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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 basic proce
which produce heat transfer enhancement in nucleate pool boiling. In the experiments, heater surfaces with two kinds of modifications
enhancement in the form of macro cavities with comparatively simple shapes are used in order to link experimental results of bubble format
and heat transfer to the geometric features of the cavities without additional assumptions, and particularly to resolve their overall effect on h
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 without me
cavities for enhancement, and their combination with the local events connected to growing, departing and sliding bubbles are suitable to inter
the basic convective and evaporative processes which produce heat transfer enhancement in nucleate pool boiling.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction A great number of experimental investigations of enhanced
pool boiling heat transfer have been reported in the literature,
1.1. Related previous work of other researchers and of the  see e.g. the reviews in [4—8]. Most of those measurements
authors were performed, however, at saturation pressyresear at-
mospheric, and the correlations developed on the basis of the
Within the joint research program on fundamentals of boil-experimental results—also several containing a physical model
ing heat transfer presented in this special issue, the project digf enhanced heat transfer fitted to the particular geometric con-
cussed here tries to contribute to better understanding of thyuration of the heating surface—mainly use the data gained at
basic processes which produce heat transfer enhancementdtmospheric pressure, but claim applicability in a broader sense,
nucleate pool boiling. Since the first high-performance heategee, e.g. [9-20]; very detailed, but highly complex models have
surface configurations were patented in the late 1960's, a gregkeen developed recently by Chien and Webb [21] and Liter and
variety of evaporator tubes with enhanced surfaces have be%viany [22].
developed, that can be divided in two main groups, one based on A good and comprehensive example of experimental results
integral-fin tubes with modified fins to form reentrant groovesfgy pool boiling heat transfer at pressures near atmospheric
or tunnels (“structured surfaces”), see Fig. 1, and another basgghm different structured or porous surfaces has been taken
on plain tubes with sintered porous metallic matrix bo_nde_d tGrom Memory et al. [3] in Fig. 3. The data for refrigerant R114
the tube surface (“porous surfaces”), see the example in Fig. 2cF,cl.CR,Cl) exhibit the typical improvement of heat transfer
from structuredsurfaces over plain tubes, with heat transfer co-
" Corresponding author. Fax: +49 5251 60 3522. efficientso being higher by a factor of three to five at low heat
E-mail addressdigo@thet.upb.de (D. Gorenflo). fluxes g for modified integral-fin tubes (see the dashed lines
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Nomenclature
d bubble diameter............. ... ... mm Characteristic parameters
D tubediameter......... ... mm Ny Nusselt number
N number of bubbles or active nucleation sites per Gr Grashof number
analyzed area or time interval, 1/seq, 1/area Pr Prandtl number
N/A  density of active nucleation sites ........... o subscripts
p* pressure............. [P RRRERRRNREEELELEEE barA at detachment
p reduced pressures p; p, a,0OD outer diameter
P4, R, arithmetic mean roughness height........... umpg bubble
acc. to DIN EN ISO 4287 c in the critical state
(P4, Py, Py, Pr, P, (UM) cum cumulated for an extended time interval, typically
= other standardized roughness parameters) 500 ms
q heat flux . ..........coovveenen... kwi-z el electrical
t 111011 S ms fPI fins perinch
o K at the base of fins
T temperature. ... S .
lam laminar
AT superheat............i i K loc local
Greek symbols m mean
min minimum
A 2. -1
o hgat transfer coefficient........... kil—=-K s in the saturated state
A dn‘ference sim simultaneously= within time interval of 1 ms
(7] azimuthal angle ............................ °. between Succeeding h|gh speed video frames

for several types of GEWA-finned tubes). The improvementube surface and increases witly and p*, also at the highest

by the poroussurface (High Flux tube) and the Thermoexcel-
HE, Turbo-B tubes, (solid lines) is much better, but theiy-

heat flux investigated (for more details, see [6,23]).
Both peculiarities also occurred with Propylene and refrig-

behaviour is entirely different, thus ending up with basically theerant R134a (C§CHyF) boiling on the TX-tube, while the

same heat transfer coefficients for all kinds of surfaces at hig
heat fluxes near 100 k\\—2.

first effect (a) was not found with another refrigerant (R152a,
CHF,-CHj3) within the same ranges gfandp* [1,24—26]. The

Investigations with Propane, Propylene and several refrigetiatter also holds for all fluids investigated with the GEWA-YX
ants boiling on structured tubes in a wide pressure range (up toibe, and the second effect (b) was less pronounced with these

50% of the pertaining critical pressures) reveal significant
deviations from the rather uniform increasecoivith ¢ for the
structured tubes at atmospheric pressure in Fig. 3. In the case
GEWA-TX tubes, in particular,

tubes, obviously because of the somewhat wider gaps between
the fins (0.34 mm) and their different shape (see Fig. 1).

of Fig. 5 demonstrates that pressure dependencies of the heat
transfer coefficientop for various types of structured surfaces
may differ significantly from each other, also within the range

(a) a-values are much higher than expected and almost do naff intermediate heat fluxegg¢p = 20 kW-m~2), and that en-

increase withy at high reduced pressurgs/ p. and small
heat fluxes, and

(b) at low pressurep,/p. and high heat fluxesy becomes
independent of pressure and heat flux,

see the data in Fig. 4 (from [1]) at* = ps/p. = 0.147 (a) and

p* from 0.055 to 0.147 (b). Both effects could be explained us-

hancement vanishes at high reduced presspitefig. 5 from

[27] has been supplemented by data from Fig. 6 for a porous
surface showing that its superiority to the structured surfaces
disappears at high reduced pressures in a similar way as with
increasing heat flux at constant pressure for the other porous
surface in Fig. 3.

