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Abstract

This experiment is designed to investigate the fundamental mechanisms for pool boiling on a horizontal surface. The
unique feature is the combination of an artificial re-entrant cavity and a multiple sensor conductivity probe located
above it. With this arrangement the bubble size and frequency were measured. Furthermore, the number density of the
nucleation sites is prescribed (i.e. the single re-entrant cavity built into the heater surface). These basic data were not
previously available for liquid metals with magnetic fields.

The most striking result is the suppression of boiling at high values of the magnetic field. Good agreement between
the data and a mechanistic model were obtained provided that the bubble frequency was known. The effect of the
magnetic field on the bubble frequency needs to be resolved for closure. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Whereas a lot of research has been done on boiling of
various fluids [1], including liquid metals [2], not much
work exists on Magneto-hydrodynamic (MHD) boiling.
However this phenomenon may play an important role
in the blanket design of future fusion reactors.

Some theoretical aspects of MHD boiling have been
addressed by Lykoudis [3] who defined a magnetic inter-
action number to extend the classical Rayleigh problem
of bubble growth in the presence of a magnetic field.
Lykoudis [4] was able to correlate MHD pool boiling
data [5] based on this theoretical result in combination
with Forster and Zuber’s correlation [6]. The data were
obtained with boiling mercury on a horizontal plate in
the presence of a horizontal magnetic field—up to 1.25
tesla. A similar experiment [7], up to 7 tesla, produced
analogous results. Lykoudis and Takahashi [8] obtained
local measurements for the bubble frequency which
increased with the magnetic field up to 0.6 T; however,
at low heat fluxes, the frequency decreased beyond that
value.

The state-of-the-art in MHD boiling is far behind the
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mechanistic models presently available for pool boiling
heat transfer because there are no data to validate such
models.

2. Theoretical models

There is a general consensus that discrete bubble pool
boiling is a sum of bulk convection caused by the bubbles
and natural convection [9, 10]. The mechanistic model
by Han and Griffith [9] will be used in this study. The
heating surface in pool boiling is considered to be divided
into two parts: the bulk convection area and the natural
convection area. In the area of bulk convection, heat
is assumed to be transferred into the fluid by transient
conduction. Following the departure of a bubble from
the heating surface, a piece of superheated liquid is
brought into the main body of the fluid. In the area
where natural convection occurs, heat is supposed to be
transferred from the heated wall to the main body of the
fluid by the usual convection process in a continuous
manner.

2.1. Natural convection

This process has been widely studied for the last cen-
tury and is well understood. When the magnetic field
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effects are included, the problem becomes more compli-
cated. Lykoudis [11] examined the case of a vertical hot
plate surrounded by an electrically conducting fluid in
the presence of a horizontal magnetic field. He showed
that a similarity solution existed which was dependent
upon a single non-dimensional number :
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where B is the magnetic flux density, L is a characteristic
length, p, is the density of the liquid, g is the gravitational
constant, f is the thermal expansion coefficient and AT
is the temperature difference between the wall and the
bulk.

At a later date, this theoretical conclusion was verified
experimentally [12, 13]. In the present case, where a hori-
zontal rather than vertical heated plate is used, a theor-
etical model for natural circulation was not developed.
The correlation for a horizontal plate was determined by
Wagner and Lykoudis [6] :
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where Nu, was calculated using the correlation by Globe
and Dropkin [14] with a modification for the aspect ratio,
H/D, of the liquid pool recommended by Chiesa and
Guthrie [15]:

Nuy = 0.078(0.68)"'° Pr*0"* Ra'"? 3)

2.2. Boiling

In the area occupied by bubbles, heat is assumed to
be transferred into the fluid by a transient conduction
process. Following the departure of a bubble from the
heated surface, a piece of superheated liquid is brought
into the main body of the fluid (the bulk of the fluid).
This is a periodic removal of the thermal boundary layer,
and it is repeated with f, the bubble departure frequency.
By this kind of repeated process, heat is transferred into
the main body of the fluid.

