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Introduction

In spite of numerous studies on boiling during st decades,

Experiments on the Fundamental
Mechanisms of Boiling Heat Transfer

The lecture presents a survey of results found by the author and his team during recent
years. & An experimental technique for precise and systematic measurements of entire
boiling curves under steady-state and transient conditions has been developed. Pool
boiling experiments for well wettingfluids and fluids with a larger contact angle (FC-72,
isopropanol, water) yield single and reproducible boiling curves if the system is clean.
However, even minimal deposits on the surface change the heat transfer characteristic
and shift the boiling curve with each test run. The situation is different under transient
conditions: heating and cooling transiens yield different curves even on clean surfaces.
Measurements with microsensors give an insight in the two-phase dynamics above the
heating surface and the temperature field dynamics above and beneath the surface.
Microthermocouples (38 pm diameter) enbedded in the heater (distance to the surface
3.6 1m), a micro optical probe (tip diameter ~ 1.5 xm) and a microthermocouple probe
(tip diameter ~ 16 wm), both moveable above the heater surface, are used for these
studies. In nucleate boiling, very localized and rapid temperature drops are observed
indicating high heat fluxes at the bottom of the bubbles. Already before reaching the
critical heat flux (CHF), hot spots occur the size of which increases towards the
Leidenfrost point. In the entire transition boiling regime wetting events are observed, but
no ones in film boiling. In low heat flux nucleate boiling very small vapor superheats
exist in the bubbles and strong superheats in the surrounding liquid. This characteristic
change continuously with increasing wall superheat: the liquid surrounding the vapor
approaches saturation whereas the vapor becomes more and more superheated. In film
boiling the bubbles leaving the vapor film can reach superheats of 30 K or more near the
surface (e.g. for isopropanol). The optical probes confirm a liquid rich layer near the
surface between nucleate boiling and high heat flux transition boiling. The void fraction
in the layer increases continuously with the distance to the surface until a maximum
value which seemsto be linked to the bubble departure diameter.

Via the microsensor-data new approaches for heat transfer models on a mechanistic
basis are proposed. An interfacial-area-density model enables the prediction of entire
boiling curves. Furthermore the concept of a reaction-diffusion model is presented to
predict CHF. Here the triggering of CHF is due to an instability of dry spots on the
heating surface. Many aspects of the extremely complex mechanisms of boiling are,
however, still not sufficiently understood. The problems should be tackled from both the
experimental and the theoretical end and both approaches should be closaly linked.
Keywords. Boiling Curve, Transient Boiling, Microthermocouple, Microthermocouple
Probe, Micro Optical Probe

thermography has a limited temporal resolution (B et al.,
2004). This shortcoming might be overcome by higlesbinfrared
thermography. But even though, validation of aihgilmodel also

understanding of this complex process is still tiefctory.
Nevertheless significant progress has been achiémedecent
years.This is because more sophisticated experainéethniques
and data acquisition systems as well as signifigzaimproved
mathematical tools are now available. Hence, otlityalo explore
the basic mechanisms of boiling has been improved those
results are increasingly used to develop physichised heat
transfer models. They are more generally valid tranpirical
correlations and, last but not least, a deeper leuge of the
governing physical mechanisms gives us the chaacdetelop
enhanced heat transfer surfaces systematicallynanhdy trial and
error methods.

The governing mechanisms of boiling take place vesgr to
the surface. If a thin electrically-heated plateised as test heater,
bubble and vapor spot dynamics at the surface @arstbdied
nonintrusively by liquid crystals (kenning and Yao) infrared-
thermography on the rear surface. However, liquidstal
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needs data on the two-phase characteristics abevsutface, such
as information about bubble growth, bubble coaleseeetc..

Moreover, real heating surfaces are thick and tiknlg mechanism

may differ from the one on thin foils, see (Kledr§84 and Bar-
Cohen et al., 2003), for example. In particulae, tbmperature field
dynamics in the heater body plays a role and shbaldaken into
account. Hence, a complex three-dimensional mudsphflow

problem connected to a three-dimensional heat adimfuproblem

has to be tackled.

If thick heaters, as used in practical applicatioae to be
studied as in the present report, nonintrusive tatpre
measurement techniques such as liquid crystalseombgraphy are
not applicable. Other nonintrusive techniques farestigating the
two-phase flow characteristics like high-speed wojdex-ray
attenuation etc. are of limited benefit becausedhmethods cannot
access the most important parameters determiniogphase flow
in the region of high void fractions. Miniaturizegensors are
preferable if they do not significantly disturb tpeocesses taking
place inside and above the heater. This was thesfotour studies
in recent years.

First an experimental technique is presented wieichbles a
precise and systematic measurement of entire odurves under
steady-state and transient conditions. This teclenig applied, in
the first step, to find out whether boiling cunedibit a hysteresis
in the transition region under steady-state cooéti To find an
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answer, steady-state experiments are carried dhtwell wetting
fluids and fluids with a larger contact angle (FE-Tsopropanol,
water). Moreover, boiling curves under transientatimg and
cooling conditions are presented for FC-72.

A precise technique to determine entire boilingvesris a
necessary prerequisite to study the boiling medmasiin the
different boiling regimes. Results of this kind greesented in a
second part of the present report. Microopticabpeoare applied to
study the two-phase behavior above the heatingaceirin the
different boiling regions. Microthermocouples betethe surface
are used to measure temperature fluctuations cdogedtie two-
phase dynamics above the surface. In addition eothiermocouple
probe is applied to measure the vapor and liquidptature
fluctuations in the two-phase region above theihgaurface.

All the obtained results lead to some conclusioms tbe
mechanisms of boiling such as the macrolayer cardiipn, the dry
spot size and dynamics, the nucleation site density These
findings and others from the literature are useithpst to physically
based boiling heat transfer models which are preghas the last
part. Firstly an interfacial-area-density model psoposed to
determine entire boiling curves based on data ftom optical
probes. Secondly a reaction-diffusion model is @mé=d to predict
critical heat flux (CHF). It needs information albdhe dry spot
behavior on the heating surface.

Experimental Facilities

Test Loop

A scheme of the test loop is depicted in Fig. (Ihe main
components of the test facility are the boilingsetgdiameter 209
mm, height 332 mm), the vapor generator and thelewser. The
maximum operation pressure of the test loop fomftable test
fluids is 0.7 MPa, otherwise 1.0 MPa. A filter loegth a heat
exchanger, a hermetic centrifugal pump and a filiéh an absolute
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experiments. To meet these design objectives ofyimamodel-
based design approach has been applied which exlgdand 3D
FEM simulations of the temperature field and stgb#énalyses of
the controlled apparatus (more details in Blum &t &996;
Buchholz et al., 2000; Hohl et al, 2001)
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Figure 1. Test loop and heater section.

Heater for Pool
| sopropanol

Boiling Experiments With Water and

An outline of the heater section shows Fig. (2)e Tdopper
heater with surface diameter of 35 and 7mm thicknedixed in a
stainless steel housing. The copper block is cyiliadl in the top
part and quadratic in the bottom part with the edget off (more
details in Buchholz et al., 2000). The quadratiapghis needed to

removal rating of 0.2m can be used to remove small particles frongnable heating by a 2pm thick heating foil pressed onto the

the test fluid. Four sightglasses at heater lemdl tavo sightglasses
at an angle of 45° allow observation of the boilipgpcess. A
recirculated temperature controlled bath filledhwithermogen 1693
(Clariant Company), a synthetic heat transfer flusl used to
maintain constant saturation conditions in the testsel via two
tube coils. The vapor generator provides a basad léor the

pressure controlled condenser. It also reheatspally subcooled

liquid from the condenser to preserve constantraitun state at the
boiling vessel inlet. The condenser is cooled vaittvater/ethylene
glycol mixture. Constant inlet conditions are reatl by an electric
heater and a heat exchanger, both temperatureotiedtr The

coolant mass flow is controlled by a motorized calntalve which

is connected to a pressure control loop. It isizedlon a PC (P Ill,
733 MHz) with the software LabView (National Instments) and
installed multifunction data acquisition cards. Toetput of the

controller sets the position of a motorized cobleontrol valve.

The probes are installed at the top of the ve3$ely can be moved
in xyz--direction. To avoid any contamination, thest loop is

completely made from stainless steel, pickled, tedpolished and
passivated.

Test Heaters

Model Based Heater Design

For the design of the test heaters, several congpetind
contradicting design criteria have to be considdareadllow for a
save operation of the apparatus and to conduct ingfah boiling
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bottom. An aluminium nitride plate between foil ahdater serves
as electrical insulator. The maximum possible fleatat the heater
surface is 5.5 MW/fwith a maximum heating current of 350 A. 14
K-type thermocouples (g 0.25 mm) with the tips 6.3@m below
the surface were implanted in the heater by elplting. They are
used for temperature control and the determinadibthe average
surface temperature. 4 thermocouples are instaihaoh above the
bottom of the copper block. They are used for @reperature
protection. In addition to the K-Type thermocouplssveral
microthermocouples are implanted in the copperkldte details
are presented in chap. 2.5.

PEEK
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Figure 2. Heater for experiments with water and iso  propanol.
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Figure 3. Heater (no. 2) for experiments with FC-72

Heater for Pool Boiling Experiments With FC-72

Two heaters are used for the experiments with FQEZER, 4,3-
M company), one for steady-state and the other tfansient
experiments. They are similar except for the siaé the heating
mode. For steady-state experiments a copper h@gated) with 34
mm diameter and 10 mm thickness, DC-heated indlirécim the
bottom by a sheathed resistance wire, was apptiete details in
Hohl et al., 1998). For the transient experimentseater (no. 2)
with lower thermal inertia and higher maximum hieaut was used
(Fig. (2)). The design of this heater is similathie one used for the
water and isopropanol experiments (Fig. (2)). higists of a 5 mm
thick copper block, 20 x 20 mm squared in the botfeart and
cylindrical with 18.2 mm diameter in the top padiris insulated X =
0.22 W/m/K) and sealed by polyimide. Heat losse®ugh the
polyimide block are small, hence one-dimensionait le®nduction
can be assumed. Three thermocouples of 0.25 mm dismeter
and a number of microthermocouples are also irstatl heater no.
2 (more details in Hohl amd Auracher, 2000).

Control Concept and Stability Analysis

The wall temperature is controlled by measuringtémeperature
close to the boiling surface, comparing it to gsitt value which is
either constant in steady-state experiments or -tianging in
transient experiments, feeding the difference digmao the
controller and adjusting the power of the eledi@ating according
to the controller output. The setpoint signal adl ae the control
law are implemented on a computer. More detailstlier steady-
state and the transient experiments with FC-72paesented by
Hohl et al., 2001.

The access to the transition region in the casewafer
experiments and to a certain extent also in thpragmanol tests is
more difficult than with FC-72 because of the higtat fluxes and
the steep negative slope of the boiling curvestability analysis
has been performed based on the Laplace domaisférafunction
model of the test heaters, i.e., the one-dimenkioeat conduction
equation and all control loop elements. Solvingtfar poles of the
closed-loop system numerically, the stability linitf the controlled
system can be found (more details in Blum et &96).

Data Acquisition of Boiling Curve M easurements

Water and | sopropanol Pool Boiling Experiments

Heating voltage, heating current and amplified terafure
signals of the K-type thermocouples are sampled whie data
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acquisition board PC30 (Meilhaus Electronic). Fue tsopropanol
experiments, this card has been replaced by twoBBeg2000
cards (IO-Tech). The sampling frequency for eachnael is 100
Hz.

Heater temperature control is realized by the diggignal
processing board AT-DSP 2200 (National InstrumenfEhe
discrete Pl-controller runs on the onboard DSPgssor. The total
time between stimulus and response at the outptiteo€ard is 1.5
ms. The input heater temperature used for the teatyre controller
is the instantaneous average of 12 sheathed theuples in the
test heater. The output voltage of the card is Hiegland supplied
to the heating foil. The surface superheat is dated by correcting
the time average of the temperature measured bsntdoeuples by
the temperature difference between sensor locatioth heating
surface, assuming a one-dimensional temperatule ifiethe test
heater. The same holds for the steady-state expstsmvith FC-72.

FC-72 Experiments

In the steady-state case data are sampled foor2em€h point of
the boiling curve. The entire boiling curve is reted by
successively raising or lowering the set-point ealin transient
experiments, the controller must additionally tragkprescribed
temperature trajectory. Here, a ramp with the tempgradient as
the varied parameter and as a measure for trandigrgmics is
chosen. The sampling frequency for each channehdsen to be
200 Hz during steady-state experiments, 500 Hzndulow
transients up to 15 K/s and 5000 Hz during fastsient runs. In
transient experiments, both heat flux and tempesadti the heater
surface are calculated by means of an inverse beaduction
algorithm presented by Hohl et al., 2001.

Microthermocouples (M TCs)

Since even the smallest standard sheathed therplesotannot
resolve the temperature fluctuations at the heateface with
sufficient accuracy with respect to spatial andgeral dimension,
smaller and faster sensors are necessary. Thuscialpe
microthermocouples have been developed for theperiements.
The schematic set up of the MTCs which are embedudtt heater
according to Fig. (2) is shown in Fig. (4). Eaclerthocouple
consists of an insulated Constantan thermocouple fi¥ed in the
copper block by an electroplating process by wlaatopper layer
of more than 50@m is added to the base of the heater (see Fig. (4))
Excess material is cut off afterwards and the tewgylsurface is
prepared with emery paper P 4000. At this stageMMC wires are
visible at the surface and their true positions lmameasured with a
microscope. The final step of preparation is captihthe surface in
a DC-magnetron sputtering process. Three layersse@: a 2.2m
thick copper layer which serves as second conddictahe MTCs,
then a 0.1um thick titanium layer to prevent diffusion betwetbe
copper layer and the top layer and finally a A0 thick pure gold
layer against corrosion. Because sputtering presehe mechanical
features of the surface, the heating surface caasbamed to be
prepared with emery paper P 4000 although it hagmbeen in
contact with emery paper at all.

