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Abstract

Heat transfer performance in nucleate boiling crucially depends on a circular thin film area near the foot of a vapour bubble where
high heat fluxes and thus high local evaporation rates occur. The corresponding wall temperature drop close to the tiny thin film area is
computed using an existing nucleate boiling model. To verify the predicted temperature distribution, an experiment is designed with a
thin electrically heated wall featuring two-dimensional, high resolution temperature measurement using unencapsulated thermochromic
liquid crystals. By means of temperature measurements during a parabolic flight under low-g conditions, the validity of the model used to
calculate the temperature distribution in the tiny thin film area could be confirmed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

High performance heat transfer devices or processes,
such as heat pipes, capillary pumped loops, spray cooling
or nucleate boiling, achieve very high heat fluxes due to
evaporation at thin liquid films. A considerable amount
of the total heat supplied to the system passes through a
tiny thin liquid film area where the liquid-vapour interface
approaches the wall material (Fig. 1).

In this “interline region” [1] or “‘micro-region” [2], the
curvature of the liquid-vapour interface differs strongly
from the mean curvature in the liquid bulk (“macro-
region”’). Adhesion forces between liquid and wall cause
a steady transition of the meniscus into a flat adsorbed,
non-evaporating film. The curvature change and the adhe-
sion forces cause a pressure gradient in the liquid that leads
to a transverse liquid flow from the bulk of the liquid to
the thin film region. Additional effects that are triggered
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in the micro-region are the interfacial thermal resistance
and concentration effects (if mixtures are used), such as a
local variation of phase equilibrium as well as Marangoni
convection. Considering these special phenomena in equa-
tions for mass, momentum, and energy transfer, modelling
equations for the micro-region are obtained that can be
solved numerically in an iterative process together with a
standard model for the macro-region heat transfer as done
by several researchers, e.g. for heat pipes [2,3] or nucleate
boiling [4-6]. These models have been verified on a macro-
scopic scale only, e.g. by comparing computed with mea-
sured heat transfer coefficients, because the typical length
scale of the micro-region is of the order of 107° m. To still
get an evaluation of computed micro-region data the
authors applied a high resolution temperature measure-
ment technique using unencapsulated thermochromic
liquid crystals (TLCs) to nucleate boiling at a single artifi-
cial cavity under low-g. The low-g environment where the
vapour bubbles are largely undeformed and detach with
low frequencies from the heated wall greatly facilitated
experiments.
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Nomenclature

dsun diameter of the subsystem (m)

Greek symbols

HSV  hue, saturation, value n co-ordinate normal to the wall (m)
hue scalar colour value (degrees) T time (s)
P pressure (N/m?) 14 co-ordinate parallel to the wall (m)
q" heat flow density in wall (W/m?)
r radius (m) Subscripts
RGB red-green-blue colour triples ads adsorbed film
t temperature (K) sat saturation
TLC  thermochromic liquid crystal
x co-ordinate of measurement area (m)
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Fig. 1. Significant phenomena in the micro-region.

In Section 2, the theoretical nucleate boiling model is
briefly described and the calculated wall surface tempera-
ture distribution is shown. This temperature is a very sen-
sitive result of the model and therefore a good one for
comparison with experimental results. In Section 3, the
measurement technique using unencapsulated TLCs and
in Section 4 the experimental set-up are described. Finally,
in Section 5 the temperature data obtained from experi-
ments is presented, discussed, and compared with the cal-
culated data to evaluate the model.

2. Nucleate boiling model

A detailed description and verification of the presented
model can be found in [6]. Thus only a brief description
is given in this section.

The model describes heat and mass transfer in a single
bubble subsystem for the time period when the bubble is
growing from an infinitesimal size to the departure radius
(Fig. 2). The subsystem consists of a single vapour bubble,
surrounding liquid, and a part of the heated wall. Using
cylindrical co-ordinates (&,#), the diameter dy,, of the sin-
gle bubble subsystems corresponds to the bubble site den-

Fig. 2. Single bubble subsystem.

sity, i.e. the subsystem can be used to model nucleate
boiling in technical evaporators. Since the model is based
on the assumption that growing bubbles do not interact,
it is valid for low and intermediate heat fluxes. To calculate
heat and mass transfer in the subsystem, microscopic
effects are considered in the micro-region (Fig. 2) as
described in Section 1.

