Available online at www.sciencedirect.com

Internationszl
sc|ENcs@D|nEcT° Journal oF
¢ TN Thermal
: iences
ELSEVIER International Journal of Thermal Sciences 45 (2006) 310-320 Sele

www.elsevier.com/locatelijts
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Abstract

A general theory for boiling heat transfer shall be developed by modelling the microscopic transport phenomena in boiling on a heated surfac
supported by experimental studies with equally detailed informations on roughness, formation of bubbles and on heat transfer. The heat transf
measurements and the bubble formation are carried out during the same experiment. The experiments in bubble formation are obtained by a hi
speed video technique.

The images of the video sequence are analysed manually or by special semiautomatic evaluation programs to obtain the number and locati
of active nucleation sites and some selected results for bubble departure diameter and frequency. Results for the bubble formation on a horizon
copper tube in boiling propane for an intermediate pressure from low to high heat fluxes are discussed, e.g. the cumulative site densities vary frol
2 mm2 at low heat fluxes to 70 mr? for high heat fluxes. Additionally, the fluctuation by time and in the location on the tube is recorded.
Because of the large amount of data, different automatic methods to analyse the single images have to be developed. A new template-based met
for the evaluation of the video sequences allows the nearly automatic identification of the individual bubble on its nucleation site, and to track its
growth and movement along the heated tube surface during the following images. First results show that the bubbles sliding up the superheats
tube surface grow at a similar rate as those staying on their nucleation site. Their contribution for the vapour production in model assumptions hg
to be revised.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction They are often not attended by equally accurate studies of the
roughness of the heated surface and of the bubble formation.
High heat flux densities can be transferred by small temperfhe characteristic features of the heating surface and of the
ature gradients in evaporators. The high transfer capability bésubble formation are not introduced into the usual empirical
comes important even in fields like electronic facilities, wherepredictive methods [2]. The joint research project on funda-
two-phase systems have been avoided until now for reasons ofentals of boiling heat transfer aims at a better modelling of
their complexity. The efforts to a better understanding of thethe basic heat transfer phenomena by activation of the bubbles,
fundamental processes in boiling heat transfer will increase ithe vapour movements on the heated surface and their conse-
future as evaporators are more and more miniaturized in differguences on the integral heat transfer. The final idea is to de-
ent operative ranges to save costs and energy and to preserve tleéop calculation methods for the design of evaporators of high
natural resources. This trend is supported by new developmengsficiency considering more the physical phenomena than the
in computer calculations and in measurement techniques.  empirical methods [1,2] used now. Therefore, the roughness of
The calculation methods for the design of evaporators aréhe heated surfaces [3], the heat transfer and bubble formation
based on more or less accurate heat transfer measurements [4]5] or vapour production [6], respectively, are investigated by
experiment and theory [7].
* Corresponding author. Tel.: +49 0511 762 2277; fax: +49 0511 762 3857. The formation and the grgwth of bubbles in thelr favour?d
E-mail addresses: luke@ift.uni-hannover.de (A. Luke), sites on the heated surface is one of the essential mechanisms
cheng@informatik.uni-freiburg.de (D.-C. Cheng). in boiling heat transfer by which the local superheat in the lig-
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Nomenclature
A AMBA .« vttt m T temperature ........... i [
d bubble diameter ......... ... ... L mm AT superheat ............ ... ... K
D tube @amet_er RIS M Greek symbols
g density distribution
Ah,  heatofvaporization .................... k1 @ heat transfer coefficient ............ W2.KL
h probability function o density of the saturated liquid .......... k3
m exponent o density of the saturated vapour .......... kg
N number of active nucleation sites o standard deviation
(N/A) number of active nucleation sites per heated o surfacetension ............... ... ...... it
AIBA ..ottt mMm ¢ azimuthalangle ...........................0
p* PresSSUre . ... Pa, barSjbscripts
p reduced pressure; p;/ pe
De critical pressure .......... ... i, Pa, barA departure
Ds saturation pressure ..................... Pa, baB bubble
P, standardized roughness parameter accordingto ¢ critical
DINENISO4287 .....cccviiiiiieannn.. pgm cum  cumulative
q heat flux .........ccovvveeeeiiiiiin... W2 m mean
Te critical radius of stable bubble nuclei ......... m s saturated
Sact nearest distance between neighbouring cumulativesim simultaneous
nucleationsites ........................... mm w wall

