ~ Twer =
Il
o
cR2 | 2
rcr =M /2e) |
CRITICAL RADIUS rep
Fig. 4. Effect of wall temperature on critical bubble radius.
Because ofiycr — Too > 0, EQ. (7) requires
A
a < Omax— 2L (8)
'CR

and the critical radiuscr according to Eg. (7) lies in the
range O< rcr < Ap/«, Fig. 4. At the minimum of the curve,

1 )\L
= 9
=5 )
we have
0Ty 0T
T in—Too =8 = 10
WCR,min 0 Ahpv?»L Ah,OVT’CR ( )

For a wall temperatur@&y > Twcr, the spectrum of bubble
radii able to grow falls betweercr; and rcrz. The exis-
tence of the two critical radii at the same wall temperature
is associated with the thermodynamic equilibrium condition
(regionr < rcr1) and by condition of heat transfer (region
r < rcro) that can cause large bubbles to condense.

3.3. Creation of an efficient surface

For a givenrcr within the range-cri < rcr < rcra, the
temperature difference

1

O[FCR

0T

-2

Tw — Twer=Tw — Too (11)

Ahpyrcr1l—
represents the wall superheat above the thermodynamic min-
imum (equilibrium), and by this temperature difference the
system (wall, liquid and bubble) is shifted from its equi-
librium state. Taking the temperature as a system coordi-
nate, the temperature differen€g — Tiyvcr defines a force
driving the system towards the thermal equilibrium.

The driving force is different for different bubble cavities.
As follows from Fig. 4, it is zero forcr = rcr1 andrcr =
rcrz, but maximum forcgr given in Eq. (9),

0T

4 T®
Ahpyrcr

Tw — TWCR,min =Tw — Teo (12)
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As is obvious from Fig. 4 and Eq. (11), any increase in the surface. Because of vapour rest remaining in the cavity
wall superheat above the thermodynamic minimum could re- on bubble detachment, the energy barrier of bubble nucle-
sult in an activation of surface cavities in the range; < ation would be reduced considerably and the temperature
r < rcre. Because the size of the cavities is a fractal quantity, of the wall surface would approximately remain constant.
any increase in the wall temperature would, at least theo- This would change the boiling characteristic substantially
retically, correspond to activation of certaiaction of the because the increase in the wall temperature with rising heat
cavity size and by this process also the heat flux could be flux in nucleate boiling on common surface is associated
fractioned. As discussed by Yu and Cheng [44], a relation- with the nucleation barrier of cavities having different both
ship between the wall superheat (or heat flux) and the fractalsize and shape. In this context the reader may be referred to
dimension of cavities would result. Such a behaviour, how- the studies dealing with surface roughness, e.g., [48-53] and
ever, would not be in accordance with the definition of the the review paper by Fujita [54].

ideal boiling surface stated above, Eq. (1), because any ac-

tivation of new cavities (other fractal level) would require

surmounting the energy barrier as a measure of the thermal. Experimental evidence

resistance.

The expression given in Eq. (11) shows us a way howto ~ Corty and Foust [42] observed boiling characteristics
create an efficient boiling surface. Namely, in order to keep With n-pentane and diethyl ether on polished copper surfaces
the temperature difference constattite cavity radiusrcr with wall superheat largely independent of the heat flux,
must be fixed, that is, all the cavities must have the sameascribing the micro roughness of the heater surface a funda-
radii. In this way we would exclude the existence of cavities mental role. Similar behaviour have been reported by You et
of other sizes thus generatenmno-cavity-pattermAs acon-  al. [55] on particle-layered surface, see also Bar-Cohen [56].
sequence, the thermodynamic wall superheat correspondingViore than two decades ago, the present author conducted
to this cavity pattern would be the same for the whole sur- boiling experiments with the Refrigerant R11 (§CHz) on
face. a flat heater surface provided with artificial nucleation sites,

In the case of a mono-cavity-pattern all the cavities are Fig. 5. The surface cavities (diameter 180 um, depth 120 pm,
expected to become activated simultaneously at the same sudensity 460 cm?, approximately) were arranged hexago-
perheat. An increase in the wall temperature beyond the onenally.> They were generated by photo-etching technique,
required by the thermodynamic equilibrium would result in first used by Messina and Park [57]. The experimental find-
faster vapour production on the heating surface, and not inings have been presented at a meeting in 1988 [58], but not
activation of further bubble sites. As the vapour production Published yet. As the results seem to be still interesting,
main|y occurs at the TPL, the wall Superheat would remain Flg 6 shows the b0|||ng characteristics obtained with R11
unchanged whereas the heat flux (evaporation rate) wouldat nearly atmospheric pressures. In the region of developed
rise. In other wordsa rise in the heat flux would be possible boiling, the experimental uncertainty of the heat flux was es-
without increasing the wall temperature timated to be less than 2% and of the temperature difference

