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Abstract

An array of 36 microthermocouples (38 pum diameter) embedded in a horizontal copper heater (distance to the surface 3.6 um), a micro opt
probe (tip diameter-1.5 um) and a microthermocouple probe (tip diameté6 um), both moveable above the heater surface, are applied to
study heat transfer mechanisms along the entire boiling curve under steady-state conditions. Test fluids are isopropanol and FC-3284. In nuc
boiling, very localized and rapid temperature drops are observed indicating high heat fluxes at the bottom of the bubbles. Already before react
CHEF, hot spots occur the size of which increases towards the Leidenfrost point. In the entire transition boiling regime wetting events are obsen
but no ones in film boiling. In low heat flux nucleate boiling small vapor superheats exist in the bubbles and strong superheats in the surrounc
liquid. This characteristic changes continuously with increasing wall superheat: the liquid surrounding the vapor approaches saturation whe
the vapor becomes more and more superheated. In film boiling the bubbles leaving the vapor film can reach superheats of 40K near the sur
The optical probes confirm a liquid rich layer near the surface between nucleate boiling and high heat flux transition boiling. The void fractic
in this layer increases continuously with the distance to the surface until a maximum value which seems to be linked to the bubble depart
diameter.
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1. Introduction to develop enhanced heat transfer surfaces systematically and
not by trial and error methods.

In spite of the huge amount of studies on boiling heat transfer The governing mechanisms of boiling take place very near
in the past, the number of investigations does not decrease, ite the surface. If a thin electrically-heated plate is used as
dicating that this complex process is still not well understoodtest heater, bubble and vapor spot dynamics at the surface can
Nevertheless significant progress has been achieved in recdsé studied nonintrusively by liquid crystals [1] or infrared-
years. This is because more sophisticated experimental tecthermography on the rear surface. By means of liquid crystals
niques and data acquisition systems as well as significantly imt was possible to confirm qualitatively intensive evaporation in
proved mathematical tools are now available. Hence, our abilityhe micro region at the bottom of a bubble [2]. Furthermore, first
to explore the basic mechanisms of boiling has been improvegttempts have been made recently to develop mechanistic mod-
and those results are increasingly used to develop physicalys for nucleate boiling based on liquid—crystal data [3]. This
based heat transfer models. They are more generally valid thafiudy revealed that liquid crystal thermography has a limited
empirical correlations and, last but not least, a deeper knOWIremporaI resolution. This shortcoming might be overcome by
edge of the governing physical mechanisms gives us the changgyhspeed infrared thermography. But even though, validation

of a boiling model also needs data on the two-phase charac-
" Corresponding author. teristics above the surface, such as information about bubble
E-mail addressauracher@iet.tu-berlin.de (H. Auracher). growth, bubble coalescence etc. Moreover, real heating surfaces

1290-0729/$ — see front mattét 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2004.08.007



270 M. Buchholz et al. / International Journal of Thermal Sciences 45 (2006) 269-283

Nomenclature

CHF  critical heat flux P; roughness parameter according to DIN EN
EMF  electromotiveforce .......................t. \Y ISO4287 ... .. 2um
G galn, Output Voltagellnput Voltage q'* heat ﬂUX e .‘. .‘ .............. Wn_
Kpp  peak-to-peak temperature fluctuations (noise) .. K9 dimensionless heat flux/gcwr

. . AT heater surface superhe@gyrace— Tsat -« -« - - - - K
MOP  micro optical probe

. AT, MTCP superheatlprope— Tsat -+« «-vvvvevnnns K
MTC  microthermocouple TC thermocouple
MTCP  microthermocouple probe z distance perpendicular to the heater
p* reduced pressure,/ p. surface ... mm or um
PIF phase indicator function oy void fraction

are thick and the boiling mechanism may differ from the one on The first part of the present report gives a short summary
thin foils, see [4,5] for example. In particular, the temperatureof the technique to measure entire boiling curves under steady-
field dynamics in the heater body plays a role and should bstate conditions as well as of the results obtained so far with mi-
taken into account. Hence, a complex three-dimensional mulro optical probes and microthermocouples. Then new results
tiphase flow problem connected to a three-dimensional hedound with these miniaturized sensors are presented. Special
conduction problem has to be tackled. emphasis is laid on results with a new microsensor developed
If thick heaters are to be studied as in the present report, no? the meantime, a needle-shaped microthermocouple probe
intrusive temperature measurement techniques such as liqui¥TCP) with a diameter of about 16 um at the tip. The junction
crystals or thermography are not applicable. Other nonintrusivés located about 1 um above its tip. This probe enables mea-
techniques for investigating the two-phase flow characteristicsurements of vapor and liquid temperature fluctuations down to
like high-speed video, x-ray attenuation etc. are of limited benvery small distances to the heater surface—a minimum distance
efit because these methods cannot access the most import®htl0 pm has been realized so far. Measurements of local fluid
parameters determining two-phase flow in the region of higiemperatures using a combined probe consisting of a MTCP
void fractions. Miniaturized sensors are preferred if they do@nd a micro optical probe (MOP) are also presented. To account
not significantly disturb the processes taking place inside anfpr the influence of fluid properties the experiments are carried
above the heater. This was the focus of our studies in rece@Ut with two different fluids; isopropanol and the fluorinert FC-
years. To enable measurements along the entire boiling curv@284 (3M-company). The study has been carried out in close
atemperature control system for steady-state experiments in tif@0Peration between the group at RWTH-Aachen which is fo-
whole range between nucleate and film-boiling has been dé:_useq on theoretical aspects and.the one at TU-Berlin where the
veloped. Micro optical probes with sensitive tip diameters of€XPerimental work has been carried out [6].
less than 1.5 um were used to study the two-phase behavior
a function of the distance to the surface [6,7]. Measuremen
o_f void fractions and contact frequencies d_own to very ;mgl&_l_ Test loop and test heater
distances to the surface (8 um) were possible without signifi-
cant distortion of the local flow. With a 4-tip probe, velocities
and bubble sizes could also be estimated. The existence OfEﬁJ

I|qu.|d rich zone above the h'e.ater surfgce was proved fo.r _th ickled, electropolished and passivated. Hence, tests with very
region between nucleate boiling and high heat flux transitiory e jiquids are possible. The maximum operation pressure is
boiling. A minimum void fraction occurs at the surface and a; g \pa, The test heater is horizontally positioned in a test ves-
maximum at about half of the bubble departure diameter. Thgg| on its top, MOP or MTCP probes are installed. They are
results suggest to modify the macrolayer theory [6]. The wet3p_moveable above the heater surface by a micrometer and a
ting behavior at the heater surface creates complex temperat%f‘ezo-electric adjusting device. The heater is made of copper
fluctuations beneath the surface. Their characteristics in timgith 35 mm diameter and 7 mm thickness. To prevent corro-
and space depend on the properties of the heater material agfn and oxidation, the boiling surface is coated with a pure
have in turn an influence on the wetting dynamics. Microsengokj layer of 1 pm thickness. Heat input is provided by a resis-
sors are required to record those fluctuations with a sufficienfance heating foil which is pressed to the bottom of the heater.

resolution. A promising approach has been carried out by Buchan upper limit of 5.5 MWm~2 heat flux can be established.
holz et al. [8]. They developed microthermocouples (MTCs)

of 38 um diameter with the sensitive tip 3.6 um beneath the.2. Control concept

surface. Using the measured data, first results on the wetting

mechanisms in the different boiling regimes were found [6, Local boiling phenomena along the entire boiling curve can
7]. only be studied in steady-state experiments. Therefore a tem-

s . .
2. Experimental facilities

Test loop and test heater are described in detail in [6]. The
ol boiling test loop is completely made of stainless steel,
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perature controlling system is required to especially stabilize&opper layer (2.5 um thick), contacted with insulated copper
the transition boiling region. This is accomplished by a con-thermocouple wires. The copper layer is covered by a titanium
troller realized on a PC. The controller runs independently ofayer of 0.1 um thickness serving as diffusion barrier between
the host PC processor on a signal processing card with an othe copper, and a final gold layer (1.0 um thick), which protects
board DSP processor. The instantaneous average of 12 tempetiae heater surface against corrosion. All layers are deposited by
tures from thermocouples embedded below the heater surfacedsDC-Magnetron sputtering process. The sensitive tips of the
used as temperature input of the control loop. This temperatuf@ TCs are located 3.6 pm below the surface. 8 additional MTCs
represents the average heater temperature. The total respomgéh diameters of 50 um each are placed around the MTC-array
time between a temperature change at the input and the ra the center to enable measurements of larger wetting struc-
sponse of the controller at the output is less than 1.5 ms. Theures. The surface of the heater has been prepared with emery
output is amplified and supplied to the heating foil. A stability paper up to grit P4000 before the final sputtering process with
analysis revealed that even steep negative slopes of the boilimppper, titanium and gold. The latter do not change the me-

curve are accessible by this system [9]. chanical features of the original surface as could be proved by
3-D surface topography measurements with a scanning stylus
2.3. Micro optical probes instrument [10].