uid and in the wall is reduced. The turbulences of the growingperiments suited for a large range of temperature and pressure

departing and up-sliding bubbles cause good heat transfer aloifpr details see for instance [4] in this issue and e.g. [10]). The

the heated surface and within the evaporator. The interaction ofiain features of the apparatus are

the properties of the heated surface (e.g. material, microstruc-

ture and macrostructure, geometry, wettability of the surface o the dc-heated horizontal test tube in the evaporator,

by the liquid) and of the boiling liquid, and the operating pa- e evaporator and condenser combined in a natural circulation

rameters result in a number of influence parameters on bubble |oop for the test fluid and placed in a conditioned chamber

formation and heat transfer. of which the air temperature is adjusted to the saturation
New high speed video technique offers the possibility to get  temperaturd’ of the liquid in the evaporator.

more detailed information of the bubble formation on the heated

surface in situ. The activation, growth and movement after the'he microstructure and macrostructure of the heated surface

departure of the individual bubbles are observed and digitallgre analysed in advance of the heat transfer measurements by

recorded. The experimental data can be evaluated quantitg-three-dimensional contactless roughness measurement tech-

tively by means of special semi-automatic evaluation methodgique combining the stylus technique with near field acoustic
of the images of the high speed video sequences. Selected K@icroscopy [3].

cently published results of the bubble formation evaluated by
this _methods are dlscussgq for intermediate pressures from Ioz\'/l' Review of evaluation methods for bubble formation in
to high heat fluxes of boiling propane on an horizontal copy;

: X iterature
per tube with a fine sandblasted surface (average mean rough-
nessP, = 0.25 um [3]; cf. [8] for the heat transfer results in ) o
detail). New automatically evaluating methods have to be de- MOst of the model assumptions for bubble formation in pool
veloped because of the large quantity of data within the imboiling are based on th_e_obser_vatlon of nonmfluenced- single
age sequences [9]. The method is applied to individual bubb|elgubbles_. Nevertheless, it is obvious that these assumpnons_are
growing on their nucleation sites and they are tracked on theiPnly valid for very low heat fluxes or superheat and for hori-
way sliding up the superheated boundary layer around the tubgontal, plane heatedlsurfaces. On tubeslor on vertlcallpla_ltes, the
First results of the new evaluation method are presented withiubbles are already influenced from the instant of beginning nu-

this paper. cleation. A connection between the measured heat transfer and
the parameters of bubble formation is important for the valida-
2. Evaluation of the high speed video sequences tion of model assumptions like those of Genske and Stephan

[7,11] and Kern and Stephan [12]. The parameters of bubble

A number of experimental set-ups used in the past, wergormation are the bubble departure diameter and frequency, the
limited to atmospheric conditions [4]. Therefore, the standarcdhumber of active nucleation sites and their local distribution on
apparatus had been established by Gorenflo for pool boiling exthe surface, the growth of the bubbles at their nucleation sites
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poral resolution of 1000 images?®. Each image consists of
512 x 512 pixel (Company Weinberger, Karlsruhe, Germany).
The observation time, i.e. the length of one video sequence, is
500 ms & 500 images) to reduce the data amount and with
regard to the storage capacity of the computer. The video se-
guences are taken through a sight-glass of the standard appara-
tus. The bubble formation is recorded successively on different
parts of the tube because different illumination set-ups have to
be provided [9]. Different sessions of videos are preserved de-
pending on the operation conditions (heat flux, saturation pres-
sure), on the geometry, the microstructure and macrostructure
of the tube, and on the boiling liquid (e.g. an area of 5mm
is observed fop* = 0.1 (ps; = 4.2 bar) andy = 20 kW-m~2 in
boiling propane to determine active nucleation sites). For higher
pressures the area has to be reduced by changing the optical
lenses in front of the camera in order to separate the individual
sites from each other [23].
Fig. 1. Photograph of boiling n-hexane on a horizontal fine sandblasted finned The number of active sites have been counted on the area
tube (p* = 0.037, ¢ = 3.4 kW-m~2). Determination of the bubble departure examined and presented true to scale in Fig. 2 by two typical
diameter, see the arrow from [14]. examples of the bubble formation within ca54< 4.5 mn?
of the test tube surface near the horizontal median line of the

and during their path sliding up near the superheated boundagbpper tube (propane, fine sandblasted surfBce,25.4 mm).
layer. Fig. 2 represents two succeeding video images with nucleation