Measurements with Propane boiling on a CuNi-tube (8 mm

ing photos of bubble formation: In the first case, stable vapour©D) with aprox. 300 um thick, plasma sintered Ni-based porous

liquid interfaces bridge the narrow gaps of 0.23 mm (see Fig. llayer are presented in Fig. 6 as example of heat transfer from
between the tops of neighbouring fins at the top of the (horizonporous surfaces over an extended range of reduced pressures
tal) tube and trap vapour in the tunnels between the fins, and itand heat fluxes) [28]. The porous layer was manufactured at
the second case, heat transfer is dominated by the restricted i@LR-Institute of Thermodynamics, University of Stuttgart, and
lease of the great amount of vapour produced in the tunnels #te tube was assembled in Paderborn and tested in the apparatus
high heat flux, similar to single-phase forced convective heaand in between the experiments of this paper.

transfer which is independent of heat flux and pressure, while The data show a systematic increase of heat transfer co-
at the highest pressure in Fig. 4, nucleation exists all over thefficient « with heat fluxg and reduced pressurg® 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 (froiijped
tube with bent tips (from [2]); (d) THERMOEXCEL-HE tube (from [2]); (e) TURBO-B tube (from [5]).
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As in the case of effect (b) discussed for the GTX-tube in
Fig. 4, heat transfer at the boundary obviously is limited by
the maximum amount of vapour that can be released from the
pores of the surface layer and by the reflux of liquid that is
sucked in. The onset of this process progresses to lower heat
fluxes when the thermodynamic critical state is approached, be-
cause the density difference between liquid and vapour, and the
surface tension—which are the driving forces, become contin-
uously smaller. Although this boundary does not correspond to
the burnout condition, an analogy can be seen to the vanishing

Fig. 2. Example of tubes with sintered porous (metallic) surface (schematicburnout heat flux at high and approximately cons lues

from [2]).

ends at an upper boundary withvalues being independent

on plain tubes near the critical state [29].
From the comparison with new measurements of pool boil-

of p* and slightly decreasing with increasing heat flux. Theing heat transfer on a plain copper tube with 8 mm OD (dashed

same decrease has been found in [22]xfd?entane boiling at
atmospheric pressurg{ = 0.03) on a uniform porous layer
coating, only shifted tg-values approx. 5 times higher ¢le-
creasing from approx. 40 to 23 kWi—2.K~1 for ¢ increasing

from 142 to 460 kWm~2).

straight lines in Fig. 6 [30]), similar decrease of enhancement
factors with rising heat fluy and reduced pressuge follows

as for structured surfaces, starting, however, at higher factors
of approx. 10. At 50% ofp. and the highest heat flux investi-
gated, enhancement is vice versa already, angltdie tubeis



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

R114 (p, = 32.57 bar), T, =2.2 °C, (pg =1 bar), pg / p, = 0.03 kW ' [ L
20 T ‘ T T [ ‘ m2K IQ/
N I’ -
kw ﬁ%\w’}\ ! _..xt?—/ig 50 TR
2 it
m SENIS e =
10 i T S 2 —
T e ﬁa:"% ) /j
5 al-—/ WZ o // N 8/
alio s o 7
5 T 20 - porous, |t Pr— ‘T Dyt
T ,-/' 8 mm O.D. 7T Y __________ . __)_,:.j-;-r' /<>
L L ,," o a’O.D. ‘ ‘ ~ o= Lr;_', o
"/'/YT Ao GYX, 26 fpi U R
2 ool R ; -4 | oo e T e
T plain tube 10 LT —+
a o plain tube CGTX, 19 f.p| c .
PRAes e I 1 —GT, 19 fpi C e
,.4_;:’-'% <& —7— High Flux ‘ ‘ Al
1 BT —A—TX-HE 1 S
P Turbo-B | 5 | GK, 36 fpi
PLgRRpe ; . DYy
0.5 s 3 -0~ GKv 19 fpl 1 p|ain‘ ’/
< -<-GK, 26 fpi - A | 8mmO.D,, G = 20 kKW/m®
--GT,19fpi - R,=0.34pm
--A-- GT, 26 fpi 5 | | Propane, p, =42.47 bar
02 -~ GYX, 26 fpi | 0.02 0.05 0.1 0.2 05 1
- P/ P,
01 1 1 1 . . )
0.5 1 2 5 10 20 50 k_V\2/100 Fig. 5. Pressure dependence of heat transfer coefficient at constant intermediate
q m heat flux for different structured tubes and comparison with a plain tube (from

) ) ) 27]) and with the porous tube of Fig. &g p , go.p.-related to surface of plain
Fig. 3. Example of experimental results for pressures near atmospheric: Doublgpe with D corresponding to fin tips.
logarithmic plot of heat transfer coefficient as function of heat flux; for
refrigerant R114 boiling on different structured and porous surfaces (from [3]). CuNi10 - tube, D = 8 mm, with nickel based porous layer
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Fig. 4. Heat transfer from a structured tube (GTX, Fig. 1) to Propane at different-ig. 6. Heat transfer from a copper-nickel tube with porous surface to Propane
pressuresw, g-related to total wetted surface of the tulog;, gk -related to  poiling in a wide range of (reduced) saturation pressures (from [28]) and com-
surface of the (plain) tube at base of fins (from [1]). parison with a plain Cu-tube (8 mm OD; from [30]).

better by the same factor (2.5) as the porous at 5% @ind ap-  within the range found for smooth tubes at similar reduced
proximately the same heat flux. (Comparison with a plain tubeyressures (see, e.g. [32—34]; in the present case, bubble forma-
made fromcopperdoes not reduce accuracy, because pool boiltion started during the comparatively fast increase; dfom
ing heat transfer is almost identical for Cu or CuNi10 at the1.5 kw:m~2, shortly before the next value of 5 kWi~2 to be
same reduced pressurg&and for the same surface roughnessstabilized was reached, therefore the dot-dashed line has been
in both cases, as has been shown in [31] for tubes with approxirawn somewhat inclined). For recent discussion of hysteresis
25 mm OD in the same pressure range.) effects on porous surfaces see also [35].