Acquisition of temperature fluctuation signals is realized as

To study two-phase parameters such as void fraction, corfellows. The copper layer is connected to a single reference
tact frequencies, bubble sizes and velocities as a function of tHanction kept at 0C via the copper wires. Each constantan
distance to the heater surface, micro optical probes (MOP) arthermocouple wire is connected to a very low noise instrumen-
a very effective tool. Our probes [6,8] are made from a singlegation amplifier(G = 700). The output is filtered using a 4th
mode quartz glass fiber with a cladding diameter of 125 unorder lowpass filter with a cutoff frequency of 7.5 kHz. The
and a core diameter of 8 um. The tip of the probe is formedonditioned signals are sampled with two ADC-64 data acqui-
by etching in hydrofluoric acid. This method enables the prepasition boards for PC as described in Section 2.3. These data
ration of very small probe tips. Measurements with a scanningcquisition boards are installed in two separate PCs because of
electron microscope shows a tip diameter of less than 1.5 unthe large data streams. Groups of 8 channels are sampled si-
The probe is 3D-moveable by means of micrometer stages. Thaultaneously. A special software allows burst-mode operation
position perpendicular to the test heater is measured both witto minimize the time lag between channel groups 1-8, 9-16,
the precision stage and a precision linear variable displacemeh?7—24 and 25-32. At moderate sampling rates, MTC data can
transformer with an accuracy ef1.1 um. be assumed to be measured simultaneously. Both data ADC-64

Four of these optical probes have been combined to form aards are synchronized with a main data acquisition system by
4-tip multiple probe. The optical fibers are placed next to eacldigital signals using two DagBoard 2000 multifunction cards,
other (125 um between each other in radial direction) with dif-each with 16 input channels at 16 Bit (IOtech company) in-
ferent axial distances. First experiments with the 4-tip probestalled in a third PC. A sampling rate of 25 kHz per MTC is
have been published in [7,8]. In the present report we focus onsed for the measurements.
more comprehensive data obtained only with the lowest tip of
the probe. A stainless steel wire with 50 um diameter is fixed®.5. Microthermocouple probe
to the probe ensemble with a radial distance of approx. 800 pm
and at a given distance to the lowest probe tip. The wire is used The micro optical probes (MOPs, Section 2.3) enable the
for distance calibration purposes. The signals are sampled wittinalysis of two-phase flow dynamics down to very small dis-
an ADC-64 data acquisition board for PC hosting 32 differentiatances to the surface. However, they cannot detect temperatures
input channels, 8 A/D converters each up to 200 kHz samplingn the two-phase layer. The development of a model for the
rate at 16 Bit and an onboard DSP-processor (Innovative Inboiling mechanism also requires information about the com-
tegration Company). For the acquisition of the probe signalsplex temperature field above the heater surface.
8 channels—which represents the minimum number of active Several attempts have been made to study the temperature
channels—are used at full sampling rate (200 kHz per charfield in boiling processes by small thermocouples (TC). Jacob
nel). All signals are sampled simultaneously. A 1-minute run atind Fritz [11] published measurements using a TC with wires of
full 200 kHz generates about 200 MB binary data. Note, thaD.2 mm diameter to determine steady-state temperature profiles

only the lowest probe data is presented here. in water above a heated surface. Later, Marcus and Dropkin [12]
designed a stretched bare wire TC with one wire parallel to the
2.4. Microthermocouples surface, a wire diameter of 25.4 pm and a bead diameter less

than 50.8 um. They measured maximum, minimum and average
Details of the design of the microthermocouples (MTC) havetemperatures above the heater during boiling of water. Wiebe
been presented in a previous report [8]. In the center of thand Judd [13] used a similar TC setup with a wire diameter
test heater an array of 36 MTCs is implanted within an area 0bf 25.4 pm and a bead diameter less than 76.2 um. They mea-
1 mn?. Each thermocouple consists of an insulated constantasured mean temperature profiles in boiling R 113. Van Stralen
thermocouple wire (38 um diameter) which is embedded in thand Sluyter [14] used a commercially available sheathed TC of
heater. The second conductor of the thermocouple is a sputter®R5 mm diameter to measure temperature fluctuations associ-
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ated with steam bubbles above a heated wire. Delhaye et al. [15]
developed a bare wire TC with a wire diameter 20 um, but not
of the stretched form type in order to avoid bubble deflection Polyimide tube
at the horizontal wire. They performed a statistical analysis of 100 pm &
the signals. Their test fluid was water. Ganic and Afgan [16] Adhesive
analyzed the temperature field near steam bubbles. They uset
a bare wire TC with 12 pm wire diameter but did not report
the bead size which determines the thermal behavior. More re-
cently, Beckman et al. [17] developed a fast response TC and
reported measurements in flow boiling of R 113. They used a Constantan wire
type E TC with a wire diameter of 20 um and a bead diameter 127 um &
of about 60 pm with a junction shaped as a disk with a diame-
ter of 80 um and a thickness of 2.5 um. They reported also on a
new version of the TC, see [18] with an increased disk diameter
of 100 um and also an increased thickness of 4 um.

A" these temperature sensors havg some drawbacks dueé{?nction is therefore known with high precision. The character-
their construction and/or their dimensions. Standard tempera-

ture sensors such as sheathed TCs are too large and also E)“CS of a gold-constantan TC is very close to a standard type T

Q

. r-constantan) TC. It enables th f standar mpo-

slow to enable local measurements with acceptable tempor t]:oppe constantan) TC. It enables the use of standard compo
and spatial resolution. Commercial fine wire TCs can provid%

nents for reference junction and cabling. Details are given in the
. . ollowing paragraph.

more localized measurements and faster response times. Unfor- g paragrap

tunately, additional sources of error are introduced because of

Gold wire
20 pm¢

Gold layer, vapor deposition

Polyimide isolation
4 + electroplated, 1 um

1.3 um

Hot junction

Fig. 1. Setup of microthermocouple probe.