The main aim is to develop noninvasive methods for the inssites simultaneously active during 1 ms, indicated by horizon-
vestigation of bubble formation to avoid the disturbance of theal arrows in Fig. 2, left and right (in the following termed as

boiling process. The methods proposed in literature are “simultaneous sites”, in former publications designated as “mo-

mentaneous sites” [8,15,23]). The number of simultaneously

e photographs [13,14]; active nucleation sites varies from ms to ms, shown here by two

e high speed video technique [15-17]; new dashed (angular) arrows in Fig. 2, on the right. The active
¢ holography [18]; sites are defined by the existence of new bubbles. These sites

e combination of temperature measurements by liquid cryshave been activated obviously within the time interior between
tals with high speed video technique [19]; the two images. This demonstrates that the active nucleation

¢ optical and electrical probes for the evaluation of the distri-sites cannot be found in one single image by itself (or e.g. in
bution of vapour/liquid interphase combined with the mea-a single photograph); instead each of the more than 500 im-

surement by micro thermocouples [6]; ages of a video sequence is analysed by looking forwards and
e tomography [20]; backwards to check the active sites in one ms. The departure
e counting of deposits or little holes on the surface evoked bynoment is the end of activity on the site and is defined by the

nucleation sites [21]. onset of variation of the local position of the bubble. The slid-

ing bubbles vary their local position quite evidently during 1 ms

In general, photographs give a qualitative impression of th&o a separation from the active sites is possible.
bubble formation, e.g. the influence of the operating parameters The other visible bubbles on the images in Fig. 2 that have
as saturation pressure and heat flux. Nevertheless, a lot of quamet been marked by arrows are sliding up along the tube sur-
titative measurements result from the evaluation of photographiaice. The average number of the simultaneous sites within this
cf., e.g. [22], especially for low heat fluxes and pressures, e.gideo sequence is approdV/A)sim = 9 mm2 during the total
the bubble departure diameter is defined as the second bubldession of 500 ms. As shown in [27] (see also below), the num-
within a chain of bubbles, see the arrow in Fig. 1 [14]. The mainber of the simultaneous nucleation sites are varying largely; this
problem of this method is the missing temporal resolution. Thdeads to the requirement of the evaluation of each image of the
moment of departure cannot be fixed exactly and the separatiasideo sequence and not only of a random test of three or five
of bubbles sliding up the tube surface from those still growingsingle images as done in former analyses e.g. [23].
on their nucleation sites is difficult. This explains the large scat- Much larger numbers of more than 600 sites (on an area of
ter of these data in the literature. 45 mmx 4.5 mm) are active at least once during the entire

High speed video technique now offers the possibility to500 ms sequence. They are localized in the diagram in Fig. 3.
get more detailed and higher temporally resolved informa-This “cumulative” site densitfN/A)cum is the total number
tion of the bubbles and their activation on the heated surfacef sites per unit area being active during some time within the
Therefore, the bubble formation is examined in parallel to theobservation time period which has to be much longer than the
heat transfer measurements on the one hand by photograp&gerage growth period of a bubble on its site. Related to the
and on the other by high speed video technique with a temarea investigated, this corresponds to a cumulative site density
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Fig. 2. Bubble formation near the median line of the test tube for propane boilipg &t0.1, ¢ = 20 kW:m—2 (area investigated ca.®x 4.5 mm): Selected
images with typical simultaneous active nucleation sites (horizontal arrows on both images) and activated one ms late (dashed arrows, ingig® on the ri