For p* = 0.10, delayed onset of nucleation is demonstrated The measurements at the highest reduced pressures—always
at a test run withincreasingheat flux (symbols: partly solid taken withdecreasingheat flux—indicate that the superheat
triangles), and the threshold of wall superheaf = 10 K is  of the wall increasesagain at small heat fluxes, although the
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electrically supplied heat inpu$ diminishedto the smallest

porous matrix to the surface will die down because the vapour

values investigated, cf. the circle and triangle on their bases aontent trapped within the matrix (similar to effect (a) in Fig. 4)
g = 0.1 kW-m~2 in Fig. 6, or better to be recognized in the is decreasingA T being defined as superheat of the wall at the
(explicit) ¢, AT -representation of Fig. 7. This may be due to innerboundary of the porous layer).

the fact that favourable micro paths for vapour release from the

kw  CuNi10 - tube, D = 8 mm, with nickel based porous layer
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Fig. 7. Representation of heat flyxover wall superheat7 for the data of
Fig. 6.
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1.2. Brief introduction of the present research

The representative examples of pool boiling heat transfer
from enhanced surfaces selected above demonstrate how dif-
ficult it would be to develop calculation methods for the predic-
tion of enhanced boiling heat transfer from any of the complex
commercially used surface configurations, particularly if wide
ranges of heat flux and (reduced) pressure are to be included
and if extrapolation to configurations other than the one exper-
imentally investigated is required.

Therefore, the scope of the subproject presented in the fol-
lowing is restricted to the investigation of a heater surface with
two kinds of modifications for enhancement in the form of
macro cavities with comparativelsimple shapeén order to
link experimental results of bubble formation and heat trans-
fer to the geometric features of the cavities without additional
assumptions, and particularly to resolve their overall effect on
heat transfer into local convective or evaporative contributions
without introducing severe simplifications.

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

Two kinds of cavities were applied to be tested simultane-
ously, the cavities of the simpler “secondary structure” being

42 44 48 48 5 52 54 56 58 6mm

| LR RA PR B8 B BA S B-A R

Fig. 8. Topography of the copper tube (near borderline of the two surface structures) in a quasi-photo realistic representation (bottom) oeptfith tfiehe

cavities indicated by colours (top; from [36]).
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purely radially oriented in depth (size: approx. 2000 x uated by semi-automatic methods. For detailed descriptions of
50 um, see Fig. 8, on the right). The cavities of the “mainthese methods, see [31,42—-44].
structure” with reduced mouth width (Fig. 8, on the left) were
modified in a second rolling step in order to produce reentran2. Summary of results without modifications and for first
effects, the microstructure of the surface roughness on the amodified surfaces
eas between the macro cavities, however, having been flattened
significantly during the second step (see Section 3). 2.1. Local heat transfer

Refrigerant R134a and 2-Propanol (and also Propane in
some cases) were selected as test fluids because their vapouVariation of local wall superheatd7 with azimuthal an-
pressure varies over a wide range of reduced pregsungthin -~ gle ¢, heat fluxq (at p* = const; on the left) and reduced
the temperature range covered by the experimental apparatygessurep® (at ¢ = const; on the right) is demonstrated in
Heating elements are single, horizontal copper or copper-nickéfig. 10 for Propane, 2-Propanol and R134a boiling on the fine
tubes (CuNil0; exact type: CuNil0Fel.6Mn) powered by dcsandblasted Cu-tubeithout surface modificatior{81]. As can
resistance heaters and with diameters at the upper limit of conie seen, a minimum iA7 is developed for intermediate heat
mon technical evaporator tubes (Cu: 25.4 mm; CuNi: 24.0 mmfluxes or intermediate (and up to comparatively high) reduced
to increase convection by the swarm of rising bubbles. Thug?ressures, caused by evaporative and convective effects of the
local convective and evaporative effects of the bubbles sligbubbles growing at active nucleation sites on the lower parts of

ing upwards along the wall are detected more clearly than with

. top pqttoml . top
tubes of small diameters (cf. e.g. [37—40]). Cu-tube, D = 25.4mm R AR A R P A I
[ . fine sandblasted, P, = 0.25um 0.007
36 miniaturized thermocouples (0.25 mm OD) were equally . . . 16.0
Lo . . ig symbols: main cross section el v b b e sepesnd 0.010
distributed over two cross-sections of the copper tube, axially small " :secondary " P e U e sente
shifted against each other by 30 mm (see Fig. 9, to scale) tt 2o, propane 4¢,.R134a 110 aea AR 005

monitor circumferential temperature variations within the two  #.°....2-Propanol

100 :
domains with different surface modifications (axial positions of 4 ; top bottom top K L
the thermocouples differing somewhat due to length uncertain, 4| B 0.0 PRy g 0,026
. . . TE I e | =2 i
ties during the soldering process, see [31]). a6 _DD;%D% oo D“_ 5 80 094 0,050
In the experiments, a new, slightly modified version of the a4l o T VP DYV & SoEX 0.048
.. R o | Ogn —_—
so-called standard apparatus for pool boiling heat transfer mee™ e, s a5 St 70 i 0.050
surements is used which is described in detail in [31,41], to-3k2;,00c90' — Wﬁﬁw““‘ 20
. . . o Q k =z
gether with the outlines of the experimental procedure. Com-3.0 _“?@m%%?%@w” -4 gol e 0.070
. . . () [y .
bined with the heat transfer measurements, bubble formatiol, _fax “’%g’m@‘f’.w" AR o AT
is recorded by photographs and by a high speed digital videc " %&Aﬁl Egﬁﬁﬁ‘_‘ 508 0.10
system (Fa. Weinberger, Karlsruhe, Germany) for up to 100(26 =-—1~A— T o N '
images per second with a resolution of 52512 pixels. The 2ak * ﬁﬁtﬁ b8h | 46
.y o . . 4 [ T T
densities (humbers and exact local positions) of nucleation site ﬂ;;va %&’v °
T ) o o AT [% ol a0l
(Nsim) active simultaneously (i.e. within the time interval of ,, ;r—vﬂ%% | 1 aa
1 ms) or alternatelyNcum), the rate of bubble release from each Al [""7"’ 36 015
site (Vg), the (equivalent) diametets, of the bubbles at de- 5, L | 34
. . . oSN B 30
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Fig. 10. Variation of local wall superheatsT with azimuthal angley, heat