The second conductor of the thermocouple is thetesal
copper layer on top of the heater preform (see @Y. which is
contacted with insulated Copper thermocouple wifdge resulting
thermocouple of type “T” has a circular shape & #ensitive area
which is only little larger than the wire diametéself. The
Constantan wire diameters used here argrB&nd 50um, see Fig.
4, the diameter of the Copper wires are Gf. The distance
between the junction and the heater surface isngiye the total
thickness of the sputtered material (32281) on top of the heater.
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According to the characteristics of the sputteripgpcess and
deposition rate calibration of the industrial-siacility, the
thicknesses are known with high precision and tésls variations
across the surface are negligible. This resultslémtical response
characteristics for all thermocouples with the savire diameter.
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Figure 4. Setup of microthermocouples.

The preparation of the thermocouples is carriedasutollows.
First, the Constantan thermocouple wires (88 or 50 gm
conductor thickness, Polyimide insulation, g and 5.7um thick,
respectively) are labeled for identification purp®sA thin copper
foil is prepared with holes of approx. @n diameter, arranged in a
rectangular grid of six rows with six holes eactvrgiving 36 holes
in total. The spacing between the rows is 280so the total space
spanned by the hole centers is 1 mihe 38.m Constantan wires
are placed through these holes and then fixed witthigh
temperature adhesive. The foil with fitted Consantwires is
placed on the base of the heater and fixed witigl temperature
adhesive (Epo-Tek 353 ND, Polytec Company). The s@ottan
wires run through a small hole to the side of tkatér for electrical
connection to the thermocouple amplifiers. At thsint of
preparation, 8 additional Constantan thermocouglesmwith 50
um diameter are mounted around the center grid niignuiader a
microscope. The same procedure follows for 8 Coppers which
contact the copper layer after the sputtering m®c&he result of
the described installation process is a six tinesansors array of
fast response thermocouples on an area of ¥ amu an additional
ring of 8 fast response thermocouples around tfids g

This method of preparation enables installationnohiature
thermocouples very close to the heater surfaceowith local effect
on surface characteristics like surface roughness surface
wettability, because the entire surface of the dregreform is
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prepared in an identical manner and afterwardsoumify coated by
sputtering. Sputtering preserves the mechanicaufea of the
surface roughness. In Buchholz et al., 2004, a ®bgraphy
measured above the microthermocouple grid showdefarmation
of the surface above the tips of the MTCs. The shwids for
chemical surface properties because the surfaevesly coated
with a gold layer. However, one effect cannot belwked: the local
change of the thermal conductivity due to differentterials
(thermocouple, insulation, copper) could have afecefon the
boiling process. The local temperature distortisnaameasure for
this effect was minimized during the design processng a
simulation study of different designs of the MTCGagrwith various
spacing of the MTCs and various thicknesses ofhutered layers.

Data Acquisition of Microthermocouple Experiments

Acquisition of temperature fluctuation signals isalized as
follows. The copper layer is connected to a simgference junction
kept at 0°C via the copper wires. Each constarft@nntocouple
wire is connected to a very low noise instrumentatimplifier (G =
700). The output is filtered using a 4th order law® filter with a
cutoff frequency of 7.5 kHz. The conditioned signare sampled
with two ADC-64 data acquisition boards for PC. 3@edata
acquisition boards are installed in two separate P€ause of the
large data streams.
simultaneously. A special software allows burst-magberation to
minimize the time lag between channel groups 1-86917-24 and
25-32. At moderate sampling rates, MTC data caadsemed to be
measured simultaneously. Both data ADC-64 cards
synchronized with a main data acquisition systendlilgital signals
using two DagBoard 2000 multifunction cards, eadth W6 input
channels at 16 Bit (IOtech company) installed ithad PC. A
sampling rate of 25 kHz per MTC is used for the sneements.

Micro Optical Probes (MOPs)

Two phase flows associated with boiling exhibitidewange of
parameters such as void fraction, contact frequesmoy bubble
diameter. For example, the local void fraction barclose ta@ero at
the onset of boiling andne in film boiling at a position very close
the the heater surface, see Hohl et al., 1998.dvibgtical probes
provide access to these parameters. They are weillrk for local
measurements of liquid-vapor two phase flows. Thkeg also
known for the high accuracy of the measurements Agesio et al.,
1999. In the past, most optical probes have beed irstwo phase
flows with relatively large bubble diameters andgk axial
distances between the probe and a wall. In this typflow, the
disturbance caused by the probe with a standardidipeter is not
critical. The tip diameters of probes publishedhe literature are
typically in the range between %6n and 150um. In pool boiling,
however, the situation is different. First, measuests with very
small distances to the heater surface should bsitpeswithout
significant disturbance of the flow because theadrtgnt process of
interfacial area generation takes place at theedeatall. Thus,
measurements should be realized very close to ¢héeh surface.
Second, bubble sizes in boiling of common boilingids -
refrigerants for example - are much smaller tharaimwater or
steam-water flow at atmospheric pressure. Therefareniaturized
optical probe has been developed.

MOPsfor FC-72 Experiments

In the FC-72 experiments one single probe was usednsists
of a gradient index glass fiber with the end offiber formed into a
conical shape. This was done by melting the tipeurgdmicroscope

ABCM
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with a small burner. The fiber was then glued istoall stainless
steel tubes with increasing diameter to make ficahtly stiff. The
probe tip diameter is only 1@m. The probe can be moved at
different heights and different locations above tigater by means
of a 3D-micrometer adjusting device. More detafl$his technique
are presented by Hohl, 1999.

MOPsfor |sopropanol Experiments

Recently Buchholz et al., 2004, developed improegtical
probes which were used in experiments with isopmopaThe
probes are made from single mode quartz glassifibra cladding
diameter of 125m and a core diameter of @n. The tip of the
probe is formed by etching in hydrofluoric acid. i§hmethod
enables the preparation of very small probe tipsasfirements with
a scanning electron microscope shows a tip dianoétess than 1.5

4m (Fig. (5))

Figure 5. Scanning electron microscope photograph o

f the optical probe.

The probe is operated by an electronic detection The main
part is a bidirectional optical unit Bidi (Infineon AG) which
contains all necessary parts: a laser diode, a Ispétter and a PIN-
photodiode in a single device. The detection uwittains also
electronics for safe operation of the laser dioug amplification of
the detected signal. More details of the probepsetn be found in
Buchholz and Auracher, 2002.

The position of the probe can be set in x-y-z dioec with
micrometer stages equipped with micrometer scr8lis. position
perpendicular to the test heater -- the Z-axisméasured both with
the precision stage and at the same time with eigio@ LVDT-
displacement sensor. The accuracy of the sensot.isum.

The optical probe system has been validated forctse of a
twin optical probe with an axial probe distance4@t um with a
droplet impingement experiment. These tests prowev
measurement error less than5%. This measurement error is
mainly given by the the optical and temporal regotuof the test
setup itself. For the validation experiment, ahhigpeed video
camera (Speedcam Pro , Weinberger AG) at 2000 rigsaahigh
speed synchronized flash illumination (Speedflagkinberger AG)
was used. The real measurement error is most likellybetter than
this conservative estimate from the validation expents. The tests
also show that the probe has an influence on tapesbf the droplet
interface. Fortunately, this deformation does rft#ca the accuracy
of interface detection because the detection takeseprior to a
visible deformation. This fact is most likely a wéisof the very
small tip diameter — the small tip detects therfate andhen the
interface is being deformed at the larger fibemuéter above the
tip. More details of the probe validation can barfd in Buchholz
and Aurecher, 2002.
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Figure 6. Setup of 4-tip optical probe.

Four of these optical probes have been combinéarto a 4-tip
optical probe, see Fig. (6). The optical fibers@leeed next to each
other with different axial distances. A stainlesset wire with 50
pm diameter for distance calibration is installedhwabout 80Qum
radial distance to the lower probe. The wire alldles calibration of
the probe position by detecting an electrical ccntzetween the
wire and the heater surface. All positions, inahgdihe detection
wires, have been set to the desired positions witbcision
micrometer stages and controlled with a calibratetroscope
measurement system. The realized distances areatediin Fig.
(6). Although the distance between the lowest prainel the
detection wire is 8Qum, the minimum probe distance is not limited
to this value. Measurements very close to the heaidace are
possible because the stainless steel wire hasdoded to form a 1-
winding spring. This spring allows the probe torbeved very close
to the surface without a permanent change of thectien wire
position or an effect on the optical probes.

The radial distance between any two probes whiehnaixt to
each other in axial direction, is given by the fitthameter and
therefore 125%m. The distance to the detection wire was chosen to
be larger to minimize possible effects of the wirethe measured
two-phase flow structure. The radial distance jgrap. 800tm.

All optical fibers and the stainless steel wire gheed together
with a high temperature adhesive. The probe agagaled with the
same high temperature adhesive into Kovar tubes ¢tefficient of
thermal expansion) of different diameter to achievaimum flow
disturbance and sufficient stiffness of the problee Kovar tubes
are gold plated from the outside to maintain tiest fpurity.

The distance between the 4-tip optical probe arel Htbater
surface is calibrated using the stainless steal.Wihe calibration is
carried out under low heat flux boiling conditidfor the distance
calibration, the probe is moved towards the surfarg slowly. At
the first electrical contact between wire and thathr the distance is
80 um, because the wire has been set to this positioingl probe
preparation. The reading of both the micrometeewcand the
LVDT distance sensor are saved. For the experimaiitdistances
up to 1.5 mm distance are set using the LVDT regndlarger
distances with the micrometer screw reading. At tbevest
measured distance {#n), an additional distance control was made.
This is possible, because the probe signal incseiigbe probe is
located closer to the heater thana®. This effect is caused by a
reflection of the emitted infrared laser light betheater surface. At
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least a part of the reflected light is detectedh®yprobe electronics.
For the distance check during an experiment, tbbgtocated at 8
um is moved very slowly towards the surface with idlaneous
measurement of the low signal level with a DPO lsgiaph. At
about 64m probe distance, a level increase was detectad.t@$t
was performed for boiling setpoints between nueldatiling and
film boiling with identical results. The total disice error is
therefore expected to be less ti@ym for distances up to 1.5 mm
and less tham10 um for larger distances.

Data Acquisition for Optical Probe Measurements

For measurements with optical probes, one ADC-6d isaused
with 200 kHz sampling rate per channel. The duratd all test
runs is 60 seconds. This duration is selected tsecaiitwo reasons.
First, the file size of up to one-minute runs a0 ZHz (about 800
MB ASCIl-data for 60 s) permits later analysis with large
numerical difficulties. Second, limited disk stoeagpace would
imply a reduced number of measured positions amdeémperatures
along the boiling curve using longer test durations

Microthermocouple Probe (MTCP)

Several attempts have been made to study the tatopeffield
in boiling processes by small thermocouples (TC).détailed
discussion is presented in Buchholz, 2005. All ¢hesmperature
sensors have some drawbacks due to their consimuatid/or their
dimensions. Standard temperature sensors sucheathet TCs are
too large and also too slow to enable local measents with
acceptable temporal and spatial resolution. Comialefine wire
TCs can provide more localized measurements ardrfessponse
times. Unfortunately, additional sources of errae antroduced
because of their mechanical construction. Such 0sCsilly consist
of two separate wires, roughly parallel to eacheptind connected
at the active junction by some technique. A phdsmnge from the
liquid to the vapor phase can cause a liquid fibmfil the gap
between the wires. As the surface temperature isffillm can be
assumed to be at saturation temperature, an errimtroduced as
long as the liquid film is present. Experimentshwit high speed
video camera using droplets impinging on such TCthé authors'
lab have validated this conjectured effect. Conertly, the sensor
should exclude this kind of effect by using a stnetd setup oone
wire instead of two. The stretched type on the othend is not
considered here as bubbles "tend to avoid theumatipn by rolling
around the (horizontal) wire" (Delhaye et al., 1p7Phus, the TC
should have a needle shape.

The construction of such ame wire TC means that deposition
techniques need to be used in order to createettend conductor
of the TC. For a fast response time of the TC, ia thire is
desirable. Flattening of the junction by any me@eckman et al.,
1993; Beckman, 1995) is not considered to be usafuhe size of
the junction is strongly increased. Consequentalloneasurements
- especially very close to the wall - are no longessible.

Our microthermocouple probe (MTCP) is designed ating to
the considerations above (Fig. (7)). A thin insedatonstantan TC
wire with a conductor diameter of 124m and a polyimide
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thickness of the gold layer at the junction isreatied to be about 1
Mm. The location of the junction is therefore knowsith high
precision. The characteristics of a gold-constafi@nis very close
to a standard type T (copper-constantan) TC. Iblesathe use of
standard components for reference junction andrgatDetails are
given in the following paragraph.

Polyimide tube GCold wire
100 um & 20 um@
Adhesive

Gold layer, vapor deposition

Polyimide isolati
ommice isoldtion + electroplated, 1 um

1.3 um

Constantan wire
12.7 um @

Hot junction

Figure 7. Setup of microthermocouple probe.

