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Abstract

The present project within the joint research program on fundamentals of boiling heat transfer aims at better understanding of the basi
which produce heat transfer enhancement in nucleate pool boiling. In the experiments, heater surfaces with two kinds of modific
enhancement in the form of macro cavities with comparatively simple shapes are used in order to link experimental results of bubble
and heat transfer to the geometric features of the cavities without additional assumptions, and particularly to resolve their overall effe
transfer into local convective or evaporative contributions without introducing severe simplifications.

The very accurate results on local heat transfer obtained so far around the circumference of the horizontal test tube with and with
cavities for enhancement, and their combination with the local events connected to growing, departing and sliding bubbles are suitable
the basic convective and evaporative processes which produce heat transfer enhancement in nucleate pool boiling.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

1.1. Related previous work of other researchers and of the
authors

Within the joint research program on fundamentals of b
ing heat transfer presented in this special issue, the projec
cussed here tries to contribute to better understanding o
basic processes which produce heat transfer enhancem
nucleate pool boiling. Since the first high-performance he
surface configurations were patented in the late 1960’s, a g
variety of evaporator tubes with enhanced surfaces have
developed, that can be divided in two main groups, one base
integral-fin tubes with modified fins to form reentrant groov
or tunnels (“structured surfaces”), see Fig. 1, and another b
on plain tubes with sintered porous metallic matrix bonded
the tube surface (“porous surfaces”), see the example in Fi
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2.

A great number of experimental investigations of enhan
pool boiling heat transfer have been reported in the literat
see e.g. the reviews in [4–8]. Most of those measurem
were performed, however, at saturation pressuresps near at-
mospheric, and the correlations developed on the basis o
experimental results—also several containing a physical m
of enhanced heat transfer fitted to the particular geometric
figuration of the heating surface—mainly use the data gaine
atmospheric pressure, but claim applicability in a broader se
see, e.g. [9–20]; very detailed, but highly complex models h
been developed recently by Chien and Webb [21] and Liter
Kaviany [22].

A good and comprehensive example of experimental res
for pool boiling heat transfer at pressures near atmosph
from different structured or porous surfaces has been ta
from Memory et al. [3] in Fig. 3. The data for refrigerant R1
(CF2Cl·CF2Cl) exhibit the typical improvement of heat transf
from structuredsurfaces over plain tubes, with heat transfer
efficientsα being higher by a factor of three to five at low he
fluxes q for modified integral-fin tubes (see the dashed li
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Nomenclature

d bubble diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
D tube diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
N number of bubbles or active nucleation sites per

analyzed area or time interval, 1/seq, 1/area
N/A density of active nucleation sites . . . . . . . . . . cm−2

p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar
p∗ reduced pressure,= psp

−1
c

Pa , Ra arithmetic mean roughness height . . . . . . . . . . . µm
acc. to DIN EN ISO 4287

(Pq , Pp , Pp,m, Pt , Pz (µm)
= other standardized roughness parameters)

q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW·m−2

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ms
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
�T superheat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

Greek symbols

α heat transfer coefficient . . . . . . . . . . . kW·m−2·K−1

� difference
ϕ azimuthal angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦

Characteristic parameters

Nu Nusselt number
Gr Grashof number
Pr Prandtl number

Subscripts

A at detachment
a, OD outer diameter
B bubble
c in the critical state
cum cumulated for an extended time interval, typically

500 ms
el electrical
fpi fins per inch
K at the base of fins
lam laminar
loc local
m mean
min minimum
s in the saturated state
sim simultaneously≡ within time interval of 1 ms

between succeeding high speed video frames
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for several types of GEWA-finned tubes). The improvem
by theporoussurface (High Flux tube) and the Thermoexc
HE, Turbo-B tubes, (solid lines) is much better, but theirα,q-
behaviour is entirely different, thus ending up with basically
same heat transfer coefficients for all kinds of surfaces at
heat fluxes near 100 kW·m−2.

Investigations with Propane, Propylene and several refri
ants boiling on structured tubes in a wide pressure range (u
50% of the pertaining critical pressurespc) reveal significant
deviations from the rather uniform increase ofα with q for the
structured tubes at atmospheric pressure in Fig. 3. In the ca
GEWA-TX tubes, in particular,

(a) α-values are much higher than expected and almost do
increase withq at high reduced pressuresps/pc and small
heat fluxes, and

(b) at low pressuresps/pc and high heat fluxes,α becomes
independent of pressure and heat flux,

see the data in Fig. 4 (from [1]) atp∗ = ps/pc = 0.147 (a) and
p∗ from 0.055 to 0.147 (b). Both effects could be explained
ing photos of bubble formation: In the first case, stable vapo
liquid interfaces bridge the narrow gaps of 0.23 mm (see Fig
between the tops of neighbouring fins at the top of the (horiz
tal) tube and trap vapour in the tunnels between the fins, an
the second case, heat transfer is dominated by the restricte
lease of the great amount of vapour produced in the tunne
high heat flux, similar to single-phase forced convective h
transfer which is independent of heat flux and pressure, w
at the highest pressure in Fig. 4, nucleation exists all over
t
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tube surface andα increases withq andp∗, also at the highes
heat flux investigated (for more details, see [6,23]).

Both peculiarities also occurred with Propylene and ref
erant R134a (CF3·CH2F) boiling on the TX-tube, while the
first effect (a) was not found with another refrigerant (R15
CHF2·CH3) within the same ranges ofq andp∗ [1,24–26]. The
latter also holds for all fluids investigated with the GEWA-Y
tube, and the second effect (b) was less pronounced with
tubes, obviously because of the somewhat wider gaps bet
the fins (0.34 mm) and their different shape (see Fig. 1).