flux ¢ (at p* = const; on the left) and reduced presspie(at g = const; on

Fig. 9. Positions of the thermocouples within the two cross sections of meathe right) for Propane, 2-Propanol and R134a boiling on the fine sandblasted
surement (to scale). Cu-tube P, = 0.25 um) without surface modifications (from [31]).
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The systematicAT, ¢-behaviourwithin each of the two
cross sections of measurement and the small (or non-existent)
deviationsetweerthe two cross sections (big or small symbols
in Fig. 10) indicate that heat transfer conditions within the inner
structure of the test tube are homogeneous—an important pre-
requisite for correct interpretation of circumferential variations
of the wall superhea\T. The systematic differences devel-
oping between the two cross sections of measurement at the
three lowest reduced pressures (cf. small and big symbols in
Fig. 10, on the right ah T = 11 K and more) will certainly be
caused by differences in local positions of the very few, simulta-
neously active sites existing under these conditions (see Fig. 11,
top) and by differences in their specific activation behaviour. In
the same way, most of th&T -scatter for the highest heat flux
(50 kwW-m~2) or at the lowest superheat (0.28 K) will be ini-
tiated by local irregularities of bubble formation distributed at
random, as can be concluded from a comparison with the corre-
sponding data in Figs. 22 and 24*(= 0.2, 50 or 70 kWm~2)
or in Fig. 26 (p* = 0.8, 10 kWm~2, 0.28 K), where the more
regular bubble formation at the equally distributed macro cavi-
ties ‘smoothes’ th\ T, g-curves quite significantly.

In Fig. 13, characteristic examples of the reduction of wall
superheat are shown which has been achieved bynéheo
cavities for heat transfer enhancemeAn impression of the
regular form of the cavities within the first main macro structure
on the Cu-tube is given in Fig. 12 by four selected topographies.
Comparing the (almost) entirely identical shapes of the cavities
at different positions around the tube surface reveals that the
structure had been applied without any circumferential irregu-
larities (in fact, the structure produced in a first attempt had not
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 intermediate
reduced pressures or intermediate and down to low heat fluxes,
respectively, that means under conditions where heat transfer is
influenced most by local bubble formation—aisithoutmacro
cavities! The differences between the results for the two kinds
of macro cavities, however, are not very pronounced (small and
big symbols with cross) indicating that perhaps mouth width of
Fig. 11. Bubble formation on the fine sandblasted Cu-tube without macro cavt® Main cavities should have been reduced to a higher extent.
ities at constant, intermediate heat flpx= 10 kw-m=2 and different reduced ~ (The different surface roughness within the main or secondary
pressures. Top* = 0.010; middle:p* = 0.15; bottom:p* = 0.80. macro structurdetweerthe cavities may also be of influence,

see discussion of Fig. 18, and Section 3). The overall improve-
the tube wall and sliding upwards along the superheated liquichent of the average heat transfer coefficient achieved by the
layer near the wall. These effects are gradually loosing impormacro cavities is up to approx. 35% for the secondary and up to
tance, approx. 45% for the main structure. For more results about av-
erage and local heat transfer from the first modified surfaces

o if the density of active sites becomes high (higlvalues)
or number of bubbles becomes small (sngallalues), see —— o _ _
Fig 10 on the left. and 1 In comparison with Fig. 11, it can be observed that the defective thermo-
L ! X i i couple atp = 120° had been ‘bridged’ by the arithmetic mean of the two

o if reduced pressurg* is very low, with big bubbles and neighbouring thermocouples in the diagram from [36] (see big open symbols).
small number of active sites, even at intermedigt@lues,  During the handling process prior to the heat transfer measurements with the
or if p* is very high, with tiny bubbles, high site den- first macro structure—applying and removing the preliminary macro structure,

sity (even at smaly-values) and vanishing buoyancy, Seethen applying the first, and in between: sandblasting ®ughness measure-
ments 3¢, cleaning, transport etc.—5 more thermocouples of the main structure

Fig. 10 On_the_righ_t' in combination with the photos of bub- 4nq 5 of the secondary became defective, cf. the remaining 18 big or 7 small
ble formation in Fig. 11. symbols with cross in Fig. 13.
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top, @ = 0° (near thermocouple #1) rear flank, ¢ = 90° (near th. #10)
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Fig. 12. Surface topographies of the first macro structure on the Cu-tube at selected azimuthal po$jt@hs {80°, 275, near thermocouples # 1, 10, 19, 28,
see Fig. 9).
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Fig. 13. Comparison of local wall superheatg for Propane boiling on the fine sandblasted Cu-tube without and with macro cavities for heat transfer enhancemen
(from [36]). Parameter: Left: Heat flux at constant (intermediate) reduced pressuife= 0.10 Right: Reduced pressupg at constant (intermediate) heat flux
g =20 kW-m~2,

see the comparison with the new modifications in Section 3he bubbles at detachment, will be summarized in the following;

(and [36,45]). a more detailed description is given in two recent publications
[31,44].
2.2. Bubble formation In the first place, it has to be pointed out that the activa-

tion behaviour ofmicro cavities within the roughness structure
Much less systematic investigations exist on bubble formaof evaporator surfaces, to become active nucleation sites for the
ti_on than on heat transfer for evaporator.surface.s with dime_”production of vapour bubbles, may vary tremendously, even un-
sions and roughness structures relevant in practice, as a revigi, yojling conditions with very thoroughly stabilized values of
g{;r;grlr':;?;ﬂr;onnu'crl]:rtzcggir;isn b et_vveer_1 higégaggfer andl b(l;%'lectrical energy input to the heating element and of saturation
g givenin [23] reveale ‘temperature and pressure of the pool of liquid (as is the case for

Therefore, much moréasic investigation®n bubble forma- . | d q din thi .
tion than on heat transfer had to be carried out for the test tubtge experimental apparatus and procedure used in this project).

without modifications for enhancementthe first stages of our This holds for all the characteristic parameters of bubble for-
research project, and new or existing methods for the analysi®ation, like

of bubble formation had to be developed or improved, respec-

tively. The most important results which have been obtained ® density of active nucleation sites on the heater surface,

so far on the densitied’ /A of active nucleation sites, the rate e temporal activation behaviour of each site, and