q = 20000 W/m2, (N/A),, =29.5 / mm? with constant frequency and constant departure diameter has to
5 - . be checked by new data considering the various influence pa-
AL 1o AT D A I rameters. Additionally, the contribution of sliding bubbles, e.g.
mm et - '. '-'. 1 e . . ; * their growth and velocity, has to be investigated. The essential
R [ R P SR I T '._’ [ large amount of data cannot be evaluated manually, automatic
B IS It A e R SR S methods are required.
eesen SR R 2.2. New method for the evaluation of video sequences
3 AR 1 _ et . .-. o . .,. :
S ..-I.'-- RTINS o T In the past, the evaluation of these videos has been per-
y e e '._ e T formed by special semi-automatic programs, cf. [4,15,28], that
: L .. A e allowed the quantitative determination of various parameters,
e I - .. AT but were very time consuming because the permanent input of
DA ol s the user was needed (i.e. the analyse of each bubble and each
. nucleation site in each image of a sequence). In the following,
1 . MR - an automatic method for the evaluation of the video sequences
: L. is developed therefore, especially concerning the growth and
PN Sl movement of the individual bubble during the recorded ob-
servation time [16,25]. A first program allowed the automatic
0 recognition of the bubble contour in the first step and in the
0 1 2 X 3 4 mm 5 second step the tracking of the bubbles is done by the computer

instead of the user. The main problems of this method were
Fig. 3. Local distribution of all active cumulative nucleation sites for
propane boiling on an horizontal copper tubepét= 0.1, ¢ = 20 kW.m~2 e the varying light reflection on the variable bubble inter-
(D =254 mm). phase,

e the intensive motions after the coalescence of bubbles,
of (N/A)cum~ 30 mnT2 in the case of Fig. 3. That means that o the movement of the bubbles out of focus and
the simultaneous and cumulative site densities may differ a lot ¢ the varying optical characteristics of the background.
for the same boundary conditions, compare Figs. 2 and 3. For
fine sandblasted surfaces, most of the nucleation sites are arhe latter is not homogeneous resulting from the surface struc-
tivated only once during the entire sequence of 500 ms [15}ure of the heated element which is dark diffuse (sandblasted
Following these results, it is essential to mention the observasurface) or strongly reflecting (emery ground surfaces). Addi-
tion time (500 ms) and the temporal resolution of the systemionally, the illumination of the bubbles depends on their local
(1 ms) for the comparison of number of simultaneous or cumuposition on the tube (e.g. near the flank of the tube or near the
lative nucleation sites with data of literature, cf. also [4,5,24].bottom) and it changes with the growth and the movement of
In consequence, the model assumption of stable nucleation sitdse bubbles or by convection effects of the liquid. The total con-
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Fig. 4. Example of a single image of a sequence (left), the back ground image (middle) and automatically recognized bubbles 1 to 9, on the righla$tee sand
copper tube in boiling isopropang* = 0.1 andg = 3 kW-m~2 from [25]).

tour of the bubbles cannot be identified from the background othe background is established by the user teaching the computer
its shadows by conventional methods for image processing as identify the bubbles in a similar way as the human eye does.
used for particle image velocimetry (PIV) without prior knowl- Many different sub-images reproduce the various examples of
edge of the real shape of the bubble under the specific operatitmibbles, but as few as possible should be used to minimize the
conditions. computation time. Bubbles out of focus are not considered if