For evaluation of the micro-region model, the tempera-
ture distribution on the heater surface is calculated. In
accordance with the performed measurements nucleate
boiling of FC-72 on stainless steel at 0.7 bar is chosen
and a constant volumetric heat generation within the wall
is assumed. The side of the heating foil pointing towards
ambient is considered adiabatic. In Fig. 3 the calculated
wall temperatures at the surface (1 = 0) of the single bubble
subsystem (Fig. 2) are illustrated. Due to very high local
evaporation rates in the micro-region (heat flux in the
micro-region is up to 100 times higher than in the macro-
region [6]), the wall temperature drops in the vicinity of
the micro-region.

The minimum temperature corresponds to the com-
puted wall temperature in the micro-region (Fig. 3).
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Fig. 3. Calculated surface temperature of the wall (FC-72 on stainless
steel, p=0.69 x 10° N/m?%, ¢” = 10° W/m®, dup, =30x10"3m, r=>5x
1073 m, &uqs = 1.82x 1073 m).

3. Microscale temperature measurements

The extremely small spatial dimension of the region to
be investigated triggers several problems for measurements
(e.g., the smallest available thermocouples are still one or
two orders of magnitude bigger than the dimension of
the micro-region itself). Therefore, to measure the strong
wall temperature drop close to the tiny micro-region
(Fig. 3), unencapsulated TLCs are used that feature a high
spatial and temporal resolution. Since they cannot be used
on the surface where nucleate boiling takes place they are
applied on the backside of a thin (thickness 10 x 10~° m)
foil that is used instead of a thick wall. The foil is electri-
cally heated with constant voltage and current, resulting
in a constant heat flow density in the foil. Due to the
very low thickness of the foil the temperature distribution
on the back of the foil deviates only little from that on
the front of the foil. This has already been shown for a sim-
ilar capillary slot experiment where the same foil has been
used [7].

TLCs reflect a distinct colour depending on their tem-
perature when illuminated by white light. Below and above
their active temperature range they are transparent, within
their working range the reflected light changes from red to
green to blue with increasing temperature. With TLCs in
the unsealed form, an almost continuous layer can be
achieved even on the microscopic scale. Furthermore, they
can be applied in a thinner layer than encapsulated crystals
giving brighter colours and a smaller temperature drop
across the layer [8]. However, the performance of unsealed
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Fig. 4. Typical calibration curve with seventh-order regression.

TLCs deteriorates quickly in the presence of oxygen, sol-
vents or lubricants.

For quantitative temperature measurements an image of
the TLCs is captured and the colour information is con-
verted from the RGB-signal of the camera to the HSV-col-
ourspace (hue, saturation, value). In the HSV-colourspace,
the hue-value is measured in degrees. It contains all the col-
our information and can therefore be used as a single value
for the temperature measurement.

An ‘in situ’ calibration method for the TLCs has been
developed, where the TLCs can be calibrated within the
experimental set-up. The temperature of the TLCs can be
controlled with a thermostat. By measuring the tempera-
ture of the TLCs with thermocouples and recording their
colourplay a correlation of hue-value and temperature
can be obtained. A seventh-order regression proved to be
a good approximation for the correlation. A typical cali-
bration curve is shown in Fig. 4.

Measurements have been conducted showing a mean
temperature uncertainty of 0.5 °C for a single pixel without
spatial filtering [9]. The response time of encapsulated
TLCs is about 3 x 107>s [10]. Values of unencapsulated
TLCs are not available in the literature, but the response
time of unencapsulated TLCs is lower than the response
time of encapsulated TLCs due to thermal inertia of the
encapsulation material. A response time of 3x 107> s or
lower is sufficient for the temperature measurements of wall
temperature distribution in the presented experiment that
was carried out in a parabolic flight under low-g conditions
where the transient process is slower than under 1 g
conditions.

4. Experimental set-up

To study the wall temperature distribution close to a sin-
gle FC-72 vapour bubble the experimental set-up described
in the following paragraph is used.

As shown in Fig. 5, the test cell consists of a hollow Plex-
iglas cylinder, an aluminium bottom plate and a thin electri-
cally heatable stainless steel foil (2.8 x 107> m x4.2 x
1072 m) as top cover with TLCs applied on the backside.
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Fig. 5. Schematic of test cell.