Fig. 5 demonstrates that pressure dependencies of the
transfer coefficientαOD for various types of structured surfac
may differ significantly from each other, also within the ran
of intermediate heat fluxes (qOD = 20 kW·m−2), and that en-
hancement vanishes at high reduced pressuresp∗. Fig. 5 from
[27] has been supplemented by data from Fig. 6 for a po
surface showing that its superiority to the structured surfa
disappears at high reduced pressures in a similar way as
increasing heat flux at constant pressure for the other po
surface in Fig. 3.

Measurements with Propane boiling on a CuNi-tube (8
OD) with aprox. 300 µm thick, plasma sintered Ni-based por
layer are presented in Fig. 6 as example of heat transfer
porous surfaces over an extended range of reduced pres
(and heat fluxes) [28]. The porous layer was manufacture
DLR-Institute of Thermodynamics, University of Stuttgart, a
the tube was assembled in Paderborn and tested in the app
and in between the experiments of this paper.

The data show a systematic increase of heat transfe
efficient α with heat flux q and reduced pressurep∗ which
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Fig. 1. Examples of structured tubes: (a) Finned tube with flattened tips: GEWA-TX (from [1]); (b) Finned tube with notched tips: GEWA-YX (from [1]); (c) Finned
tube with bent tips (from [2]); (d) THERMOEXCEL-HE tube (from [2]); (e) TURBO-B tube (from [5]).
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Fig. 2. Example of tubes with sintered porous (metallic) surface (schem
from [2]).

ends at an upper boundary withα-values being independe
of p∗ and slightly decreasing with increasing heat flux. T
same decrease has been found in [22] forn-Pentane boiling a
atmospheric pressure (p∗ = 0.03) on a uniform porous laye
coating, only shifted toq-values approx. 5 times higher (α de-
creasing from approx. 40 to 23 kW·m−2·K−1 for q increasing
from 142 to 460 kW·m−2).
;

As in the case of effect (b) discussed for the GTX-tube
Fig. 4, heat transfer at the boundary obviously is limited
the maximum amount of vapour that can be released from
pores of the surface layer and by the reflux of liquid tha
sucked in. The onset of this process progresses to lower
fluxes when the thermodynamic critical state is approached
cause the density difference between liquid and vapour, an
surface tension—which are the driving forces, become con
uously smaller. Although this boundary does not correspon
the burnout condition, an analogy can be seen to the vanis
burnout heat flux at high and approximately constantα-values
on plain tubes near the critical state [29].

From the comparison with new measurements of pool b
ing heat transfer on a plain copper tube with 8 mm OD (das
straight lines in Fig. 6 [30]), similar decrease of enhancem
factors with rising heat fluxq and reduced pressurep∗ follows
as for structured surfaces, starting, however, at higher fac
of approx. 10. At 50% ofpc and the highest heat flux inves
gated, enhancement is vice versa already, and theplain tubeis
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Fig. 3. Example of experimental results for pressures near atmospheric: D
logarithmic plot of heat transfer coefficientα as function of heat fluxq for
refrigerant R114 boiling on different structured and porous surfaces (from

Fig. 4. Heat transfer from a structured tube (GTX, Fig. 1) to Propane at diffe
pressures.α,q-related to total wetted surface of the tube;αK,qK -related to
surface of the (plain) tube at base of fins (from [1]).

better by the same factor (2.5) as the porous at 5% ofpc and ap-
proximately the same heat flux. (Comparison with a plain t
made fromcopperdoes not reduce accuracy, because pool b
ing heat transfer is almost identical for Cu or CuNi10 at
same reduced pressuresp∗ and for the same surface roughne
in both cases, as has been shown in [31] for tubes with app
25 mm OD in the same pressure range.)

For p∗ = 0.10, delayed onset of nucleation is demonstra
at a test run withincreasingheat flux (symbols: partly solid
triangles), and the threshold of wall superheat�T = 10 K is
le

.

t

e
-
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Fig. 5. Pressure dependence of heat transfer coefficient at constant interm
heat flux for different structured tubes and comparison with a plain tube (
[27]) and with the porous tube of Fig. 6.αO.D., qO.D.-related to surface of plain
tube with D corresponding to fin tips.

Fig. 6. Heat transfer from a copper-nickel tube with porous surface to Pro
boiling in a wide range of (reduced) saturation pressures (from [28]) and
parison with a plain Cu-tube (8 mm OD; from [30]).

within the range found for smooth tubes at similar redu
pressures (see, e.g. [32–34]; in the present case, bubble fo
tion started during the comparatively fast increase ofq from
1.5 kW·m−2, shortly before the next value of 5 kW·m−2 to be
stabilized was reached, therefore the dot-dashed line has
drawn somewhat inclined). For recent discussion of hyste
effects on porous surfaces see also [35].

The measurements at the highest reduced pressures—a
taken with decreasingheat flux—indicate that the superhe
of the wall increasesagain at small heat fluxes, although t
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electrically supplied heat inputis diminishedto the smallest
values investigated, cf. the circle and triangle on their base
q = 0.1 kW·m−2 in Fig. 6, or better to be recognized in th
(explicit) q,�T -representation of Fig. 7. This may be due
the fact that favourable micro paths for vapour release from

Fig. 7. Representation of heat fluxq over wall superheat�T for the data of
Fig. 6.
at

e

porous matrix to the surface will die down because the vap
content trapped within the matrix (similar to effect (a) in Fig.
is decreasing (�T being defined as superheat of the wall at
inner boundary of the porous layer).

1.2. Brief introduction of the present research

The representative examples of pool boiling heat tran
from enhanced surfaces selected above demonstrate how
ficult it would be to develop calculation methods for the pred
tion of enhanced boiling heat transfer from any of the comp
commercially used surface configurations, particularly if w
ranges of heat flux and (reduced) pressure are to be incl
and if extrapolation to configurations other than the one ex
imentally investigated is required.