In a previous attempt, it was tried to recognize the individ-they have no effect on the bubble formation on the tube and if
ual bubbles by so-called “region based snakes” combined witthey are not growing by sliding along the tube, i.e. they are far
background image identification [25], see Fig. 4. “Region base@dway from the superheated boundary layer. The user has to de-
shake” is a special mathematical procedure of automatic imtermine manually typical shapes of bubbles of certain size by
age processing developed for medical application, see [25]. Thgiving four points on the contour of the bubble saved in a sec-
method aims to detect the contour of the bubbles by analyzingnd database (see Fig. 5, top). The bubbles can be of circular
the different grey levels in their surrounding. If the detectedor elliptic shape. Then, the program starts to track the bubble
contour is interrupted, the contour can be closed by the snakduring its growth and movement along the surface using the
method using the prior knowledge of the bubble form. How-template of the bubble appearance and the noted position of the
ever, the method is not successful to identify the bubbles evelast image. Even the nucleation site can be determined by back-
for very low heat fluxes, see Fig. 4, where two bubbles ardracking of the single bubbles, if its site is located within the
not recognized and some contours of the bubbles are not coarea investigated, e.g. No. 42 in Fig. 5.
rectly described (compare the images in Fig. 4, left and right). The entire mathematical procedure for the image processing
The main problem is that the method cannot always separate described in earlier publications [16,25] and in this special
the bubble shadow from the bubble itself because the imagssue [9]. The method is quite robust against the various re-
sequence is not considered. It is not possible to track singlfiections on the bubble boundary but it is limited to low heat
bubbles correctly on the succeeding images, although the bacuxes with some few bubbles and to reduced saturation pres-
ground has been eliminated. Recording the background imagrires which are not too low, because nearly circular or elliptic
without bubbles (foiy — 0, i.e. before the heat transfer mea- bubble shapes are necessary, nor to high pressures, because then
surements), see Fig. 4, middle, was not successful either, btie bubbles are often too small and too numerous and can-
cause the optical property of the superheated liquid and the tub®t be detected in spite of their more circular shape. All in
surface change with increasing superheat. Therefore, the backl, the method still needs relatively high computation capac-
ground image (Fig. 4, middle) is analysegsucceedingimages  ity.
insituto represent the illuminated surface of the tube immersed
within the saturated liquid under the test conditions in the nex8. Resultsfor bubble formation
step of development of a new evaluation method (for the algo-
rithm see [9,25]). 3.1. Review of recently published results

Despite the improvement connected with this modification,
the snake technique is limited and cannot track the bubbles Examples for the result of the evaluation of the video se-
on the following images [25]. The further improved semi- quences are demonstrated by means of experiments from [3,4,
automatic method described in this issue [9] is divided into8] with propane boiling on the outside of a horizontal copper
three parts, the bubble identification, the tracking of bubblegsube with D = 254 mm and fine sandblasted microstructure.
and the manual correction if necessary. Because of the last fe@he typical results for the operating parameters are shown in
ture, it is semi-automatic again. In the first part the bubbles ar&ig. 6 in form of the heat transfer coefficieatas function
determined in a rough approximation. Since the bubble appeaof the heat fluxg in comparison with the active nucleation
ance varies according to the test conditions, a database contasites in Fig. 7. (The video sequences are only investigated for
ing various sub-images of typical bubbles for the sequence arvo pressures, see the black symbols in Fig. 6.) The results
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Fig. 5. Bubble formation near the median line of the test tube for propane boilipiy-at0.1, g =5 KW-m~2: Tracking of one bubble (No. 42) from its nucleation
site (top) to its coalescence with another bubble (bottom).
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. Cui—tube, fine san&blasted P, = 0.|25 um I om? T o
10" £ Propane, p,= 42.4 bar E
W P"= Ps /P 10°F =
m2K @] 0.80 L ]
0] 0.50
A 0.20
10'F v 010 E
(o 0.070
o B 0.049
10 =
10° E NA [
) " Nu=060 (Gr Pr)°® i | propane p*=0.1
10 5 Cu-tube D= 8.04 mm
Ll MR | s el sl 10; | cum
10° 10° 10° W/m? 10° [ ® fine sandblasted,
q P,=0.28 ym
B emeryground,
Fig. 6. The heat transfer coefficiamtas function of the heat flux, sandblasted _ P,=0.46 ym
copper tube according to [27,28]. sm-—
© fine sandblasted,
4 10" u P,=0.28 ym
10 g A R NI : A T H 1 [ emeryground,
2f A v [ /N p*=0.1 r 1 P_=0.46 pm
1/lem™ 1 v ’ L C ]
i v | I v oum 10° 2 5 10" w/m?
i cum 1 cum ¥ sim q
3 _ [ * —
10 A v X P A_ 02 Fig. 8. The number of active sites as functiornydbr propane boiling on a hor-
N/A [ ] [ c.um izontal copper tubéD = 8 mm) with different surface finishes (emery ground
r \V4 1 r v A sm and fine sandblasted; from [27,28]).
10° a E a2 I E with the surface tensiom, the density of the saturated liquid
i A E 1 A and vapoup” for the wall temperatur&,, and the average tem-
- 1 J perature of the superheated boundary lafjger= T, + AT /2
I I f | and the superheaT. There is a large difference between the
10" 3 sim 1 3 E cumulative and simultaneous numbers of sites, e.g. the cumula-
i L . ] tive numbers of sites are 70 times as high as the simultaneous
- I pr=0.1 — ] ones forp* = 0.2 andg = 20 kW-m~2. The smaller slope for
r v cum | ] the highest heat fluxes may be due to the difficulty to distinguish
10°F v sim L sm- properly the single active sites for intensive boiling within the
F pr=0.2 i ] turbulent bubble movement and to the interaction of the grow-
i A cum | ] ing bubbles with those up-sliding along the heated surface.
i A sim | ] Nearly the same heat transfer coefficientan be related
o, ‘2 . to the same number of mean active simultaneous nucleation
10 g0 Wim 02 . 5 um10 sites, e.g. forp* = 0.2 andg = 10 kW:m2 and p* = 0.1