Inside the probe support tube (see Fig. 2), the gold wire is

their mechanical construction. Such TCs usually consist of twésonnected to a copper TC wire in order to enable usage of stan-

separate wires, roughly parallel to each other and connected %rd .TC wires of type T and also a stgndard type T refefr'ence
the active junction by some technique. A phase change from grignetion. The gold-copper gonnectlon |r_1troduces an additional
liquid to the vapor phase can cause a liquid film to fill the gapQC)ld'COpp‘:"r thermocouple in the electrical Iopp which can af-
between the wires. As the surface temperature of this film caFFCt measureme_nt accuracy although the relative EMF of copper
be assumed to be at saturation temperature, an error is intrapd gold are quite similar. . .

duced as long as the liquid film is present. Experiments with a N Order to access the potentially resulting measurement er-
high speed video camera using droplets impinging on such TOr, _the character!stlcs of this material combination were in-
in the authors’ lab have validated this conjectured effect. Conse/estigated. For this purpose, a gold-copper TC was placed in
quently, the sensor should exclude this kind of effect by using 4 constant temperature calibration bath and connected with a
stretched setup amewire instead of two. The stretched type on 90!d-copper reference TC kept at0. Measurements were car-
the other hand is not considered here, as bubbles “tend to avofifd out between 20C and 140C. Not surprisingly, the mea-

the hot junction by rolling around the (horizontal) wire” [19]. sured output voltage is less than 1% of the standard type T TC
Thus, the TC should have a needle shape. throughout the entire temperature range. For our purposes, this

The construction of such amewire TC means that depo- ©rror does not result in a relevant measurement error, because

sition techniques need to be used in order to create the secoft gold-copper junction is located inside the probe support
conductor of the TC. For a fast response time of the TC, a thitube (6 mm diameter, see Fig. 2). There, the temperature corre-
wire is desirable. Flattening of the junction by any means [17SPonds to the fluid saturation temperature. It is fairly constant,
18] is not considered to be useful as the size of the juncsince fluctuations possibly induced by the boiling two-phase
tion is greatly increased. Consequently local measurements-flow are damped out due to relatively large tube mass and the
especially very close to the wall—are no longer possible. thermal decoupling of the junction. Because of this construc-
Our microthermocouple probe (MTCP) is designed accordtion, we get only a differential error as the constant TC volt-
ing to the considerations above (Fig. 1). A thin insulated con2de representing saturation temperature is still generated in the
stantan TC wire with a conductor diameter of 12.7 pm and &opper and constantan connection wires thus representing TC
polyimide isolation thickness of 1.3 um is connected to a contype T characteristics. The remaining error is compensated by a
stantan wire with a diameter of 50 pum (Fig. 2) in order tocalibration curve which is deduced using the overall calibration
provide low electric resistance as this reduces electrical noiseurve and the gold-copper calibration curve.
later during the measurements. A thin bare gold wire is placed The standard 63% response timg mrce of the MTCP
about 2 mm behind the end of the thin wire and fixed with verywas investigated prior to the pool boiling experiments using
little high temperature adhesive. In the next step a thin puréroplet impingement experiments. For a test run, a free falling
gold layer is added by vapor deposition to connect the gold wirelroplet (about 50 mm free travel) of about 1 mm diameter im-
and the cross-sectional area of the constantan wire at the tip pfnged on the probe. An analysis of both, the MTCP signal
the MTCP. Afterwards, electroplating is used to increase th@nd high speed video frames were used to determigigrcp.
thickness of the gold layer. The thickness of the gold layer atn the experimentszezmtcp can only be determined for a
the junction is estimated to be about 1 um. The location of thgas to liquid phase change. Four fluids were tested. We found
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Kovar ﬁﬂh =] 2.6. Combined microthermocouple and optical probe
tube 46 mm
H§ '> For measurements in the two-phase layer above the heater,
Constantan Monomode a combined probe consisting of a MTCP and a micro optical
wire 2250 pm glass fiber probe (MOP, see [6,7]) was manufactured. The schematic setup
) ] of the combined probe is depicted in Fig. 2. A stainless steel
Copper wire___ [\ wire of a diameter of 50 um with about 1 mm radial distance
G I to the active probes is used for distance calibration purposes.
old-copper I .. .
connection o %4 mm The combination of both probe types is important for the in-
— l w<7 terpretation of the MTCP probe signals. The state of phase at
ﬂ K the MTCP tip cannot be derived directly from the temperature
Adhesive i signal since we have little a priori knowledge on the temper-
Gold wire ) 32?&;: ature characteristics. Although the MOP is located with some
Constantan L y radial distance from the MTCP to prevent liquid film buildup
wire £ 50 pm between MOP and MTCP, the simultaneously measured MOP
%3 mm data provides a valuable guidance for the interpretation of the
» N measured temperature data and allows separation of liquid and
Microthermocouple N vapor temperature.
probe . .
Constantan I g’:_fg: Optical 3. Experimental procedure and data evaluation
wire g12.7 um
3.1. Experimental conditions and procedure
75 um Two sets of experiments are performed: one set using iso-
& 50 um propanol and a second set using FC-3284 (identical with Fluid

PF-5052, 3M Company) as test liquid. To guarantee a high pu-
rity of the test fluid, the entire amount necessary for the experi-
ments is charged in vapor state and condensed inside the facility
using the condenser on top of the boiling vessel (see [8]). The
test liquid is thoroughly degassed prior to every experiment by
vigorous boiling on the test heater as well as on tube coils
inside the boiling vessel. The tube coils are heated to a high
temperature during the degassing procedure. Throughout this
procedure, inert gases are repeatedly removed at the top of the
condenser using a vacuum pump. Afterwards, the temperature
Fig. 2. Setup of combined MTCP-MOP probe. of the tube coils is reduced to a lower temperature slightly above
saturation temperature of the test liquid.

response times of 0.15 ms for water, 0.24 ms for acetone, A first set of experiments is performed with isopropanol at

0.27 ms for isopropanol and 0.36 ms for FC-72. However, théaturation conditions atareduced pressurg‘o 0.022 which
true 3 mrcp values for the boiling experiments may deviate corresponds to a pressure of 0.106 MPa and a saturation tem-

from these data, because the conditions—especially fluid Velo(p_erature of 83.3C. The last tesF Series W'th.t.he MTCP/MOP
ity and level of turbulence—are expected to be different fromprobe has been carried out at different conditions. Because of a

defective temperature controller in the recirculated bath which

those during the impingement experiments. Taking the h'ghlysets the fluid temperature inside the boiling vessel, the fluid dur-

agitated and turbulent two-phase layer above the surface inﬁﬁg this test series is slightly subcooled by about 0.5 K.

account, the response time maybe shorter during the boiling ex- For the second set of experiments saturated FC-3284 is used
periments. , - _ , as a test liquid, also at a pressure of 0.106 MPa. Unfortunately,
The MTCP voltage is amplified using a special very 10w e critical pressure of this fluid is not known, therefore we
noise amplifierG = 700. The signal is filtered with a 4th or- cannot report the reduced pressure. Some problems have also
der lowpass with a cutoff frequency of 12.5 kHz. The signals argyeen encountered for the saturation temperature of this fluid.
sampled with one ADC-64 card (see Section 2.3) at 200 kHzy the literature, a saturation temperature of 5€{20] at at-
This high sampling rate is not necessary for proper acquisitiomospheric pressure has been reported. Accurate measurements
of the MTCP signals but is needed because of the simultaneoygth thoroughly degassed FC-3284 [21] report a much higher
measurement of the signals of an optical probe which is locategaturation temperature of 532 at the same pressure. As can
next to the MTCP (see next paragraph). The response time @k expected from thermodynamics, a noteworthy volume frac-
the MOP is much faster than the MTCP thus a high samplingion of inert gases should have a significant effect on the satu-
rate enables measurements with higher accuracy. ration temperature. In fact, FC-3284 can dissolve high volume
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fractions of inert gases (54% [22]). Due to these problems fotanceR and the bandwidtia f [23]. Common techniques like
the evaluation of the experiments with FC-3284, we used thaveraging or application of low-pass filters cannot be used here
measured temperature inside the boiling vessel after the des the important signal dynamics will be altered (an example is
gassing procedure as saturation temperature as we believe tigisen in [8]).
to be most appropriate and realistic. During evaluation of the These drawbacks can be overcome with the application of
saturation temperature, medium heat flux boiling was presemwavelets for signal denoising. This method enables reduction
both on the test heater and the tube coils inside the test heateof noise while preserving the characteristic signal features. The

All experiments are carried out at steady-state. To preparebserved noise floor of the raw signal (measured in Kelvin
for a test run, the heater temperature controller is set to a tenpeak-to-peak) after conversion to temperature is typically be-
perature for high heat flux transition boiling to activate possibletween about-0.04 to+0.1 K. Application of wavelet denoising
nucleation sites in order to avoid hysteresis at boiling incipi-results in a reduced noise level of abat®.01 K or less. The
ence. The heater temperature is afterwards set to the first poinext step is the removal of outliers. These are very rare (most
of a test run in nucleate boiling and the measurements arées do not have a single outlier) but would result in errors dur-
started after steady-state conditions of the test heater have beeg the statistical analysis which will be presented in the future.
reached. Then the temperature is increased to the next set-pofdttliers are defined here as temperature peaks with values well
value etc. until heat transfer and MTC/MTCP/MOP-data at allbeyond the range of temperatures possible from theory (i.e. well
desired heater temperatures have been measured along the balow Ts5; or aboveTheate). After the mentioned signal condi-
tire boiling curve. tioning, the signals are converted to temperatures as outlined in

Three test series are presented in the present paper: Section 2.5.