In what follows we summarize Han and Griffith’s
model [9]. If # is the number of active nucleation sites
per unit area, then the total heat removal by the bulk
convection of the thermal boundary layer is approxi-
mately

gec = nfAQ, “4)
where AQ is the heat transferred to the boundary layer

during the bubble formation cycle. Assuming a dough-
nut-shaped layer around the bubble,

AQ =2pr(TW—Tsdt)[Rlzéd_%Rg(éd_éc)]* (5)

where ¢ is the specific heat of the fluid, R, is the bubble
radius at departure, R, is the influence radius (R, = SRy
was used in the present calculations), d, is the boundary

layer thickness at departure and &, is the boundary layer
thickness at the end of waiting time.

By treating the liquid adjacent to the surface as a solid
slab and solving the transient conduction problem :
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o= |—, 6
d 7 (6)
S =/ mat,, (7

where o is the thermal diffusivity of the liquid.

During the waiting time, the bubble radius R, remains
approximately constant and the bubble surface is iso-
thermal and adiabatic. The waiting time, 1, can then be
obtained using potential flow theory and the fiuid flow
analogy :
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where R, is the cavity radius, T, is the wall temperature,
o is the surface tension, g, is the vapor density and A, is
the latent heat of vaporization.

By combining equations (4) and (6), we obtain

qgc = nfzpr(Tw— Tsat)
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Note that equations (8) and (9) allow to compute
‘mechanistically’ the heat flux when measuring tem-
peratures, bubble frequency and departure size, and cav-
ity radius. This model has been used in the present work
together with equation (3). It is assumed natural con-
vection occurs over the surface of the plate beyond the
region of influence of the cavity:
q'nRE = g R} +qlcn(RE — R}) (10)
where R, is the radius of the heated plate. The frequency
of bubble nucleation and the size of the bubbles remain
to be modeled. In this work the measured values are
used. However the effect of the magnetic field on these
quantities is significant and at present it remains
unknown. Lykoudis’ [4] considered the slowing down
effect of the magnetic field on the growth rate of the
bubbles:

L . (1)
9 1+ \/X)2.44
where g is the pool boiling heat flux without the magnetic
field calculated with Forster and Zuber's model [6], g3
with the magnetic field, and A is a non-dimensional num-
ber defined as [3]:

GeBza[prp(Tw - Tsal):|2
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(12)

where o, is the electrical conductivity, B is the magnetic
field, « is the thermal diffusivity, and Ap is the pressure
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difference across the interface. However equations (11)
and (12) are an integral correlation and it would be
desirable to obtain physical models for the effects of the
magnetic field on the bubble frequency and the bubble
size that are inputs to equation (9).

3. Experiment
3.1. Apparatus

Many previous experiments have been performed at
our laboratory. Wagner and Lykoudis [5] obtained the
first set of data shown in Fig. 1. The preparation of the
boiling surface presented special difficulty because of the
large contact angle of mercury, but they succeeded to
obtain repeatable nucleate boiling data using a sand-
blasted surface. Later a double conductivity probe was
developed, capable to withstand the high temperature
environment of boiling mercury, to measure bubble fre-
quency and velocity. Lykoudis and Takahashi used this
probe and obtained the bubble frequency data shown in

Fig. 2. They observed that the bubble frequency increased
with B initially, and later decreased.

With the combination of the double conductivity probe
and the re-entrant cavity, it is possible to obtain the
bubble frequency, the bubble size and the nucleation site
density that are required by equation (9). Schematics of
the experimental apparatus are shown in Figs 3 and 4.
The design is based on a previous experiment [5]. The
mercury boiling vessel consists of a vertical stainless steel
cylinder 60 mm in diameter and 460 mm tall with a
condenser near the top. An external concentric stainless
steel tube is filled with silicon oxide powder for insulation
(conductivity = 0.07 W/m K). To reduce heat losses even
further the boiler assembly is insulated on the outside
with a rectangular block of Marinite (conduc-
tivity = 0.124 W/m K). The minimum thickness of the
outer insulation is 40 mm.

There are two vacuum pumps connected to the system,
one to each cylinder. The primary pump connected to
the boiler set the system pressure and the other pump
maintained a low pressure in the annulus to prevent mer-
cury leaks to the laboratory. Cold traps were installed
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Fig. 1. Comparison of present data with boiling curves of Wagner and Lykoudis [5].
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Fig. 2. Bubble frequency data of Lykoudis and Takahashi vs Magnetic field [8].

between the vacuum pumps and the boiler to condense
the mercury vapor extracted from the system.