andg = 20 kW-m~2 in Fig. 6 (arrows) and in Fig. 7, right.
Fig. 7. The number of active sites as function of the heatdlbeft) and of the ~ Similar large potential nucleation sites offered by the surface
critical radiusr. of a stable nucleus (right), sandblasted copper tube accordinggre obviously activated, because the critical radius calculated
to[27,28]. with the average superheat has nearly the same value in both
cases, see Fig. 7, right. The same holds for the lower heat fluxes
discussed in the following had been obtained by the formerq =5 kW-m~2 (p* = 0.2) and 10 KWm~2 (p* = 0.1). The
semi-automatic program of [4,15] with permanent input of themych higher number of cumulative active sites than those being
user. simultaneously active shows that the same local potential nucle-
The average numbers of cumulative and simultaneous sitegion site is not always activated during the 500 ms. A similarly
for all video sequences investigated for two pressures are showdrmed cavity situated just in the nearest neighbourhood is se-
in Fig. 7 as function of the heat flux (left) and of the critical lected for nucleation within the very regular microstructure of
radiusr, for stable bubble nuclei (right). The critical radius is the heated surface. The fine sandblasted surface obviously of-
calculated according to Schémann et al. [26] fers a quantity of cavities of similar sizes [3] able to be activated
successively in short time.
op’ T(p' —p") 2 The number of active sites on other microstructures as e.g.
c= [(p/ _ P”)LW[ Ahyp'p" Lm AT 1) on the axially emery ground surfaces is more stable than on
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Fig. 10. Distribution of the nearest distances of the active nucleation sites for the high pressure in Fig. 9 as histogram (left), and the Weibsil(righttfor
different operating conditions) from [27].

the fine sandblasted surface for beginning nucleation, as can be The local distributions of the cumulative nucleation sites are
seen by the comparison of the simultaneous and the cumulghown in Fig. 9 for selected operating conditions' & 0.1,

tive sites(N/A) in Fig. 8 from [27,28]. The bubbles which ¢ = 10 kWm=2, p* = 0.2, ¢ = 20 kW-m~2). The angles
are activated in the few large grooves of the emery ground sufidicate the azimuthal positions of the sites on the tube (as
face analyzed in [3], grow and depart with constant frequency" Fi9- 2). Each area is subdivided in cells for better com-
For higher heat fluxes the differences between simultaneol®211SON ith the size of the topographies investigated for the
and cumulative nucleation sites approach those of the fine sanExnghness analysis [3]. The cumulative site density varies from

— —2 — =2 *
blasted one. For the highest heat flux investigated, the situatio V/A)oum = 9 mn 7 for g = 10 kW-m”= at p* = 0.1 to

S _ /A)eum = 81 mn12 for ¢ = 20 kW:m~2 at p* = 0.2. The
is similar to the one on the fine sandblasted surface—a lot o gglomeration of active sites in the upper part of the tube is

unstable nucleation sites. The number of simultaneous sites Q@ arkable for the lower pressure in Fig. 9, right. This holds
both surfaces is nearly the same, independent of the heat flugarticularly for low heat fluxes. The bubbles departing from
The potential nucleation sites investigated by the analyses @fome few nucleation sites near the bottom of the tube create
the surface microstructure [3] have to be linked to the activehew active nucleation sites by sliding up the superheated tube
nucleation sites. Therefore, the local distribution on the heatedurface. The contribution by up-slidinging bubbles is dimin-
surface is also analysed by means of Figs. 9 and 10. ished for higher pressures and superheats investigated. The total
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- - - K up-sliding bubble