Kovar
tube
ﬂ* V4 £6 mm
Constantan Monomode
wire g 250 mm glass fiber
Copper wire
Gold-copper
connection C 44 mm
i (L
Adhesive 1
Gold wire Stainless
steel wire
Constantan
wire g 50 nm
%3 mm
R 1
Microthermocouple ‘
probe
Constantan Micro optical
wire $12.7 mm ' . probe
75 mm
%50 mm
6\@
N
B
8@
Q
N

Figure 8. Setup of combined MTCP-MOP probe.

isolation thickness of 1.8m is connected to a constantan wire with

a diameter of 5qum (Fig. (7)) in order to provide low electric
resistance as this reduces electrical noise lateringl the
measurements. A thin bare gold wire is placed aBomm behind
the end of the thin wire and fixed with very littheggh temperature
adhesive. In the next step a thin pure gold lagyeadded by vapor
deposition to connect the gold wire and the cressienal area of
the constantan wire at the tip of the MTCP. Aftane
electroplating is used to increase the thicknesbefjold layer. The
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Inside the probe support tube (see Fig. (6), thiel gore is
connected to a copper TC wire in order to enabégeof standard
TC wires of type T and also a standard type T egfeg junction.
The gold-copper connection introduces an additiayadtl-copper
thermocouple in the electrical loop which can dffeeasurement
accuracy although the relative EMF of copper anttl gve quite
similar.
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In order to access the potentially resulting measent error,
the characteristics of this material combinatiorrevivestigated.
For this purpose, a gold-copper TC was placed icoastant
temperature calibration bath and connected with old-gopper
reference TC kept at 0°. Measurements were castiebetween 20°
and 140°. Not surprisingly, the measured outputagel was less
than 1% of the standard type T TC throughout theestemperature
range. For our purposes, this error does not résult relevant
measurement error, because the gold-copper junésiolvcated
inside the probe support tube (3 mm diameter, $ge(8)). There,
the temperature corresponds to the fluid saturaéoperature. It is
fairly constant, since fluctuations possibly inddidey the boiling
two-phase flow are damped out due to relativelgddube mass and
the thermal decoupling of the junction. Becausthisf construction,
we get only a differential error as the constant VGitage
representing saturation temperature is still gardrin the copper
and constantan connection wires thus representi@gtype T
characteristics. The remaining error is compenshyed calibration
curve which is deduced using the overall calibratiorve and the
gold-copper calibration curve.

The standard 63% response timgyrcp Of the MTCP was
investigated prior to the pool boiling experimenising droplet
impingement experiments. For a test run, a freénéaldroplet
(about 50 mm free travel) of about 1 mm diametginged on the
probe. An analysis of both, the MTCP signal anchtsgeed video
frames were used to determingurcp In the experimentSgavrce
can only be determined for a gas to liquid phasegh. Four fluids
were tested. We found response times of 0.15 madioer, 0.24 ms
for acetone, 0.27 ms for isopropanol and 0.36 ms FG-72.
However, the truagsyrcp Values for the boiling experiment s may
deviate from these data, because the conditiorspecally fluid
velocity and level of turbulence - are expectedbéodifferent from
those during the impingement experiments. Taking thighly
agitated and turbulent two-phase layer above thdacel into
account, the response may be faster during thangakperiments.

Data Acquisition of Microthermocouple Probe Measurements

The MTCP voltage is amplified using a special viemy noise
amplifier (G = 700). The signal is filtered with4éh order lowpass
with a cutoff frequency of 12.5 kHz. The signale aampled with
one ADC-64 card at 200 kHz. This high sampling r&enot
necessary for proper acquisition of the MTCP sigialt is needed
because of the simultaneous measurement of thalsigf an
optical probe which is located next to the MTCRe(sext chapter).
The response time of the MOP is much faster tharMfiCP thus a
high sampling rate enables measurements with higtmrracy.

Combined Microthermocouple and Optical Probe

For measurements in the two-phase layer above ¢ateh a
combined probe consisting of a MTCP and a micracapiprobe
(MOP) was manufactured. The schematic setup ofctimbined
probe is depicted in Fig. (8). A stainless steekvaf a diameter of
50 pm with about 1 mm radial distance to the activebpeois used
for distance calibration purposes. The combinatérboth probe
types is important for the interpretation of the ®H probe signals.
The state of phase at the MTCP tip cannot be derilrectly from
the temperature signal since we have little a pkieowledge on the
temperature characteristics. Although the MOP ¢siied with some
radial distance from the MTCP to prevent liquidrfilbuildup
between MOP and MTCP, the simultaneously measuréd Mata
provides a valuable guidance for the interpretatibthe measured
temperature data and allows separation of liquidi ampor
temperature.
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Results of Boiling Curve M easur ements

Steady-State Pool Boiling Experiments With FC-72, Water
and | sopropanol

FC-72

Fig. (9) shows a boiling curve of FC-72 measurethiieater
no. 1 under steady-state conditions. The test flvad saturated at
333 K corresponding to a pressure ratio of,p#p 0.071 (critical
pressure § = 1.83 MPa). The experiments were carried out with
stepwise increasing and decreasing heater temperéicontrast to
Witte and Lienhard, 1982, postulation, no hysteresas observed
in the transition region. However, it should be tm@red, that in
agreement with Ungar and Richhorn, 1996}, obseovati
contamination during the steady-state experimemts shift the
boiling curve. This was the case in preliminary exments prior to
the final cleaning of our test apparatus.

25
X increasing temperature

20 - o decreasing temperature

heat flux (W/cm?)

80
AT =Ty - Tsat (K)

Figure 9. Steady-state boiling curve of FC-72 (p =
more details in Hohl, 1999

0.13 MPa; p/p = 0.071;

Some authors assumed that the results from out bewtler are
not representative because of the similarity of eater diameter
and the most dangerous Taylor wavelength. Thikogyever, not
likely since the diameter of heater no. 1 is 4n3es larger than this
wavelength (7.9 mm for FC-72 at 60°). It was furnthere
mentioned that a hysteresis is not observed becaufiee small
contact angle between FC-72 and nickel. For ctation we carried
out experiments with water, where the contact arsgignificantly
larger than with FC-72.

Water

The experiments were performed at atmospheric pregp/R,
= 0.0045) with distilled water. It was carefullyeelned and degassed
and several preliminary runs to clean the innefases of the test
loop have been carried out prior to the final expents. A typical
result is shown in Fig.(10). This boiling curve waasured with
stepwise decreasing temperature from a startingt poi the film
boiling regime to low heat flux nucleate boilingftérwards, the
heater temperature was increased stepwise stamingucleate
boiling until film boiling was reached again. Thedter temperature
control was able to stabilize the boiling processail boiling
regimes. All points of the boiling curve were measl under
steady-state conditions.
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Figure 10. Steady-state boiling curve of distilled water (p = 0.1 MPa; p/p ¢ =
0.0045) and isopropanol (0.12 MPa, p/p ., = 0.025}.

No distinct hysteresis in the transition boilinggiree can be
identified. However, a small disturbance in the pgheof the
otherwise smooth curve is recognizable atTaof about 55 K in
Fig. (10). A similar but even smaller effect candi®served in the
transition boiling region of isopropanol AT = 43 K (plotted also in
Fig. 10}). Our microthermocouples indicate that snonform
boiling effects may cause these slight alteratifithe boiling curve
shape. Via the temperature distribution we indiyeabserved larger
clusters of dry patches on the surface which chatiysr
configuration with the wall superheat leading toe ttabove
mentioned disturbance. The size of the clustesgilissmaller than
the heater surface area but they are large enougtisturb the
ergodic behavior of the boiling mode across thefaser In the
measurements with FC-72 we did not observe thisd kof
disturbance. The effect is obviously the more proreed the higher
the heat flux is. Maybe also the contact anglectvimcreases from
FC-72 via isopropanol to water, has an effect. \Wenat yet able to
give a physical/mathematical explanation of thisstgring effect in
the transition region during steady-state experimen

Fig. (11) shows boiling curves for power statioadavater on a
surface with deposits. After approximately 30 slibgiat CHF to
activate the nucleation sites on the heater antbsesjuent decrease
of the wall temperature, the heater temperature imaseased
stepwise from nucleate to film boiling and backeviecersa. The
shape of the boiling curve changed significantlyrimy the
experiment. Mostly, the boiling curve shifts to g heat fluxes
and the superheat at CHF decreases. The effdatilarsto that one
observed by Ungar and Eichhorn, 1996. During thasumeement
the boiling surface changed remarkably. An opagyerl of a white,
hard substance built up on the heater. The distaebaf the boiling
curve shown in Fig. (11) is not a result of instiffnt
reproducibility caused by the experimental faciligelf, it is
obviously a result of the continuously growing d&ipoon the
surface. Reducing all possibilities which may leéaddeposits to a
minimum, e.g. insufficient purity of the test liglli long
measurement duration, insufficient cleaning of bwgling vessel
and other parts of the loop in contact with the fiesd etc., leads to
reproducible boiling curves as plotted in Fig. (1®n the other
hand our experience is, especially with water, bwiling curves are
very sensitive to contamination of the boiling sigé in terms of
reproducibility.
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Figure 11. Boiling curves of power station feedwate r on a surface with
deposits at 0.1 MPa (p/p .r = 0.0045). More details in Buchholz et al., 2000

Incidentally there is no indication that the abawentioned
contamination effect is in any connection to thg sipot clustering
effect in the transition region mentioned in theyious paragraph.
It is also unlikely that this clustering effectdaused by insufficient
controlling. In this case we would have either hamio oscillations
of the average surface temperature or a trangifithis temperature
to a stable operating point on the boiling curveorgndetails in
Blum et al., 1996). Finally it should be mentiontt the most
dangerous Taylor wavelength is 19 mm for boilingerat 0.1 MPa
and hence, as in the FC-72 experiments, much smiéiée the
heater diameter.

I sopropanol

The tests with isopropanol were carried out in @spure range
between 0.033 MPa (pfp= 0.007) and 0.332 MPa (p/p= 0.07).
Hence, the system was-in contrast to the waterrgrpats-closed
to the atmosphere. As with the other fluids repoiole boiling
curves could only be obtained with a carefully fied liquid and a
clean surface. In this case again no hysteresiobhsearved between
curves measured with stepwise increasing and stepgécreasing
temperature, respectively. An example is plotteBig (10).

Transient Pool Boiling Experiments With FC-72

Boiling Curvesfor Transient Heating

Boiling curves for transient heating with up to BGs nominal
temperature change per second of the heating suni@asured with
heater 2 (Fig. (2)) are depicted in Fig. (12). Ehesrves represent
heat fluxes and temperatures at the heater sudatmmined by
solving the inverse heat conduction problem. Fangarison, the
steady-state boiling curve is also measured wépvsise increasing
and decreasing temperature and again no hystervasibserved.
This curve deviates a little from the one in FR). (The main reason
is that we did not take into account precisely ltleat losses of the
different heaters. Consequently, some small eamgsalso included
in the determination of the surface temperaturac&ithese errors
have no influence on the qualitative shape of thiérly curves, we
made no further correction of the plotted data.eXiberiments were
carried out in a way that nucleation sites werealy active at the
start of heating AT = 15 K) to avoid the disturbance effect of
boiling incipience.
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Figure 12. Boiling curves of FC-72 for transient he  ating, left, and transient
cooling, right, at 0.13 MPa (p/p ¢ =0.071). More details in Hohl et al., 2001).

Details of the transient experiments are presentsd
\cite{Hohl2001Heat}. Summarizing, the following mmairesults
were obtained:

¢ The heat flux increases strongly with increasingting rate.
At 50 K/s, the critical heat flux (CHF) is by a fac4 larger
than the one in the steady-state case. The superth&dF
does not change remarkably with the heating rate.

¢ The minimum heat flux of film boiling (MHF) does nho
exhibit a clear trend. The heat flux in film boijmuring the
heating mode is significantly higher than in steathbte
heating. After switching off the heating power tars the
cooling mode somewhere between a superheat of 6F@&n
K the heat flux drops down to at least the valueths
steady-state case.

¢ The behavior shown in Fig.(12) is not due to anlwat&on
uncertainty or error. An energy balance reveals the
inverse heat conduction problem is solved propefige
boiling curve characteristic in transient heatihgwn in Fig.
(12) is due to a physical effect of the boiling magism.
This holds also for transient cooling (Fig. (12ght).

Boiling Curvesfor Transient Cooling

Due to the thermal inertia of the heater the caplmate is
limited. Constant cooling rates were only possiiole2 K/s along
the entire boiling curve and for 4 K/s between ¢iaon and
nucleate boiling (see Fig. (12) right)). With zemeat input, the
cooling rate was about 2 K/s in film boiling an@® &/s in the CHF
region. Obviously, the transient cooling effectcsntrary to the
transient heating behavior (note that the steaafgsturve in
Fig.(12) , right, is the same as the one in Fig)I€ft). The faster the
cooling rate the smaller the heat flux. Keys tdggical explanation

of the transient boiling mechanisms are data obthiinom optical
probes and microthermocouples presented in thevioll.

Results of Microsensor Experiments

Experimental Conditionsand Procedure

Two sets of experiments are performed: one set gusin
isopropanol and a second set using FC-3284 (iddnaith Fluid
PF-5052, 3M Company) as test liquid. To guarantergla purity of
the test fluid, the entire amount necessary for ékperiments is
charged in vapor state and condensed inside thiyfacsing the
condenser on top of the boiling vessel (see FigThig test liquid is
thoroughly degassed prior to every experiment lgpnous boiling
on the test heater as well as on the tube coilislenthe boiling
vessel. The tube coils are heated to a high temyeraluring the
degassing procedure. Throughout this proceduret igeses are
repeatedly removed at the top of the condenserguasivacuum
pump. Afterwards, the temperature of the tube deileduced to a
lower temperature slightly above saturation tempeeaof the test
liquid.

A first set of experiments is performed with isgpaool at
saturation conditions at a reduced pressure qf p/{®.022 which
corresponds to a pressure of 0.106 MPa and a Satutamperature
of 83.3°C. The last test series with the MTCP/MQ@&bp has been
carried out at different conditions. Because of afedtive
temperature controller in the recirculated bathaohtsets the fluid
temperature inside the boiling vessel, the fluidrythis test series
is slightly subcooled by about 0.5 K.

