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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
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 tem
gradient, a criterion is obtained for the creation of such structures. The efficiency of a heater surface covered with a structure is c
ideal if the driving temperature difference does not change with the heat flux. Experiments show that constancy of the wall supe
be realized on surfaces provided with an appropriate micro-structure. The required properties of the structure are: It must be gene
identical elements which are arranged in a mono-pattern on the heating surface, the structure elements (protrusions) must trap v
bubble detachment and generate a possibly long three-phase-line (TPL) formed by intersection of the vapour–liquid interface with t
surface.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Nucleate boiling of liquids has been the subject ma
of a number of studies, which cover questions ranging fr
formation of stable bubble nuclei in metastable liquids,
bubble growth and departure to boiling heat transfer un
various conditions. The state of the art can be obtained f
several review articles and monographs, e.g., by Westw
[1], Nesis [2], Carey [3] and Collier and Thome [4], to nam
only a few. The capillarity theory is mostly used to descr
the bubble equilibrium in a superheated liquid. This the
requires a liquid–vapour interface of macroscopic prop
ties to exist and is, therefore, not applicable to the v
start of bubble formation. The processes preceding for
tion of a stable vapour bubble are still poorly understo
consequently, there is not a theory that could describe t
processes successfully. The existence of the heating su
makes the system heterogeneous and the boiling ph
much more complicated in comparison to homogeneous
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tems. Particularly the effect of surface structure of nano-
micro-sizes on formation of premature bubble embryos
bubble growth are still to be explored.

Despite these facts considerable effort has been un
taken in the last decades to develop efficient boiling surfa
The guiding idea is to provide the surface with a struct
that increases the heat flux in comparison to technical
faces at the same surface superheat. The achieveme
this direction are considerable, as may be taken, e.g.,
Thome [5]. The boiling characteristics of such surfaces
qualitatively similar to the ones of technical surfaces sh
ing a dependency of the heat flux on the surface super
This behaviour allows the conclusion that the potential
vapour generation on structured surface is still available

In the present paper a relationship originally develo
by Hsu and Graham [6] is used to deduce some direc
on how to create an efficient heat transfer surface for
cleate pool boiling. This equation specifies the condition
bubble grow under the conditions of a temperature gr
ent and leads to a relationship for the surface structure
of bubble cavity) in dependence of process parameters
will be shown, a surface having an appropriate monost
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Nomenclature

A interface area
C constant
d pin diameter
�h enthalpy of phase change
L length
m mass
n pin number density
nL surface density of TPL
q heat flux
Q̇ heat flow rate
R thermal resistance
r radius
T temperature
�T temperature difference
t time
u velocity
y coordinate, wall distance
α heat transfer coefficient

δ distance to wall
λ thermal conductivity
ρ density
κ thermal diffusivity
σ surface tension
TPL three-phase-line (solid, liquid, vapour)

Subscripts and superscripts

B bubble
C cavity
CR critical
L liquid, length TPL
I interface
V vapour
W wall
∞ far from wall
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ture results in a boiling characteristic that is different fro
the ones of technical surfaces. Namely, in a certain rang
the process parameters, the heat flux is largely indepen
of the wall superheat.

The paper begins with a short historical overview mai
focussing on the evolution of the ideas and growth of
knowledge at the beginning of the research in the are
bubble formation.

2. Early studies on bubble generation

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

“The well-known incident of the failure of the pum
to suck water from a deep well occurred when Gali
Galilei (1564–1642) retired to his villa at Alcetri and h
life was drawing to a close. All the ingenuity of the Gra
Duke’s artisans failed to make the water rise more th
about 30ft in the suction pipe.1 When asked for his ad
vice, Galileo replied that it would be well to find out wh
the water rose at all, and to the suggestion that Nat
abhorred a vacuum, he answered that it was appare
only a vacuum less than about 30ft that Nature was
averse to.”

The above remark by Galilei probably stands at the v
beginning of experiments withliquids under tension. Obvi-

1 Grand Duke of Tuscany, Ferdinand the IInd.
t

ously, he had in mind the difference of the pressures
ing on the free water surface (in the well) and in the s
tion pipe expressing his wondering about the water s
taing such a tension. This remarkable thought occurre
a time where the atmospheric pressure was still to be
covered.2

Some twenty years later,Christiaan Huygens(1629–
1695) [8] made public the discovery oftensile strength o
water. He observed that water can resist a consider
tension when filled in a tube that is arranged vertica
and open at its lower end. In 1669 he also demonstr
before the Royal Society of London columns of air-fr
water to not subside in the tube. The studies byRobert
Hook (1635–1703), who originated the idea of mecha
cal strength of materials,Denis Papin(1647–1712), who
invented the digester (pressure cooler), and of many
ers, were guided by the desire to mainly understand
Torricelli empty [9]. Since then, the vapour nucleation
liquids has attracted the attention of physicists and e
neers both as a natural phenomenon and from a prac
point of view. In this context it is also interesting that a
readyAristotele[10] was aware of transition of phases a
thatsee-water can be rendered potable by distillation. As it
seems,experimentson boiling andcondensationwere first
performed not with pure liquids but withmixtures, while
making liquors [11].