Therefore, the scope of the subproject presented in the
lowing is restricted to the investigation of a heater surface w
two kinds of modifications for enhancement in the form
macro cavities with comparativelysimple shapesin order to
link experimental results of bubble formation and heat tra
fer to the geometric features of the cavities without additio
assumptions, and particularly to resolve their overall effec
heat transfer into local convective or evaporative contributi
without introducing severe simplifications.

The cavities were rolled on the tubes by Fa. Wieland, U
Germany, in rows at distances of approx. 200 µm and with
largest dimension of the cavities oriented parallel to the t
axis. In Fig. 8 (from [36]), topographies of the surface structu
(on the copper tube) are shown in a photo realistic repre
tation (bottom) and with the depths of the cavities indica
by colours (top). The topographies were taken by a stylus
strument within another subproject of the research group w
is dedicated to the analysis of size and position of themicro
cavities within the roughness structure of the various hea
elements used within the joint program (for more details
the paper by Luke on surface measurement in this issue).

Two kinds of cavities were applied to be tested simulta
ously, the cavities of the simpler “secondary structure” be
Fig. 8. Topography of the copper tube (near borderline of the two surface structures) in a quasi-photo realistic representation (bottom) or with the depths of the
cavities indicated by colours (top; from [36]).
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purely radially oriented in depth (size: approx. 200× 100×
50 µm, see Fig. 8, on the right). The cavities of the “m
structure” with reduced mouth width (Fig. 8, on the left) we
modified in a second rolling step in order to produce reent
effects, the microstructure of the surface roughness on th
eas between the macro cavities, however, having been flat
significantly during the second step (see Section 3).

Refrigerant R134a and 2-Propanol (and also Propan
some cases) were selected as test fluids because their v
pressure varies over a wide range of reduced pressurep∗ within
the temperature range covered by the experimental appa
Heating elements are single, horizontal copper or copper-n
tubes (CuNi10; exact type: CuNi10Fe1.6Mn) powered by
resistance heaters and with diameters at the upper limit of c
mon technical evaporator tubes (Cu: 25.4 mm; CuNi: 24.0 m
to increase convection by the swarm of rising bubbles. T
local convective and evaporative effects of the bubbles s
ing upwards along the wall are detected more clearly than
tubes of small diameters (cf. e.g. [37–40]).

36 miniaturized thermocouples (0.25 mm OD) were equ
distributed over two cross-sections of the copper tube, ax
shifted against each other by 30 mm (see Fig. 9, to scal
monitor circumferential temperature variations within the t
domains with different surface modifications (axial positions
the thermocouples differing somewhat due to length uncer
ties during the soldering process, see [31]).

In the experiments, a new, slightly modified version of
so-called standard apparatus for pool boiling heat transfer m
surements is used which is described in detail in [31,41],
gether with the outlines of the experimental procedure. C
bined with the heat transfer measurements, bubble forma
is recorded by photographs and by a high speed digital v
system (Fa. Weinberger, Karlsruhe, Germany) for up to 1
images per second with a resolution of 512× 512 pixels. The
densities (numbers and exact local positions) of nucleation
(Nsim) active simultaneously (i.e. within the time interval
1 ms) or alternately (Ncum), the rate of bubble release from ea
site (NB ), the (equivalent) diametersdA of the bubbles at de
tachment from the sites, and the increase of the diameterdB

for the bubbles sliding upwards along the tube wall are e

Fig. 9. Positions of the thermocouples within the two cross sections of
surement (to scale).
t
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uated by semi-automatic methods. For detailed description
these methods, see [31,42–44].

2. Summary of results without modifications and for first
modified surfaces

2.1. Local heat transfer

Variation of local wall superheats�T with azimuthal an-
gle ϕ, heat fluxq (at p∗ = const; on the left) and reduce
pressurep∗ (at q = const; on the right) is demonstrated
Fig. 10 for Propane, 2-Propanol and R134a boiling on the
sandblasted Cu-tubewithout surface modifications[31]. As can
be seen, a minimum in�T is developed for intermediate he
fluxes or intermediate (and up to comparatively high) redu
pressures, caused by evaporative and convective effects o
bubbles growing at active nucleation sites on the lower par

Fig. 10. Variation of local wall superheats�T with azimuthal angleϕ, heat
flux q (at p∗ = const; on the left) and reduced pressurep∗ (at q = const; on
the right) for Propane, 2-Propanol and R134a boiling on the fine sandbl
Cu-tube (Pa = 0.25 µm) without surface modifications (from [31]).
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Fig. 11. Bubble formation on the fine sandblasted Cu-tube without macro
ities at constant, intermediate heat fluxq = 10 kW·m−2 and different reduced
pressures. Top:p∗ = 0.010; middle:p∗ = 0.15; bottom:p∗ = 0.80.

the tube wall and sliding upwards along the superheated li
layer near the wall. These effects are gradually loosing im
tance,

• if the density of active sites becomes high (highq-values)
or number of bubbles becomes small (smallq-values), see
Fig. 10 on the left, and

• if reduced pressurep∗ is very low, with big bubbles and
small number of active sites, even at intermediateq-values,
or if p∗ is very high, with tiny bubbles, high site de
sity (even at smallq-values) and vanishing buoyancy, s
Fig. 10 on the right, in combination with the photos of bu
ble formation in Fig. 11.
-

d
-

The systematic�T,ϕ-behaviourwithin each of the two
cross sections of measurement and the small (or non-exis
deviationsbetweenthe two cross sections (big or small symb
in Fig. 10) indicate that heat transfer conditions within the in
structure of the test tube are homogeneous—an important
requisite for correct interpretation of circumferential variatio
of the wall superheat�T . The systematic differences deve
oping between the two cross sections of measurement a
three lowest reduced pressures (cf. small and big symbo
Fig. 10, on the right at�T = 11 K and more) will certainly be
caused by differences in local positions of the very few, simu
neously active sites existing under these conditions (see Fig
top) and by differences in their specific activation behaviour
the same way, most of the�T -scatter for the highest heat flu
(50 kW·m−2) or at the lowest superheat (0.28 K) will be in
tiated by local irregularities of bubble formation distributed
random, as can be concluded from a comparison with the c
sponding data in Figs. 22 and 24 (p∗ = 0.2, 50 or 70 kW·m−2)
or in Fig. 26 (p∗ = 0.8, 10 kW·m−2, 0.28 K), where the more
regular bubble formation at the equally distributed macro c
ties ‘smoothes’ the�T,ϕ-curves quite significantly.