The experimental apparatus was inserted in the 178
mm gap between the pole faces of the 1 tesla electro-
magnet. The large surface area of the electromagnet faces
(1 m by 0.3 m) provide a uniform horizontal magnetic
field within the small volume of the boiling experiment.

The 60 mm stainless steel heater has a maximum power
of 1000 W. The surface was polished in three stages to
obtain a mirror like finish (Fig. 5) to prevent nucleation
sites other than the artificial cavity. One artificial re-
entrant cavity was machined in the center of the heater
(Fig. 6). First a 6.4 mm hole was drilled, then it was
plugged and the polishing was performed. Finally a 0.8
mm hole was drilled in the center of the plug.

The measurements consisted of heater power and tem-
perature, bulk temperature, and the double conductivity
probe. The power was measured with a voltmeter and an
ammeter. The heater temperature was measured with a

25 mm long calibrated resistance temperature detector
(RTD) inserted horizontally 2 mm below the surface.
Bulk mercury temperatures were measured with two cali-
brated J-type thermocouples.

The double conductivity probe consists of two point
electrodes located in the vertical axis and 2 mm apart.
The circuits have a 15 V DC power supply and a 10 kQ
resistor in series. The stainless steel boiler vessel com-
pletes the circuits. The conductivity probes measure the
phase indicator function (i.e. 0 volts when the tip is
immersed in the liquid phase and 15 volts for the vapor
phase). The output voltages of the point electrodes were
digitized at 5000 Hz and stored in a PC.

3.2. Procedure
The purity of the mercury was crucial to obtain con-

sistent data. Quadruple-distilled mercury was used. The
boiler was evacuated of air with the primary vacuum
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Fig. 3. Schematic of MHD boiling test section.

pump and then filled with 99.99% nitrogen cover gas to
prevent oxidation. This procedure was repeated twice.

An aging procedure was followed to obtain wetting of
the surface by the mercury. The initial data (i.e. high wall
temperature and very low bubble frequency) indicated
that film boiling was taking place. This is a non-wetting
effect that has been reported previously. However after
48 h of continuous boiling at a low heat flux of 35 kW/m?
all indications of film boiling disappeared. A glass top
was used to ensure visually that stable nucleate boiling
was obtained and that the only active site was the re-
entrant cavity.

The bubble frequency was measured with the con-
ductivity probe 2 mm above the cavity to capture all the
bubbles. The probe was positioned 15 mm above the
cavity to measure the bubble size. This distance is large
enough for the bubbles to reach their terminal velocity.
The theory of the double conductivity probe measure-
ment has been previously developed [16, 17]. Assuming
that the probe passes every point of the bubble surface
with equal probability, that the velocity fluctuations are
random and that the vertical component of the velocity

is larger than the horizontal fluctuations the interfacial
area concentration is given by :

PP B

[vi| sin @,
where the bubble frequency was computed as one half of
the interface impact rate. The interfacial velocity, v,, was
computed as the distance between the two conductivity
probes divided by the time between the two signals. The
dependence on ¢, is a correction for the distribution of
angles between the bubble trajectories and the axis of the
double conductivity probe where ¢, is calculated from
the implicit relation :

sin(2¢,):  1—al/vi
26, 14302 /v?

where o, is the standard deviation of the component of
the interfacial velocity fluctuations along the axis of the
probe. Finally the Sauter mean diameter is calculated as
D = 6a,/a where « is the vapor fraction or the time frac-
tion of the vapor phase measured by the leading con-
ductivity probe.

The data were obtained at atmospheric pressure and
the mercury level was 30 mm.

(13)

(14)

3.3. Uncertainty analysis

The theoretical model described by equations (2), (3),
(9) and (10) was used for the standard error propagation
analysis. The result of the calculations is displayed as
error bars in the plots. The relevant sources of the error
were identified as the magnetic field, B, the heater and
bulk liquid temperatures, T}, and Tj, the bubble radius,
R,, the radius of influence, R,. And the bubble frequency,
/. The individual uncertainties are listed in Table 1.