2 Evangelista Torricelli is supposed to have been present to this m
rable occasion, and thus, being drawn to consider the question, he con
the happy idea of making a vacuum in a tube by means of a liquid he
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
mation in liquids has been debated extensively in the p
but a satisfactory answer to the question does not see
exist in the literature. In modern publications in this a
of engineering science one usually takes a bubble as g
formed somehow. In the following, a brief historical dev
opment of the ideas is presented, aiming at keeping
supporting discussion on this important and interesting s
ject.

Edmé Mariotte(1620–1684), well know from the isothe
mal pressure—volume relationship of gases, supposed
water contains air, which escapes during boiling thus a
sisting in bubble formation. As boiling continues after t
air has completely escaped, he assumed the existencean-
other matter which appears only in connection with boilin.
In 1690,Edmund Halley(1656–1742) [12], the discoverer o
a comet which bears his name, held

“that warmth does separate the particles of Water a
emit them with a greater and greater Velocity as the h
(temperature) is more and more intense.”

At about the same time,Denis PapinandGottfried Wilhelm
Leibniz (1646–1716) argued that the effect of superhea
water, the fulmination, is caused by the water itself. As
now appears, the vapour pressure was meant by this
In addition, Leibniz ascribed theboiling soundto beating of
fluid particles against the heating wall.

Some 70 years later,Henry Cavendish(1731–1810) [13],
discriminated betweenevaporation(in presence of a gas
andboiling with bubble formation:

“Water as soon as it is heated ever so little above that
gree of heat which is acquired by the steam of water. . . ,
is immediately turned into steam, provided it is in cont
with steam or air; this degree I shall call the boiling hea
or boiling point. It is evidently different according to th
pressure acting on the water. If the water is not in cont
with steam or air, it will bear a much greater heat wit
out being changed into steam, namely that which De
calls the heat of ebullition.”

Cavendish also gave an explanation of the chief phenom
of boiling:

“When water is set on the fire and begins to boil, the la
ina of water in contact with the bottom of the pot is hea
till either small particles of air are detached from it, or ti
bubbles of steam are produced by ebullition. As these
ticles or bubbles ascend, the water in contact with them
at all hotter than the boiling point is immediately turne
into steam. . . . though the coat of water immediately
contact with the bubbles during their passage is not h
,

t

.

ter than the boiling point, yet the rest of the water has
time to communicate much of its heat to that coat be
the bubble is past. For this reason when the water b
with a vast number of small bubbles its heat ought in g
eral to exceed the boiling heat less than when it boils w
large bubbles succeeding one another slowly.”

Regarding the heat of ebullition (boiling inception),
Cavendish says:

“The excess of the heat (temperature) of the water ab
the boiling point is influenced by a great variety of c
cumstances. The quantity of air in the water has a v
great influence; for the more air it contains, the less he
will the water in contact with the bottom be capable
receiving, and the greater number of bubbles will be d
charged. It is this which seems to be the reason of the
ference between water beginning to boil and long boile

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

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

in order to exclude the wall effect on boiling temperature
Doubtlessly, the notions of Cavendish could fill lines

an actual publication.
De Luc (1727–1817) [15,16] stated that boiling is pr

duced bybubbles of the air which the heat disengages fr
the liquid.3 Deprived of air, water can boil only on the upp
or free surface, he concluded.

By a number of experimentsAchard(Franz Carl Achard
1753–1821) [19], much more known as the inventor of
Prussian Sugar and who was the first to built up a factory
making sugar from sugar-beet, arrived in 1785 at the c
clusion that theboiling point of water varies much more
metallic than in glass vessels. He also noticed that a drach
of iron-filings or some other insoluble solids added to w
ter lowers its boiling point, and that there were considerab
differences in the lowering degree, depending on whethe
solid is in powder or in lump.

In 1812 and 1817,Gay-Lussac(Joseph Louis, 1778
1850, well known from the isobaric temperature-volume
lationship of gases) [20,21], supposed the boiling poin
vary in different vessels according to the nature of their s
faces and the materials, the variation depending on both th
conducting power of the materialfor heat and on thepolish
of the surface. According toMarcet [22] the lower boiling

3 De Luc (Jean André De Luc, or John Andrew de Luc, frequently wri
DELUC) was a member of the above mentioned Cavendish’s committe
was for many years Reader to Queen Charlotte, and was engaged in
field of science of the late eighteenth century [17]. For an account o
Luc’s achievements see Emeis [18].
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temperature of water on metallic surfaces in compariso
glass surfaces is caused by a corresponding weakeradhesion
of water particles to the wall. Bubble generation is expec
when therepulsive action of heatovercomes thecohesion of
the liquid along with the atmospheric pressure. He also
ticed the dependence of thebubble departure diameterand
the bubble frequencyon thestrength of heat source(heat
flux).

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

First precise experiments on anegative pressure in liquid
were performed byBerthelot(1827–1907) [24] at constan
volume, showing that liquids can sustain a considerable
sion (water 50 bar, ether 150 bar, approximately). Howe
for the present purposes of much greater interest is the
baric liquid superheat.Dufour [25] seems to be the first wh
investigated the superheat ofwater droplets suspended in o
thus avoiding a direct contact between the test liquid and
solid wall. By this method, he was able to obtain water
perheats up to 70 K at atmospheric pressure. He terme
state of the superheated liquidmetastable. Dufour’s exper-
iments aimed at clarifying the cause of explosion of ste
boilers. At high superheats, he observed a vapour gen
tion in the whole liquid mass.Krebs[26] reported on similar
boiling behaviour, which he calledexplosive boiling. As it
appears, both authors reached in their experiments nea
homogeneous vapour nucleation.