In Fig. 13, characteristic examples of the reduction of w
superheat are shown which has been achieved by themacro
cavities for heat transfer enhancement. An impression of the
regular form of the cavities within the first main macro struct
on the Cu-tube is given in Fig. 12 by four selected topograph
Comparing the (almost) entirely identical shapes of the cav
at different positions around the tube surface reveals tha
structure had been applied without any circumferential irre
larities (in fact, the structure produced in a first attempt had
been satisfactory and had been removed again).

Reduction of superheat�T by the macro cavities is signif
icant, as can be seen in Fig. 13, particularly at intermed
reduced pressures or intermediate and down to low heat flu
respectively, that means under conditions where heat trans
influenced most by local bubble formation—alsowithoutmacro
cavities.1 The differences between the results for the two ki
of macro cavities, however, are not very pronounced (small
big symbols with cross) indicating that perhaps mouth width
the main cavities should have been reduced to a higher ex
(The different surface roughness within the main or secon
macro structurebetweenthe cavities may also be of influenc
see discussion of Fig. 18, and Section 3). The overall impr
ment of the average heat transfer coefficient achieved by
macro cavities is up to approx. 35% for the secondary and u
approx. 45% for the main structure. For more results abou
erage and local heat transfer from the first modified surfa

1 In comparison with Fig. 11, it can be observed that the defective the
couple atϕ = 120◦ had been ‘bridged’ by the arithmetic mean of the tw
neighbouring thermocouples in the diagram from [36] (see big open symb
During the handling process prior to the heat transfer measurements wi
first macro structure—applying and removing the preliminary macro struc
then applying the first, and in between: sandblasting 3×, roughness measure
ments 3×, cleaning, transport etc.—5 more thermocouples of the main stru
and 5 of the secondary became defective, cf. the remaining 18 big or 7
symbols with cross in Fig. 13.
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8,
Fig. 12. Surface topographies of the first macro structure on the Cu-tube at selected azimuthal positions (0◦, 90◦, 180◦, 275◦, near thermocouples # 1, 10, 19, 2
see Fig. 9).
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ncement
x

Fig. 13. Comparison of local wall superheats�T for Propane boiling on the fine sandblasted Cu-tube without and with macro cavities for heat transfer enha
(from [36]). Parameter: Left: Heat fluxq at constant (intermediate) reduced pressurep∗ = 0.10 Right: Reduced pressurep∗ at constant (intermediate) heat flu
q = 20 kW·m−2.
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see the comparison with the new modifications in Sectio
(and [36,45]).

2.2. Bubble formation

Much less systematic investigations exist on bubble for
tion than on heat transfer for evaporator surfaces with dim
sions and roughness structures relevant in practice, as a re
of the literature on interactions between heat transfer and
ble formation in nucleate boiling given in 1998 [23] reveale
Therefore, much morebasic investigationson bubble forma-
tion than on heat transfer had to be carried out for the test
without modifications for enhancementin the first stages of ou
research project, and new or existing methods for the ana
of bubble formation had to be developed or improved, resp
tively. The most important results which have been obtai
so far on the densitiesN/A of active nucleation sites, the ra
NB/t of bubble release from each site and the diameterdA of
3

-
-

ew
b-

e

is
-

d

the bubbles at detachment, will be summarized in the follow
a more detailed description is given in two recent publicati
[31,44].

In the first place, it has to be pointed out that the act
tion behaviour ofmicro cavities within the roughness structu
of evaporator surfaces, to become active nucleation sites fo
production of vapour bubbles, may vary tremendously, even
der boiling conditions with very thoroughly stabilized values
electrical energy input to the heating element and of satura
temperature and pressure of the pool of liquid (as is the cas
the experimental apparatus and procedure used in this pro
This holds for all the characteristic parameters of bubble
mation, like

• density of active nucleation sites on the heater surface,
• temporal activation behaviour of each site, and
• size of the bubbles at detachment from the sites.
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Fig. 14. Variation of bubble departure diameterdA with azimuthal angleϕ
near the front flank of the fine sandblasted Cu-tube without macro cavitie
Propane atp∗ = 0.1, q = 5 kW·m−2. Bars: Maximum variation of data at con
stant boiling conditions (from [31]).

The main reason for this scatter are short-time reduction
the superheat at a cavity ready to be activated, by (one or m
cavitiesactivealready in itsimmediateneighbourhood or by a
bubble sliding over the cavity, see e.g. the detailed history o
active sites recorded in [31,44] and the papers by Kennin
liquid crystal thermography [46–48]. The first effect is part
ularly pronounced for surfaces sandblasted by grain with c
paratively uniform particle sizes which produces many sim
cavities in a very homogeneous surface structure as has
the case for the 25.4 mm Cu-tube with fine sandblasted su
(mean roughness:Pa = 0.25 µm) before applying the macr
structures for enhancement.

The scatter is shown in Figs. 14–16 by typical examples
N/A, NB , dA. As can be seen, the values of the three para
ters vary for the pertaining,constant boiling conditionsbetween

• 0.07 and 0.87 mm fordA (Fig. 14)
• 1 and 11 or 1 and 38 per 500 ms forNB (Fig. 15) and
• 1 and 11 on 51.42 mm2 for Nsim,1 ms (Fig. 16).