Npg/t of bubble release from each site and the diaméjeof e size of the bubbles at detachment from the sites.
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Propane ap* =0.1,¢ =5 kW-m~2. Bars: Maximum variation of data at con- o 184 245° 1 ¥T¢
stant boiling conditions (from [31]). ] Eo i
o] 240° = i
240" Ffo 0 2 4 6 8 10 12 14
. _ _ ) 5 N, [1/500ms]
The main reason for this scatter are short-time reductions of 18
the superheat at a cavity ready to be activated, by (one or more230° g8,
cavitiesactivealready in itsimmediateneighbourhood or by a ] g
bubble sliding over the cavity, see e.g. the detailed history of 11, 1 8o
active sites recorded in [31,44] and the papers by Kenning or | fo
liquid crystal thermography [46—-48]. The first effect is partic- ] @\O
ularly pronounced for surfaces sandblasted by grain with com-210°1 go'
paratively uniform particle sizes which produces many similar ] —
. . bl To
cavities in a very homogeneous surface structure as has beezoooz \
the case for the 25.4 mm Cu-tube with fine sandblasted surfac: | \?
mean roughness?, = 0.25 um) before applying the macro AU
9 a H PplyINg 0 2 4 6 8 10 12 14
structures for enhancement. N, [1/500ms]

The scatter is shown in Figs. 14-16 by typical examples for
N/A, Ng, da. As can be seen. the values of the three paraméfig. 15. Azimuthal distribution of active sites and numbg&s of bubbles orig-

. L. . Inating from each site during an entire video sequence of 500 ms (from [31]).
ters vary for the pertainingonstant boiling conditionsetween  rine sandblasted Cu-tube without macro cavities, Propane at copétand.1

and two heat fluxes.

e 0.07 and 0.87 mm fad4 (Fig. 14)

e 1and 11 or 1 and 38 per 500 ms ¥ (Fig. 15) and %00 e e e e e e e
e 1and 11 on 51.42 mfrfor Nsim 1 ms (Fig. 16). i ey NG o= 449/cm”
200 ¢ S —— -

This demonstrates that great care has to be taken when avera NIAr, 4oms= 227/cm’ £ 10
values of these parameters are used in models to calculate ttN G © oo , 1
heat transfer performance of an evaporator surface from bubbl 0"’% ERE,. smlatie ol ¢

eat transfer performance of an evaporator surface from bu 100 G gocliar hki %gg%%qk%gﬁ:wsimm
formation, as e.g. in the well-known combination of ideas from Y1 A 1 5 B “j(./ LI E I on
Mikic and Rohsenow [49], and Han and Griffith [50]. 511 1651 v 0 5;:]%

Variation of bubble departure diametés with azimuthal ‘J N//{ =902/lm2¢

angleg for the new results is somewhat more pronounced than 2 m. 1 m‘s ' BRARE
af:cordlng to a correlation develgped earllgr ([51], SO!Id curvein 100 200 . 300 400 ms 500
Fig. 14), and thel4-values predicted by this correlation and a time

correlation of Weckesser [52] based on measurements of bubbigy 16 pensity(v/A)gim 1 ms of simultaneously active sites (time period:
formation on a horizontal plate (dashed) lie within the experi-1 ms; bottom) for an entire video sequence of 500 ms, and pertaining cumula-
mental scatter of the new data near the flank of the tube. As cdiye values for 40 or 500 ms (above). Fine sandblasted CuttBpe- 0.25 pm

. without macro cavities; R134@* = 0.1, g = 10 KW:m—2 (acc. to [44]).
easily be understood, the medp-values near the flank of a
horizontal tube become smaller with increasing heat flux, and
the da, p-dependence becomes weaker (and has already vape taken into account, however, that difficulties of data process-
ished atg = 20 kW-m~2, see the more detailed discussion ining for bubble formation increase with increasing heat flux and
[31]). For this and also for the other two parameters, it has talistance from the (front) flank of the test tube.
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2-Propanol ap* =

Examples of the different activation behaviour of individ-
ual sites near the flank of the tube are given in Fig. 15 for two
heat fluxes at constant pressure. The data show that almost all
the sites are active only once or twice within 500 ms and that
bubble production rate is high for only a few of them. This
means that activation is influenced fmostof the sites—even
at these comparatively low heat fluxes—either by neighbour-
ing sites or by sliding bubbles via “site seeding”, “premature
detachment” or purely thermal interaction. As positions of sites
at the same azimuthal angtemay differ in axial direction, the
diagram does not allow to conclude which of the mechanisms
is responsible in each individual case; to do so, activation maps
are necessary containing the exact local positions of neighbour-
ing sites and their temporal activation behaviour during entire
video sequences (see, e.g. the exemplary analysis for 11 sites in
[31,44)).

An additional phenomenon which contributes to the great
scatter of bubble formation data, is generated by the ensemble
of bubble formation processes occurring on the tube surface si-
multaneously, see Fig. 16, at the bottom. The scatteVigh
reveals an oscillating behaviour containing short-time fluctua-

mum and minimum value—corresponding to the mean growing
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Fig. 20. Comparison of second main macro structure (bottom) with first=tte@plarged part of front flank, see= 275" in Fig. 12); # 1-7= number of macro

cavity; A—-C = location of roughness profiles given in Fig. 27.

periods of bubbles found under similar conditions [31,44]—,

A plausible explanation has been offered in [44]: At those

and superposed long-time fluctuations with roughly tenfoldmoments when only a few bubbles are produced, the heat re-
characteristic time intervals. Residual fluctuations of the thormoved may be lower than theonstantelectrical heat input,

oughly stabilized input of electrical energy to the test tuberesulting in a rise of superheat. This in turn will activate so
could definitely be excluded as a possible reason by oscillomany sites that more heat is removed than added, and the su-

scope analysis [53].