Two further classical contributions to the understand
of bubble nucleation are worth mentioning.Tomlinson[27]
stressed that formation of bubble nuclei depends not
on thestate of the surface(clean, unclean) but also on i
porosity. He gave a very interesting definition of a liquid ne
or at its boiling point:

“A liquid at or near its boiling point is a supersaturate
solution of its own vapour, constituted exactly like so
water, champagne, and solution of some soluble gase

Tomlinson’s ideas have sharply been criticized byAitken
[28], remarking, we cannot imagine a porous body while
der the same conditions both to absorb vapour from the w
and give it out again in a constant, never-ceasing flow. Ait
continues to describe the boiling supposing a free surfac
exist. The free surface is formed by adsorption of gases
were dissolved in the liquid. He says:

“. . . bubbles have sprung from certain points where
water is not in contact with the vessel, but is separa
from it by a small quantity of gas or vapour; into this
gas or vapour the water vaporises till it grows to such
size that part of it breaks away and rises to the surfa
-

-

leaving part still attached to the vessel to form a ce
tre from which another bubble grows, to be thrown off
turn, and while the bubbles rise in rapid succession
root remains fixed.”

Aitken also discussed theeffect of roughnessand ofsurface
active substanceson bubble generation, but he assumed
nuclei for formation of vapour bubbles, which was not a n
idea.

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

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

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

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

The papers referred to so far are scarcely mentioned in
rent literature. The notions about bubble formation descr
in these old and vastly forgotten publications are interes
not only from a historical point of view.

2.2. Theoretical speculations

The conclusions above are mainly based on experime
observations. Besides, there are also theoretical mode
this area aiming at deeper insights into the boiling phen
ena. The model connecting the separation of liquid parti
by action of heat was originally proposed by Halley [12].
Query 31,Isaac Newton(1642–1727) [29] has drawn the a
tention to particles, released from and beyond the attrac
of a body, receding from it and from one another with gr
strength. The idea developed byAntoine Lavoisier(1743–
1794) [30] unifies the notions of Halley and Newton. H
assumed that the particles of all bodies are subjected to
attractive and repulsive forces. When removed beyond th
limits of attraction, a change of state (phase) might be
pected. This idea has already been developed byDesaquliers
(1683–1744) [31] andBoskovic(1711–1787, Roger Josp
Boscovich, or Rudjer Josip Bošković)) [32]. Desaquliers
postulated that in liquids there exists both arepulsiveand
anattractiveforce between the particles. The former wou
be augmented and suppress the attraction if the temper
is increased and elastic fluid formed. Boskovic [32] spe
in his Theoria (§462), appeared in 1763, ofevaporationand
ebullition. According to Boskovic,a slow evaporation will
take place when the repulsive force does not greatly ex
the attractive force. An ebullition is expected when the ma
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The theoretical contributions of fundamental importan
in this area byWilliam Thomson(Lord Kelvin, 1824–
1907) [33],J.W. Gibbs(1839–1903) [34], andJ.J. Thomson
(1856–1940) [35], resulting in analytical relationships,
mained unrecognized for decades. This might be due to
complexity of the ideas, particularly by Gibbs, as may be
duced from the foreword to the German translation of Gib
studies byW. Ostwald4 [36]:

“Anmerkungen und Erläuterungen hinzuzufügen hat
Verfasser nicht die Zeit und der Übersetzer nicht den M
gehabt.”

On the basis of a thought experiments, W. Thomson
quantified theeffect of curvatureof the interface onvapour
pressure,while Gibbs [34] introduced anenergy barrier
equal to thework of bubble formation. The other Thomson
J.J., derived an equation for theliquid superheat arising from
the interface curvature[35,37].

More recent works in the area of bubble formation a
boiling heat transfer mostly deal with specific phenom
such asfluctuation of state parameterspreceding bubble nu
cleation, an issue, which can be traced back to the tim
van der Waals[38], and even ofBoskovic[32]. The heat
transfer to a growing bubble, adhering to a heater surf
occurs mainly in the region where all the phases invol
(liquid, vapour, solid wall) are interacting and the heat fl
may change its direction [39]. The detection of this p
nomenon makes the boiling process by no means sim
but contributes to understanding the boiling events oc
ring around a growing bubble. The issue becomes m
more complicated if the heater surface is provided wit
micro-structure that should enhance boiling kinetics, s
e.g., Thome [5] and Webb [40].