For the second set of experiments saturated FC-328kd as a
test liquid, also at a pressure of 0.106 MPa. Uofately, the
critical pressure of this fluid is not known, thiene we cannot
report the reduced pressure. Some problems hawe l@en
encountered for the saturation temperature of thigl. In the
literature, a saturation temperature of 50.0°Grabapheric pressure
has been reported (Howard and Mudawar, 1999). Ateur
measurements with thoroughly degassed FC-3284 trepanuch
higher saturation temperature of 53.2°C at the samessure
(Gorenflo, 2003). As can be expected from thermadyins, a
noteworthy volume fraction of inert gases shouldéeha significant
effect on the saturation temperature. In fact, R843can dissolve
high volume fractions of inert gases (54% 3M Compapecialty
Materials Europo Division, 2003). Due to these peois for the
evaluation of the experiments with FC-3284, we ubedmeasured
temperature inside the boiling vessel after theadsigg procedure
as saturation temperature as we believe this tmdst appropriate
and realistic. During evaluation of the saturatiemperature,
medium heat flux boiling was present both on tls¢ eater and the
tube coils inside the test heater.

All experiments are carried out at steady-statepiiepare for a
test run, the heater temperature controller igcsattemperature for
high heat flux transition boiling to activate pddsinucleation sites
in order to avoid hysteresis at boiling incipiencehe heater
temperature is afterwards set to the first pointaotest run in
nucleate boiling and the measurements are staftedsteady-state
conditions of the test heater have been reacheden Tthe
temperature is increased to the next set-pointevalg. until heat
transfer and MTC / MTCP / MOP - data at all desiteshter
temperatures have been measured along the enilirglourve.

Three test series are presented in the following) 1
measurements with MTCs along the entire boilingveuior both
fluids, 2.) measurements with MOPs for both fluidad 3.)
measurements with the combined MTCP-MOP probe for
isopropanol. Both probe experiment series covesrae of probe
positions and some points of the boiling curve fch®)). For the
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MOP and MTCP-MOP test runs, data are taken fordéferent
probe distances to the surface at a constant hieat@erature. After
the last measurement, the temperature setpoinhasged to the
next value and again data for all selected prob&xces are taken.
The measurements are realized with stepwise inagésmperature
between low superheat in nucleate boiling and tsgherheat in
film boiling. Both the MOP and the combined MTCP-HCare
located above the center of the heater.

Microthermocouple Experiments

Evaluation of MTC signals

For the analysis of the MTC data a good signaldisenratio is
important. Although the setup of the measuremeaincfor MTC
signals is optimized for best signal integrity, omoise can be
found in the signal. Unlike standard temperatureasneements,
averaging or simple filtering techniques can notpelied as they
would destroy the signal dynamics (see also Fig))(ITo design
the data preparation scheme, the signal charaaterare analyzed
from measurements with a discharged boiling facgibd therefore
without boiling components in the signal. The tygbicaw signal has
a base noise level of abo#0.05 K and additional relatively rare
spikes of up t&0.015 K.

The analysis uncovers three main types of noiséseNtypeA
is random noise generated by the MTCs itself andatyes and the
thermocouple amplifiers, to a minor part also by data acquisition
(very high frequency components). Noise typés pickup of line
noise and multiples, i.e. 50, 100, 150 Hz and ab®ype C noise
are signal spikes caused by electrical interferdrateveen the data
acquisition systems and line voltage transientss Type of noise
has by far the largest signal amplitude of all adiges, but because
of the very short and rare spikes the influencedak.

Because of this fact, noise tyfizis not removed in order to
preserve best signal integrity. Noise typecan be removed using
digital stop band filters. Digital zero phase l&gn{ard-backward)
filters are used to perform this task as they na@intorrect signal
timing. The filters are designed with narrow bandivi for
minimum effect on the signal, just to give a smoB®D without
peaks remaining at the filtered frequencies. Ndyg®e A has an
acceptable low amplitude. Therefore only a 6th ord@&ital
lowpass (also zero phase lag) with a cutoff fregyeof 8 kHz is
used to remove the high frequency components caugéde data
acquisition itself. The MTC signal does not contaieaningful high
frequency components above the cutoff frequencyalmse a
hardware lowpass filter with 7.5 kHz cutoff freqegnis used
during acquisition to avoid aliasing.

The data preparation is performed in the followorder: line
noise filtering, low pass filtering and finally cesrsion to
temperatures.

Temperature fluctuations at the heater surface

Typical traces of the measured temperature at teighboring
microthermocouples (MTCs) are depicted in Figs.),(184), (15)
and (16) for nucleate boiling, CHF, transition- afildh boiling.
Each figure depicts traces for isopropanol (topt)pémd for FC-
3284 (bottom plot). The plotted signals represémt temperature

inside the heater at a position 3 below the heater surface. The

measured temperature at the MTC location is vergecto the real
surface temperature with respect to value and digsamwhich has
been shown by a solution of the inverse heat cdimu@roblem
(Lattich et al., 2005). The horizontal distance viesn the
thermocouple junctions of the neighboring MTCs Nand 8 of the
MTC array is 211.6¢m (see Fig. 4).
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Figure 13. Temperatures at MTCs No. 7 and 8 in nucl eate boiling; top:
isopropanol, bottom: FC-3284. Horizontal distance 7 - 8:211.6um.
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Figure 14. Temperatures at MTCs No. 7 and 8 at CHF; top: isopropanol,
bottom: FC-3284. Horizontal distance 7 - 8:211.6,um.
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Figure 16. Temperatures at MTCs No. 7 and 8 in film boiling; top:
isopropanol, bottom: FC-3284. Horizontal distance 7 -8:211.6um.

The temperature traces in Figs. (13), (14), (15) é&6) are
typical examples of the temperature dynamics, atthoa complete
representation of the signal characteristics as ageits statistics for
the vastly different time scales involved would uigg far more
plots than possible here.

isopropanol. We compared the resulting temperaaumgplitudes

(see Fig. (15)) with those which would be obtaiifenhly unsteady

heat conduction within the boiling liquid acted asheat transfer
mechanism during a rewetting event. If a vapor cedesurface is
wetted with saturated liquid, a contact temperatfre0.67 K for

isopropanol and -0.36 K for FC-3284 below the stefeemperature
would be obtained d uring the contact if heat catidn between
two semi-infinite bodies is assumed (assumptionB, katurated
fluid, massive copper heater). Since observed tesyre drops
(see e.g. Fig (15)) are higher than these calailzdies, unsteady
conduction between liquid and heater cannot explanmeasured
temperature drops.

Furthermore, it is very unlikely that the temperatwdrops
observed in transition boiling even near the Lefdest point are
caused by local conduction through an extremely trEpor film,
i.e. without wetting of the surface which is sonmats postulated in
the literature. This becomes obvious by a simpleseovative
estimate. We calculate the average local heat fleguired to
generate the temperature drops observed first. , Tlencalculate
the vapor film thickness needed to cause such faat by
conduction only. The film would have a thicknessabbut 0.2um
to facilitate such a pronounced temperature drdys Thickness is
less than the surface roughness of the heater (B88m )and we
do not believe that the film would not be piercgdte peaks on the
surface.

Highly turbulent convection of liquid as explanatidor the

As can be expected, the amplitude of the tempe&atufemperature drops along the boiling curve up to lte&enfrost

fluctuations measured with isopropanol increaseth wicreasing
wall superheat. This holds also for FC-3284, butaagenerally
smaller fluctuation amplitude. The latter is notyeurprising since
the measured mean heat flux is also smaller. Theerubd
dependency of the fluctuation amplitude on the drestiperheat can
be expected because the theoretical limit for gptature drop is
(Tfluct max = Tsurface, max - Tsat for saturatedithg conditions.
Thus, the theoretical limit for a fluctuation antptie increases with
increasing superheat, except for film boiling wheoewetting of the
surface occurs.

The number of temperature fluctuations per time dae
nucleation or a rewetting event changes also aleadoiling curve.
It increases between low heat flux nucleate boiéind around CHF.
Increasing the wall superheat further leads to eredese of the
number of fluctuations until they vanish at the dasifrost point.
Beyond the Leidenfrost point in the film boiling gien, no
comparably pronounced temperature drops can bedfénnthe
signal. Obviously, surface wetting does not taka&celbeyond the
Leidenfrost point. Assuming the ergodic hypothesibe valid for
our boiling system in this regime, no direct liguddntacts should
occur on the entire heater surface.

Sharp temperature drops are detected in the rdégitween low
heat flux nucleate boiling and transition boilindose to the
Leidenfrost point. A rapid temperature decreasetgamnost likely
to ongoing nucleation and subsequent growth of lzbleudirectly
above or close to the MTC junction in nucleateibgil In transition
boiling, a temperature drop can be interpretecoeal Irewetting of
the surface and subsequent nucleation and growsimafl bubbles
followed by a creation of larger vapor patches. phabability of a
vapor patch to be present at the surface is conyraedepted to
increase with increasing superheat from high to logat flux
transition boiling. The decreasing number of terapee
fluctuations with increasing heater temperaturé&amsition boiling
fits with this understanding of transition boilingurthermore, also
the results of optical probe measurements suppist reasoning
(see chapter (4.3)).

The local temperature transient at the MTC positioming a
rewetting period (transition boiling) can exceed8.000 K/s for
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point can be excluded as this effect can certamdy cause such
steep {\it and} localized temperature fluctuationsChus,
evaporation, i.e. the direct generation of vapathatsurface in the
nearfield of the MTC, is likely to be the only ristic explanation.

This finding fits also with results gained from heoretical
analysis in Stephan and Hammer, 1994, where theegses are
investigated which take place if bubbles grow dteated wall at
nucleate boiling. Stephan and Hammer, 1994, fourdcalized
zone at the bubble foot - the so-called micro negiwith extremely
high heat fluxes. More recently, this finding wasnfirmed also
experimentally using a steady evaporating menisses,Hohmann
and Stephan, 2002. It is likely, that evaporatiorthie micro region
cause the pronounced temperature drops obsenedjdhe as they
are very local events. Even at the neighboring M{dtstance 211.6
4m) some fluctuations occur independently at bothQVjiinctions.
These sharp temperature drops are mostly not welklated. On
the other hand, slower temperature changes - stompared to the
very rapid changes during nucleation or rewettirge- much better
correlated at neighboring MTCs, see Fig. Fig. (a4l also Fig.
(15). This finding points most likely to the existe of larger
structures on the surface like dry patches in ttiansboiling.

Although the theory of micro region evaporation swizveloped
for single bubbles, the principal findings are estpd to describe
also the fundamental processes at the three-phastact line
between the heated wall, liquid and vapor in ailihg regimes with
surface wetting in general. This approach has tlmaployed to
model pool boiling along the entire boiling curvecsessfully by
Littich et al., 2005 (see chap. 5.1).

Periods with high temperature in transition boiliage often
simultaneously observed by far more than just tvedgimboring
MTCs. A visualization of such an event (in thiseabse to CHF in
nucleate boiling) can be found in Fig. 14 of Budahet al., 2004 (it
is recommended to use the online version on
www.sciencedirect.com to view the figure in color). Therefore, the
area covered by such unstable vapor patches canpdeeted to be
partly in excess of 1 mfrat CHF, and even larger at higher wall
superheats. If the patch is larger than 12rameal identification of
the size is difficult, because they exceed the sfathe MTC array.
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Within these dry patches the measured temperaatnesighboring
MTCs can be expected to be similar because thentiieronduction
within the heater is strong relative to the loaaface heat flux. The
same holds for areas without bubble nucleationoin heat flux
nucleate boiling because natural convection cdytaiannot cause
localized pronounced temperature drops on a heattr high

thermal conductivity and thermal capacity.

Some temperature traces in Figs. (13) to (16) slsvdiscussed
above, fast temperature drops of more than #3¥6. To find out
whether these measured temperature drops are biagedata
evaluation a simulation has been carried out fduced bandwidth
during acquisition (Fig. 17). The measured sigeatdff frequency
f. = 7500 Hz) is compared to curves with reduced bdith. The
additional curves are calculated using the sameakitput a digital
zero-phase lag (for easier comparison) lowpasar foarder 4 with
the cutoff frequencies as given in Fig. 17. It lsvious that the
chosen cutoff frequency yields a signal which isyveear to the

‘true’ one whereas significant smalfgs underestimate the strong

slope of the signal.

— 1, =7500 Hz

-~ 1,=2500 Hz
1,=833Hz ||

— f,=27THz

o 05 1 15 2 25
time, ms

Figure 17. Effect of acquisition bandwidth on signa
a temperature drop.

| characteristics during

Micro Optical Probe Experiments

Evaluation of MOP Signals

The signals of the optical probes basically contairbinary
information: vapor or liquid phase at a given motnanthe probe
tip. This information can be represented with a gehindicator
Function PIF:

1 for vapo

1
0 for liquid @)

MFan:{

To extract this binary information from the raw rsad) an
analysis procedure is used. The PIF identificatizethod is based
on an algorithm developed by Hohl, 1999. It is woytied and
adapted to the characteristics of the new opticab¢s.

The calculated PIFs are the data basis for allyaisabf the two
phase flow characteristics. The first step of thalgsis towards the
PIF is filtering of the raw signal to remove noisbich is basically
optical noise, most likely from the laser diods,drive cirquits and
the optical fiber itself. The denoising procesdésed on wavelets
as this approach allows removal of noise at low high signal
levels while preserving the characteristic steegmges of the signal
at fluid phase changes at the probe tip which ssergial for precise
detection of the phase changes. Although deteatibrihe PIF
without denoising of the raw probe signals is passidenoising
improves confidence of the following PIF detectiprocess and
allows usage of a faster detection algorithm thé&homt denoising.
The next step towards the PIF is calculation of dlierage signal
levels representing liquid and vapor phase. Theseld are used to
limit the low signal level to the average liquidiét and vice versa
for the high signal level (vapor). The limiting tfe signal to the
average bounds avoids misinterpretation of signadrshoot at
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liquid to vapor transitions (for more informatiom @vershoot see
Buchholz and Auracher, 2002), For the decisiorhé signal at a
pointi represents vapor or liquid, the detection algarittalculates
the differences betweeértoi —1 + 1, ...j + N with N< 4. A phase
change at poiritis identified, if there is a sufficient changeweén
i - 1 andi or, if there is a smaller change between thesetpaiut
the criteria is fulfilled for any of the calculatatifferences. An
additional check for the signal level follows tormé also detection
of very slow signal changes. Slow signal changesvary rare, but
the check improves the confidence of the calculd®B. The
algorithm can be classified as a combination of agtimized
differentiation method and the two-level method.