For the mapping of the measured probe-temperatures to ei-

(1) measurements with MTCs along the entire boiling curvether the liquid or the vapor phase, the MOP provides valuable

for both fluids (Section 4.2), information on the state of phase at the probe tip. Due to the
(2) measurements with MOP for both fluids, and radial distance between the probes (see Fig. 2)—which is nec-
(3) measurements with the combined MTCP-MOP probe foessary to avoid a liquid film between both probes (see Sec-

isopropanol only. tion 2.5)—a phase change does not occur at the same moment

at the MOP and the MTCP in general. The time deviation is a
Both probe experiment series cover a range of probe positiorfsinction of the bubble diameter, the flow properties (turbulence
and some points of the boiling curve (Sections 4.3 and 4.4)etc.) and the radial probe distance. It is expected to be minimal
For the MOP and MTCP-MORP test runs, data are taken for alfor large bubbles and low turbulence. Anyhow, the temperature
different probe distances to the surface at a constant heater tetnaces presented in Section 4.4 enable a clear determination of
perature. After the last measurement, the temperature setpoithte instances of phase change at the probe tip. Corresponding
is changed to the next value and again data for all selected prod¢OP and MTCP signals are not presented because the direct
distances are taken. The measurements are realized with stepterpretation could be misleading for short signal periods as
wise increasing temperature between low superheat in nucleasdown in the following.
boiling and high superheat in film boiling. Both the MOP and
the combined MTCP-MOP are located above the center of thé. Results
heater.
4.1. Boiling curves
3.2. Data evaluation
The steady-state boiling curves of isopropanol and FC-3284
Here, only data evaluation for the MTC and MTCP probeare depicted in Figs. 3 and 4, respectively. The duration of
signals is discussed. Detailed information on the evaluation afhe measurements for a point of the boiling curve is mostly
boiling curves as well as on the identification of the phase indi60 s, which also includes the time for the microsensor mea-
cator function (PIF) from MOP signals can be found in [8]. surements. All measurement durations are well above the time
Due to improvements of the data acquisition system for thaeeded for good reproducibility. Both curves are measured at
MTCs, no signal preparation except conversion to temperatures = 0.106 MPa.
is used for the signals presented in the following. As can be expected from theory, the boiling curve of iso-
MTCP probe signals are conditioned as follows. Typical dis-propanol exhibits higher heat flux values than the FC-3284
crete frequencies like line noise etc. are not present in the sidpoiling curve. Higher superheats for comparable setpoints on
nal because of careful shielding and design of the electronicthe boiling curve are found for isopropanol when compared to
used. Even though the entire signal chain has been optimizdeC-3284. Differences in the overall shape of the boiling curves
to achieve an optimum signal to noise ratio, some noise can bare obvious. A difference is also present in the transition boiling
found in the signal. The observed level of noise is partly theregion. While the curve for FC-3284 is smooth in this region,
result of the signal bandwidth which is exceptionally large fora discontinuous jump at abow7 = 43 K is present for the
temperature measurements. The thermal noise voltagge isopropanol boiling curve. This difference is not important for
for example, can be calculated Whoise = /4T RAf with  the purpose of this paper; for a discussion of the effect we refer
the Boltzmann constart the temperatur@, the electric resis- to [6].
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4.2. Temperature fluctuations at the heater surface 229 [imeise]
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Typical traces of the measured temperature at two neighbor- *7| - 1
ing microthermocouples (MTCs) are depicted in Figs. 5-8 for %9 i
nucleate boiling, CHF, transition- and film boiling. Each fig- =*°
ure depicts traces for isopropanol (top plot) and for FC-3284 *#
(bottom plot). The plotted signals represent the temperature in- 23 1
side the heater at a position 3.6 um below the heater surface.?? 7
The measured temperature at the MTC location is very close #'f il
60 70 80 90 100

|
10 20 30 40 50
time, ms

to the real surface temperature with respect to value and dy- %

namics which has been shown by a solution of the inverse heat
conduction problem [24]. The horizontal distance between theig. 6. Temperatures at MTCs Nos. 7 and 8 at CHF; top: isopropanol, bottom:

thermocouple junctions of the neighboring MTCs Nos. 7 and 8C-3284. Horizontal distance# 8: 211.6 pm.

of the MTC array is 211.6 um (for more details see [8]).
The temperature traces in Figs. 5-8 are typical examples afmaller fluctuation amplitude. The latter is not very surprising

the temperature dynamics, although a complete representatieince the measured mean heat flux is also smaller. The observed
of the signal characteristics as well as its statistics for the vastlgependency of the fluctuation amplitude on the heater superheat
different time scales involved would require far more plots thancan be expected because the theoretical limit for a tempera-
possible here. ture drop iSA Thuct. max = Tsurfacemax— TsatfOr saturated boiling

As can be expected, the amplitude of the temperature fluczonditions. Thus, the theoretical limit for a fluctuation ampli-
tuations measured with isopropanol increases with increasinmde increases with increasing superheat, except for film boiling

wall superheat. This also holds for FC-3284, but at a generallywhere no wetting of the surface occurs.
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a3sf el place beyond the Leidenfrost point. Assuming the ergodic hy-
<3t pothesis to be valid for our boiling system in this regime, no
7 direct liquid contacts should occur on the entire heater surface.
Sharp temperature drops are detected in the region between
low heat flux nucleate boiling and transition boiling close to the
Leidenfrost point. A rapid temperature decrease points most
i likely to ongoing nucleation and subsequent growth of a bubble
. directly above or close to the MTC junction in nucleate boil-
8 ing. In transition boiling, a temperature drop can be interpreted
as local rewetting of the surface and subsequent nucleation and
growth of small bubbles followed by a creation of larger va-
por patches. The probability of a vapor patch to be present at
the surface is commonly accepted to increase with increasing
superheat from high to low heat flux transition boiling. The de-
creasing number of temperature fluctuations with increasing
heater temperature in transition boiling fits with this under-
standing of transition boiling. Furthermore, also the results of
optical probe measurements support this reasoning (see Sec-
s77r 1 tion 4.3).
8o 20 s 40 s e 70 o w0 1w The local temperature transient at the MTC position during a
fme.me rewetting period (transition boiling) can excee80 000 Ks™1
Fig. 7. Temperatures at MTCs Nos. 7 and 8 in transition boiling; top: iso-fOr isopropanol. We compared the resulting temperature am-

42.5F
421

X 4151

=

a4 41k

propanol, bottom: FC-3284. Horizontal distance>78: 211.6 pm. plitudes (see Fig. 7) with those which would be obtained if
. ‘ . . . ‘ only unsteady heat conduction within the boiling liquid acted
ssol as a heat transfer mechanism during a rewetting event. If a va-
a1l i por covered surface is wetted with saturated liquid, a contact
o8- ] temperature of-0.67 K for isopropanol and-0.36 K for FC-

3284 below the surface temperature would be obtained during
the contact if heat conduction between two semi-infinite bodies
is assumed (assumptions: 1-D, saturated fluid, massive copper