This notion requires two further conditions to be fulfilled: below 1.5%.
The constancy of the wall superheat is observed only

(a) Bubble formation at (nearly) zero waiting time, which at relatively high heat flux. In the case of increasing heat
means a viable vapour rest in the cavity after the bub- flux, the surface cavities were activated at nearly the same
ble detachment. A vapour rest able to grow immediately heat flux. The bubble detached almost simultaneously on the
after the bubble break-off could be realised in an appro- Whole surface, resulting in a piston-like boiling oscillation.
priately formed structure. This boiling behaviour was observed only in the horizontal

(b) The mutual distance of the cavities must also be pre- POSition of the heating surface.
scribed in a certain manner for the surface to be efficient. ~ Recently, Wei and Honda [59] published very interesting
For this reason, the pattern of the cavities must be cho- résults on boiling FC-72 using chip surfaces provided with
sen so that (ideally) no heat is transferred from the heat- different micro-pin fins. The boiling characteristics were ob-
ing surface to the liquid, but at the same time any single Served to depend on the liquid subcooling and fin geometry.

bubble growth. range of the wall heat flux. At the same time, the hysteresis

at boiling inception was practically zero.
The mutual distance of the cavities could be estimated from )
their thermal interaction through the wall. Distributed on the A NOVvel microstructure. As a further example, a paper by
heating surface in a way that the surface area thermally oc-Mitrovic and Hartmann [60] dealing with nucleate pool boil-
cupied by one cavity just touches the ones of the neighbour-Ng ©f the Refrigerant R141b should be mentioned. They
ing cavities, would largely prevent the heat transfer from
the wall to the liquid and the heat would be consumed al- 5 t should be noted that the walls of the cavities were not smooth but
most completely by vapour generation directly on the wall covered with a fine structure that largely governed the wall superheat.
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The height of the pin-shaped elements, having diameters
Fig. 5. Phot(_)graph showing the pattern of cavities on the heating plate ”Se‘jbetween 1 pm and 25 pm, can be realized in the range from
in the experiments with R11. . . . .
10 pm to 100 pm, while the pin density can be varied from
1x 10* cm2to 1 x 10’ cm~2. The structure can be created

used a horizontal tube provided with a novel microstructure. on cylindrical specimens like tubes in almost all electro-
Fig. 7 shows an example of the surface structures. Prior tochemically depositable materials. For the purposes of the
presenting some experimental result obtained with R141b, present investigations, both specimen (tube) and the struc-
the main steps of generating the structure are given next.  ture are made of copper because of its high thermal conduc-

The microstructure shown in Fig. 7 is generated by tivity and the advantages regarding the electro-deposition
electro-deposition in a galvanic process. The basic steps arerocess.
illustrated in Fig. 8. A thin polycarbonate foil (thickness Fig. 9 shows the boiling characteristic of the novel mi-
below 100 um) is irradiated by heavy ions. This treatment crostructure on a single horizontal tube (OD 18 mm, heated
creates ion-tracks in the foil which can be widened to micro- length 180 mm) with pool boiling. The heat flyxs taken to
pores in an etching process. The density and the diameter obe independent of the circumferential position, but the wall
the pores can be altered by variation of ion density in the ion temperature was obtained in the vertical and the horizon-
ray and the etching duration, respectively. tal planes of symmetry. The experimental uncertainty of the

The treated foil is then affixed to the specimen and the en- heat flux and the wall superheaAtl’ was less than 2% and
semble subjected to a electrolytic process, in which the pores1.5%, respectively.
become filled by material deposition. In a further etching  The different boiling characteristics observed at different
process, the foil is completely removed leaving behind pins circumferential positions of the tube are considered to be
metallically connected to the surface of the specimen. The caused by free convection that affects the heat transfer par-
height of the pins can be varied by the duration of the electro- ticularly at the bottom of the tube. At the tube top, the wall
deposition, but is limited by the foil thickness. Appropriate superheat is practically independent of the heat flux, as re-
managing of the galvanic deposition may result in different quired by Eq. (1). The slight reduction 87 with rising ¢
shapes of the top of the elements. The whole process permitss not fully understood yet, but it could basically be caused
an almost continuous variation of the structure dimensions. by pins protruding the bubble surface.
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Fig. 7. Examples of surface structures consisting of micro pins.