This demonstrates that great care has to be taken when av
values of these parameters are used in models to calcula
heat transfer performance of an evaporator surface from bu
formation, as e.g. in the well-known combination of ideas fr
Mikic and Rohsenow [49], and Han and Griffith [50].

Variation of bubble departure diameterdA with azimuthal
angleϕ for the new results is somewhat more pronounced t
according to a correlation developed earlier ([51], solid curv
Fig. 14), and thedA-values predicted by this correlation and
correlation of Weckesser [52] based on measurements of bu
formation on a horizontal plate (dashed) lie within the exp
mental scatter of the new data near the flank of the tube. As
easily be understood, the meandA-values near the flank of
horizontal tube become smaller with increasing heat flux,
the dA, ϕ-dependence becomes weaker (and has already
ished atq = 20 kW·m−2, see the more detailed discussion
[31]). For this and also for the other two parameters, it ha
r
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Fig. 15. Azimuthal distribution of active sites and numberNB of bubbles orig-
inating from each site during an entire video sequence of 500 ms (from [
Fine sandblasted Cu-tube without macro cavities, Propane at constantp∗ = 0.1
and two heat fluxes.

Fig. 16. Density(N/A)sim,1 ms of simultaneously active sites (time perio
1 ms; bottom) for an entire video sequence of 500 ms, and pertaining cum
tive values for 40 or 500 ms (above). Fine sandblasted Cu-tube(Pa = 0.25 µm)

without macro cavities; R134a,p∗ = 0.1, q = 10 kW·m−2 (acc. to [44]).

be taken into account, however, that difficulties of data proc
ing for bubble formation increase with increasing heat flux
distance from the (front) flank of the test tube.
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Fig. 17. NumberNsim of simultaneously (1 ms) active macro cavities at
q = 10 kW·m−2 (symbols in shaded circles in Fig. 19) on the main or sec-
ondary structure, resp., during 500 ms (from [44]).

Fig. 18. Azimuthal distribution of active sites and numberNB of bubbles orig-
inating from each site on the main (diagrams at the top) or secondary (bottom)
structure for the same conditions as in Fig. 17 (from [44]).

Fig. 19. Cumulative and simultaneous site densitiesN/A on the main or sec
ondary structure, resp. as functions of heat fluxq (from [44]), and compari-
son with the fine sandblasted Cu-tube without macro cavities (from [31]
2-Propanol atp∗ = 0.1.

Examples of the different activation behaviour of indiv
ual sites near the flank of the tube are given in Fig. 15 for
heat fluxes at constant pressure. The data show that almo
the sites are active only once or twice within 500 ms and
bubble production rate is high for only a few of them. Th
means that activation is influenced formostof the sites—even
at these comparatively low heat fluxes—either by neighb
ing sites or by sliding bubbles via “site seeding”, “premat
detachment” or purely thermal interaction. As positions of s
at the same azimuthal angleϕ may differ in axial direction, the
diagram does not allow to conclude which of the mechani
is responsible in each individual case; to do so, activation m
are necessary containing the exact local positions of neighb
ing sites and their temporal activation behaviour during en
video sequences (see, e.g. the exemplary analysis for 11 si
[31,44]).

An additional phenomenon which contributes to the gr
scatter of bubble formation data, is generated by the ense
of bubble formation processes occurring on the tube surfac
multaneously, see Fig. 16, at the bottom. The scatter forNsim
reveals an oscillating behaviour containing short-time fluc
tions with time intervals of a few milliseconds between ma
mum and minimum value—corresponding to the mean grow
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Fig. 20. Comparison of second main macro structure (bottom) with first (top= enlarged part of front flank, seeϕ = 275◦ in Fig. 12); # 1–7= number of macro
cavity; A–C= location of roughness profiles given in Fig. 27.
—,
old
or
be
illo

se
t re-

,
so
e su-
periods of bubbles found under similar conditions [31,44]
and superposed long-time fluctuations with roughly tenf
characteristic time intervals. Residual fluctuations of the th
oughly stabilized input of electrical energy to the test tu
could definitely be excluded as a possible reason by osc
scope analysis [53].
-

-

A plausible explanation has been offered in [44]: At tho
moments when only a few bubbles are produced, the hea
moved may be lower than theconstantelectrical heat input
resulting in a rise of superheat. This in turn will activate
many sites that more heat is removed than added, and th
perheat decreases again, but down to significantlybelow the
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Fig. 21. Heat transfer coefficientsα for R134a and 2-Propanol boiling on th
Cu-tube with modified main macro structure at different heat fluxesq and re-
duced pressuresp∗.

equilibrium value because the bubbles growing already, n
less superheat than the average and will continue to grow
few more milliseconds. It seems that the very same behav
also occurswith macro cavities(see Fig. 17).

Consistent with the result of Fig. 15 discussed above, con
erably more active sites will be found on the tube surface w
the sampling time is increased, because most of the ind
ual sites are active only once or twice within a video seque
of 500 ms (Fig. 15). On the other hand, the cumulative nu
berNcum found for 500 ms (449 cm−2 or 231 on 51.42 mm2),
will be close to the overall number of cavities within the m
cro structure of the surface that can ever be activated unde
steady state conditions of this example, because increasin
time horizon from 40 to 500 ms led only to the double num
of active sites. Similar results were found in another projec
the joint program for a gold-plated copper tube with the sa
surface treatment [54].

It follows from these investigations of bubble formati
without macro structure on the tubes, that it is not sufficien
analyze a simple site (on a non-technical or a technical he
surface) without the context of neighbouring sites, beca
this provides only a small part of the experimental inform
tion necessary to develop prediction methods for pool boi
heat transfer which should be based in future on the deta
(microscopic and macroscopic) events connected with va
production to improve their validity beyond the range of exp
iments that were used.