perheat decreases again, but down to significamipw the
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L egp, pfbar 'ToeC [ o Ri3aCHFory | [T [ eas in Fig. 19), but for a different boiling liquid (2-Propanol). At
100 Lo 050s by cose—la.. siropanl AT firstglance, fluctuations and absolute valdésn, of simultane-
a gggf 2?1; 124113(1)623 (p, = 47.643 bar) . ously active sites are similar to the data without macro structure
50 [V 0.102 4883 128608 / Foudill (cf. Fig. 17 and 16), and the same holds for the activation behav-
WS oooe 1o saeas HEE iour of the individual cavities, particularly within the simpler,
mzKi © 0026 1050 -25.178 ST )/ yoe secondary macro structure, where by far most of the cavities—
20 [HEERIEEN | AL / [ttt macro cavitier cavities within the roughness structure—are
q0 L L L / | ot ?{ i active only once or twice during 500 ms (cf. Fig. 15, on the
i s R / right, and Fig. 18, the two lower diagrams).
' ] A more detailed comparison reveals, however, that there are
‘ significant differences in site activation between the two macro
structures on the one hand (upper or lower diagrams of Fig. 18)
or between macro cavities and cavities within the roughness
structure, on the other (Fig. 18, cf. diagramsddiror only for
B macrocavities). The differences are:
e site activation of themain macro cavities is roughly four
i times as high as of the secondary (8.0 or 2.2), and almost
02y / main macro structure | | twice as high as the activity of the roughness-sites in their
g | ‘N“‘:“’\“ﬁ'l(e"""f)ts T [T11]] neighbourhood (8.0 or 4.5), while
04 02 05 1 24 5 10 2 % 50 100 . Fhe roughness-sites nelghbou'rlng seeondarymacro cav-
ities are almost 50% more active than the latter (3.0 or 2.2).
Fig. 21. Heat transfer coefficientssfor R134a and 2-Propanol boiling on the
Cu-tube with modified main macro structure at different heat fluxesd re- This is also reflected in the different numbers of simultane-
duced pressures®. ously active sites (Fig. 17):

equilibrium value because the bubbles growing already, neede There is almost the same numberméin macro cavities
less superheat than the average and will continue to grow for a  active as roughness-cavities (macro: 6.7, all: 15.6), while
few more milliseconds. It seems that the very same behavioure the activesecondarymacro cavities constitute only about
also occursvith macro cavitiegsee Fig. 17). 25% of all active sites.
Consistent with the result of Fig. 15 discussed above, consid-
erably more active sites will be found on the tube surface when There are two reasons for the differences:
the sampling time is increased, because most of the individ-
ual sites are active only once or twice within a video sequencél) The reentrant effects of the macro cavities within the main
of 500 ms (Fig. 15). On the other hand, the cumulative num-  structure will trap a greater amount of vapour after a bub-
ber Neum found for 500 ms (449 cr? or 231 on 51.42 mA), ble has left than the secondary. Thus, bubble production is
will be close to the overall number of cavities within the mi- enhanced and therefore higher, because lower start-up su-
cro structure of the surface that can ever be activated under the perheat of the wall is needed, and this, in turn, will reduce
steady state conditions of this example, because increasing the activity of roughness-sites in their immediate vicinity.
time horizon from 40 to 500 ms led only to the double number(2) Roughnessvithin both kindsof macro cavities has been
of active sites. Similar results were found in another project of  reduced in the first production step, aoetween the main
the joint program for a gold-plated copper tube with the same  macro cavities in the second, while it has almost not been
surface treatment [54]. modified between the secondary macro cavities (see also
It follows from these investigations of bubble formation Fig. 27 in Section 3).
without macro structure on the tubes, that it is not sufficient to
analyze a simple site (on a non-technical or a technical heater The relative contribution of each of the two effects cannot
surface) without the context of neighbouring sites, becausbe separated reliably with the experimental material available
this provides only a small part of the experimental informa-at present, but additional experiments with both kinds of rough-
tion necessary to develop prediction methods for pool boilinghess structuravithout macro cavities are planned (see Sec-
heat transfer which should be based in future on the detailetion 3).
(microscopic and macroscopic) events connected with vapour Two more features of bubble formation after applying the
production to improve their validity beyond the range of exper-macro structures can be observed: a certain ‘stabilizing’ effect
iments that were used. which on the one hand, reduces the amplitudes of the temporal
In Figs. 17 and 18, examples of results for bubble formatiorfluctuations ofNsim from the fine sandblasted surface without
on the Cu-tubewith the two macro structuresf Fig. 8 have  macro cavities (Fig. 16, bottom) in two steps to the secondary
been selected for boiling conditions corresponding to Figs. 1%Fig. 17, bottom) and then to the main structure (Fig. 17, top),
and 16 as to reduced presspieand heat fluxy (see shaded ar- and which on the other hand, increases bubble production at
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Fig. 22. Variation of local wall superhe@t7 with azimuthal anglep and heat fluxg at three pressures for R134a and 2-Propanol boiling on the Cu-tube with
modified main macro structure.

individual sites, see the diagram falt cavities within the sec- consistent with each other [31]. It is very likely that the seem-

ondary domain in Fig. 18, compared with Fig. 15, on the right.ing discrepancy between the data of Fig. 19 and the heat transfer
The second significant feature follows from Fig. 19 showingresults for the three surfaces [36] will be resolved in a similar

the marked increase of number of active sites in the area of thaay as soon asompletdénformation on bubble formation from

secondary structure (circles), compared to the fine sandblastéide enhanced surfaces is available, particularly on the bubble

surface (squares) without macro structures (and compared &zes.

the main structure, triangles). Combined with the correspond-

ing overall heat transfer results that yield systematic improve3. New results from modified macro cavities

ment of heat transfer from both enhanced surfaces over the

fine sandblasted surface on the one hand, and small differences As the improvement of heat transfer from the main macro

between the two former on the other, the effect seems to betructure compared to the secondary structure was being com-

analogous to the almost identical heat transfer coefficients, bygaratively small [36] for the first structure (of the 25.4 mm Cu-

marked differences of bubble production between the three fliube) shown in Figs. 8 and 12, the surface of the test tube was

ids investigated with the fine sandblasted surface. polished again, and after sandblasting, a second macro structure
In the latter case, it could be proved by approximate calcuwas applied which contained the same kind of secondary cav-

lations of evaporative and convective contributions of bubbléties, but main cavities with further reduced mouth widths, see

formation to heat transfer that the experimental data from botlfFig. 20, bottom, than for the first main structure (top). The heat

domains (heat transfer or bubble production, respectively) artransfer results for the main structure are shown in Fig. 21 by
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Fig. 23. Comparison of heat transfer results for the former (1st) main macro

structure with data for the new structure with further reduced mouth width of theFig. 24. Comparison of local wall superheAf for first and second main

cavities at different heat fluxes and pressures. Top: R134a; bottom: 2-Propanehacro structure with variation of heat flyxat p* = 0.1 (right) and a higher
pressure (left). Boiling liquid: R134a.