It was difficult to provide an estimate of the errors for
the bubble data. The error in the bubble diameter was
assumed to be 2 mm which corresponds to the distance
between the tips of the double conductivity probe. The
error in the frequency was assumed to be 2 Hz, which is
a conservative estimate based on the comparison between
video recorded data and probe data.

Table 1

Variable Error Obtained from

B 0.05T existing calibration

T, 0.1 K manufacturer calibration
Ty 05K manufacturer calibration
R, 1 mm distance between electrodes
R, 1/2R, estimate

f 2Hz estimate
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Fig. 4. Schematic of apparatus.

4. Results

Figure 1 shows a comparison between the present
experiment and previous boiling data. The effect of the
magnetic field is the same in both experiments but the
heater surfaces are different so the boiling curves are
different.

Figure 7 shows a comparison of the single phase natu-
ral circulation data with equation (2). The effect of the
magnetic field is exhibited most strongly at low values of
the Ly number, where the heat transfer decreases sharply.
The data of Wagner and Lykoudis [5] show a similar
trend with the new data but the suppression of heat
transfer is greater, partly because they used a different
depth of mercury (i.e. 40 mm vs 30 mm).

The measured bubble velocities are shown in Fig. 8.

For B < 0.5 T the velocities do not change with the mag-
netic field and are between 0.2 and 0.3 m/s. However for
B > 0.5T the velocities increase slightly. The bubble sizes
calculated from equation (13) and the measured velocities
are shown in Fig. 9. The bubble size increases with the
heat flux and also to a lesser degree with the magnetic
field.

Figure 10 illustrates the effect of the magnetic field on
the bubble frequency. The results are similar to previous
data shown in Fig. 2. The frequency increases with a
moderate increase in the magnetic field up to 0.4 T. The
qualitative explanation is that the convection is slowed
down by the magnetic field so the thermal boundary layer
becomes thicker to the point where the temperature of
the bubble induced flow that rewets the wall is greater.
Therefore the waiting between bubbles decreases. How-
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Fig. 5. Photograph of heater.

ever the experimental data show that the bubble fre-
quency decreases with further increases of the magnetic
field. This result is strongest for the low heat fluxes,
causing the bubbles to disappear completely at the lowest
heat flux. The reason for this is not clear.

Calculations were done with equations (2). (3), (9) and
(10) to obtain the total heat flux and compared with the

present data. The biggest uncertainty in the model was
the bubble size. This deviation in the data causes a large
difference in the predictions as shown by the upper and
lower curves in Figs 11 and 12. However the data does
fall within the error bounds and the slopes are in agree-
ment too.

Figure 12 shows the effect of ‘bumping’ which has been
previously observed in liquid metals. At low heat fluxes
and high magnetic fields stable nucleate boiling could not
be sustained. Instead boiling was suppressed and the
heater temperature would gradually increase until a boil-
ing burst occurred. At this point the temperature dropped
rapidly and the process was repeated. The lower part of
the boiling curve in Fig. 12, which curves backwards,
coincides with the bumping process. For the lowest heat
flux datum boiling was completely suppressed. This effect
only occurred when the magnetic field was greater than
0.5 T. Leonardi’s heat transfer data [18] show the same
trend for the four magnetic fields from 0.6 T to 0.9 T.
This can also be seen in Figure 10 where the bubble
frequency is zero for the same four cases.

5. Conclusion

In the present work a special heater surface with a re-
entrant artificial cavity was developed for mercury pool
boiling in the presence of a magnetic field. With this
heater and the double conductivity probe a new set of
data were obtained that may be used to develop a mech-
anistic model.

The data were correlated satisfactorily with the mech-
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Fig. 6. Artificial re-entrant cavity geometry.
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Fig. 11. Comparison of the heat flux data with mechanistic
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Fig. 12. Comparison of heat transfer data with mechanistic
model (B=0.6T).

anistic model by Han and Griffith [9]. However this is not
a predictive model because the bubble size and frequency
were prescribed (i.e. the data were used). Whereas the
effect of the magnetic field on the bubble size was not
very significant, the effect on the bubble frequency was
to first increase the bubble frequency and then to produce
suppression of boiling. For the lowest heat flux data the
suppression was complete when B < 0.6 T. A physical
model for the effect of the magnetic field on the bubble
frequency is still missing.
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