The Plexiglas cylinder is filled with the working fluid FC-72.
The volume of the cylinder is kept small to reduce inertia
effects during the change from 1.8 g to 0 g of a parabolic
flight [11]. The stainless steel foil has a thickness of
10 x 10® m and is used as a resistance heater powered by
DC-current. It is equipped with an artificial nucleation site
created by spot welding on the side pointing inside the fluid
chamber to facilitate the formation of a single vapour bubble
at a specific position, so that the bubble grows towards the
base plate in the Plexiglas cylinder. The very thin foil and a
high resolution TLC-coating applied on a thin black tape
are used so that the measured temperature distribution on
the backside of the foil shows only a small variation from
the temperature signal at the front side where the evapora-
tion takes place [7].

The backside of the foil is coated with a 5x 10~° m thin
black tape (Alfac GmbH, Al 109) on top of which non-
encapsulated TLCs are applied using a brush. The TLC-
layer has an approximate thickness of 10x 10 °m. A
transparent Mylar-sheet (Putz GmbH + Co. Folien KG)
protects the TLC coating. The stainless steel foil is sup-
ported by a copper structure which was coated by a thin
layer of paint to guarantee electrical insulation.

The test cell has an inlet for liquid supply from an exter-
nal compressible liquid reservoir and a connection to a vac-
uum container for removal of vapour. A heating coil is
located close to the bottom plate of the test cell to control
the subcooling of the liquid.

Both test cell and the liquid reservoir are located in a
Plexiglas container (see Fig. 6) inside which the pressure
can be varied using a vacuum pump. That way, the satura-
tion temperature of the FC-72 can be adjusted to fit the
working range of the TLCs. A heater inside the container
is used to preheat the working fluid and the test cell and
to reduce heat losses from the test cell to its surrounding.
Temperature and pressure inside the Plexiglas container
are measured using a pressure transducer and several
thermocouples.

To measure the wall temperature distribution at the foot
of the growing vapour bubble, the colourplay of the TLCs
is recorded through the wall of the Plexiglas container with
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Fig. 6. Schematic of experimental set-up.

reservoir

a long-working-distance microscope and a three-chip
CCD-camera. A ring light connected to a cold light source
is used for coaxial illumination of the TLCs. The camera is
connected to a framegrabber card in a PC that captures the
images as RGB-matrices. The captured images are then
processed using MATLAB to convert the TLC-images into
temperature profiles. Using the microscope the field of view
of the camera is 800 x 10~ m x 600 x 10~ m, for the cam-
era this results in a spatial resolution of 1.04 x 10~®m/
pixel. Temperatures are measured along lines with arbi-
trary starting and ending points. To eliminate noise the
temperature is averaged over a ten pixel wide band ortho-
gonal to the chosen line.

A second CCD-camera is installed to record the shape
of the vapour bubbles from the side. The Plexiglas con-
tainer, the CCD-cameras, the computer, vacuum pump,
and the necessary power supplies are fixed in a rack that
can be used inside the Airbus A 300-ZERO-G of the Euro-
pean Space Agency (ESA) [11].

5. Results

With the set-up described above, high spatial resolution
temperature measurements were conducted on ground and
on board of the ESA A 300-ZERO-G airplane.

Before each experiment the working fluid was carefully
degassed by first reducing the pressure inside the Plexiglas
container and then heating the FC-72 up until boiling
occurred. Any vapour formed in the reservoir and test cell
was removed. This procedure was repeated periodically
several times. Before each measurement, the fluid in the test
cell was heated close to saturation temperature so that the
subcooling of the bulk liquid was kept between 3 °C and
5°C.

In the case of measurements under low-g conditions all
vapour was removed from the test cell prior to entering the
low-g phase by opening the valve to the vacuum container.
Then the current to the heating foil was switched on and a
vapour bubble was created at the nucleation site in the low-
g environment. TLC-images were taken manually when the
effect of the micro-region could be seen inside the field of
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view of the CCD-camera. The position of the camera was
adjusted and therefore the co-ordinate x of the captured
pictures is not the same as the co-ordinate ¢ used in the
nucleate boiling model. After each parabola, in the 1.8 g
and 1 g phase of the flight, the vapour was removed from
the test cell by opening the valve to the vacuum container.
However, it could also be observed that the vapour bubbles
completely condensed quickly after the heating power was
reduced indicating that the FC-72 was well degassed. After
a set of 30 parabolas the TLCs were calibrated.

For the ground measurements, the experimental proce-
dure was similar. The calibration of the TLCs was done
after 10 sets of measurements.