8761 ] heater). Since observed temperature drops (see e.g. Fig. 7) are
8751 ] higher than these calculated values, unsteady conduction be-
srar 7 tween liquid and heater cannot explain the measured tempera-
— ture drops.

asal YL Furthermore, it is very unlikely that the temperature drops

observed in transition boiling even near the Leidenfrost point
are caused by local conduction through an extremely thin va-
por film, i.e. without wetting of the surface which is sometimes
postulated in the literature. This becomes obvious by a simple
conservative estimate. We calculate the average local heat flux
required to generate the temperature drops observed first. Then,
we calculate the vapor film thickness needed to cause such heat
flux by conduction only. The film would have a thickness of
, about 0.2 um to facilitate such a pronounced temperature drop.
0 L . U T This thickness is less than the surface roughness of the heater
(P, = 0.88 um) and we do not believe that the film would not
Fig. 8. Temperatures gt MTCs' Nos. 7 and 8 in film boiling; top: isopropanol,j,q pierced by the peaks on the surface.
bottom: FC-3284. Horizontal distance ¥ 8: 211.6 um. Highly turbulent convection of liquid as explanation for the
. , temperature drops along the boiling curve up to the Leidenfrost
The number of temperature fluctuations per time due to NUxgint can be excluded as this effect can certainly not cause such
cleation or a rewetting event changes also along the boilingieemndlocalized temperature fluctuations. Thus, evaporation,
curve. It increases between low heat flux nucleate boiling angle the direct generation of vapor at the surface in the nearfield
around CHF. Increasing the wall superheat further leads to gf the MTC, is likely to be the only realistic explanation.
decrease of the number of fluctuations until they vanish at the This finding fits also with results gained from a theoreti-
Leidenfrost point. Beyond the Leidenfrost pointin the film boil- cal analysis in [25] where the processes are investigated which
ing region, no comparably pronounced temperature drops camake place if bubbles grow at a heated wall at nucleate boiling.
be found in the signal. Obviously, surface wetting does not tak¢25] found a localized zone at the bubble foot—the so-called

L L L L

875 L L I I
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micro region—with extremely high heat fluxes. More recently, ! - q*=0i65, Isopropanol
this finding was confirmed also experimentally using a steady  0.97 B q =075 FC-3284 ||
evaporating meniscus, see [2]. It is likely, that evaporation in ;4
the micro region cause the pronounced temperature drops ob-
served, the more as they are very local events. Even at the'.>'f
neighboring MTCs (distance 211.6 um) some fluctuations occur go_e-
independently at both MTC junctions. These sharp tempera- EOS;
ture drops are mostly not well correlated. On the other hand, T
slower temperature changes—slow compared to the very rapid g 0.4
changes during nucleation or rewetting—are much better cor- g,
related at neighboring MTCs, see Fig. 6 and also Fig. 7. This
finding points most likely to the existence of larger structures

on the surface like dry patches in transition boiling. 01B o
Although the theory of micro region evaporation was devel- 0 . ‘ ,
oped for single bubbles, the principal findings are expected to 0 05 1 15 2

. probe distance z, mm
describe also the fundamental processes at the three-phase con-

tact line between the heated wall, liquid and vapor in all boilingrig. 9. Mean void fraction for nucleate boiling measured with isopropanol and

regimes with surface wetting in general. This approach has beéit-3284.

employed to model pool boiling along the entire boiling curve ] . . ]

successfully in [24]. -6~ q'=1, Isopropanol
Periods with high temperature in transition boiling are often 9 & q=1,FC-3284

simultaneously observed by far more than just two neighbor- s}

ing MTCs. A visualization of such an event (in this case close

to CHF in nucleate boiling) can be found in Fig. 14 of [8] ;;0'7

(it is recommended to use the online version on http://www. §06F T N\

sciencedirect.com to view the figure in color). Therefore, the EO'

area covered by such unstable vapor patches can be expectegd

to be partly in excess of 1 nmat CHF, and even larger at %0'4 3
higher wall superheats. If the patch is larger than 12%mam Eo3k )

real identification of the size is difficult, because they exceed

the size of the MTC array. Within these dry patches the mea-
sured temperatures at neighboring MTCs can be expected to 0.1
be similar because the thermal conduction within the heater is | ; ; ;
strong relative to the local surface heat flux. The same holds for ~ © 0.5 orobe distance 2 mm 15
areas without bubble nucleation in low heat flux nucleate boil-

ing because natural convection certainly cannot cause localizeBig. 10. Mean void fraction at CHF measured with isopropanol and FC-3284.
pronounced temperature drops on a heater with high thermal

conductivity and thermal capacity. The void fraction at the closest measured distance to the
heater increases from low surface superheat towards CHF. For
4.3. Experiments with micro optical probes all the measured boiling points along the boiling curve between

nucleate boiling and CHF (Figs. 9 and 10), a liquid rich layer
The mean void fractiow, at a probe distanceis given as has been found near the heater surface. A distinctive local max-

the average value of the two-valued phase indicator functiofnum of the void fraction can be seen for all points between

(PIF). All void fractions presented in this paper are calculatedlucléate boiling at moderate heat flux and CHF. The location
using the entire length of the signal, which is typically 60 s orof this maximum moves towards smaller heater distances for

1.2 x 107 signal samples. In the following, the void fraction increasing surface superheatand heat flux. If we define the posi-
measured by the lowest probe of the 4-tip MOP is presentedion of this void fraction peak as the upper end of the liquid-rich
The mean void fraction is plotted for probe positions from 5 umzone, its thickness decreases monotonically with increasing su-
(for FC-3284) or 8 um (for isopropanol) to 2 mm above theperheat taking into account our entire data set. A decrease of
heater surface for nucleate boiling, CHF, transition- and filmx, close to the heater is also found in high heat flux transition
boiling in Figs. 9-12, respectively. In each diagram, resultdoiling (not shown here, see [8]). We believe that the vapor-
for both test fluids—isopropanol and FC-3284—are plotted tofich zone around the void fraction maximum is on the one hand
gether for the same boiling regime and comparable dimensiorlinked to some kind of bubble departure diameter [6] if even the
less heat fluxeg* = ¢/¢cur. Because of the limited space term “bubble departure diameter” is applicable to high heat flux
available, we focus in this chapter on the two phase zone clogmiling with all kinds of coalescence etc. On the other hand, this
to the heater where the most important mechanisms take placgapor-rich zone could also play a significant role for a changing
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fraction of convective heat transfer in the liquid to the overall 10

heat transfer. This will be discussed in the next section.
The situation is different in low heat flux/high superheat 0 ‘ ' ‘
transition boiling and also in film boiling, respectively (Figs. 11 0 100 200 300 400
and 12). In these regions, no drop of the local void fraction close
to the heater surface can be found. Here, the measured ma
mum of the void fraction is located at the smallest measureg

distance pointing to the existence of large fluctuating vapor
tchesint iti ili tabl film in fil i- - - .
patches in transition boiling and a stable vapor film in film boi boiling, in Fig. 15 for CHF and in Fig. 16 for transition boil-

ing at the surface. In transition boiling, is < 1, since liquid Each fi dei ‘anal di ‘9 q
with sufficiently large kinetic energy may reach the heater suring- Each figure depicts signals at a distance of 9 mm (top) an

face and may rewet the surface which is observed by the MTC%-1 Mm (bottom) of the probe. Note that Figs. 13 and 14 depict
(see Section 4.2). In film boiling, surface rewetting has not beeffMe intervals of 400 ms and Figs. 15 and 16 of only 100 ms. We
observed by the MTCs. An extrapolation of the MOP signals tgSelected these different durations for the sake of best representa-

ig. 14. Measured local fluid temperature in film boiling X = 71 K, see
ig. 3) at 9 mm (top) and 0.1 mm (bottom) distance to heater surface (iso-
ropanol);ATp = Tprobe— Tsat:

z=0n Fig. 12 tends ter, = 0. tion of the short-term dynamics in these regions. The observed
events occur on a relatively wide range of time and tempera-
4.4. Microthermocouple probe experiments ture scales and consequently the plots should not be considered

to completely represent the entire boiling process. Microther-
Temperature traces measured with isopropanol are depictedocouple (MTCP) experiments with FC-3284 have also been
in Fig. 13 for low heat flux nucleate boiling, in Fig. 14 for film carried out but are not presented here for space reasons.
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Fig. 16. Measured local fluid temperature in transition boiliag’'(= 42 K)