0_40 T | T | T I T | T I T | T | T I T T

mm [ i

0.35 n

i No. 42

- 0.30 i ]

% 025 - m

E 020 - Iﬁrﬂﬂf 7

'c - -

o5 o o= .

o - — ]

3010 =™ 5 . 1—

g ropane, p*=0.11

005 4 No. 42 q=5kwime ]
00 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0O 5 10 15 20 25 30 35 40 ms

time

Fig. 12. Two examples of bubbles growing on their nucleation sites and then
sliding along the superheated surface.

New coherent results for heat transfer and bubble formation

Fig. 11_. Temporal reso_lution of the activation with/A)sim as function ofthe 5 5 horizontal copper tube with different microstructure and
recording time of the video sequence from [27]. macrostructure are discussed in detail by Gorenflo et al. [4] in
. . ) _ this special issue, especially dealing with cumulative and si-

surface of the tube is uniformly covered by active nucleationy,jraneously active nucleation sites on different locations on

sites in these cases. . . ~ thetube evaluated with the semi-automatic program [15].
An indication of the interaction between adjacent sites is the

statistical analysis of their nearest distances like the distributioR 2 - New results for bubble growth
in Fig. 10. The histogram for the higher pressure investigated
within the area demonstrated in Fig. 9 can be described by a The first results of the evaluation by the new method with
modified Weibull function (see Fig. 10, left) in a similar way the identification and tracking of bubbles of one sequence for
as the distribution of the potential sites in [3]. The smallestyropane boiling on a fine sandblasted copper tube surface with
distances are far away from the value of the critical radius ofy* = 0.1 and a heat flux off =5 kW-m~2 near the median
re =0.25 pm, but it is expected that the bubbles will agglomer-jine of the tube is represented in Figs. 12—14. In Fig. 12, bubble
ate during their growth, especially near the departure momemNo. 42 (from Fig. 5) is identified and tracked until it vanishes
(da ~0.15 mm to 0.25 mm on the flank of the test tube), if they from the image (squares). Bubbles smaller thigr= 0.05 mm
are activated simultaneously. These distributions become widefannot be detected by this method due to the insufficient reso-
with decreasing pressure and heat flux. Most often the nearegftion in pixels. Shortly after activation the bubble is growing
distance is nearly constant for the two pressures and heat fluxes its nucleation site to the departure diametigr£< 0.16 mm;
and can be linked to similar values of the maximum of the disclosed squares). After departure, it still grows while it is stream-
tances of the nearest potential sites in [3] for fine sandblasteigg up along the superheated tube surface (open squares). The
surfaces. scatter within the data for the bubble diameter is due to the vari-
The number of simultaneous nucleation sites is not conation of the visible two-dimensional shape (the projection area)
stant during the sequence of about 500 imagess00 ms),  of the bubble, while the third dimension in direction of the tube
see the bars of the standard deviation in Fig. 7. The temporalurface cannot be evaluated. The bubble is only analysed from
resolution of the activation is shown in Fig. 11 for some exam-its top, cf. also Fig. 5. The variation of the shape follows from
ples. A cycle of activation is succeeded by one of deactivationhe influences caused by the movements of the liquid and the
with a regular fluctuation in the average value(df/A)sim».  up-sliding bubbles. The uncertainties can be estimated to be in
The average value ofN/A)simm Of the two heat fluxes at the order of 7% to 12% of the values of the bubble diameter.
two pressures investigateq &£ 10 kW-m~2 at p* = 0.2 and  Higher uncertainties have to be considered after the departure
20 kW-m~2 at p* = 0.1) are nearly the same, only the fluc- of the bubble from its nucleation site, see the error bars in
tuation seems to be more regular for the higher pressure. THeg. 12. Steps in two succeeding frames as from 19 to 20 or
peak-to-valley valueA(N/A)sim increases with pressure and from 32 to 33 ms show that the bubble has coalesced with sec-
heat flux (fromA(N/A)sim =8 mm2 for ¢ = 10 kWm=2 at  ond smaller bubble on its site which is located in the way up of
p*=0.11t0 16 mn 2 at p* =0.2 and toA(N/A)sim= 16 for  the first bubble. After the coalescence, the bubble slides undis-
g =20 kW:m~2 at p* = 0.1, see Fig. 11). turbed along the superheated tube surface and is still growing.
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040 b e T T T T T obviously far away from the superheated surface. It sudden in-
ubble up-sliding in contact with N ;
mm - crease in size results from coalescence with another bubble, see
| the superheated surface o i . . L
B o i Fig. 13, below. The third type is sliding up close to the super-
m0'30 i = ll:.“ o i heated surface, then establishes itself on the tube surface (see
T 025 BoTe . 30 ms). In the following, it grows there to its departure diam-
% r EectSln ] eter (d4 = 0.18 mm) and remains growing during up-sliding
% 0.20 B s T i further, see Fig. 14. Other bubbles sliding upwards may cre-
5015 - o o i - ate new nucleation sites without visible variation of their shape
% h@nﬁ 1 like type 2, but being somewhat closer to the superheated lig-
2 010 © L] uid layer. The nucleation sites activated by up-sliding bubbles
2 505 - Propane, p* = 0.1 are also demonstrated by the activation maps in Figs. 3 and 10
- q =5 kW/m? .
- T for medium pressures.
0.00 The presented data are only some first results of the evalua-
tion of a video sequence. The new method offers the possibility
030 7T T T ] to track single bubbles in video sequences from their activa-
_ mm | ubble up-siiding far i tion on the nucleation site to the moment where they leave
2 . from the superheated surface | the heated area investigated. The growth of different bubbles
£020 - N at their nucleation site and during their way sliding up along
% 0 15 I i the superheated boundary layer can be analysed quantitatively
2 1 and less time consuming as by the former methods.
; 0.10 LGy “PEEF% ]
0.05 - - 4. Conclusion
0.00 I L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ]
0 5 10 15 20 25 30 35 40 ms 50 The coherent new data of heat transfer, bubble formation and