3. Efficient boiling surfaces

3.1. Vapour trapping and ideal boiling surface

The above short overview of the literature shows that
effect of wall on boiling temperature has been recogni
almost three centuries ago. First systematic investigat
of the wall effect on nucleate boiling heat transfer w
seemingly performed by Jakob and Fritz [41]. Corty a
Foust [42] reported heat transfer data obtained with dif
ent liquids boiling on surfaces of various polish. Depend
on the pair liquid–surface, Corty and Foust [42] observed
heat transfer coefficient to be almost independent of the

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

,

superheat. As they noticed, the micro roughness of the
ing surface was one of the fundamental factors governing
heat transfer:

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

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

These findings by Corty and Foust in 1955 (PhD disse
tion of C. Corty 1951) concerning thevapour restacting
as a nucleus for the next bubble are perfectly in agreem
with the ideas developed by Aitken [28] in 1878. Corty a
Foust applied an expression for the equilibrium tempera
of a concave interface to a bubble in a cavity. This seem
be for the first time to specify theminimum wall superhea
in nucleate boiling required by thermodynamics for a s
ble vapour bubble. This idea has been extended by Hsu a
Graham [6,43] tonon-isothermal systemsand refined in the
mean time by many others. We will use the Hsu and G
ham relationship in a slightly modified form further belo
to estimate the cavity size of an efficient surface for nucle
boiling. Prior to this, however, it seems appropriate to de
an ideal surface regarding the boiling heat transfer:

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

Fig. 1 illustrates typical shapes of boiling curves.
schematically shown in Fig. 1(c) and (d), the heat fluxq

is independent of the wall superheat�T . This heat flux in-
dependency requires a change of the thermal resistanceR to
nucleate boiling according to the expression

q · R = �T = const (1)

which means that any increase in the heat flux results in a
crease in the thermal resistance thus keeping the heat tra
potential unchanged. This relationship follows the gen
Theorem of Moderation(Le Chatalier Principle, as a partic
ular case):

Any system in a steady state undergoes, as a resu
a variation in one of the factors governing this state
compensating change in a direction such that, had
change occurred alone it would have produced a va
tion of the factors acting in the opposite direction.
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Fig. 1. Some shapes of boiling characteristics: (a) Partial activation of
ble sites after boiling inception; (b) Simultaneous activation of bubble s
after boiling inception; (c) Simultaneous activation of bubble sites follow
by independency of wall superheat on heat flux; (d) Ideal boiling surfac
zero inception superheat.

What could be the nature of these factors in case of nuc
boiling in accordance with Eq. (1)?

To answer this question requires an analysis of the m
anisms of boiling heat transfer. These mechanisms have
discussed in several publications dealing with the boiling
common, technical surfaces, and a recent paper by Yu
Cheng [44] should be mentioned in this context, instea
giving a literature review. According to the well-accept
figure of nucleate boiling, the bubble density increases w
rising heat flux. Consequently, thestirring effectof growing
and detaching bubbles should principally be included w
discussing Eq. (1). However, considering that an impro
ment of the stirring effect requires a corresponding incre
in bubble frequency and/or bubble density, the stirring
fect does not represent a direct event in the chain of bu
events and the reduction of the thermal resistance with
creasing heat flux according to Eq. (1) seems less prob
by this effect. The same holds for other transfer mechan
like Marangoni convectionor displacement of hot liquidby
growing bubbles. They all depend on the wall superhea
that an increase in the heat flux necessitates a rise of the
temperature [44].

A direct heat transfer event in nucleate boiling would
evaporation at an existing vapour–liquid interface which
teracts with the heating surface, if the molecules leav
the liquid phase receive the necessary energy jump (ac
tion energy) immediately from the heating wall. This id
implies that the wall heat flux is completely consumed
vapour generation directly on the wall surface, as it occur
n

ll

-

the three-phase-line (TPL, liquid, solid, wall). For the id
to be realistic, the bubble frequency and/or the activa
of further bubble cavities must take place without any
ditional increase in the wall temperature. One possibility
accomplish this is to adopt the ideas of Aitken [28] and Co
and Foust [42] and topostulatea permanent existence
the vapour–liquid interface on the heating surface. Ano
one could be based on an appropriate surface structure
acting with the bubble–induced liquid flow in a way whi
assists in bubble generation. We will return to this ques
further below.

3.2. Criterion of bubble growth

From the above, we may draw the conclusion that a
face efficient in nucleate boiling should be able to gene
vapour bubbles at (nearly) zero waiting time. This implie
vapour rest to remain in the surface cavity at the bubble
tachment. The existence conditions of this vapour rest w
then formulate a criterion for bubble growth. This criteri
must not be confused with the condition of boiling incepti

Like Corty and Foust [42] also Griffith and Wallis [45
proposed a relationship between the cavity size and the
superheat:

rCR = 2
σT∞

�hρV (TW − T∞)
(2)

HererCR denotes the radius of the cavity mouth,σ the sur-
face tension,�h the evaporation enthalpy,T the tempera-
ture, andρ the mass density. The indicesV , W and∞ refer
to vapour, wall and to liquid at a large distance from the w
respectively.

The temperature differenceTW −T∞ in Eq. (2) represent
the minimum wall superheat required by the thermodyna
equilibrium conditions for a concave interface of the rad
rCR. Being derived by J.J. Thomson in 1886 for the first tim
it would be safe to name this equationThomson’s(J.J.) nu-
cleation criterion.

As noted above, the conditions of bubble existence
system with temperature gradient was apparently first
mulated by Hsu and Graham [6,43]. Their analysis st
from the (J.J. Thomson) equation for a bubble in a liq
of homogeneous temperature,

TB = T∞ + 2
σT∞

�hρV rB
(3)

which is identical to Eq. (2); the indexB refers to the bubble
The fate of a bubble in a liquid of an inhomogeneous te

perature will depend both on its size and place with reg
to the temperature distribution near the wall. As illustra
in Fig. 2 for a liquid of a linear temperature distribution,
bubbles of the temperatureTB and the radiusrB are thermo-
dynamically stable in the layerδ adhering to the wall. By
contrast, bubbles above the lineTL (outsideδ) were instable
and would condense [46]. Analogously, another bubble t
peratureTB would require a corresponding bubble radius
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Fig. 2. Illustration of bubble survival conditions.