Fig. 15. Measured local fluid temperature at CHF at 9 mm (top) and 0.1 mn@t 9 mm (top) and 0.1 mm (bottom) distance to heater surface (isopropanol);

(bottom) distance to heater surface (isopropanol); arrows indicate liquid con® Tp = Tprobe — Tsat
tacts;A: see Section 4.4.5T) = Tprope— Tsat:
Temperature fluctuations at 9 mm probe distance within

4.4.1. Nucleate boiling the liquid are much faster than close to the heater which can

In nucleate boiling at low heat flux (3.5 \8m~2, see Fig. 3), be explained as follows. The level of turbulence in low heat
strong temperature fluctuations are found in the liquid, Fig. 13flux nucleate boiling (isolated bubbles) is expected to increase
The liquid is always superheated, with maximum dimensionleswith increasing distance to the heater because the bubbles
superheatd s = (Tprobemax — Tsad/(Theater— Tsap Up t0 0.8. ~ are accelerating. The bubbles should therefore mix the liquid
Vapor contacts were not observeczat 0.1 mm but are found which leads—as observed—to a better temperature equaliza-
at z = 9 mm distance. During a vapor contact, which is indi- tion within the fluid. The total temperature fluctuation am-
cated by the attached MOP the temperature drops down quii@itude should therefore decrease with increasing distance. It
fast. However, the lowest temperature measured inside the vis furthermore likely that further away from the superheated
por (AT, ~ 2 K) is always above saturation temperature. It isboundary layer above the surface the temperature amplitudes
also certainly above the minimum value needed for a bubble cfire anyway smaller than very near to the surface.
the estimated diameter to exist according to theory. The temper-
ature during a vapor contact remains approximately constant i.4.2. Film boiling
nucleate boiling. This is different in other boiling regimes, as  In film boiling, see Fig. 14, the characteristics are opposed
will be shown later. After a vapor contact, the probe heats ugo the behavior in nucleate boiling at moderate heat flux. Un-
again quite rapidly. like nucleate boiling, the liquid temperature remains constant.

The temperature changes within the liquid at low heat fluxit is about the pool temperature and approximately indepen-
and close to the heater surfage£ 0.1 mm) are relatively slow. dent of the probe position. The liquid temperature is slightly
This is reasonable as the fluctuations are expected to be caussbcooled by about 0.5 K which represents the main pool
by natural convection and also by improved convection due t@onditions. A slight increase towards saturation temperature is
bubble nucleation, growth and rise. However, at the small disdetected for decreasing distance of the probe. The measured
tance, the temperature field seems to be not much affected apor temperature exhibits very large fluctuations. Vapor su-
turbulence due to bubble dynamics in the present case. At 9 mperheats of more than 40 K have been found at a heater super-
probe distance, the fluctuations are much more rapid. The me&eat less than 80 K. As to be expected the measured maximum
sured liquid superheat near to the interface can be up to 5.5 Buperheat inside the vapor decreases with increasing probe dis-
(close to 4 K superheat near an interface can be found in Fig. 18ance.
top; see 2nd arrow from left). This holds even if we take into In film boiling no liquid contact occurs at the heater sur-
account that the measured temperature inside the bubble céace, which is proved by the MTC-signals. The absence of
potentially be affected by errors because of a liquid film whichliquid contacts at the heater surface thus prohibits the liquid
may be present on the MTCP probe surface after penetratirip be heated above saturation temperature as observed by the
the interface. It is currently not fully understood whether thisMTCP. The maximum possible liquid temperature can be ex-
effect is important—and if this is the case, to which extent—orpected to be saturation temperature at vapor-liquid interfaces.
not (for a detailed discussion of the measurement accuracy s@éis is confirmed by the measurements which show the small
Section 4.4.5). subcooling in our pool (0.5 K). For the vapor, we get quite dif-



280 M. Buchholz et al. / International Journal of Thermal Sciences 45 (2006) 269-283

ferent conditions. The vapor film at the heater surface has direet.4.4. Transition boiling
contact to the hot surface, consequently its temperature is well Temperature traces measured in steady-state transition boil-
above saturated conditions. If a bubble leaves the film it obing are depicted in Fig. 16. The sequences plotted represent
viously contains this superheated vapor. It is reasonable—arldw heat flux/high superheat transition boiling T = 42 K,
confirmed by the experiments—that with increasing probe disFig. 3). Thus it is not surprising that the signal has similarities
tance the vapor cooles down due to convection and conductionith those observed in film boiling. But there are also impor-
inside the bubbles since the interface temperature of the bubbléant differences. First, the maximum detected vapor superheat
can be assumed to be at about saturated conditions. Becausdrotransition boiling is less than in film boiling if we compare
the small heat capacity of the vapor inside the bubble the tothe signals at both distances. This finding is reasonable as the
tal heat removed from the vapor and transferred to the interfac@riving AT is lower. Second and more important, the signal dy-
until saturation is reached is small. namics are different. This is more obvious at a probe distance
In Fig. 14 different durations of vapor contacts for 9 mm Of 0.1 mm. The temperature traces exhibit many rapid fluctu-
and 0.1 mm probe distance are observed. At 9 mm distance, tf#@ions within the vapor—and also more vapor contacts—and
probe certainly detects large rising bubbles. At 0.1 mm distancéhe “smoothness” of the signal is lower than observed in film
both short and long vapor contacts are found. Here, the probeoiling. Furthermore, the signals appear more irregular than in
is possibly located near to the interface of the wavy vapor filnfilm boiling. Both findings indicate that some mechanism in-
at the heater surface. Contacts with the relatively slow-moving©lved generates more “turbulence” or, in other words, a locally
interface—especially for the case of a bubble growing and deless-steady heat transfer mechanism. Analysis of MTC experi-

parting from the film with low initial velocity—are expected to Ments in transition boiling (see Section 4.2) prove that rewetting
last longer than for a rising bubble. and dryout processes are very rapid in this region. Because the

driving AT is very large compared to nucleate boiling, the local
evaporation process is very fast. Thus, the local vapor genera-
tion during the short and intermittent surface wetting events is
. o @xpected to be associated with local high vapor velocity. This
mcreased number O.f vapor contacts can be found. Th!s IS COlaads to a high level of turbulence and thus rapid temperature
firmed by the plots in Fig. 15. Note, that the plotted Ir'tervalquctuations within the vapor as detected by the MTCP probe.