the averageheat transfer coefficient = ¢g/AT over the heat

flux ¢ for all experiments with R134a and 2-Propanol, and inlatter case than without bubble formation (compare the shaded
Fig. 22 by the local wall superheatT over azimuthal angle triangles in Fig. 21 and the dot-dashed lines). _

¢ for the three pressurgs® investigated with both of the flu- Obviously, the local reduction i7" near the few active

ids. As had been expected, differencesimalues between the sites—.being preferentially Ioca.ted on the lower pa.lrt.s of the
two fluids at correspondingeducedpressureg* are small— tube—is compensated by the high thermal conductivity of the

for nucleate boiling and also for free convection without bubblecu_waLII between the surface and the thermocouples located

formation—and onl lightly. but svstematically weaker in-l mm below the surface, and by the fact, that the ‘cooling ef-
ormatio —a. 0. y a slightly, but systematically weake fect’ of the sliding bubbles is acting over a greater, coherent part
crease ofx with ¢ is observed for 2-Propanol than for R134a

e " i of the circumference.
within the nucleate boiling region. _ At highheat fluxes, the minimum af 7 at the bottom of the
Local wall superheat is uniform for the whole circumference;pe is much more pronounced than without macro cavities for
of the tube when no bubbles are formed (see Fig. 22, the thr%rresponding conditions, compaye= 50 and 20 kW2 in
g-values of the lower diagram on the right) and at beginninghe diagrams of Fig. 22 and Fig. 10 fpi* = 0.2 (on the left).
nucleation (cf. e.g. squares on the left or triangles in the midtn fact superheats at the bottom are between 7 and 10 % smaller
dle for 0.5 or 1.5 kWn~2, shaded), although being already than the averaga T-value (Fig. 22), while without macro cav-
twice as high—or (the average) superheat half as high—in thi¢ies no minimum can be observed at 50 k2 beyond the
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Fig. 25. Comparison of local wall superheaf for first and second main
macro structure with variation of heat flux at p* = 0.1 (left) and a lower
pressure (right). Boiling liquid: 2-Propanol.

AT-scatter of+0.1 K (or less thant3%). The distinguished
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Fig. 26. Comparison of local wall superheaf for first and second main
macro structure with variation of heat fluxat two high reduced pressures.
Boiling liquid: R134a.

dent ofp: g = const= ge| = Qel/ (7 - Dy - Lheated. In reality,

AT-minimum athigh heat fluxes is a further result of the sta- however,AT, p-variations as in Fig. 22 will cause heat flow
bilizing effect discussed above that seems to originate mainlyithin the wall from top to bottom of the tube, thusducing
from the bubbles sliding upwards with less lateral deviationghe radial heat flux to the tube surface at the topianceasing
than without the macro cavities that are equally distributed irit at the bottom. In [31], an example is given for the fine sand-
a regular grid (similar to the difference between plain and conblasted Cu-tubegg = 20 kW-m~2, p* = 0.1, AT,, = 5.62 K,
ventionally finned tubes, see e.g. [6,40]). On the other hand ATy — ATmin)/ AT, = 4.3%) that results in considerable vari-
the relative decrease @7 towards the bottom of the tube is ation of the local values of heat fluxand heat transfer coeffi-
the same as without macro cavities at heat fluxes below approgiente within the limits:

10 kW-m~2,
Having in mind that circumferential variations &fT may

amount up to 10%, it should be noticed, that this has not beemheaverageheat transfer coefficientioc ,, calculated from the

considered in the calculation of tla@erageheat transfer coef-

local heat fluxesgyoc, however, differs frona,,, (calculated from

ficientsa in Fig. 21 and 23. Instead, has been calculated from ¢¢|) by less than one percent. This is in line with a system-
the average superheatd" of the tube surface assuming purely atic analysis forA T -variations up to values significantly higher

radial heat flow within the tube and heat flyxo be indepen-

than 10% in [55], where the influence on the averagelues
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Em_—mughlness profile Alocated Between maco Cavities #1,2 & 5.6 7] get too small for activation of many micro cavities within the
1 Py =0.137um roughness structure.

2ok A At small reduced pressures, the effect is diminishing, see
1L ] Fig. 25 on the right and Fig. 23, bottom, for 2-Propanol, and

L in the case of R134a, it has almost vanished completely, see

2E | ; ! ; I . I P Fig. 23, top. It seems that the macro cavities are too small and
2 L roughness profile B located between  roughness profile within i too close together to remain very effective with the increasing
HM - main macro cavities #1 & 2 secondary macro cavity (Ax=70um), bubble sizes at these pressures. Towards high reduced pres-

sures,p* = 0.5 and 0.8, the effect is also becoming smaller
(but for different reasons), and the slight improvement of heat
transfer for intermediate to small reduced pressures at the high-
est heat fluxes investigated (see the arrows for 70rkW in

Figs. 24 and 25) has even turned to the opposite, see the ar-
rows for 50 kWm~2 in Fig. 26. This indicates that enhanced

| P, =0.063 um P, =014 um
z

0
-1
-2

| L | | L | L

I T I T

3 5 7

T T T T T
macro cavity # 2

HML "mean" roughness P,/um 0.46 0.45 0.27 0?37 0.40 +
, Tr ] vapour trapping in the 2nd kind of main macro cavities is neg-
0 - roughness profiles C 5 ative already, because it represents an additional heat transfer
1 '_szc‘a;e‘;"’vs'fh;” cavities ] resistance under these conditions with excellent heat transfer
-9 [ (each covering Ax = 30m) ] coefficients (40 to 140 kWwh—2.K—1 see Fig. 23, top), but slow
movement of the vapour phase because of the tiny bubble sizes
2 [ roughness profile without | | P, =059 um and small vapour/liquid density difference that impedes reflux

MM macro cavities (before rolling)

of liquid at high vapour production rates.