Fig. 3. Illustration of bubble growth criterion.

If the line TL in Fig. 2 intersects the bubble interface,
evaporation–condensation process may be expected t
cur, and the conditions of bubble growth would demand

dmV

dt
= −

∫
A

ρL(uLI − uI )dA � 0 (4)

wheremV is the mass of the vapour,uLI the radial velocity
of the liquid at the interface moving at the velocityuI , andA

the interfacial surface area. This equation requires the e
oration to balance or overcome the condensation; the li
temperatureTL at the distanceδ + rB must at least be equa
to the bubble temperatureTB , as stated by the nucleation c
terion (3).

For a semi-spherical bubble attached to the mouth
cavity of the radiusrC = rB , the temperatureTB in Eq. (3)
can be plotted as a function of the wall distancey = rB ,
Fig. 3 [47]. A linear temperature distribution in the liqu
near the wall,

dTL

dy
= − q

λL

(5)

and the requirement of tangency aty = rCR give

dTL

dy
= TB − TWCR

rCR
= − q

λL

= −α(TWCR − T∞)

λL

(6)

TWCR − T∞ = 2
σT∞

�hρV rCR

/(
1− αrCR

λL

)
(7)

wereλL denotes the liquid thermal conductivity,α the heat
transfer coefficient, and the index CR refers to the crit
bubble (cavity) radius. The structure of this equation is id
tical to the one reported by Howell and Siegel [48].
-

-

Fig. 4. Effect of wall temperature on critical bubble radius.

Because ofTWCR − T∞ > 0, Eq. (7) requires

α < αmax= λL

rCR
(8)

and the critical radiusrCR according to Eq. (7) lies in th
range 0< rCR < λL/α, Fig. 4. At the minimum of the curve

rCR = 1

2

λL

α
(9)

we have

TWCR,min − T∞ = 8
σT∞α

�hρV λL

= 4
σT∞

�hρV rCR
(10)

For a wall temperatureTW > TWCR, the spectrum of bubbl
radii able to grow falls betweenrCR1 and rCR2. The exis-
tence of the two critical radii at the same wall temperat
is associated with the thermodynamic equilibrium condit
(regionr < rCR1) and by condition of heat transfer (regio
r < rCR2) that can cause large bubbles to condense.

3.3. Creation of an efficient surface

For a givenrCR within the rangerCR1 < rCR < rCR2, the
temperature difference

TW − TWCR = TW − T∞ − 2
σT∞

�hρV rCR

1

1− αrCR
λL

(11)

represents the wall superheat above the thermodynamic
imum (equilibrium), and by this temperature difference
system (wall, liquid and bubble) is shifted from its eq
librium state. Taking the temperature as a system coo
nate, the temperature differenceTW − TWCR defines a force
driving the system towards the thermal equilibrium.

The driving force is different for different bubble cavitie
As follows from Fig. 4, it is zero forrCR = rCR1 andrCR =
rCR2, but maximum forrCR given in Eq. (9),

TW − TWCR,min = TW − T∞ − 4
σT∞ (12)
�hρV rCR
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As is obvious from Fig. 4 and Eq. (11), any increase in
wall superheat above the thermodynamic minimum could
sult in an activation of surface cavities in the rangerCR1 <

r < rCR2. Because the size of the cavities is a fractal quan
any increase in the wall temperature would, at least th
retically, correspond to activation of certainfraction of the
cavity size, and by this process also the heat flux could
fractioned. As discussed by Yu and Cheng [44], a relat
ship between the wall superheat (or heat flux) and the fra
dimension of cavities would result. Such a behaviour, h
ever, would not be in accordance with the definition of
ideal boiling surface stated above, Eq. (1), because an
tivation of new cavities (other fractal level) would requ
surmounting the energy barrier as a measure of the the
resistance.

The expression given in Eq. (11) shows us a way how
create an efficient boiling surface. Namely, in order to k
the temperature difference constant,the cavity radiusrCR
must be fixed, that is, all the cavities must have the s
radii. In this way we would exclude the existence of cavit
of other sizes thus generate amono-cavity-pattern. As a con-
sequence, the thermodynamic wall superheat correspon
to this cavity pattern would be the same for the whole s
face.

In the case of a mono-cavity-pattern all the cavities
expected to become activated simultaneously at the sam
perheat. An increase in the wall temperature beyond the
required by the thermodynamic equilibrium would result
faster vapour production on the heating surface, and n
activation of further bubble sites. As the vapour product
mainly occurs at the TPL, the wall superheat would rem
unchanged whereas the heat flux (evaporation rate) w
rise. In other words,a rise in the heat flux would be possib
without increasing the wall temperature.

This notion requires two further conditions to be fulfille

(a) Bubble formation at (nearly) zero waiting time, whi
means a viable vapour rest in the cavity after the b
ble detachment. A vapour rest able to grow immedia
after the bubble break-off could be realised in an app
priately formed structure.