n F|gs._ 15_ and 16 is now 100 ms. As opposed to the charp is furthermore not impossible that very small droplets created
acteristics in nucleate boiling, the detected vapor temperaturgy the explosive evaporation process touch the probe during
exhibits some temperature fluctuations with much higher am

its contact with the vapor phase. This mechanism may also af-

plitudes than observed in nucleate boiling. Furthermore, vapaf e the yapor temperature behavior during a local dryout of the
temperature at CHF appears to be always higher than the liquigh 5ter surface at about CHF (see Fig. 15).
temperature. The relatively weak increase of surface superheat

between nucleate boiling and CHEIO0 K, see Fig. 3) cancer- 4 4 5. piscussion of microthermocouple probe measurement
tainly not explain this characteristic change. As described in th%‘lccuracy
previous chapter, very high vapor superheats are observed in gor the complex temperature measurement being carried out
the film boiling regime where vapor covers the entire surfacepgre the real measurement accuracy is not easy to determine.
If we assume unstable vapor patches around CHF to exist fofhe accuracy is affected—additionally to the usual error com-
short periods on a given surface area, the vapor above this patgnents like systematic and statistic errors—also by the thermal
would gain a higher temperature. After lift off, this elevated va-jnertia of the sensor and a liquid film on the MTCP which could
por temperature can be expected inside the bubble for a shqsp present after a liquig> vapor phase change. Our analysis
period until heat transfer to the interface causes the tempera the signals reveal that amplitude errors due to insufficient re-
ture to decrease. The existence of unstable vapor patches evgibnse time of the sensor are not very important. This holds for
below CHF has been proven with the MTC-array (see Fig. 14neasurements within the liquid and for a vaperliquid phase
in [8]). Therefore, the measured vapor temperature excursionghange. It holds also for measurements within vapor—which is
can be assumed to be the result of the dry areas on the heatgipected to be the most critical measurement situation with re-
surface. The transition from “hot liquid” and “cold bubbles”, as gard to response time—or for a liquig vapor phase change.
observed in low heat flux nucleate boiling (Fig. 13) to the op-For any of the possible cases, signal periods are found during
posite case at CHF and towards film boiling occurs most likelywhich the temperature settles and/or exhibits faster fluctuations
gradually. superimposed to the general trend. These superimposed fluctu-
The liquid temperature at CHF fluctuates much less than imtions would be impossible to detect for a response-time gov-
nucleate boiling. We assume that this is due to the strong inerned temperature signal (a good example is given in Fig. 16;
crease of nucleation site density and thus increased turbuleneete that the amplitude at 9 mm is comparable to film boiling
and interfacial area density. Hence, increased mixing as well dsut plotted for a shorter duration here). Any error due to MTCP
locally available interfaces which act as “heat sinks” lead to theesponse time would lead to an underestimation of the tem-
observed liquid temperature characteristics. perature amplitude. However, the rate of temperature change,
A discussion of the intermediate level (A) in Fig. 15, top, is especially during a phase change, could be even faster in real-
given in Section 4.4.5. ity than the measured ones. Calculation of the power spectral

4.4.3. Critical heat flux
At CHF, as can be expected from the MOP experiments, a
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density reveals that high frequency signal components above and consequently delays the establishing of the real vapor

10 kHz due to boiling are present in the temperature signal. temperature.

Thus, filter cutoff frequency (12.5 kHz) could be too low to

let pass the highest frequency components of real temperature In low heat flux nucleate boiling (case (1)) we measure al-

changes detected by the probe. ways a higher temperature tha@gy:+ 1 K thus is seems likely
Measurement errors due to a liquid film atop the MTCPthat the vapor temperature is not saturated but superheated.

surface are difficult to quantify. This holds even more as weAt present, we cannot estimate its true superheat in nucleate

found sequences which point to the presence of a vapor filrboiling with a liquid film present at the probe tip. In boiling

and also sequences which contradict this assumption. Careftdgimes where superheated vapor and about saturated liquid

experiments and detailed dynamic simulations of the MTCP arean be present (case (2) which is applicable to CHF, transi-

necessary to obtain the definite dynamical effects if a liquid filmtion boiling, film boiling and possibly high heat flux nucleate

is present atop the MTCP surface. These tasks are beyond theiling), the real vapor temperature is expected to be measured

scope of our present investigation but the effects will be anaafter some delay caused by the time necessary to evaporate the

lyzed in more detail in the future. film. This means for the conditions assumed that a liquid film
Here we discuss briefly some possible cases in order to gebuld lead at the worst only to an underestimation of the real

a rough estimate of the error bounds. For a dry probe, the megemperature. The evaporation of a liquid film atop the probe is

sured temperature should not be affected except due to the dgxpected to cause the intermediate temperature level for the va-

namical properties of the sensor and the electronics used. Fpor (denoted by “A’ in Fig. 15, top). The temperature here is

a wetted probe, we consider two different cases which are re@bout constant for about 15 ms until the temperature rises quite

resentative for the nucleate and film boiling regimes. Here, wéast. This behavior can be explained with the dryout of a liquid

assume the vapor pressure inside the bubble to be at pool prdém atop the MTCP.

surep = poo = ppubbleregardless of the pressure difference and

superheat necessary to sustain a bubble due to the interfac&l Conclusions

tension at the bubble’s surface since the difference is very small

for our conditions. Several microsensors for measurements of local characteris-

tics in boiling have been developed and applied in the heater as

(1) Aphase change superheated liquidsaturated vapor takes well as in the two-phase flow region very close to the heater
place at the probe tip. Unlike interfacial tension at the in-surface. Microthermocouples (MTCs) below the heater sur-
terface of the bubble itself, interfacial tension may play anface (3.6 um) as well as a micro optical probe (MOP) and
important role at the surface of the film atop the probe as th@ microthermocouple probe (MTCP) above the heater surface
diameter of the probe is very smadt 6 um). If we assume provide measurement information with very good spatial and
the shape at the probe tip to be semi-hemispherical, we caemporal resolution. Information of this kind is a necessary
calculate the pressure difference across the interface usimgerequisite for the development of mechanistic models for all
the Young-Laplace equation [26]. The pressure differencéoiling regimes along the lines presented in [24]. Measurements
under these conditions is about 46 mbar (for isopropanoljvere carried out with saturated isopropanol and FC-3284 at
which corresponds to a shift of the film's saturation temper-0.106 MPa. After analyzing the data, some conclusions on qual-
ature of about+1 K. Most of the pressure difference acts itative boiling mechanisms can be drawn:
on the liquid side but the pressure of the vapor above the
interface with convex curvature is also affected—its pres{1) Nucleate boiling Very rapid temperature drops and a
sure is slightly increased with respectggppie This leads slower recovery period occur locally at the surface and be-

)

to a complex coupled problem including evaporation at the
interface, heat transfer from the interface to the bubble due
to conduction and convection as well as mass transfer due
to vapor flow perpendicular to the interface. The process is
even more complicated as the interface’s curvature and thus
film pressure changes with a change of film thickness and
probably mass transfer resistance at the interface plays also
arole.

A phase change saturated liguielsuperheated vapor takes
place at the probe tip. We assume the same conditions re-
garding the pressure conditions. Unlike for the case (1), the
direction of the heat flow both within the sensor and more
important also inside the vapor are in the inverse direction
here. Still, we have the coupled mechanisms of heat and
mass transfer at the interface. Being opposed to the case (1),
we have a significant temperature gradient between bubble
and film which definitely forces the liquid film to evaporate

low. The number of those drops as well as their amplitude
increases with mean surface superheat. They are linked
with bubble nucleation and growth above a MTC. Fluc-
tuations at neighboring MTCs at a distance of 211.6 pm
appear to be often independent. Measurements with the
MOP within the fluid above the heater reveal that a liquid
rich layer is present at the surface. Its thickness decreases
with increasing wall superheat. The liquid above the heater
is significantly superheated with pronounced but slow tem-
perature fluctuations at low heat flux (MTCP). Thus, at low
heat fluxes with a small number of active nucleation sites
a significant portion of the total heat flux is transferred by
convection. For higher heat fluxes, faster liquid tempera-
ture fluctuations with smaller amplitudes at a lower liquid
temperature level have been found. For the vapor, the oppo-
site trend is observed: its temperature is less than the liquid
temperature in lowAT nucleate boiling but increases with
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increasing wall superheat. Close to CHF, rare temperaturand other important quantities required to develop mechanistic
excursions are detected locally at the heater surface meaiodels.

sured by MTCs and also inside the vapor phase above the

heater (MTCP). Both findings (for vapor and heater temperAcknowledgements
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Critical heat flux At CHF, temperature fluctuations at the