time roughness from the same heated surface gives new idea for the

Fig. 13. Examples of bubbles moving upwards and growing (top) or which dc® activation of bubbles on the surface, their growth on the site and

not grow (bottom) by sliding along the superheated surface. by sliding up and the manifold interaction between them. The
evaluation of high speed video images offers the possibility to
B upsidngbubble _ _ receive much more detailed information about the activation of
040 — |9r|°‘f’“|‘ ona f‘“lc'?a'l"°|” Is't? (leslte:bhlsr:eclj on Ithle ?'t?)l bubbles and of the heated surface and its cavities but it was very
- . time consuming. Semi-automatic and automatic programs are
mm -~ N developed to identify and track the individual bubbles. Some
=i B o] video sequences have been analysed previously for a few ex-
= 0.30 ) .
ko) . i amples because of the large amount of data. The cumulative
g 0.25 - d 0@ dgg_r.‘ﬂ . active nucleation sites are distributed statistically, especially
2 0.20 B \: i o ] for low heat fluxes agglomerations are observed over the me-
o T = i dian line of the horizontal test tube. The density distribution of
§ 015 n the nearest distances between the adjacent sites shows that in-
o 0.10 B EI ] teraction of bubbles growing at their sites is possible if they
. '111 Propane, p* = 0,1 i are active simultaneously. The growth of thg bubbles slldmg-u_p
0.05 4= 5 KW — along the superheated tube surface results in values nearly twice
0.00 Lo e the bubble departure diameter. Their contribution to the vapour

0 5 10 15 20 25 30 35 40 45 50 55 60 ms 70 production in model assumptions has to be considered in future.
The long-term aim is that the new results shall enable to inter-
pret the fundamentals in boiling heat transfer and to establish

Fig. 14. Example of a bubble sliding upwards, then being established growinghew calculation methods using them.
on a site and growing further when up-sliding.

time
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