ION TRACE FOIL PORE
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©)
GROWING
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STRUCTURE ELEMENTS
f)

STRUCTURED SURFACE

Fig. 8. Generation steps of a novel microstructure: (a) lon-perforated poly-
carbonate foil; (b) Foil affixed to specimen; (c) Electro-deposition process;
(d) Structure elements with torospherical tops; (e) Structure after etching
process; (f) Structure after etching process with torospherical tops.

Isothermality of the boiling surface.An explanation of the
surface isothermality given in the following is based on a
simple idea. As illustrated in Fig. 10, a growing vapour
bubble interacts with several pins at a low system pressure,
Fig. 10(a). The liquid layer underneath the bubble becomes
thinner as the heat flux increases, Fig. 10(b). At a very
high (near-critical) pressure, a growing bubble if sufficiently
small interacts with only a few pins, Fig. 10(c). Depending
on system pressure, that is, on the bubble size it may be ex-
pected that different number of pins pierce the interface if

Fig. 9(b) compares the novel structure with a plane tube, a liquid wedge is assumed sandwiched between the bubble
both investigated at the same apparatus. As is obvious fromand the wall, thus creating a TPL at any single pin with a
this Figure, the wall superheat increases with increasing heatstrong evaporation, Fig. 11(a). In case of a motionless in-
flux for the plane tube. On the contrary, the wall superheat terface for a time period, the liquid evaporated at the TPL
of the structured surface remains practically constant in the is replenished by a cross flow originating from the capillary

region offully developeducleate boiling.

action of the pins and by gravity, Fig. 11(b).
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Fig. 10. Sketch of a vapour bubble growing on a surface with micro-pins:

Fig. 9. Preliminary results of pool boiling of R141b on a tube surface pro- (a) Low pressure and/or low heat flux: (b) High heat flux: (c) High pressure.

vided with micro pins (a) and comparison with plain tube (b).

By this model, processes taking place at the TLP are es-with G = Q/A as the wall heat flux.
sential for boiling kinetics. The TPL is the place of strong  The lengthLtp_ of the TPL depends on the surface struc-
vapour production acting simultaneously as a heat sink. In ature, the number of growing bubbles, the size of each single

first approximation, the relationship bubble, and the angle the surface of the liquid wedge cuts
[ (13) the pins, Fig. 11(a). The quantifyrp, of each single bubble
TPL~ O is expected to change with time. Since its calculation for the

is expected to hold, wheretp. denotes the length of the  whole surface is impossible, we will consider a representa-
TPL and Q the heat flow rate under common steady-state tive vapour bubble.

conditions; the bar refers to the averaged value. Taking the bubble at the timeas semi-spherical of a ra-
The ratioLtpL/A, whereA is the area of the heating sur-  dius r = r(r) without a dry-spot, Fig. 10(a), we obtain the

face, represents the surface densityof the TPL, length Ltp

i =T a4y Lee=momed-A=xtondert=f0 16)

wheren is the number density and the diameter of the
pins; A is the bubble surface area projected onto the heating
g~nr (15) surface A = A(t) = - r2(t).
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Fig. 11. lllustration of the effects of micro-pins on heat transfer: (a) Piercing
the interface by pins results in a large TPL; (b) Cavity formed by neighbour-
ing pins.

Furthermore, assuming the bubble growth to be governed
by heat diffusion, we may expect a relationghip
_ 12 42 = 1
r(t) = C(kt) (17)
whereC is the growth constant andthe thermal diffusivity, Fig. 13. Increase in bubble density at the same wall superheat.
thus
LtpL=(Cm)%c -n-d-t (18) To obtain an estimate of the quantiy we may set:

n=10° cm 2, d =20 x 10 m. Then,n, =27 =
6.28 mcm 2, which is surprisingly large; even fai =
1x 10°®m, we getn; = (r/10) = 0.314 mcm 2.

Eqg. (21) leads to the conclusion that the driving temper-
ature differenceAT for any single bubble linearly depends
on the thermal resistanag,

which gives a constant growth rate of the TLR,@_/df =
(Cm)%k -n-d, Fig. 12. The quantity_tp| min COrresponds
to the vapour rest remaining in the structure after the bubble
break-off.