In Figs. 17 and 18, examples of results for bubble forma
on the Cu-tubewith the two macro structuresof Fig. 8 have
been selected for boiling conditions corresponding to Figs
and 16 as to reduced pressurep∗ and heat fluxq (see shaded ar
d
a
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-
n
-
e
-

he
he
r
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d
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5

eas in Fig. 19), but for a different boiling liquid (2-Propanol).
first glance, fluctuations and absolute valuesNsim of simultane-
ously active sites are similar to the data without macro struc
(cf. Fig. 17 and 16), and the same holds for the activation be
iour of the individual cavities, particularly within the simple
secondary macro structure, where by far most of the cavitie
macro cavitiesor cavities within the roughness structure—a
active only once or twice during 500 ms (cf. Fig. 15, on
right, and Fig. 18, the two lower diagrams).

A more detailed comparison reveals, however, that there
significant differences in site activation between the two ma
structures on the one hand (upper or lower diagrams of Fig
or between macro cavities and cavities within the roughn
structure, on the other (Fig. 18, cf. diagrams forall or only for
macrocavities). The differences are:

• site activation of themain macro cavities is roughly fou
times as high as of the secondary (8.0 or 2.2), and alm
twice as high as the activity of the roughness-sites in t
neighbourhood (8.0 or 4.5), while

• the roughness-sites neighbouring thesecondarymacro cav-
ities are almost 50% more active than the latter (3.0 or 2

This is also reflected in the different numbers of simulta
ously active sites (Fig. 17):

• There is almost the same number ofmain macro cavities
active as roughness-cavities (macro: 6.7, all: 15.6), wh

• the activesecondarymacro cavities constitute only abo
25% of all active sites.

There are two reasons for the differences:

(1) The reentrant effects of the macro cavities within the m
structure will trap a greater amount of vapour after a b
ble has left than the secondary. Thus, bubble productio
enhanced and therefore higher, because lower start-u
perheat of the wall is needed, and this, in turn, will redu
activity of roughness-sites in their immediate vicinity.

(2) Roughnesswithin both kindsof macro cavities has bee
reduced in the first production step, andbetween the main
macro cavities in the second, while it has almost not b
modified between the secondary macro cavities (see
Fig. 27 in Section 3).

The relative contribution of each of the two effects can
be separated reliably with the experimental material avail
at present, but additional experiments with both kinds of rou
ness structurewithout macro cavities are planned (see S
tion 3).

Two more features of bubble formation after applying
macro structures can be observed: a certain ‘stabilizing’ e
which on the one hand, reduces the amplitudes of the temp
fluctuations ofNsim from the fine sandblasted surface witho
macro cavities (Fig. 16, bottom) in two steps to the second
(Fig. 17, bottom) and then to the main structure (Fig. 17, to
and which on the other hand, increases bubble productio
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with
Fig. 22. Variation of local wall superheat�T with azimuthal angleϕ and heat fluxq at three pressures for R134a and 2-Propanol boiling on the Cu-tube
modified main macro structure.
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individual sites, see the diagram forall cavities within the sec
ondary domain in Fig. 18, compared with Fig. 15, on the rig

The second significant feature follows from Fig. 19 show
the marked increase of number of active sites in the area o
secondary structure (circles), compared to the fine sandbl
surface (squares) without macro structures (and compare
the main structure, triangles). Combined with the correspo
ing overall heat transfer results that yield systematic impro
ment of heat transfer from both enhanced surfaces ove
fine sandblasted surface on the one hand, and small differe
between the two former on the other, the effect seems t
analogous to the almost identical heat transfer coefficients
marked differences of bubble production between the three
ids investigated with the fine sandblasted surface.

In the latter case, it could be proved by approximate ca
lations of evaporative and convective contributions of bub
formation to heat transfer that the experimental data from b
domains (heat transfer or bubble production, respectively)
e
ed
to
-
-
e
es
e
ut
-

-

h
e

consistent with each other [31]. It is very likely that the see
ing discrepancy between the data of Fig. 19 and the heat tra
results for the three surfaces [36] will be resolved in a sim
way as soon ascompleteinformation on bubble formation from
the enhanced surfaces is available, particularly on the bu
sizes.

3. New results from modified macro cavities

As the improvement of heat transfer from the main ma
structure compared to the secondary structure was being
paratively small [36] for the first structure (of the 25.4 mm C
tube) shown in Figs. 8 and 12, the surface of the test tube
polished again, and after sandblasting, a second macro stru
was applied which contained the same kind of secondary
ities, but main cavities with further reduced mouth widths,
Fig. 20, bottom, than for the first main structure (top). The h
transfer results for the main structure are shown in Fig. 21
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Fig. 23. Comparison of heat transfer results for the former (1st) main m
structure with data for the new structure with further reduced mouth width o
cavities at different heat fluxes and pressures. Top: R134a; bottom: 2-Prop

the averageheat transfer coefficientα = q/�T over the hea
flux q for all experiments with R134a and 2-Propanol, and
Fig. 22 by the local wall superheat�T over azimuthal angle
ϕ for the three pressuresp∗ investigated with both of the flu
ids. As had been expected, differences inα-values between th
two fluids at correspondingreducedpressuresp∗ are small—
for nucleate boiling and also for free convection without bub
formation—and only a slightly, but systematically weaker
crease ofα with q is observed for 2-Propanol than for R13
within the nucleate boiling region.