The average void fraction at a given probe locatiaten be
calculated from the PIF as

mm:%%mam) @

i=1

All average void fraction data points are calcuatising a 60s
long data set (12 million data points).

As a first approach towards a mean interface vsloci
perpendicular to the heater surface, the cros®letion function
can be used. For this purpose, only the time lageamaximum of
the cross-correlation is of interest. Thereforecudation of the
entire function is not necessary. Numerical restms (large signal
size) and desired accuracy force to use a dirdculedéion of the
cross-correlation for the region of interest. Aftadculation of the
cross correlation coefficient, the time at the peaximum can be
identified. The mean velocity of the interfaces ctren be
calculated as

As

At (2) )

Win,i (2

with As the axial distance between the correlated probd pal...3

andAt;(2) the identified time lag at probe positiniof the maximum
of the cross-correlation coefficient. The crosgeation coefficient
is presented as "a first approach” towards a me@nface velocity,
because we believe that there are better optionsalimulate the
velocity than using the cross correlation coeffitieThe main
reason is that the cross correlation coefficierdlyes the entire
signal no matter what the underlying physics are. @lopted
algorithm will be presented in the future.

MOP Resultsfor FC-72

Experiments with FC-72 have been carried out wéhtér no. 1
and the probe with 10um tip diameter under steady-state
conditions. Details are presented by Hohl et &98l Outcome of
these measurements are e.g. void fractions andr vepotact
frequencies as a function of the distance to thetene A typical
result for the void fraction distribution is pladtén Fig. (18).

-~ AT=20K
-®-AT=25K
—-4--AT=30K
—*—AT=35K

1 ——AT=40K
& AT=45K
~4-AT=50K
—e—AT=50K

0 05 1

distance, mm

Figure 18. Time averaged void fraction of FC-72 abo ve heater in different

boiling regimes.
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Measurements were carried out at the center ofhteter at
distances of the probe tip from the heater surfeteseen 0.01 and
1 mm. The distance was determined with an accusbe®.01 mm
by measuring the signal rise as a result of ligitection at the
heater surface when the probe comes very closet.tolni
measurements at 0.01 mm. nominal distance fronmdager, it can
be assured that the probe tip was fixed within @ distance
between 0.005 and 0.02 mm from the heater surface.

The data in Fig. (18) indicate that in nucleatdibgiup to CHF

(20 K < AT < 35 K, see Fig. (19)) the void fraction decresase

sharply when the probe approaches the heater suifhés can also
be observed &T = 40 K in transition boiling. Then the liquid hic
layer near the surface gradually disappears if fibwiling is
approached. The void fraction maximum above theenes found
to be at about 0.5 mm in nucleate boiling, at Ok at CHF, at 0.05
mm atAT = 40 K and it reaches the heater surface at abbut 50
K. The void fractions at the surface in th€ region below 50 K are
remarkably small. If the data in Fig. (18) are aptlated to the
heater surface, which certainly implies some em@ ,0bserve, e.g.
at CHF, a non-wetted fraction of less than abo@t15

Hohl et al.,, 1998, presents also data for vaportamin
frequencies at the probe tip. The number of vapatacts increases
when the probe is moved towards the heater sudadereaches
frequencies as high as 500-600 Hz at about 0.05rommthe heater
surface. It seems that at about these distancepriiiee detects
bubbles from several nucleation sites during tigeawing period.
At larger distances the bubbles coalesce to biggpor masses
resulting in a decrease of the frequency. A furtiygoroach of the
probe tip to the surface results in a decreaséeffrequency. An
explanation could be that at these very small désta the probe tip
touches less and less bubbles during their growergpd probably
at most two because the detected frequenciessa¢hian 100 Hz at
nominal tip distances of 0.01 mm to the surface.

In transient boiling the probe measurements wetemccessful
due to the unavoidable thermal expansion and odidgraof both
the probe and the heater. It turned out that duaitrginsient run the
distance between the probe tip and the heaterceuvkzied within a
range where the strongest changes in contact fnetgeeand other
quantities occur.

MOP Resultsfor | sopropanol

Buchholz et al., 2004, carried out similar measwes as Hohl
et al., 1998, with isopropanol along the boilingveudepicted in
Fig. (10). He used the 4-tip probe described imtdra(2.6.2) (Fig.
6)). esults for the void fraction distribution meeed with the probe
nearest to the surface (probe 1) in different hgilregimes are
shown in Fig. (19). Fig. (20) presents a zoom thi plots of Fig.
(29) for the heater nearfield region.
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Figure 19. Mean void fraction of isopropanol for en
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right: transition and film boiling.
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The void fraction characteristics are very simitathe findings
by Hohl et al, 1998 (Fig. (18)). A liquid rich layeery near to the
surface is observed. The void fraction at the dbseeasured
distance to the heater (8m) increases monotonically from low
superheats via CHF to film boiling. Even in traimitboiling (40.1
W / cnf) a decrease of void fraction towards the surfadste A
distinct local maximum of the void fraction distifion occurs in all
boiling regimes between moderate nucleate boilind @ansition

H. Auracher and M. Buchholz

Table 1. nterface velocity between nucleate boiling
positions. Isopropanol experiments.

and CHF at two probe

Probe 1-2  Probe 2-3  Probe 3-4
Distance between heater surface and lowest probe 4.5 mm
4=142W/cm? 0.31m/s 0.32m/s 0.32 m/s
4 =32.1Wicm? 0.53m/s  058m/s  0.56 mis
CHF 0.82 m/s 0.81 m/s 0.81 m/s

boiling (~40.1 W / crf). The distance between the location of the

maximum and the heater surface becomes smallerindtieasing
wall superheat. It is about 0.85 mm at 23.9 W / dnmucleate
boiling) and reaches about 0.1 mm in high heat fltansition

boiling (~40.1 W / crf). Not surprisingly the distances between the

maxima and the surface are somewhat larger th&C#72 boiling
since most likely a relation exists between bubbkparture
diameter @ and void fraction maximum, and; @f isopropanol is
larger than the one of FC-72 (see chap. (6.2)).

The void fraction curves exhibit a minimum at atalice of
~4.5 mm between fully developed nucleate boilind &m boiling
(Fig. (19). Moreover the void fraction at the lssgeneasured
distance (20 mm) is more or less constant (~0.Byden nucleate
boiling and CHF. These findings are discussedén th

paragraphs on cross correlation later in this drapintil now
the void fraction data has not been calculatedHerother probes of
Buchholz' et al.'s 4-tip sensor since huge comjutatime is
required to obtain statistically correct results.

The 4-tip sensor offer the possibility to determare average
interphase velocity in the tip region by cross elation of the
different probe signals. One of the examples pteseby Buchholz
et al.,, 2004, is shown in Fig. (21). Here, the sra®rrelation
coefficients for probe combinations 1/2, 2/3 andl &/e plotted for
two distances of the lower probe (1) to the surfdc® and 20 mm.
Two characteristics are obvious: 1. The larger distance of the
probe ensemble to the surface the better the atioel In fact,
Buchholz et al, 2004, report that very weak cotretacoefficients
are obtained at the smallest distance @in8of the lower probe to
the surface. This may be an indication of incregsitisorder” of
the two-phase layer towards the surface causediblyle agitation.
2. The smaller the distance of subsequent probesbétter the
correlation (note: 1. 2, 160um; 2 - 3, 260um; 3 - 4, 330um).

1 T T

— probe 1-2, 20mm
- - probe 2-3, 20mm

probe 3-4, 20mm |}
— probe 1-2, 4.5mm
== probe 2-3, 4.5mm
- - probe 3-4, 4.5mm ||

b
©
T

o
=)
T

©
3
T

g
=2}
T

Cross Correlation Coefficient

~.<

and 4.5 mm distance
ing of isopropanol at

Figure 21. Cross correlation coefficients for 20 mm
of the lower probe to heater surface. Nucleate boil
14.2 W/cm?,
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Distance between heater surface and lowest probe 20 mm

4 =142W/cm? 0.73m/s  066m/s  0.73mis
4 =32.1Wicm? 0.78 m/s 0.8 m/s 0.82 m/s
CHF 1 m/s 0.98 m/s 1.05 m/s

The time differences at the peak maxima and thedfitistance
between the tips yield an average interphase \glatithe different
probe positions above the surface. The velocitiessammarized in
table(1) for the region between low superheat ratel®oiling (14.2
W/cr? and CHF) for two distances above the heater.

These data is helpful for an interpretation of #oéd fraction
profiles in Figs. (19) and (20). Looking at the fies it is in the
first glance surprising that the void fractiondath 4.5 and 20 mm
distance are approximately equal between nucleailndp (32.12
W/crf) and CHF though the heat flux and thus the geeératass
flow of vapor increases. This is explainable if tledocity rises with
increasing heat flux and in fact this trend is ge\by the data in
table (1). Furthermore we observe higher velocideshe larger
distance (20 mm) and simultaneously an increaseouwf fraction
between 4.5 and 20 mm at a given heat flux (Fig))(1t seems that
the two-phase flow is accelerated in this sectibove the heater
and that in addition a contraction of the bubbbwflarea in upward
direction occurs. Both effects would increase treasured velocity
and also increase the void fraction in upward divec

Buchholz et al., give no explanation for the stralegrease of
void fraction at fixed heat fluxes after the maximat least in the
higher heat flux region. More detailed investigaticare required
using the huge amount of data available now to givanswer.

Microthermocouple Probe Experiments

Evaluation of MTCP Signals

MTCP probe signals are conditioned as follows. Tgpi
discrete frequencies like line noise etc. are mesgnt in the signal
because of careful shielding and design of thetreleics used. Even
though the entire signal chain has been optimizecdchieve an
optimum signal to noise ratio, some noise can badadn the signal.
The observed level of noise is partly the resulttioé signal
bandwidth which is exceptionally large for temperat
measurements. The thermal noise voltagglfor example, can be

calculated byU,ise = V4KTRAK with the Boltzmann constant k,

the temperature T, the electric resistance R aedbandwidthAf
(Skritek, 1998). Common techniques like averaginguplication
of low-pass filters cannot be used here as the itapb signal
dynamics will be altered (see Fig.17)).

These drawbacks can be overcome with the applicabio
wavelets for signal denoising. As already mentiorteés method
enables reduction of noise while preserving theadtaristic signal
features. The observed noise floor of the raw $igmeasured in
Kelvin peak-to-peak) after conversion to tempemtis typically
between about0.04 K to+0.1,K. Application of wavelet denoising
results in a reduced noise level of ab#0t01 K or less. The next
step is the removal of outliers. These are verg (arost files do not
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have a single outlier) but would result in errowsidg the statistical
analysis which will be presented in the future. li@tg are defined
here as temperature peaks with values well beybedrange of
temperatures possible from theory (i.e.well below; ©r above
Theate)- After the mentioned signal conditioning, the nsits are
converted to temperatures.

For the mapping of the measured probe-temperatoreither
the liquid or the vapor phase, the MOP providesuatale
information on the state of phase at the probeDige to the radial
distance between the probes (see Fig.(8)) - whichecessary to
avoid a liquid film between both probes - a phdsange does not
occur at the same moment at the MOP and the MTCgerreral.
The time deviation is a function of the bubble déen, the flow
properties (turbulence etc.) and the radial proistadce. It is
expected to be minimal for large bubbles and lowbulence.
Anyhow, the temperature traces presented in thewolg chapters
enable a clear determination of the instances aé@lthange at the
probe tip. Corresponding MOP and MTCP signals atepresented
because the direct interpretation could be misteatbr short signal
periods as presented in the following.

Temperature traces measured with isopropanol grieted in
Fig.(22) for low heat flux nucleate boiling, in Fig3) for film
boiling, in Fig.(24) for CHF and in Fig.(25) foratmsition boiling.
Each figure depicts signals at a distance of 9 rfeft) (and 0.1
mm(right) of the probe. Note that Figs.(22) and)(@8pict time
intervals of 400 ms and Figs.(24) and (25) of ob@0 ms. We
selected these different durations for the sakieest representation
of the short-term dynamics in these regions. Theeoled events
occur on a relatively wide range of time and terapee scales and
consequently the plots should not be considereccampletely
represent the entire boiling process.

MTCP Resultsfor Nucleate Boiling of | sopropanal

200 300
time, ms

400

0 100

Figure 22. Measured local fluid temperature in low heat flux nucleate
boiling of isopropanol (3.5 W /cm 2, see Fig.(10)) at 9 mm (left) and 0.1 mm
(right) distance to the heater surface; arrows indi cate vapor contacts; AT,
= Torobe - Tsat-

In nucleate boiling at low heat flux (small numbar active
nucleation sites), strong temperature fluctuatiares found in the
liquid, Fig.(22). The liquid is always superheatedth maximum

dimensionless superheaﬁ, = (Torobemax ~ Tsad/(Theater™ Tsat  UP

to 0.8 atAT = Theater— Tsat=20 K. Vapor contacts were not observecf1
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at z = 0.1 mm but are found at z = 9 mm distanagifg a vapor

contact, which is indicated by the attached MOPR, tdmperature

drops down quite fast. However, the lowest tempeeatmeasured

inside the vapor AT, = Tpope — Tsar = 2 K) is always above
saturation temperature. It is also certainly abseminimum value

needed for a bubble of the estimated diameter it eaxcording to

theory. The temperature during a vapor contact imsna
approximately constant in nucleate boiling. Thigliféerent in other

boiling regimes, as will be shown later. After gpwa contact, the

probe heats up again quite rapidly.