(b) The mutual distance of the cavities must also be
scribed in a certain manner for the surface to be effici
For this reason, the pattern of the cavities must be c
sen so that (ideally) no heat is transferred from the h
ing surface to the liquid, but at the same time any sin
cavity be supplied sufficiently with the heat required
bubble growth.

The mutual distance of the cavities could be estimated f
their thermal interaction through the wall. Distributed on
heating surface in a way that the surface area thermally
cupied by one cavity just touches the ones of the neighb
ing cavities, would largely prevent the heat transfer fr
the wall to the liquid and the heat would be consumed
most completely by vapour generation directly on the w
-

l

-

surface. Because of vapour rest remaining in the ca
on bubble detachment, the energy barrier of bubble nu
ation would be reduced considerably and the tempera
of the wall surface would approximately remain consta
This would change the boiling characteristic substanti
because the increase in the wall temperature with rising
flux in nucleate boiling on common surface is associa
with the nucleation barrier of cavities having different bo
size and shape. In this context the reader may be referr
the studies dealing with surface roughness, e.g., [48–53
the review paper by Fujita [54].

4. Experimental evidence

Corty and Foust [42] observed boiling characteris
with n-pentane and diethyl ether on polished copper surfa
with wall superheat largely independent of the heat fl
ascribing the micro roughness of the heater surface a fu
mental role. Similar behaviour have been reported by Yo
al. [55] on particle-layered surface, see also Bar-Cohen [
More than two decades ago, the present author condu
boiling experiments with the Refrigerant R11 (CF2Cl3) on
a flat heater surface provided with artificial nucleation si
Fig. 5. The surface cavities (diameter 180 µm, depth 120
density 460 cm−2, approximately) were arranged hexag
nally.5 They were generated by photo-etching techniq
first used by Messina and Park [57]. The experimental fi
ings have been presented at a meeting in 1988 [58], bu
published yet. As the results seem to be still interest
Fig. 6 shows the boiling characteristics obtained with R
at nearly atmospheric pressures. In the region of develo
boiling, the experimental uncertainty of the heat flux was
timated to be less than 2% and of the temperature differe
below 1.5%.

The constancy of the wall superheat is observed o
at relatively high heat flux. In the case of increasing h
flux, the surface cavities were activated at nearly the s
heat flux. The bubble detached almost simultaneously on
whole surface, resulting in a piston-like boiling oscillatio
This boiling behaviour was observed only in the horizon
position of the heating surface.

Recently, Wei and Honda [59] published very interest
results on boiling FC-72 using chip surfaces provided w
different micro-pin fins. The boiling characteristics were o
served to depend on the liquid subcooling and fin geom
Some surfaces show almost constant wall superheat in
range of the wall heat flux. At the same time, the hyster
at boiling inception was practically zero.

A novel microstructure. As a further example, a paper b
Mitrovic and Hartmann [60] dealing with nucleate pool bo
ing of the Refrigerant R141b should be mentioned. T

5 It should be noted that the walls of the cavities were not smooth
covered with a fine structure that largely governed the wall superheat.
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Fig. 5. Photograph showing the pattern of cavities on the heating plate
in the experiments with R11.

used a horizontal tube provided with a novel microstructu
Fig. 7 shows an example of the surface structures. Prio
presenting some experimental result obtained with R14
the main steps of generating the structure are given nex

The microstructure shown in Fig. 7 is generated
electro-deposition in a galvanic process. The basic step
illustrated in Fig. 8. A thin polycarbonate foil (thickne
below 100 µm) is irradiated by heavy ions. This treatm
creates ion-tracks in the foil which can be widened to mic
pores in an etching process. The density and the diamet
the pores can be altered by variation of ion density in the
ray and the etching duration, respectively.

The treated foil is then affixed to the specimen and the
semble subjected to a electrolytic process, in which the p
become filled by material deposition. In a further etch
process, the foil is completely removed leaving behind p
metallically connected to the surface of the specimen.
height of the pins can be varied by the duration of the elec
deposition, but is limited by the foil thickness. Appropria
managing of the galvanic deposition may result in differ
shapes of the top of the elements. The whole process pe
an almost continuous variation of the structure dimensio
f

s

Fig. 6. Boiling characteristic of the surface shown on Fig. 5.

The height of the pin-shaped elements, having diame
between 1 µm and 25 µm, can be realized in the range
10 µm to 100 µm, while the pin density can be varied fr
1× 104 cm−2 to 1× 107 cm−2. The structure can be create
on cylindrical specimens like tubes in almost all elect
chemically depositable materials. For the purposes of
present investigations, both specimen (tube) and the s
ture are made of copper because of its high thermal con
tivity and the advantages regarding the electro-depos
process.

Fig. 9 shows the boiling characteristic of the novel m
crostructure on a single horizontal tube (OD 18 mm, hea
length 180 mm) with pool boiling. The heat fluxq is taken to
be independent of the circumferential position, but the w
temperature was obtained in the vertical and the horiz
tal planes of symmetry. The experimental uncertainty of
heat flux and the wall superheat�T was less than 2% an
1.5%, respectively.

The different boiling characteristics observed at differ
circumferential positions of the tube are considered to
caused by free convection that affects the heat transfer
ticularly at the bottom of the tube. At the tube top, the w
superheat is practically independent of the heat flux, as
quired by Eq. (1). The slight reduction in�T with rising q

is not fully understood yet, but it could basically be caus
by pins protruding the bubble surface.
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Fig. 7. Examples of surface structures consisting of micro pins.