On the other hand, improvement of heat transfer by the
smaller mouth width becomes effective again with decreas-
ing vapour production at smaller superheats or heat fluxes, see
, ! , ! , ! , ! , Fig. 26, bottom. And as already discussed in the comparison of

0 100 200 300 400 pm 500 Figs. 22 and 10 above, the stabilizing effect of the regular grid
gauge length x of macro cavities on local heat transfer via the ‘stratified’ up-
Fig. 27. Examples of roughness profiles for cavities at selected positions (SJLOW of Slldlng bubbles can be obs_erved, that reduces the_ data
lower surface topography in Fig. 20) and comparison with a secondary macr§Catter and accentuates thd", o-minimum, compare the tri-
cavity and with the roughness before rolling. angles forp* = 0.8, ¢ = 10 kW-m~2 in Fig. 26 on the left and
the triangles for the corresponding boiling conditions at the bot-
was always less than 3%. Therefore, calculation of heat trangom of Fig. 10, on the right. This implies that (at least) a great
fer coefficients byy = const= ¢e has not been modified for part of the irregular scatter in the latter case is not caused by
simplicity reasons. arriving at the experimental limit of error, but by irregularities

In Fig. 23, the heat transfer coefficient®f the second main  Of local bubble production without the stabilizing effect of the
macro structure are compared with the first within the wholgMacro cavities. . o .
pressure range investigated for R134a (top) and 2-Propanol !N this very detailed quantitative analysis of smallr-
(bottom; two pressures only, because the first structure had ngffferences between the 1st and 2nd main macro structure (or
been investigated gi* = 0.2 for reasons of the high satura- without macro cavities respectively), it has to be taken into ac-

tion temperature). As can be seen, the results differ very ligti&OUNt that comparisons should always be donexactly the

at high heat fluxes within the whole pressure range, and imgameheat flu?<es_._Th|s IS not. always the case in Figs. 24-26
. . because the individual experimental data of the thermocouples
provement of heat transfer increases for the second main macfo

. . _have been used. If pertaining experimentalalues are differ-
structure towards lower heat fluxes, particularly at intermedi- . . : .
. ) "~ ing, this may be misleading, as is demonstratedpfoe= 0.8,
ate reduced pressures (cf. solid and dashed interpolation lines

Th itative diff b zed learly i '=5 kW-:m~2 (shaded in Figs. 23 and 26). The high®f -
€ quantitative differences can be recognized more clearly I}y e in Fig. 26 (rhombi with cross)—signalizimgprseheat

the (more sensitive) representations\df overy in Figs. 24—y anfer if heat fluxes were the same—are caused only by the
26 for selected pressures and heat fluxes (some heat fluxes h%‘f@htly higher experimental heat flux in case of the second
been omitted for better visibility). The arrows on the right-handain macro structure (square with cross, shaded in Fig. 23)
side of the diagrams indicate (together with the/-diagrams)  pecause moving the symbol along the interpolation line would
that the relative reduction of wall superheat (or improvementesylt in congruent symbols or exactly the same aversge

of heat transfer, respectively) is highest fof = 0.1 and 0.2  yajue in both cases.

and for low heat fluxes near beginning nucleation, that also Analysis of bubble formation at the end of Section 2 revealed
means comparatively small superheats of the wall and smajhat important parts are still missing for the first macro struc-
densities of active nucleation sites on the surface. Obviouslyure, and the same holds for the second structure to a higher
the better vapour trapping within the macro cavities by theirextent. Both investigations are currently under way, and in addi-
reduced mouth width is most effective when wall superheatsion, measurements of heat transfer and bubble formation with-
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Standardized roughness parameters according to DIN EN 1SO 4287

P, Py Pp Pp.m P Pz

[um] [um] [um] [um] [um] [um]
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
o 0.021 0.026 0.118 0.046 0.229 0.128

* Number of runs: 1000, near thermocouple #38275).
Topography (enlargement/x) = 36).

Fig. 28. Topography and standardized roughness parameters after rolling the tube in the same way as for application of second main macrarsspcitao
to profiles A & B in Fig. 27).

out macro cavities, but modified roughness of the tube surfacef the micro cavities that are closer to common surface rough-
are being prepared, that follow from the smoothing effect of theness in practice than the fine sandblasted one used before.)
second rolling process in the production of the main structures, Following from the results of Fig. 27, it appears to be impor-
see Fig. 27 in connection with Fig. 20, bottom. tant that bubble formation and heat transfer on the tube surface
The roughness profiles A (located between the two rows ofvith macro cavities should not only be compared with the re-
macro cavities in Fig. 20, bottom) and B (located between cavisults for the original sandblasted surface before rolling, but also
ties #1 and 2 in Fig. 20) demonstrate that the original roughnes4ith a surface containing the roughness structure produced by
of the sandblasted surface existing on the tube surface befofge rolling process, butithoutadding macro cavities. This pro-
rolling and between the secondary macro cavities after the fir§edure has been applied to the area on the tube assigned for
rolling step (Fig. 27, bottom) has been flattened severely (froni1® Main macro structure (30 mm in length, see Fig. 9), and
P, = 0.59 um to approx. 0.1 pm). Similar roughness levels aréh,e topography and the standardized roughness pa_rameters in
found at the bottom of each macro cavity, see the shorter ruRi9- 28 demonstrate that the roughness structure achieved corre-

for one of the secondary macro cavities in Fig. 27, second di§ponds to the results of Fig. 27 between the main macro cavities
agram from top, on the right. Within theain macro ’cavities (and within the macro cavities). Measurements of heat transfer

roughness seems to be higher (Fig. 27, profilds the third di- and bubble formation for this surface will start now.

agram from top), but these results could be influenced by thei)’L Conclusions

very short gauge length&\( = 30 pm) and by the sharp peaks

on the left that may be electronic reactions of the sensor caused The coherent new data on heat transfer and bubble forma-
by the sharp change of the slope at the edge of the macro cayon, from the same evaporator surfaces with technically relevant
ities. Instead, it is very likely that roughness within main androyghness structures and with high accuracy of the local results
secondary macro cavities is the same, because both kinds Qgined from growing, departing and sliding bubbles have given
macro cavities have been formed in the same (first) rolling stemhew insights into the manifold interactions between neighbour-
and the following step should not have modifibé bottomof  ing bubbles and nucleation sites and into their contributions to
the main macro cavities. (It should be mentioned here, that Reat transfer from surfacesith and alsowithoutsurface mod-
new sandblasting procedure was applied before rolling the nevfications for heat transfer enhancement. The results are suit-
macro structure discussed in Section 3, in order to obtain able to interpret the basic convective and evaporative processes
somewhat higher roughness level and broader size distributiomhich produce heat transfer enhancement in nucleate pool boil-
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