This interesting result shows by the relation (13) that the
heat flowQ increases during the bubble growth at the same
rate as the length of the TPL, AT =g R (22)

O~ LtpL=(Cm)% -n-d-t (19) However, the growth of the TPL associated with bubble
growth seems to act against the change in the thermal re-
sistanceR thus giving a constant wall superhe&f’. This
interesting interplay does, however, not suffice to answer the
guestion asked in connection with Eq. (1) regarding the com-
np =mnnd (20) pensation of the wall heat flux rise. With increasing heat flux
(1) both the frequency and the density of the bubbles increases.
By Eg. (21), the heat flux is constant during a bubble cycle.
showing that the both quantities remain constant during the The constancy of the wall superheat at various heat fluxes is
bubble growth time. decisively governed by the corresponding change in the bub-
ble density, Fig. 13. As the activation of further bubbles in

6 This equation is usually derived by assuming the evaporation on the the structure is equally probable at any place of the surface,
whole bubble surface. As can be shown, it is also valid for any part of the N€W bubbles become generated at the same surface super-
surface, thus also for the interline region. heat.

Relating the lengthl.tp_ to the projected bubble surface
area,A = A(r) = 7 - r?(r), we get the surface density;
of the TPL and the heat flux for a single bubble,

q ~nnd
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Despite its simplicity, this analysis provides an explana-
tion of the independency of the wall superheat on the heat BASIC STRUCTURE
flux. Within the Theorem of Moderation, trgrowth of the ELEMENT
TPL, associated with bubble density and bubble growth re-
duces the thermal resistance thus leading to a constant wall
superheat.

The pins do not only act as generators of the TLP. They
also tend to prevent (by capillary action) the formation of
a dry spot beneath the bubble thereby improving the heat
transfer. When a bubble detaches from the heater surface it is
expected that the necking and break-off of the bubble occurs
in the outer part of the capillary structure. The vapour rest
remaining in acapillary formed by neighbouring piracts
as nucleus for the next bubble which drastically reduces both
the waiting time and the energy barrier of bubble formation
in comparison to a plane surface, Fig. 11(b).

Regarding the optimum distance of active bubble sites,
the pin structure possesses sosadf-regulating potential
In contrast to artificial cavities that are fixed on the heat-
ing surface, the pin structure allows bubble formation at GROUND SURFACE

ar?y place OT the surface haY'”g a sufficient superheat. FromFig. 14. Mono-element pattern of a surface structure; A represent a cavity
this model it becomes obvious that the shape and numbertormed by neighbouring surface elements.

density of the pins will strongly affect the heat transfer.

It is generally expected that, for pure liquids under opti-
mal conditions, the number density of the pins must be
increased with the pressure. This quantity could basically

be connected with the bubble equilibrium [60], but its re-

Ea. (1) Fig. 15. The von Koch fractal curve as border of the cross-sectional area of
This idea is basically not new. In 1963 J.W. Westwa- a structure element.
ter [61] wrote in a very remarkable contribution entitled

liable determination would require precise experiments. In
Things We Don’t Know About Boiling Heat Transfer

this way, we could tailor boiling structures in dependence
of the system parameters that largely behaves according to

should not be smooth but composed of small pieces result-
ing in a zig—zag fashion of the envelope. In other words,
this line should be dractal like the coast line of an is-
land [62]. Suitable for this purpose could be, for instance,
the well-known von Koch curve giving islands of various

“...in principle, it is possible to ppduce a tailor-made
surface which will have a predetermined distribution of
pore sizes and thus a predetermined boiling curve

Our guiding idea, however, contradicts somewhat to the .
Westwater statement regarding the distribution of pore sizes.S"aPes, Fig. 15. , _ _
We try to tailor a heating surface not with a distribution of ~_1h€ von Koch curve is one of the classical fractal objects.
pore sizes, but with sono-pin structure pattern formed by It is c_:on;tructed from a Ilne.of length c. The cgntral 'Fh|rd of
identical elementsThese elements communicate with each this line is replaced by two lines of the lengtf8 in a trian-
other through the liquid, which is not necessarily the case gle form. This process is continued by replacing the central
with cavities formed in the heating wall. In other words, third of any line segment at each fractal step by two lines of
an efficient surface shoutibt be provided with cavities but ~ the lengthc/3. The protrusion of the replacement is always
with protrusions of the same shape homogeneously distrib-0n the same side of the curve. At each step the total length
uted over the surface of the curve is increased tending to infinity as the number of

The elements of the micro-structure can possess anysteps goes to infinity, but the surface aré@nveloped by
shape. Fig. 14 illustrates an arbitrary shape of the ele-the curve is finiteA = (2/5)c¢2+/3, if the basic line forms a
ments arranged on the heating surface in a staggered pattriangle, Fig. 15.
tern. The cross-section of each element should be the The circumference of the structure element designed as
same, but there is not a specific requirement regarding itsthe von Koch curve would provide a long TLP and, in ad-
shape. However, as we are interested in a possibly longdition, give rise to capillary action also along each element
TLP, the border line of the cross-section of the element thus assisting in boiling kinetics.
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