Fig. 9(b) compares the novel structure with a plane tu
both investigated at the same apparatus. As is obvious
this Figure, the wall superheat increases with increasing
flux for the plane tube. On the contrary, the wall superh
of the structured surface remains practically constant in
region offully developednucleate boiling.
t

Fig. 8. Generation steps of a novel microstructure: (a) Ion-perforated p
carbonate foil; (b) Foil affixed to specimen; (c) Electro-deposition proc
(d) Structure elements with torospherical tops; (e) Structure after etc
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
simple idea. As illustrated in Fig. 10, a growing vapo
bubble interacts with several pins at a low system press
Fig. 10(a). The liquid layer underneath the bubble beco
thinner as the heat flux increases, Fig. 10(b). At a v
high (near-critical) pressure, a growing bubble if sufficien
small interacts with only a few pins, Fig. 10(c). Depend
on system pressure, that is, on the bubble size it may be
pected that different number of pins pierce the interfac
a liquid wedge is assumed sandwiched between the bu
and the wall, thus creating a TPL at any single pin wit
strong evaporation, Fig. 11(a). In case of a motionless
terface for a time period, the liquid evaporated at the T
is replenished by a cross flow originating from the capill
action of the pins and by gravity, Fig. 11(b).
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Fig. 9. Preliminary results of pool boiling of R141b on a tube surface p
vided with micro pins (a) and comparison with plain tube (b).

By this model, processes taking place at the TLP are
sential for boiling kinetics. The TPL is the place of stro
vapour production acting simultaneously as a heat sink.
first approximation, the relationship

L̄TPL ∼ Q̇ (13)

is expected to hold, wherēLTPL denotes the length of th
TPL andQ̇ the heat flow rate under common steady-s
conditions; the bar refers to the averaged value.

The ratioL̄TPL/A, whereA is the area of the heating su
face, represents the surface densityn̄L of the TPL,

n̄L = L̄TPL

A
(14)

thus

q̄ ∼ n̄L (15)
Fig. 10. Sketch of a vapour bubble growing on a surface with micro-p
(a) Low pressure and/or low heat flux; (b) High heat flux; (c) High press

with q̄ = Q̇/A as the wall heat flux.
The lengthL̄TPL of the TPL depends on the surface stru

ture, the number of growing bubbles, the size of each si
bubble, and the angle the surface of the liquid wedge
the pins, Fig. 11(a). The quantityLTPL of each single bubble
is expected to change with time. Since its calculation for
whole surface is impossible, we will consider a represe
tive vapour bubble.

Taking the bubble at the timet as semi-spherical of a ra
dius r = r(t) without a dry-spot, Fig. 10(a), we obtain th
lengthLTPL

LTPL = π · n · d · A = π2 · n · d · r2 = f (t) (16)

wheren is the number density andd the diameter of the
pins;A is the bubble surface area projected onto the hea
surface,A = A(t) = π · r2(t).
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Fig. 11. Illustration of the effects of micro-pins on heat transfer: (a) Pier
the interface by pins results in a large TPL; (b) Cavity formed by neighb
ing pins.

Furthermore, assuming the bubble growth to be gove
by heat diffusion, we may expect a relationship6

r(t) = C(κt)1/2 (17)

whereC is the growth constant andκ the thermal diffusivity,
thus

LTPL = (Cπ)2κ · n · d · t (18)

which gives a constant growth rate of the TLP, dLTPL/dt =
(Cπ)2κ · n · d , Fig. 12. The quantityLTPL,min corresponds
to the vapour rest remaining in the structure after the bu
break-off.

This interesting result shows by the relation (13) that
heat flowQ̇ increases during the bubble growth at the sa
rate as the length of the TPL,

Q̇ ∼ LTPL = (Cπ)2κ · n · d · t (19)

Relating the lengthLTPL to the projected bubble surfac
area,A = A(t) = π · r2(t), we get the surface densitynL

of the TPL and the heat fluxq for a single bubble,

nL = πnd (20)

q ∼ πnd (21)

showing that the both quantities remain constant during
bubble growth time.

6 This equation is usually derived by assuming the evaporation on
whole bubble surface. As can be shown, it is also valid for any part o
surface, thus also for the interline region.
Fig. 12. Time history of TLP. After bubble detachment, the TLP does
disappear; its lengthLTPL,min corresponds to volume and shape of vap
rest for given structure.

Fig. 13. Increase in bubble density at the same wall superheat.

To obtain an estimate of the quantitynL we may set:
n = 105 cm−2, d = 20 × 10−6 m. Then, nL = 2π =
6.28 m·cm−2, which is surprisingly large; even ford =
1× 10−6 m, we getnL = (π/10) = 0.314 m·cm−2.