Local wall superheat is uniform for the whole circumferen
of the tube when no bubbles are formed (see Fig. 22, the t
q-values of the lower diagram on the right) and at beginn
nucleation (cf. e.g. squares on the left or triangles in the m
dle for 0.5 or 1.5 kW·m−2, shaded), althoughα being already
twice as high—or (the average) superheat half as high—in
o

ol.

e

-

e

Fig. 24. Comparison of local wall superheat�T for first and second main
macro structure with variation of heat fluxq at p∗ = 0.1 (right) and a higher
pressure (left). Boiling liquid: R134a.

latter case than without bubble formation (compare the sha
triangles in Fig. 21 and the dot-dashed lines).

Obviously, the local reduction in�T near the few active
sites—being preferentially located on the lower parts of
tube—is compensated by the high thermal conductivity of
Cu-wall between the surface and the thermocouples loc
1 mm below the surface, and by the fact, that the ‘cooling
fect’ of the sliding bubbles is acting over a greater, coherent
of the circumference.

At highheat fluxes, the minimum of�T at the bottom of the
tube is much more pronounced than without macro cavities
corresponding conditions, compareq = 50 and 20 kW·m−2 in
the diagrams of Fig. 22 and Fig. 10 forp∗ = 0.2 (on the left).
In fact superheats at the bottom are between 7 and 10 % sm
than the average�T -value (Fig. 22), while without macro cav
ities no minimum can be observed at 50 kW·m−2 beyond the



232 S. Kotthoff et al. / International Journal of Thermal Sciences 45 (2006) 217–236

a-
in

on
d in
on
and
is
ro

ee
-

ly

s.

w

nd-

ri-
-

m-
er
Fig. 25. Comparison of local wall superheat�T for first and second main
macro structure with variation of heat fluxq at p∗ = 0.1 (left) and a lower
pressure (right). Boiling liquid: 2-Propanol.

�T -scatter of±0.1 K (or less than±3%). The distinguished
�T -minimum athigh heat fluxes is a further result of the st
bilizing effect discussed above that seems to originate ma
from the bubbles sliding upwards with less lateral deviati
than without the macro cavities that are equally distribute
a regular grid (similar to the difference between plain and c
ventionally finned tubes, see e.g. [6,40]). On the other h
the relative decrease of�T towards the bottom of the tube
the same as without macro cavities at heat fluxes below app
10 kW·m−2.

Having in mind that circumferential variations of�T may
amount up to 10%, it should be noticed, that this has not b
considered in the calculation of theaverageheat transfer coef
ficientsα in Fig. 21 and 23. Instead,α has been calculated from
the average superheats�T of the tube surface assuming pure
radial heat flow within the tube and heat fluxq to be indepen-
ly
s

-
,

x.

n

Fig. 26. Comparison of local wall superheat�T for first and second main
macro structure with variation of heat fluxq at two high reduced pressure
Boiling liquid: R134a.

dent ofϕ: q = const= qel = Qel/(π · Da · Lheated). In reality,
however,�T,ϕ-variations as in Fig. 22 will cause heat flo
within the wall from top to bottom of the tube, thusreducing
the radial heat flux to the tube surface at the top andincreasing
it at the bottom. In [31], an example is given for the fine sa
blasted Cu-tube (qel = 20 kW·m−2, p∗ = 0.1, �Tm = 5.62 K,
(�Tm −�Tmin)/�Tm = 4.3%) that results in considerable va
ation of the local values of heat fluxq and heat transfer coeffi
cientα within the limits:

0.5� qloc/qel � 1.3 and 0.45� αloc/αm � 1.35

Theaverageheat transfer coefficientαloc,m calculated from the
localheat fluxesqloc, however, differs fromαm (calculated from
qel) by less than one percent. This is in line with a syste
atic analysis for�T -variations up to values significantly high
than 10% in [55], where the influence on the averageα-values
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Fig. 27. Examples of roughness profiles for cavities at selected positions
lower surface topography in Fig. 20) and comparison with a secondary m
cavity and with the roughness before rolling.

was always less than 3%. Therefore, calculation of heat tr
fer coefficients byq = const= qel has not been modified fo
simplicity reasons.

In Fig. 23, the heat transfer coefficientsα of the second main
macro structure are compared with the first within the wh
pressure range investigated for R134a (top) and 2-Prop
(bottom; two pressures only, because the first structure ha
been investigated atp∗ = 0.2 for reasons of the high satur
tion temperature). As can be seen, the results differ very
at high heat fluxes within the whole pressure range, and
provement of heat transfer increases for the second main m
structure towards lower heat fluxes, particularly at interme
ate reduced pressures (cf. solid and dashed interpolation li
The quantitative differences can be recognized more clear
the (more sensitive) representations of�T overϕ in Figs. 24–
26 for selected pressures and heat fluxes (some heat fluxes
been omitted for better visibility). The arrows on the right-ha
side of the diagrams indicate (together with theα,q-diagrams)
that the relative reduction of wall superheat (or improvem
of heat transfer, respectively) is highest forp∗ = 0.1 and 0.2
and for low heat fluxes near beginning nucleation, that a
means comparatively small superheats of the wall and s
densities of active nucleation sites on the surface. Obviou
the better vapour trapping within the macro cavities by th
reduced mouth width is most effective when wall superhe
ee
ro

s-

ol
ot

e
-
ro
-
s).
n
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o
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r
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get too small for activation of many micro cavities within t
roughness structure.

At small reduced pressures, the effect is diminishing,
Fig. 25 on the right and Fig. 23, bottom, for 2-Propanol, a
in the case of R134a, it has almost vanished completely,
Fig. 23, top. It seems that the macro cavities are too small
too close together to remain very effective with the increas
bubble sizes at these pressures. Towards high reduced
sures,p∗ = 0.5 and 0.8, the effect is also becoming sma
(but for different reasons), and the slight improvement of h
transfer for intermediate to small reduced pressures at the
est heat fluxes investigated (see the arrows for 70 kW·m−2 in
Figs. 24 and 25) has even turned to the opposite, see th
rows for 50 kW·m−2 in Fig. 26. This indicates that enhanc
vapour trapping in the 2nd kind of main macro cavities is n
ative already, because it represents an additional heat tra
resistance under these conditions with excellent heat tra
coefficients (40 to 140 kW·m−2·K−1, see Fig. 23, top), but slow
movement of the vapour phase because of the tiny bubble
and small vapour/liquid density difference that impedes re
of liquid at high vapour production rates.