The temperature changes within the liquid at lowtHkix and
close to the heater surface (z = 0.1 mm) are velgtislow. This is
reasonable as the fluctuations are expected tabged by natural
convection and also by improved convection due tdbbe
nucleation, growth and rise. However, at the sndatance, the
temperature field seems to be not much affectetutbulence due
to bubble dynamics in the present case. At 9 mrbedistance, the
fluctuations are much more rapid. The measureddiguperheat
near to the interface can be up to 5.5 K (clos¢ kosuperheat near
an interface can be found in Fig.(22), left; sed arrow from left).
This holds even if we take into account that theasneed
temperature inside the bubble can potentially bectfd by errors
because of a liquid film which may be present aa MiTCP probe
surface after penetrating the interface. It is ently not fully
understood whether this effect is important - dnithis is the case,
to which extent - or not (for a detailed discussion the
measurement accuracy see chapter (4.4.6)).

Temperature fluctuations at 9 mm probe distancéiimwithe
liquid are much faster than close to the heatercivhian be
explained as follows. The level of turbulence iwldeat flux
nucleate boiling (isolated bubbles) is expectedinrease with
increasing distance to the heater because the dmibhre
accelerated. The bubbles should therefore mix ifpeid which
leads to faster temperature changes and also Reftgoerature
equalization within the fluid. The total tempera&ufluctuation
amplitude should therefore decrease with increadietance. It is
furthermore likely that further away from the supested boundary
layer above the surface the temperature amplit@desanyway
smaller than very near to the surface.

MTCP Resultsfor Film Boiling of 1sopropanol
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Figure 23. Measured local fluid temperature in film
AT = 71 K, see Fig. (10)) at 9 mm (left) and 0.1 mm
eater surface; ; AT = Tprobe - Tsat-

boiling of isopropanol
(right) distance to the
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In film boiling, see Fig.(23), the characteristiae opposed to
the behavior in nucleate boiling at low heat flwalike nucleate
boiling, the liquid temperature remains constanis kbout the pool
temperature and approximately independent of tlodeposition.
The liquid temperature is slightly subcooled by @th@.5 K which
represents the main pool conditions. A slight iasee towards
saturation temperature is detected for decreasisignte of the
probe. The measured vapor temperature exhibits Jarge
fluctuations. Vapor superheats of more than 40 #ehaeen found
at a heater superheat less than 80 K. The measoeedmum
superheat inside the vapor decreases with incigasabe distance.

In film boiling no liquid contact occurs at the heasurface.
The absence of liquid contacts at the heater suirflags prohibits
the liquid to be heated above saturation tempegatarobserved by
the MTCP. The maximum possible temperature canxpeated to
be saturation temperature at vapor-liquid intesac&his is
confirmed by the measurements which show the ssnaltooling in
our pool (0.5 K). For the vapor, we get quite diéiet conditions.
The vapor film at the heater surface has directazdrnto the hot
surface, consequently its temperature is well abeaturated
conditions. If a bubble leaves the film it obviousiontains this
superheated vapor. It is reasonable - and confirrbgdthe
experiments - that with increasing probe distateevapor cooles
down due to convection and conduction inside thebles since the
interface temperature of the bubbles can be asstionked at about
saturated conditions. Because of the small heatotigpof the vapor
inside the bubble little heat is removed from thapar and
transferred to the interface.

In Fig.(23) different durations of vapor contacts ® mm and
0.1 mm probe distance are observed. At 9 mm distathe probe
certainly detects large rising bubbles. At 0.1 mstahce, both short
and long vapor contacts are found. Here, the plisbpossibly
located near to the interface of the wavy vapon fdt the heater
surface. Contacts with the relatively slow-movingterface -
especially for the case of a bubble growing andadery from the
film with low initial velocity - are expected todtlonger than for a
rising bubble.

MTCP Resultsfor the Critical Heat Flux of | sopropanol
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Figure 24. Measured local fluid temperature at CHF  of isopropanol at 9
mm (left) and 0.1 mm (right) distance to the heater surface; arrows
indicate liquid contacts; A: see chap. 4.4.6); AT, = Tpobe - Tsat.
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At CHF, as can be expected from MOP experiments ¢bap.
(4.3)), an increased number of vapor contacts eafolnd. This is
confirmed by the plots in Fig.(24). Note, that fhletted interval in
Figs. (24) and (25) is now 100 ms. As opposed éoctiaracteristics
in nucleate boiling, the detected vapor temperaaxigibits some
temperature fluctuations with much higher amplisittean observed
in nucleate boiling. Furthermore, vapor temperaatr€HF appears
to be always higher than the liquid temperaturee filatively weak
increase of surface superheat between nucleatiedaihd CHF
10 K, see Fig.(10)can certainly not explain thisareleteristic
change. As described in the previous chapter, Vagh vapor
superheats are observed in the film boiling reginteere vapor
covers the entire surface. If we assume unstabpmrv@atches
around CHF to exist for short periods on a giverfase area, the
vapor above this patch would gain a higher tempegatAfter lift
off, this elevated vapor temperature can be expeaiside the
bubble for a short period until heat transfer te thterface causes
the temperature to decrease. The existence ofhlastapor patches
even below CHF has been proven by the MTC expetisnésee.
chap. (4.2)). Therefore, the measured vapor terhperaxcursions
can be assumed to be the result of the dry areatherheater
surface. The transition from "hot liquid" and "colibbles", as
observed in low heat flux nucleate boiling (Fig)2® the opposite
case at CHF and towards film boiling occurs mdslji gradually.
To prove this, more measurements and analysesaessary.

The liquid temperature at CHF fluctuates much Igsm in
nucleate boiling. We assume that this is due tcstteng increase of
nucleation site density and thus increased turloelemd interfacial
area density. Hence, increased mixing as well eallipavailable
interfaces which act as "heat sinks" lead to theeoled liquid
temperature characteristics.

A discussion of the intermediate level A in Fig)24eft, is
given in chap. 4.4.6).

MTCP Resultsfor Transition Boiling of | sopropanol

8 T T

6,
X
o 4 -
> liquid level
2_
0,
0 20 40 . 80 100
time, ms
15 . : : -
« 10
o
—
<

liquid level

0 20

40 . 60 80 100
time, ms

Figure 25. Measured local fluid temperature of isop  ropanol in transition
boiling ( AT =42 K, see Fig. 10) at 9 mm (left) and 0.1 mm (r ight) distance to
the heater surface; AT, = Tprope - Tsat-

Temperature traces measured in steady-state tcansiviling
are depicted in Fig.(25). The sequences plottedesent low heat
flux / high superheat transition boiling near theidenfrost point
(Fig.(10),AT = 42 K). Thus it is not surprising that the sighas
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similarities with those observed in film boilinguBthere are also
important differences. First, the maximum deteatagor superheat
in transition boiling is less than in film boiling we compare the
signals at both distances. This finding is to bpeexed as the

temperature should not be affected except due éodimnamical
properties of the sensor and the electronics Wsada wetted probe,
we consider two different cases which are represest for the
nucleate and film boiling regimes. Here, we assuhe vapor

driving AT is lower. Second and more important, the signgbressure inside the bubble to be at pool presserp.Fegardless of

dynamics are different. This is more obvious at@p distance of
0.1 mm . The temperature traces exhibit many rdipictuations
within the vapor - and also more vapor contactsnd ahe
"smoothness" of the signal is lower than observedilin boiling.
Furthermore, the signals appear more irregular thditm boiling.
Both findings indicate that some mechanism invohgmherates
more "turbulence" or, in other words, a locallyslsteady heat
transfer mechanism. Analysis of MTC experimentstramsition
boiling (see Fig.(15)) prove that rewetting andalryprocesses are
very rapid in this region. Because the drivin@ is very large
compared to nucleate boiling, the local evaporagioocess is very
fast. Thus, the local vapor generation during therts and
intermittent surface wetting events is expectea@ssociated with
local high vapor velocity. This leads to a highdkwef turbulence
and thus rapid temperature fluctuations withinwapor as detected
by the MTCP. It is furthermore not impossible thagry small
droplets created by the explosive evaporation m®deuch the
probe during its contact with the vapor phase. Tikshanism may
also affect the vapor temperature behavior durihgcal dryout of
the heater surface at about CHF (see Fig.24)).

Discussion of MTCP Measurement Accuracy

For the complex temperature measurement beingedawut
here the real measurement accuracy is not easgtésniine. The
accuracy is affected - additionally to the usuabrecomponents like
systematic and statistic errors - also by the tlaérmertia of the
sensor and a liquid film on the MTCP which couldpbesent after a
liquid — vapor phase change. Our analysis of the signeéat¢hat
amplitude errors due to insufficient response toh¢éhe sensor are
not very important. This holds for measurementsiwithe liquid

the pressure difference and superheat necessanstain a bubble
due to the interfacial tension at the bubble's em&fsince the
difference is very small for our conditions.

1. A phase change superheated liquid — saturated vapor takes
place at the probe tip. Unlike interfacial tension at the interface of
the bubble itself, interfacial tension may play iexportant role at
the surface of the film atop the probe as the diama the probe is
very small € 16um). If we assume the shape at the probe tip to be
semi-hemispherical, we can calculate the pressifferehce across
the interface using the Young-Laplace equation (Hiar et al,
1999). The pressure difference under these conditis about 46
mbar which corresponds to a shift of the film's usaton
temperature of about +1 K. Most of the pressurfedifice acts on
the liquid side but the pressure of the vapor alibeanterface with
konvex curvature is also affected - it's pressarglightly increased
with respect to pupe This leads to a complex coupled problem
including evaporation at the interface, heat transfrom the
interface to the bubble due to conduction and cotive as well as
mass transfer due to vapor flow perpendicular eoitlerface. The
process is even more complicated as the interfaceisature and
thus film pressure changes with a change of filnckiihess and
probably mass transfer resistance at the integges also a role.

2. A phase change saturated liquid — superheated vapor takes
place at the probe tip. We assume the same conditions regarding the
pressure conditions. Unlike for the case (1), tihection of the heat
flow both within the sensor and more important aisside the
vapor are in the inverse direction here. Still, mave the coupled
mechanisms of heat and mass transfer at the ioterfBeing
opposed to the case (1), we have a significant eeapre gradient
between bubble and film which definitely forces thiid film to

and for a vapor— liquid phase change. It holds also forevaporate.

measurements within vapor - which is expected toth® most
critical measurement situation with regard to resgatime - or for a
liquid — vapor phase change. For any of the possible caggsl
periods are found during which the temperaturelesetand / or
exhibits faster fluctuations superimposed to theegal trend. These
superimposed fluctuations would be impossible toectefor a
response-time governed temperature signal (a gowan@e is
given in Fig.(25); note that the amplitude at 9 isncomparable to
film boiling but plotted for a shorter duration beAny error due to
MTCP response time would lead to an underestimatbrthe
temperature amplitude. The rate of temperature gdyaespecially
during a phase change, could be even faster intyrehn the
measured ones. Calculation of the power spectnasiyjereveals
that high frequency signal components above 10 ditzto boiling
are present in the temperature signal. Thus, fdteoff frequency
(12.5 kHz) could be too low to let pass the highfestjuency
components of real temperature changes detecttitelprobe.

Measurement errors due to a liquid film atop theQW¥Tsurface
are difficult to quantify. This holds even more as found
sequences which point to the presence of a vapor dhd also
sequences which contradict this assumption. Carefpkeriments
and detailed dynamic simulations of the MTCP areessary to
obtain the definite dynamical effects if a liquithf is present atop
the MTCP surface. These tasks are beyond the sifop&r present
investigation but the effects will be analyzed iormdetail in the
future.

Here we discuss briefly some possible cases inrdalget a
rough estimate of the error bounds. For a dry prete measured
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In low heat flux nucleate boiling (case 1) we measalways a
higher temperature thanJ+ 1 K thus is seems likely that the vapor
temperature is not saturated but superheated. Wér,) we cannot
estimate its true superheat in nucleate boilinghvetliquid film
present at the probe tip. In boiling regimes wrengerheated vapor
and about saturated liquid can be present (casewfi¢h is
applicable to CHF, transition boiling, film boilirend possibly high
heat flux nucleate boiling), the real vapor tempeeis expected to
be measured after some delay caused by the timessey to
evaporate the film. This means for the conditioesuaned that a
liquid film could lead at the worst only to an unelgtimation of the
real temperature. The dryout of a liquid film attpe probe is
expected to cause the intermediate temperaturé flewvéhe vapor
(denoted by "A" in Fig.(24) left). The temperatunere is about
constant for about 15 ms until the temperaturesrigeite fastly.
This behavior can be explained with the dryout Gaid film atop
the MTCP.

M echanistic M odels

The rather sophisticated experiments with microsensffer a
chance to develop physically based boiling heatsfex models
which include phenomena and information explored the
microsensor techniques. A step forward towards ighilg based
models is the microlayer theory (Wayner Jr., 198fephan and
Hammer, 1994) It yields good agreement with experital data as
long as there is no interaction between the bubbles
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In boiling regimes at higher heat fluxes up to¢hi@cal one and
beyond it, the microlayer theory cannot be apptiedctly to predict
heat transfer because of bubble interactions amd dity spot
generation beyond CHF, respectively. Nevertheldss itlea of
evaporation in the contact line region, where trennpart of the
heat is removed from the heater in a boiling systan be extended
to regions of higher wall superheats as alreadpgsed by Nishio
et al., 1998, for the region around CHF. In thdofeing chapter
some remarks on a model are made along these lineseds data
from the microsensor experiments. This holds atsoaf second
model summarized in the subsequent chapter. Hexenstability of
a dry spot ensemble on the heater surface is dhitnebe the
triggering effect for the occurrence of CHF.

An Interfacial-Area-Density Model
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Figure 26. Measured (Fig. (9)) and predicted boilin g curves: left: for FC-72
(Lattich et al., 2004) right: for isopropanol (Lutt  ich et al., 2004).