Eq. (21) leads to the conclusion that the driving temp
ature difference�T for any single bubble linearly depend
on the thermal resistanceR,

�T = q · R (22)

However, the growth of the TPL associated with bub
growth seems to act against the change in the therma
sistanceR thus giving a constant wall superheat�T . This
interesting interplay does, however, not suffice to answe
question asked in connection with Eq. (1) regarding the c
pensation of the wall heat flux rise. With increasing heat
both the frequency and the density of the bubbles increa
By Eq. (21), the heat flux is constant during a bubble cy
The constancy of the wall superheat at various heat flux
decisively governed by the corresponding change in the
ble density, Fig. 13. As the activation of further bubbles
the structure is equally probable at any place of the surf
new bubbles become generated at the same surface s
heat.
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Despite its simplicity, this analysis provides an expla
tion of the independency of the wall superheat on the h
flux. Within the Theorem of Moderation, thegrowth of the
TPL, associated with bubble density and bubble growth
duces the thermal resistance thus leading to a constant
superheat.

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

Regarding the optimum distance of active bubble si
the pin structure possesses someself-regulating potential.
In contrast to artificial cavities that are fixed on the he
ing surface, the pin structure allows bubble formation
any place of the surface having a sufficient superheat. F
this model it becomes obvious that the shape and num
density of the pins will strongly affect the heat transf
It is generally expected that, for pure liquids under op
mal conditions, the number density of the pins must
increased with the pressure. This quantity could basic
be connected with the bubble equilibrium [60], but its
liable determination would require precise experiments
this way, we could tailor boiling structures in dependen
of the system parameters that largely behaves accordin
Eq. (1).

This idea is basically not new. In 1963 J.W. Westw
ter [61] wrote in a very remarkable contribution entitl
Things We Don’t Know About Boiling Heat Transfer:

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

Our guiding idea, however, contradicts somewhat to
Westwater statement regarding the distribution of pore si
We try to tailor a heating surface not with a distribution
pore sizes, but with amono-pin structure pattern formed b
identical elements. These elements communicate with ea
other through the liquid, which is not necessarily the c
with cavities formed in the heating wall. In other word
an efficient surface shouldnot be provided with cavities bu
with protrusions of the same shape homogeneously dis
uted over the surface.

The elements of the micro-structure can possess
shape. Fig. 14 illustrates an arbitrary shape of the
ments arranged on the heating surface in a staggered
tern. The cross-section of each element should be
same, but there is not a specific requirement regardin
shape. However, as we are interested in a possibly
TLP, the border line of the cross-section of the elem
l

-

Fig. 14. Mono-element pattern of a surface structure; A represent a c
formed by neighbouring surface elements.

Fig. 15. The von Koch fractal curve as border of the cross-sectional ar
a structure element.

should not be smooth but composed of small pieces re
ing in a zig–zag fashion of the envelope. In other wor
this line should be afractal like the coast line of an is
land [62]. Suitable for this purpose could be, for instan
the well-known von Koch curve giving islands of vario
shapes, Fig. 15.

The von Koch curve is one of the classical fractal obje
It is constructed from a line of length c. The central third
this line is replaced by two lines of the lengthc/3 in a trian-
gle form. This process is continued by replacing the cen
third of any line segment at each fractal step by two line
the lengthc/3. The protrusion of the replacement is alwa
on the same side of the curve. At each step the total le
of the curve is increased tending to infinity as the numbe
steps goes to infinity, but the surface areaA enveloped by
the curve is finite,A = (2/5)c2

√
3, if the basic line forms a

triangle, Fig. 15.
The circumference of the structure element designe

the von Koch curve would provide a long TLP and, in a
dition, give rise to capillary action also along each elem
thus assisting in boiling kinetics.
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5. Limits of the model

The above considerations rest on the assumption th
interface of aconcavecurvature already exists. However, d
pending on the cavity shape and the interaction liquid-w
the vapour–liquid interface could principally beconvexthus
affecting both the equilibrium conditions and the drivi
temperature difference, Eq. (7). Also an attractive action
the wall on the liquid would alter the equilibrium cond
tions [37]. Furthermore, inert gases dissolved in the liquid
adsorbed on the heater surface could affect both the equ
rium state and the surface tension at the TPL. As discu
by Uhlig [63], the surface tension of liquids decreases w
increasing fraction of gas dissolved in the liquid. In additi
the model gives no information about the wall superhea
the boiling incipience.

A further effect that should be mentioned in this cont
is the nonisothermality of the system. The model postul
the equilibrium at the vertex of the bubble of a constant
terface curvature. Actually, micro-relief of the heater surf
can affect the interface curvature in the region of the T
Furthermore, during the bubble generation the tempera
of the interface is not constant so that a part of the free en
change of the system is bounded as latent heat requir
keep the temperature of the interface constant when its
is increased, and the total interface energyσ − T (dσ/dT )

would have to be considered when dealing with the equ
rium conditions and bubble growth.

6. Conclusions

The mechanisms of bubble generation in liquids have
tracted the attention of manynatural philosophersin 18th
and 19th centuries. At the end of 19th century the knowle
in this area was at such a high level, that the ideas largely
vived to the present time.

On the basis of these old ideas and a criterion by
and Graham [6,43] the possibilities of creation of effici
surfaces regarding the nucleate boiling are discussed. It
found that surface structure must adjust itself when ope
ing ideally. In other words the surface structure must h
such properties that the heat transfer resistance decr
with rising heat flux. A structure consisting of approp
ately arranged micro pins shows such a boiling behav
in the region of fully developed nucleate boiling. The
sential outcoming of the considerations is that the boi
surface should be provided not with cavities (holes), a
usually recommended in the literature, but with identi
protrusions.
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