The authors highly appreciate financial support by the

surface occur more frequently and with a higher amplitude®eutsche Forschungsgemeinschaft (DFG) in the frame of a
than in nucleate boiling (MTC). MOP measurements revealoint research project on fundamentals of boiling heat transfer.
that a liquid rich zone is still present above the heater. Itslhe project was supported with bidirectional optical fiber units
thickness is less than observed in nucleate boiling and i8idi® by Infineon AG, Germany. The test fluid PF-5052/FC-
smaller for FC-3284 than for isopropanol. The measurecd284 was provided by 3M Company. The authors express their
local liquid temperature (MTCP) is very close to satura-9ratitude towards the students J. Judex and J. Pothke who

tion temperature. The vapor temperature inside the bubble!Ped to carry out measurements and data analyses.

is always above saturation. Superheatings of up to 10 K

(MTCP) are observed. Dry patches occur at the surface. References

Transition boiling In transition boiling, the number and du-
ration of periods without rapid temperature fluctuations but
high temperature level (MTCs) increases with increasing
superheat. Very rapid temperature drops with drop ratesl2]
in excess 0f—30000 Ks! are also found (MTCs, iso-
propanol). These temperature drops can be explained witr{3]
local rewetting and subsequent growth of vapor at the sur-
face. Measurements above the surface (MOP) still docu-
ment the presence of a thin liquid rich layer close to CHF,
but not for higher wall superheats. Superheated vapor in-14]
side the bubbles is measured above the surface with longer

(1]

D.B.R. Kenning, Y. Yan, Pool boiling heat transfer on a thin plate: features
revealed by liquid crystal thermography, Int. J. Heat Mass Transfer 39
(1996) 3117-3137.

C. H6hmann, P. Stephan, Microscale temperature measurement at an evap-
orating liquid meniscus, J. Exp. Therm. Fluid Sci. 26 (2002) 157-162.

1. Golobic, E. Pavlovic, J. von Hardenberg, M. Berry, R.A. Nelson, D.B.R.
Kenning, L.A. Smith, Comparison of a mechanistic model for nucle-
ate boiling with experimental spatio-temporal data, Chemical Engrg. Re-
search and Design, Part A: Trans. Inst. Chem. Engineers 82 (2004) 435—
444,

U. Kleen, Untersuchungen zum Ubergangssieden von stromendem Wasser
an elektrisch erwarmten Heizflachen mit temperaturgeregelter Warmezu-
fuhr, PhD thesis, Technische Universitat Berlin, Germany, 1984.

duration and increased maximum temperature compared tgs] A. Bar-Cohen, A. Watwe, M. Arik, Pool boiling critical heat flux in dielec-

CHF (MTCP). The liquid temperature above the surface is
at pool temperature already at a distance of 0.1 mm to the
surface. (6]
Film boiling. Here, surface temperature fluctuations are
very weak (MTCs), thus no surface wetting takes place. [7]
The liquid temperature above the heater is always at about
pool conditions, even very close to the surface (MTCP). At

a distance of 0.1 mm to the surface vapor superheats in ext®!
cess of 40 K at wall superheats30 K have been found.

tric liquids, in: Proc. 5th Int. Boiling Heat Transfer Conf., Montego Bay,
Jamaica, 4-8 May 2003.

H. Auracher, W. Marquardt, Heat transfer characteristics and mechanisms
along entire boiling curves under steady-state and transient conditions, Int.
J. Heat Fluid Flow 25 (2004) 223-242.

M. Buchholz, H. Auracher, Microsensors to study temperature fluctuations
near the heater surface and two-phase flow characteristics, in: Proc. 8th
UK Nat. Heat Transfer Conf. 2003.

M. Buchholz, T. Littich, H. Auracher, W. Marquardt, Experimental inves-
tigation of local processes in pool boiling along the entire boiling curve,
Int. J. Heat Fluid Flow 25 (2004) 243-261.

The superheat in the bubbles decreases with increasing dig9] J. Blum, W. Marquardt, H. Auracher, Stability of boiling systems, Int. J.

tance to the surface due to heat transfer to the interface.

Heat Mass Transfer 39 (1996) 3021-3033.

For all measurements we have analyzed so far. the signa[IJsO] A. Luke, Thermo- and fluiddynamics in boiling, connection between sur-

appear to change their characteristics smoothly from one
boiling regime to the next along the entire boiling curve. As[11j
a general trend, the vapor temperature inside the bubbles in-
creases with increasing heater superheat between low heat
flux nucleate boiling (vapor temperature slightly above satit?
uration but significantly smaller than liquid temperature)
and film boiling (vapor temperature much higher than lig-{13]

uid temperature which is very near to saturation).
(14]

This report summarizes only the first examination of a huge

face roughness, bubble formation and heat transfer, in: Proc. 5th Int. Boil-
ing Heat Transfer Conf., Montego Bay, Jamaica, 4-8 May 2003.

M. Jakob, W. Fritz, Versuche tiber den Verdampfungsvorgang, Forschung,
Mitteilung aus der Physikalisch-Technischen Reichsanstalt 2 (12) (1931)
435-447.

B.D. Marcus, D. Dropkin, Measured temperature profiles within the hor-
izontal surface in saturated nucleate pool boiling of water, J. Heat Trans-
fer 37 (1965) 333-341.

J.R. Wiebe, R.L. Judd, Superheat layer thickness measurements in satu-
rated and subcooled nucleate boiling, J. Heat Transfer 94 (1971) 455-461.
S.J.D. van Stralen, W.M. Sluyter, Local temperature fluctuations in satu-
rated pool boiling of pure liquids and binary mixtures, Int. J. Heat Mass
Transfer 12 (1969) 187-198.

amount or raw data. For example, the data base for Section 4[&5] J.-M. Delhaye, R. Semeria, J.-C. Flamand, Void fraction and vapor and
amounts to about 70 GB even in binary format. It is expected  liquid temperatures: Local measurements in two-phase flow using a mi-
that further examination and additional experiments yield quan-  crothermocouple, J. Heat Transfer 95 (1973) 365-370.

titative results such as spacial and temporal characteristics 6f6] E-N- Ganic, N.H. Afgan, An analysis of temperature fields in the bubble

dr tch ial and temporal characteristi f of and liquid environment in pool boiling of water, Int. J. Heat Mass Trans-
Yy patches, spacial a emporal characteristics or surtace ., ;o (1975) 301-310.

heat fluxes by solving the inve_rse heaF conduction problen 7] p. Beckman, R.P. Roy, K. Whitfield, A. Hasan, A fast-response microther-
(see [24]), bubble dynamics at different distances to the surface mocouple, Rev. Sci. Instrum. 64 (1993) 2947-2951.



M. Buchholz et al. / International Journal of Thermal Sciences 45 (2006) 269-283 283

[18] P. Beckman, R.P. Roy, V. Velidandia, M. Capizzani, An improved fast- [22] 3M Company, Specialty Materials Europe Division, Brochure: “The Na-
response microthermocouple, Rev. Sci. Instrum. 66 (1995). ture of FluorinertM Electronic Liquids”, 2003.

[19] J.-M. Delhaye, R. Semeria, J.-C. Flamand, Mesure du taux de vide local 23] P. Skritek, Handbuch der Audio Schaltungstechnik, Franzis, Miinchen,
des temperatures du liquide et de la vapeur en ecoulement diphasique avec 1988.
changement de phase a 'aide d’un microthermocouple, Technical Repof24] T. Littich, W. Marquardt, M. Buchholz, H. Auracher, Identification of
CEA-R-4302, November 1972. unifying heat transfer mechanisms along the entire boiling curve, Int. J.

[20] A.H. Howard, I. Mudawar, Orientation effects on pool boiling critical heat Therm. Sci. 45 (3) (2006) 284-298 (this issue).
flux (chf) and modeling of chf for near vertical surfaces, Int. J. Heat Mass[25] P. Stephan, J. Hammer, A new model for nucleate boiling heat transfer,
Transfer 42 (1999) 1665-1688. Warme- und Stofflibertragung 30 (1994) 119-125.

[21] D. Gorenflo, VLE measurements of thoroughly degassed FC-3284, Privat26] S.G. Kandlikar, M. Shoji, V.J. Dhir, Handbook of Phase Change, Taylor
communication, 2003. and Francis, London, 1999.