Evaporation near the contact line area seems toebgoverning
mechanism for boiling. This was experimentally madvor the low
superheat region Stephan and Hammer, 1994) anddhyol\et al.,
based on visual observations of boiling structares thin sapphire
heater in the high heat flux region around CHFtichtet al., 2004
and Luttich et al., 2004, propose that this consépuld be used for
a unifying mechanistic model of the entire boiliogve, because it
is reasonable to assume that in other boiling regthe contact line
density (length of contact line per unit area) amel corresponding
interfacial area density near the contact line gl®eerns the boiling
mechanisms. In transition boiling, for instance, hae the three-
phase contact line around the dry spots and intiaddmany of
those lines in the evaporating wet spots. Measumnesneith optical
probes enable to some extent a verification of tmigdeling
concept. Luttich et al. use our heat transfer @datz optical probe
data from experiments with FC-72 (2004) and witbpiepanol
(2005), respectively.

Based on own studies and those from the literatbout vapor
generation and two-phase kinematics near the hpeainface,
Littich et al., 2004, 2005, conclude that the fisignl area density
A (interfacial area per unit volume) or its fliv, (time rate of
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change of the void fraction, determined simply Ine tsum of
positive and negative signs of the normal intedaeelocityv,) are
the governing parameters for evaporation heat feansThe
measurement of A, would require a four-sensor probe, as
theoretically shown by Kataoba and Serizawa, 1%8fwever, in
our experiments only a single probe has been usaeé fhat the 4-
tip probe (Fig. (6)) would not be applicable sirtbe tips are not
suitably distributed in space. A suitable probe waisyet designed].
Therefore, the authors were forced to a simplikicatAccording to
the studies on the two-phase kinematics mentiobede there is
an indication that the vapor contact frequency fjclv was also
measured in our experiments with FC-72 and isoprolpés related
to the interfacial area density.

The usefulness of the above concept to correlaa¢ thensfer
along the entire boiling curve has been testechbyauthors on the
basis of a simple geometric model consisting ofwar dry spots
(vapor stems) on the surface. They are separatethenlow
superheat region and overlapped at higher supetheat

The very simple approach by the authors yieldsaaaeable fit
of the measured boiling curves (Figs. (9) and (I6))FC-72 and
isopropanol, respectively, as shown in Fig. (26pteNthat the
subject of this study was simply to prove by meainexperimental
data that evaporation around contact lines is tlwerming
mechanism along the entire boiling curve. Betteedmtions of
boiling curves require more sophisticated measunésneand
theoretical studies along the lines of the conceptder
consideration.

A Reaction-Diffusion Model for the CHF M echanism

The understanding of the phenomenology of crittoadt flux
(CHF) is still controversial. The most common magd&uber, 1958,
theory of hydrodynamic instability and Haramura agaito, 1983,
macrolayer dryout model are essentially based adrdaynamic
scenarios. Despite a reasonable good agreement edretw
experimental results and predictions of CHF basedhese two
models, a number of key factors definitely influergcboiling heat
transfer and CHF are disregarded in these modelda{8san et al.,
1995). In particular they do not consider the dyicamof
interactions between fluid patterns and heat cotmludnside the
heater. In order to address this problem, Bluewd.ett999, suggest
a novel unifying approach to the development of ecmanistic
model for the boiling regimes around CHF based @ t
mathematical theory of reaction-diffusion systeifisey start with
the assumption that the macroscopic boiling phemamne
represented by the boiling curve, are caused bydfmamics of
formation and propagation of dry spots on the hesteface. The
dynamics are caused by the interaction of heat wctiah in the
heater, the phase transition on the heater suaiaeeell as the fluid
dynamics in a small zone close to the heater serfabese highly
transient elementary physical phenomena resulhénmacroscopic
non-linear boiling curve if suitable space and tiaeeraging is
carried out.

This modeling approach distinguishes two differelstsses of
elementary phenomena, namely the formation of gigtsson the
one hand and their stability and dynamics on tlerohand. The
study is not focused on the former phenomenonthagsumes that
dry spots of certain geometrical extension haveuoed by some
mechanism. Clearly, a further evaluation of ouiagbtprobe results
and microthermocouple data can improve our knowdedf this
phenomenon. The authors' focus is on the stabitfy an
instantaneously existing ensemble of dry spots la Ioiling
surface. The model assumptions are depicted in(E1g.
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Figure 27. Heater with dry spots on the surface.

The behavior of the flat heater of thickness |asayned by the
heat conduction equation in three spatial dimerssion y, z).
External heating, {(t), and heat removal by boilingg@/I's), occur
on opposite sides of the heater element. The pmapkurface 5 of
the heater is assumed to be adiabatic. The heatfl®/'z) on the
heater surface, representing spatiotemporally mgrjieat transfer,
depends (among other factors) on the liquid andvapntacts at
the boiling surface. For simplicity, the authorswase a linear
relation between heat flux and temperature diffegewith different
slopes in different boiling regimes, as boundanyditions.

The resulting model consists of the heat conductquoation
with material constants and suitable boundary ait@hi conditions.
Unfortunately, analytic results on spatiotemporakterns which
reflect the dynamics of dry spots are not yet aldd for the three-
dimensional case. The attention is therefore asttito thin heaters
with | — 0 to allow for one- or two-dimensional modeling.

The main results from this study can be summarazetbllows:
A dry spot expansion is accompanied by a temperat@ave in the
surface region of the heater. Necessary condifamthe occurrence
of such temperature waves have been identifiedppjyang known
results from the theory of reaction-diffusion pras as well as by
numerical simulation. The investigations show thaingle dry spot
can only cause the transition to film boiling fbirt heaters such as
wires or foils. For instance, a dry spot of an egien of only some
tenth of a mm is necessary in case of a thin coppater (0.1 mm
thick) at a heat flux of = 9x 10° W / nf at water pool boiling to
trigger a temperature wave and, hence, CHF (sed-ads (28).

b
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Figure 28. Distribution of dry spots and stability
boiling on a copper foil with 0.1 mm thickness.

limits for water pool

With increasing thickness of the heater the exgianaof a
single dry spot causing transition from nucleatefibm boiling
looses its plausibility. For example, a dry spotaof extension of
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more than 8 mm would be required in the same systerase of a
copper heater of 10 mm thickness to cause thisteffe

It is further shown that the size of dry spots igeflito trigger
CHF is diminished tremendously if a number of coafieg dry
spots are assumed to exist on the boiling surfiacthe upper part
of Fig.(28) regular distributed dry spots of sizé @d distance?
and the corresponding temperature profile on thefase are
assumed. The result for a heated copper foil aktteéss | = 0.1 mm
is shown in the lower part of Fig. (28). Given ahfiux g of, say,
3x 10° W / nf the system is stable up to a maximum dry spotafize
20= 3.5 mm if only one single dry spot exigls— . For several
dry spots with a distance of, sgf,= 3 mm the system becomes
unstable and CHF is triggered if the dry spot sizeeeds 2= mm.

The results for thick heaters and for cooperatimg spots
mentioned above have been obtained by numericainatytical
computations with simplified heater models. Futwrerk will
concentrate on numerical stability analysis of se¢hdimensional
heater. Powerful adaptive numerical methods, whare not
available to date, are a prerequisite to successhfe approach.
Such results combined with an understanding ofhtkehanisms of
dry spot formation could lead to a physically soundchanistic
model for CHF under steady-state and transientifgeabnditions.
A substantial help on the way towards this modéll beé data from
multitip-optical probes and microthermocouples. lever, we need
a simplified access to data like dry spot sizes@mamics. Models
for such data are required which can be validatetthé® microsensor
data.

Conclusions

Based on all the presented results some conclugiansbe
drawn on the behavior of boiling curves, on somehaaisms of
heat transfer in the different boiling regimes amd some new
aspects of modeling the heat transfer in boiling.

Boiling Curves Under Steady-State and Transent
Conditions

Under steady-state pool boiling conditions withaodj control
system to stabilize boiling in the transition regend a clean heater
surface, no hysteresis has been observed in thsittom region for
both well wetting fluids and fluids with a largesritact angle. Small
disturbances in the transition boiling curve haeerbobserved with
water and isopropanol. This may result from a naoéic boiling
behavior on the heater surface. Clusters of drghast occur which
change their configuration with the wall superh&dte size of the
clusters is smaller than the heater surface aréauhlikely that the
clustering effect is caused by insufficient corlingl but we are not
yet able to give a physical/mathematical explamatb this effect.
For a surface with contamination, boiling curvese anot
reproducible.

Under transient conditions a hysteresis is observéehting
transients yield always higher heat fluxes thaningdransients at
the same wall temperature. At fast transients enosttifferences
in the heat fluxes compared with the steady-stase dhave been
observed.

A comparison of optical probe signals and micrati@rouple
signals (Hohl, 1999; Hohl and Auracher, 2000); teady-state FC-
72 experiments enables an estimate of the densityudeation
sites. It turns out, e.g., that the minimum nudbeasite density near
CHF is about 8.10° m?. Regarding the uncertainty of this estimate
we may conclude that the nucleation site densibeisveen 1®and
10° m. This is in the order of magnitude of the resbljsPinto et
al., 1996, who observed<4L0’ nucleation sites per fin propane
boiling at a heat flux of 5 W / cinwhich is below CHF.
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The high density of active nucleation sites inrbgion between
fully developed nucleate boiling and CHF and theulting highly
turbulent two-phase boundary layer let us conclindg the strong
increase of heat flux in heating transients ané viersa in a cooling
process is mainly due to the intensive two-phasevection heat
transfer from the wall to the bulk. This is mostely not primarily
because of a change in the two-phase structure rfueleation site
density, bubble frequency, void fraction distriloatietc.) near the
wall, which is not significantly affected by tempaure transients as
can be estimated by a simple example: At a bubleleadure
frequency of, say, 100 Hz, the temperature ristn@theater surface
during the period between two bubbles is only 0.atkhe fastest
transient of 50 K/s (Fig. (12)). Hence in a firgpaoach we can
assume that vapor generation and wetting mechanigmsnuch
faster processes and not affected by a temperehamge during a
transient. Rather, the strong change of heat twandfiring a
transient is mainly due to the instantaneous teatper gradient in
the fluid at the heater surface which is increasedecreased during
the transient modes. Hence, the highly turbulertrocionvective
transfer of energy is intensified if it takes pldoea temperature
field with steeper gradients caused by transierdtihg or with
weaker gradients in the cooling mode. Clearly, wgehno direct
experimental indication for steeper or weaker tenapee gradients
during the transients. Furthermore our measuremehthe two-
phase structure near the wall and its behaviomdutriansients are
not precise enough to exclude an error in the alsiméement.
Therefore, more precise measurements along thepliegented in
this report should be carried out to support tieisatusion. Besides,
an estimate reveals that unsteady-state heat ctiouc the liquid
cannot explain the strong increase of heat fluxindua heating
transient.

Results obtained with microthermocouples (Hohl Andacher,
2000; Hohl, 1999) let us furthermore assume thatadit superheats
beyond CHF the two-phase structure at a given sugderheat is not
independent of the heating or cooling rate. Theefathe transient
the stronger the delay in the two-phase structoredtion. This
could be one reason for the deviation of heat fhetween the
transient and steady-state case in the transitiwh fdam boiling
region. But we need more experiments with our nsiensors to
gain a better insight in the physics responsibietfis deviation.

The Structure of the Macrolayer

The data by Hohl et al., 1998 with FC-72 and theemecent
measurements by Buchholz et al., with isoproparmth see
Section (4.3.2) and (4.3.3) give us now a muchreteasight in the
nearfield region above the boiling surface (seesFi8)-(20)). As
several authors assume, there is a liquid richrl&yee void fraction
is very small at the surface but with increasingdency towards
higher superheats. It is quite reasonable that "$isface vapor
fraction" is associated with the non-evaporatirepan the center of
attached bubbles. With increasing superheat thfacaifraction of
these areas increases because of the increaseiv& aacleation
sites. Already before reaching CHF some biggerpittches occur
probably due to coalescence effects on the surtecepserved by
Buchholz et al., 2004. Away from the surface theédvfraction
increases until a maximum is reached. This may Xpamed as
follows: Assuming the region between surface anil eaction
maximum is the one of growing but attached bubbldsen we
would measure in the time and space average (i.¢hd ergodic
case) an increase in void fraction in direction yfvam the surface.

H. Auracher and M. Buchholz

distance to the surface is most likely related he teparture
diameter. This is supported by the observation leak distances to
the surface of FC-72 (Fig. (18)) are smaller thdwsé of
isopropanol (Fig. (20)) and this holds also for tbeparture
diameters of both fluids. It was furthermore obserthat the peak
distances to the surface for both fluids decrea#eincreasing wall
superheat. Having the above model in mind this migl an
indication that with increasing superheat the beldilape becomes
more and more flat, i.e. extended parallel to tindase during the
growing period. Studies in the literature supplbis tonclusion (e.g.
Mitrovic, 1985). An explanation of the decreasevimid fraction
after the peak which was observed in the FC-72 raxpats (Fig.
(18)) and especially in the more extended measurEmeith
isopropanol (Figs. (19)) and (20)) is in a firsamgte not easy to
explain. More detailed analyses are required td &in answer.

The existence of stationary vapor stems in theidigich area
(macrolayer) is rather unlikely, as always, eventtet smallest
distances, very short vapor contacts have beerctédteEven the
very thin tip ( < 1.54m of our optical probe (Fig. (5)) did not
observe signal characteristics which would indicateapor stem
structure near the surface. The macrolayer regi@bviously quite
agitated in the higher heat flux regions. (Hohl &ndacher, 2000,
observed in the FC-72 experiments at a distand®0F mm from
the heater up to 600 vapor contacts per secondveAnotcleation
sites are not locally fixed for a longer period.eTactivation and
deactivation seems to occur within a wide frequaange.

Non-Equilibrium in the Two-Phase Structure

The microthermocouple probe experiments reveal ahstrong
thermodynamic non-equilibrium exists in the two-phdayer above
the heater. For isopropanol the following main lashave been
found.