5.1. Ground measurements

On ground, the vapour bubble created by evaporation
at the nucleation site is strongly deformed as shown in

a: colourplay, temperature profile and bubble
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Fig. 7a, bottom picture. Therefore the bubble grows rela-
tively fast towards the Plexiglas cylinder which means the
micro-region also moves fast. Due to the fast motion of
the micro-region, the heat input to the bubble had to be
kept comparatively low to be able to capture images of
the TLCs. The colourplay of the TLCs and the tempera-
ture profile can be seen in Fig. 7a. Due to the high spatial
resolution of the long-working-distance microscope in
connection with the CCD-camera, only a section of the
circular contact line can be captured in the images. The
area of the adsorbed film at the heated wall of the bubble
is located in the lower right corner of the colourplay, while
the upper left corner shows the area of the liquid bulk of
the bubble. The colour data is transferred into tempera-
ture data along a line, as indicated by the white arrow
from the liquid bulk to the adsorbed film of the bubble.
The heat input for the ground experiment is 3.2 W
(2.13 x 108 W/m?).

b: colourplay, temperature profile and bubble
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Fig. 7. Experimental results for 1-g (heat input: 3.2 W, 2.13 x 103 W/m?) and low-g (heat input: 15 W, 1000 W/cm?) environments.
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5.2. Low-g measurements

Bubbles created in low-g conditions are more spherical
in shape as shown in Fig. 7b, bottom picture. When the
bubble grows, it does so isotropically in all three dimen-
sions, which causes the micro-region to move slower along
the heating foil compared to the bubble growth ina 1 g
environment at the same heat input. Therefore a higher
heat input of 15W (10° W/m?) is measured under low-g
conditions as shown in Fig. 7b. The colourplay of the
TLCs, the corresponding temperature profile, and the
shape of the bubble can be seen in Fig. 7b. The TLC-image
displayed shows the area of the adsorbed film of the bubble
on the right hand side of the picture and the temperature is
measured as indicated by the white arrow from the area of
the liquid bulk to the area at the adsorbed film of the
bubble. The wall temperatures of the adsorbed film of the
bubbles are higher than the ones at the liquid bulk of
the bubble due to the presence of the adsorbed film. Heat
is generated homogeneously in the heating foil, but the heat
flow through the adsorbed film tends to zero which causes
the temperature to rise.

Several temperature measurements have been conducted
in the low-g environment. Depending on heating power
and g-jitter [12], the temperature drop caused by the
micro-region changes. The temperature profiles for two dif-
ferent sets of measurements can be seen in Figs. 8 and 9.
The width of the temperature drop caused by the micro-
region varies between 0.1 x 107> m and 0.2 x 10~ m, while
the range of the heating power is 12-15 W.
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A comparison of the low-g measurements and the numer-
ical calculations (see Section 2 for details and assumptions)
is shown in Fig. 10 (co-ordinates x and & are fitted according
to the temperature drop in the micro-region). The measured
and computed temperature distribution agree qualitatively.
Quantitatively computed temperatures are approximately
2 °C lower than measured temperatures. Using TLCs the
error of measurement is 0.51 °C (see Section 3). Addition-
ally, the power input to the heating foil was measured
manually using an analog voltmeter and an analog ampere-
meter. The readings of these devices show rather big errors
in power input of approximately 20%. A variation of £20%
in power input leads to a shift of +2.4 °C in computed wall
temperatures. The effects of uncertainty due to other mea-
sured data on the computation are negligible compared to
the uncertainty in the power measurement. Therefore, the
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Fig. 10. Comparison of computed and measured (low-g) wall temperature
distribution close to the micro-region (conditions as for Fig. 3).
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numerical results may also agree quantitatively with the
measurements.

6. Summary and conclusions

A theoretical model to calculate nucleate boiling heat
and mass transfer is briefly summarised. The model
includes microscopic heat and mass transfer phenomena
in a wedge shaped micro-region where the liquid—vapour
phase interface approaches the wall material. To verify
the model on a microscopic scale the wall temperature
distribution close to the micro-region is computed and
compared to measured data from experiments. The corre-
sponding experimental set-up is described and results of
the performed measurements under low-g are presented.
By means of unencapsulated thermochromic liquid crystals
it was possible for the first time to obtain a high resolution
wall temperature distribution close to the micro-region of a
vapour bubble in nucleate boiling. The results show a
strong wall temperature drop close to the micro-region
and thus confirm the existence of this region. The measured
temperature data was further used to verify the nucleate
boiling model on a microscopic scale.
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