On the other hand, improvement of heat transfer by
smaller mouth width becomes effective again with decre
ing vapour production at smaller superheats or heat fluxes
Fig. 26, bottom. And as already discussed in the compariso
Figs. 22 and 10 above, the stabilizing effect of the regular
of macro cavities on local heat transfer via the ‘stratified’
flow of sliding bubbles can be observed, that reduces the
scatter and accentuates the�T,ϕ-minimum, compare the tri
angles forp∗ = 0.8, q = 10 kW·m−2 in Fig. 26 on the left and
the triangles for the corresponding boiling conditions at the
tom of Fig. 10, on the right. This implies that (at least) a gr
part of the irregular scatter in the latter case is not cause
arriving at the experimental limit of error, but by irregulariti
of local bubble production without the stabilizing effect of t
macro cavities.

In this very detailed quantitative analysis of small�T -
differences between the 1st and 2nd main macro structur
without macro cavities respectively), it has to be taken into
count that comparisons should always be done atexactly the
sameheat fluxes. This is not always the case in Figs. 24
because the individual experimental data of the thermocou
have been used. If pertaining experimentalq-values are differ-
ing, this may be misleading, as is demonstrated forp∗ = 0.8,
q = 5 kW·m−2 (shaded in Figs. 23 and 26). The higher�T -
values in Fig. 26 (rhombi with cross)—signalizingworseheat
transfer if heat fluxes were the same—are caused only by
slightly higher experimental heat flux in case of the sec
main macro structure (square with cross, shaded in Fig.
because moving the symbol along the interpolation line wo
result in congruent symbols or exactly the same average�T -
value in both cases.

Analysis of bubble formation at the end of Section 2 revea
that important parts are still missing for the first macro str
ture, and the same holds for the second structure to a h
extent. Both investigations are currently under way, and in a
tion, measurements of heat transfer and bubble formation w
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o

Standardized roughness parameters according to DIN EN ISO 4287

Pa Pq Pp Pp,m Pt PZ
[µm] [µm] [µm] [µm] [µm] [µm]

mean* 0.091 0.117 0.356 0.229 0.841 0.535
max. 0.178 0.208 1.104 0.467 1.788 0.975
min. 0.044 0.056 0.169 0.141 0.331 0.271
σ 0.021 0.026 0.118 0.046 0.229 0.128

* Number of runs: 1000, near thermocouple #28 (φ = 275◦).
Topography (enlargement(z/x) = 36).

Fig. 28. Topography and standardized roughness parameters after rolling the tube in the same way as for application of second main macro structure (crresponding
to profiles A & B in Fig. 27).
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out macro cavities, but modified roughness of the tube sur
are being prepared, that follow from the smoothing effect of
second rolling process in the production of the main structu
see Fig. 27 in connection with Fig. 20, bottom.

The roughness profiles A (located between the two row
macro cavities in Fig. 20, bottom) and B (located between c
ties #1 and 2 in Fig. 20) demonstrate that the original rough
of the sandblasted surface existing on the tube surface b
rolling and between the secondary macro cavities after the
rolling step (Fig. 27, bottom) has been flattened severely (f
Pa = 0.59 µm to approx. 0.1 µm). Similar roughness levels
found at the bottom of each macro cavity, see the shorter
for one of the secondary macro cavities in Fig. 27, second
agram from top, on the right. Within themain macro cavities,
roughness seems to be higher (Fig. 27, profilesC in the third di-
agram from top), but these results could be influenced by
very short gauge lengths (�x = 30 µm) and by the sharp pea
on the left that may be electronic reactions of the sensor ca
by the sharp change of the slope at the edge of the macro
ities. Instead, it is very likely that roughness within main a
secondary macro cavities is the same, because both kin
macro cavities have been formed in the same (first) rolling s
and the following step should not have modifiedthe bottomof
the main macro cavities. (It should be mentioned here, th
new sandblasting procedure was applied before rolling the
macro structure discussed in Section 3, in order to obta
somewhat higher roughness level and broader size distrib
e
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of the micro cavities that are closer to common surface rou
ness in practice than the fine sandblasted one used before

Following from the results of Fig. 27, it appears to be imp
tant that bubble formation and heat transfer on the tube su
with macro cavities should not only be compared with the
sults for the original sandblasted surface before rolling, but
with a surface containing the roughness structure produce
the rolling process, butwithoutadding macro cavities. This pro
cedure has been applied to the area on the tube assigne
the main macro structure (30 mm in length, see Fig. 9),
the topography and the standardized roughness paramet
Fig. 28 demonstrate that the roughness structure achieved c
sponds to the results of Fig. 27 between the main macro cav
(and within the macro cavities). Measurements of heat tran
and bubble formation for this surface will start now.

4. Conclusions

The coherent new data on heat transfer and bubble fo
tion from the same evaporator surfaces with technically rele
roughness structures and with high accuracy of the local re
gained from growing, departing and sliding bubbles have g
new insights into the manifold interactions between neighb
ing bubbles and nucleation sites and into their contribution
heat transfer from surfaceswith and alsowithoutsurface mod-
ifications for heat transfer enhancement. The results are
able to interpret the basic convective and evaporative proce
which produce heat transfer enhancement in nucleate pool
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Inst.
ing. At present it is too early, however, to draw final conclusio
for the project discussed here, because only a few exampl
the new experimental material on bubble formation have b
analyzed so far and measurements of heat transfer and b
formation for the last surface configuration are still missing
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