In nucleate boiling the liquid above the heater is significantly
superheated with pronounced but slow temperatuptutions near
the surface (z ~ 0.1 mm) in the region with a smafthber of active
nucleation sites. Thus a significant portion of tb&al heat flux is
transferred by convection. For higher heat fluxister liquid
temperature fluctuations with smaller amplitudesadower liquid
temperature level have been found. For the vaperppposite trend
is observed: Small superheats exist in the bubloid strong
superheats in the surrounding liquid in low heatxflnucleate
boiling. Approaching CHF the vapor superheat in thebbles
increases whereas the surrounding liquid tendsritsgaturation.

At critical heat flux the liquid temperature is close to saturation
temperature. It is assumed that this is due tohigh number of
active nucleation sites and thus increased turicalemd interfacial
area density. Both effects promote a temperatunalzgtion in the
liquid phase. The vapor temperature inside the lesbis always
above saturation. Superheats of up to 10 K arerebdewhich
indicate the existence of dry patches with supedueaapor on the
surface.

In transition boiling the superheat inside the bubbles is higher
than at CHF and longer vapor sequences are obsefhedliquid
temperature above the surface is at pool temperatiieady at a
distance of 0.1 mm to the surface.

In film boiling at a distance of 0.1 mm to the surface vapor
superheats inside the bubbles in excess of 40viakitsuperheats <
80 K have been found. The superheat decreasesimndgtbasing
distance to the surface due to heat transfer tatue bubble wall.
At the vapor/liquid interface above the heater MIECP detects no

Assuming a departure diametgy @hd imagine a layer at a distanceremarkable deviation from saturation.

of dg/2, cutting bubbles still growing, and those whiak departing,
then we would measure the maximum void fractionmmestessarily
at a distancegd2 but likely not far away from it. Anyway, the pea
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The superheat in the vapor phase, observed alieadiensive
nucleate boiling, is an unexpected result looking wsual
assumptions in the literature. This holds espsciflive take into
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account that already at CHF up to 10 K superheabserved with
increasing tendency to film boiling where superbdatvapor of
more than 40 K was measured inside the bubblegsfimate of the
measurement accuracy indicates that the real seatedould be
even somewhat higher.

Mecanistic Models

The experimental results with microsensors confithat
evaporation in the contact line region, where tlnnpart of heat is
removed from the heater surface, is a promisingetirog concept
for the entire boiling curve. Studies by and 20pfpose that the
interfacial area densitf near the heating surface should be used
governing modeling parameter. It seems that theacbrirequency
measured near the surface by an optical probgdd measure for
the contact line density. But better results, ngniebse forA;, can
be expected if measurements with a 4-tip probe wlith tips
properly distributed in space are available.

The microsensor experiments can also contribute tmore
physically sound model for CHF. (Blum et al., 199pjopose a
model based on the mathematical theory of readiffnsion
systems. Their concept is that heat transfer inQGh region is
caused by the dynamics of formation and propagatfodry spots
on the heater surface. The dynamics are causeduehpteraction of
heat conduction in the heater, the phase transiiorthe heater
surface as well as the fluid dynamics in a smatiezolose to the
heater surface. The authors concentrate not ofoth@tion of dry
spots but on their stability and dynamics. Finallgan be shown
under simplified mathematical conditions that fogigen ensemble
of dry spots on the heater surface a stabilitytlemists at which the
dry spots start to grow and trigger CHF. This modajuires
experimental information on the size and dynamicdrg spots on
the surface, like the data extracted by Buchholaletfrom their
microthermocouple experiments (see also chaptey)(Llearly, we
need also an answer--in terms of a good model-aheuformation
of dry spots on the surface. Until now, this problis not included
in Blum's et al.'s theory.

Needsfor Further Studies

Measurements with microsensors in the nearfieldvaband
below the heater surface yield key data for theeliwment of
mechanistic models for boiling in the differentirags. The results
presented in the present report contribute alredadgome steps
forward in the understanding of this very complergess. There
are still a lot of already collected raw data wajtto be evaluated to
give more precise answers to

¢ dry spot geometry, dynamics and stability;

« the space- and temporal-distribution of temperature heat

flux at the surface;

« the two-phase behavior above the heater to exphairvoid
fraction distribution
the steady-state case and the boiling curveachetistics
under transient conditions;

¢ other problems mentioned in the text

However, the game is far from being over if we fthé above
mentioned answers. We need

« experiments with other fluids to solicitate the stixig

findings;

¢ a special 4-tip probe to evaluate the interfaciahadensity

near the surface and models to predict this quantit

¢ realistic models for the macrolayer above the hieate

¢ models for the formation of dry spots in the higheperheat

regions, etc.

in
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We are convinced that substantial progress is podgible if we
tackle the problem from both the experimental amal theoretical
end. Preferably, both approaches should be cldisédyd.

We studied here only boiling-phenomena on smootfaces.
Heat transfer enhancement by structuring the sesfaas already a
long history. Most of the basic phenomena occurm@gsmooth
surfaces are also relevant at enhanced surfaces,séeral
additional problems have to be solved in thesescdsast but not
least, in practical applications we have quite roteiling mixtures
which bring some more parameters into the gamsutnmary there
is still a lot to do but real progress requiresdss of the
fundamentals.
as

Acknowledgements

The authors highly appreciate financial support the
"Deutsche Forschungsgemeinschaft, DFG" in the frafa joint
research project on fundamentals of boiling hemtdfer. They are
also very grateful for the tremendous work of tidgictoral students
J. Blum, R. Hohl, T. Luttich and graduate studenisiudex,
O.Koeppen, J.P6thke, C.Hertel.

References

3M Company, Specialty Materials Europe Division,020 Brochure:
“The Nature of Fluorinert” Electronic Liquids”.

Arosio, S., Bertola, V. and Fossa, M., 1999, “Corafige analysis of
intermittent air-water flow structure by means dffetent measurement
techniques”, Proc. Two Phase Flow Modelling anddtxpentation, Vol. 3,
pp. 1359-1364.

Auracher, H. and Marquardt, W., 2004, “Heat transfearacteristics
and mechanisms along entire boiling curves underdststate and transient
condition”, Int. J. of Heat Fluid Flow, Vol. 25, pp23-242.

Bar-Cohen, A., Watwe, A. and Arik, M., 2003, “Pdmbiling critical
heat flux in dielectric liquids”, Proc.™Int. Boling Heat Transfer Conf.,
Montego Bay, Jamaica, 4.-8. May.

Beckman, P., Roy, R. P., Velidandia, V. and Capizzsl., 1995, “An
improved fast-response microthermocouple”, Rev. Bstrum., Vol. 66.

Beckman, P., Roy., R. P., Whitfield, K. and Hasa,,1993, “A fast-
response microthermocouple”, Rev. Sci. Instruml, ¥4, pp. 2947-2951.

Blum, J., Luttich, T. and Maquardt, W., 1999, “Tesngture wave
propagation as a route from nucleate to film bgilinin. Celata, G. P.,
Dimarco, P., Shah, R. K.(Eds), Two-Phase Flow Miaagl and
Experimentation, pp. 137-144, Edizioni ETS, Pisa.

Blum, J., Marquardt, W. and Auracher, H., 1996 atslity of boiling
systems”, Int. J. Heat Mass Transfer, Vol. 39,3§21-3033.

Buchholz, M. and Auracher, H., 2002, “Improved ogtiprobes and
their validation for local measurements in two ghiew”, Proc. German-
Japanese Workshop on Multphase Flow, Vol. Forscérergrum Karlsruhe,
Germany, FZKA-6759, pp. B1-B10.

Buchholz, M., Auracher, H., Littich, T. and Maradiarw., 2005, “A
study of local heat transfer mechanisms along tit@¢eeboiling curve by
means of microsensors”, Int. J. of Thermal Scienqesaccepted for
publication.

Buchholz, M., Luttich, T., Auracher, H. and MarqdiarW., 2000, “
Steady-state pool boiling experiments with watemwken nucleate and film
boiling”, Proc. 3' European Thermal Sciences Conference, Vol. 276p-
766.

Buchholz, M., LUttich, T., Auracher, H. and MarqdgrW., 2004,
“Experimental investigation of local processes wolpboiling along the
entire boiling curve”, Int. J. Heat Fluid Flow, V@5, pp. 243-261.

Delhayer, J-M., Semeria, R. and Flamand, J.-C.219Vesure du taux
de vide local et des temperatures du liquid etadgapeur en ecoulement
avec changement de phase a l'aide d'un microthesopmle”, Technical
Report CEA-R-4302.

Golobic, I., Pavlov, E., von Hardenberg, J., Bers, Nelson, R.,
Kenning, D., and Smith, L., 2004"comparision of aamanistic model for
nucleate boiling with experimental spatio-tempatata”, Chemical Engng.
Research and Design, Part A: Trans. Of the InstCB®ém. Engineers, p.
accepted for publication.

Gorenflo, D., 2003, “VLE measurements of thorougti§sgassed FC-
3284, Private communication.

January-March 2005, Vol. XXVII, No. 1/ 21



Haramura, Y. and Katto, Y., 1983, “A new hydrodynamodel of
critical heat flux, applicable widely to both poahd forced convection
boiling on submerged bodies in saturated liquidsit. J. Heat Mass
Transfer, Vol. 26, pp. 389-399.

Hohl, R., 1999, “Mechanismen des Warmeubergang® beinsienten
und stationdren Behdltersieden in gesamten BemérhSiedekennlinie”,
PhD Thesis, Technische Universitat Berlin, VDI Bottritt-Berichte Series
3, No. 597.

Hohl, R., and Auracher, H., 2000, !Transient paailibg experiments!,
Ed. F. Mayinger and B. Giernoth, Wiley-VCH-DFG, N&fork, 241-256.

Hohl, R., Blum, J., Auracher, H., and Marquardt, ,\W.998,
Characteristics of liquid-vapor fluctuations in pboiling at small distances
from the heater”, Proc. 11. Int. Heat Transfer Coviol. 1.

Hohl, R., Blum, J., Buchholz, M., Littich, T., Awtser, H., and
Marquardt, W., 2001, Model-based experimental amslpf pool boiling
heat transfer with controlled wall temperature siants”, Int. J. Heat Mass
Transfer, Vol. 44, pp. 2225-2238.

H6hmann, C. and Stephan, P., 2002, microscale tetoype
measurement at an evaporating liquid meniscusExp. Therm. Fluid
Science, Vol. 26, pp. 157-162.

Howard, A., and Mudawar, |., 1999, “Orientationeefs on pool boiling
critical heat flux (CHF) and modeling of CHF foravevertical surfaces”, Int.
J. Heat Mass Transfer, Vol. 42, pp. 1665-1688.

Kandlikar, S., Shoji, M., and Dhir, V., 1999, “Havmbk of Phase
Change”, Taylor and Franci.s.

Kataoka, I. and Serizawa, A., 1990, “Interfaciadarconcentration in
bubbly flow”, Nucl. Eng. Design, Vol. 120, pp. 1880.

Kenning, D. and Yan, Y., 1996, “Pool boiling heedrtsfer on a thin
plate: features revealed by liquid crystal therrapdy”, Int. J. Heat Mass
Transfer, Vol. 39, pp. 3117-3137.

Kleen, U., 1984, “Untersuchungen zum Ubergangssieden
stromendem Wasser an elektrisch erwarmten Hei#tachmit

22 /Vol. XXVII, No. 1, January-March 2005

H. Auracher and M. Buchholz

temperturgeregelter Warmezufuhr”, PhD thesis, Tiedme Universitat
Berlin, Germany.

Lattich, T., Marquardt, W., Buchholz, M., and Aunzc, H., 2004,
“Towards a unifying heat transfer correlation fbetentire boiling curve”,
Int. J. Thermal Sciences, accepted for publication.

Lattich, T., Marquardt, W., Buchholz, M., and Aunzc, H., 2005,
“Identification of unifying het transfer mechanismkong the entire boiling
curve “, Int. J. Thermal Sciences, p. accepetdedtication.

Mitrovic, J., 1985, “Warmetrnsport in der Umgebugiger wachsenden
Dampfblase”, Warme und Stoffubertragung, Vol. 19, 47-52.

Nishio, S., Gotoh, T., and Nagai, N., 1998, “Obséion of boiling
structures in high heat flux boiling”, Int. J. Hédass Transfer, Vol. 41, pp.
391-3201.

Pinto, A., Gorenflo, D., and Kunstler, W., 1996, €&t transfer and
bubble formation with pool boiling of propane aharizontal copper tube”.
In: Proc. 2¢ Europ. Therm. Sci. Conf. ETS, Vol. 3, pp. 1643068isa.

Sadasivan, P., Unal, C., and Nelson, R., 1995 sfigative: Issues in
CHF modeling — the need for new experiments”, ASMIEf Heat Transfer,
Vol. 117, pp. 558-567.

Skritek, P., 1998, Handbuch der Audio Schaltunimstdc Franzis,
Minchen.

Stephan, P., and Hammer, J., 1994, “A new modehtmieate boiling
heat transfer”, Warme-und Stoffiibertragung, Vol. @2 119-125.

Ungar, E., and Eichhorn, R., 1996, “Transition imgjl curves in
saturated pool boiling from horizontal cylinderd” Heat Transfer, Vol. 118,
pp. 654-661.

Wayner, Jr., P., 1994, “Thermal and mechanicakesffen the spreading
of a liquid film due to a change in the apparenitéi contact angle”, J. Heat
Transfer, Vol. 116, pp. 938-945.

Witte, L. and Lienhard, J., 1982, “On the existermfetwo transition
boiling curves”, Int. J. Heat and Mass Transferl. 28, pp. 771-779.

Zuber, N., 1958, “On the stability of boiling hewansfer”, ASME J.
Heat Transfer, Vol. 80, pp. 711-720.

ABCM



