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Abstract—A natural convection heat transfer experiment was conducted in mercury with gas injection in
a vertical enclosure heated on one face at constant heat flux and cooled on the opposite face. Nitrogen gas
bubbles were injected from a row of hypodermic tubes facing upwards along the bottom of the heated
plate. A transverse magnetic field of magnitude 0.07 < B < 0.50 Tesla was imposed perpendicular to the
heated surface. The range of the applied heat flux was 370 < ¢” < 16 000 W m™2, corresponding to a
modified Boussinesq number range of 10° < Bo* < 10°. The gas injection rate range was 0.9 € 0, < 9.2
cm®s~'. Local heat transfer and void measurements were made with thermocouple and double-conductivity
probes. Experimental results showed that for low heat flux rates, a small magnetic field intensity (B ~ 0.07
T) significantly reduced the heat transfer coefficient in the presence of gas injection which in the absence
of the magnetic field enhanced the heat transfer coefficient two- to three-fold relative to the single-phase
result. The decrease was attributed to the suppression of both the laminar convection and the bubble-
induced liquid motion. At higher heat fluxes, the decrease in the heat transfer coefficient in the presence
of the magnetic field was less significant. Nevertheless, with increasing field intensity the Nusselt number
decreased at these higher heat fluxes. An increase in the bubble size and bubble velocity stabilized the
continuous decrease in the heat transfer coefficient for field intensities in the range B ~ 0.25-0.35 T. At
higher field intensities (B ~ 0.50 T) temperature profiles indicated a conduction-dominated heat transfer
mechanism.

1. INTRODUCTION

THE INJECTION of gas bubbles into liquid metals is of
interest in a number of process applications in the
metallurgical industry (see ref. {1]). Two-phase liquid
metal flow is also of interest in the design of the
blanket in proposed tokamak fusion reactors. Here,
one of the possible coolants is a mixture of lithium
and helium (see refs. [2, 3]).

In the above applications the convective heat trans-
fer, whether forced or natural, is of fundamental inter-
est. In ref. [4], we have investigated the enhancement
of natural convection heat transfer from a vertical
plate in contact with mercury with the injection of
nitrogen gas bubbles. We found that at low heat
fluxes, where the flow along the plate was mostly
laminar, the gas injection enhanced the heat transfer
coefficient two- to three-fold. Similar results of the
heat transfer enhancement were found in water by
Wachowiak [5] and in both water and ethyl-alcohol
by Tamari and Nishikawa [6]. We attributed these
resuits to the bubble-generated turbulence within the
thick laminar thermal boundary layer which greatly
enhances the heat transfer mechanism. On the other
hand, as the heat flux increased and the flow along
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the plate became mostly turbulent, the enhancement
mechanism was diminished. Void measurements with
a double conductivity probe revealed that the bubble-
generated turbulence had little effect on the thin tur-
bulent thermal boundary layer since most of the
bubbles rise outside the thermal boundary layer.
Instead, the bubbles suppressed the thermal stratifi-
cation present in our enclosure at the higher heat
flux rates. Further details on stratification and non-
magnetic natural convection heat transfer with gas
injection are given in refs. [7, §].

At the Liquid Metal Thermal-hydraulics Lab-
oratory of Purdue University, a number of magneto-
fluid-mechanic (MFM) and heat transfer problems
have been examined over the years. Papailiou and
Lykoudis [9-11] investigated single-phase laminar
and turbulent natural convection in the presence of a
transverse magnetic field. In these studies, they
reported that a small magnetic field intensity, begin-
ning at B ~ 0.042 T, suppressed the liquid motion
such that the heat transfer was significantly reduced.
In fact for turbulent convection, the magnetic field
preferentially suppressed the buoyant component of
the turbulent motion and at approximately B ~ 0.085
T, the flow field was completely laminarized. Another
single-phase MFM natural convection experiment
conducted by Seki et al. [12] reported that the decrease
in the heat transfer coefficient was not as significant
for a magnetic field parallel to the heated plate as for
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Ly, Lykoudis number over the length H,

(a.B%/p)(H/gPAT, )"

Nu, local Nusselt number, hx/k

Nug, Nu, Nusselt numbers with and without
a magnetic field

Pr Prandtl number, v/a

Q gas injection rate identifier, Section 3 and
Table 1

Q, gasinjectionrate fem’s™'or 10 *m's™]

q heat flux rate [W m™ %

Ra  Rayleigh number, gBATx’jav

T,, T, wall and bulk temperature ['C]

AT  wall to bulk temperature difference,
Tw - T;

NOMENCLATURE

B magnetic field intensity [T] Vews bubble rise velocity [ms ']
Bo, Boussinesq number, gBATx" /o w heat flux rate identifier, Section 3 and
Bo¥* modified Boussinesq number, NuBo Table 1
D., bubble chord length [107* m or mm] X,Y.Z, x,y,z coordinates.
g gravitational constant
Gr.  Grashof number, gBATx"/v? Greek symbols
Gr¥  modified Grashof number, NuGr o void fraction or thermal diffusivity
H characteristic heated length [ms™']

{10 2 m or cm] B coefficient of thermal expansion [C ']
k thermal conductivity [W m "' K] o, electrical conductivity of fluid [(Q m) " '].

Subscripts and superscripts

B Nusselt-number with magnetic field

bub  bubble

ch chord length

e electrical property

g gas

H indicates a quantity over length H

w wall

X indicates a local quantity along x-axis

0 Nusselt-number without a magnetic field
o0 bulk

" Indicates a quantity given as per unit area
* modified quantity ; based on ¢".

a field perpendicular (transverse) to the plate. In
contrast, the experiments of Fumizawa [13] and Taka-
hashi er al. [14] produced increased heat transfer
coefficients over a certain range of the magnetic field
intensity. In Fumizawa’s case, the magnetic field was
transverse to the heated wall and the heat transfer
enhancement was attributed to an gx-shaped tem-
perature profile, the origin of which was not indicated.
On the other hand in the experiment of Takahashi ez
al., the bulk temperature was measured in only one
location below the cylindrical pin heater. It is possible
in both of these experiments that the results were
influenced by three-dimensional effects where the fluid
is locally accelerated with respect to the applied mag-
netic field. In general one expects the effect of the
magnetic field to produce suppression of the con-
vective motion and a corresponding decrease in the
overall heat transfer coefficient.

Although these and other investigations in both
magnetic and non-magnetic single- and two-phase
liquid metal flows have been conducted, we have not
been able to find any experimental investigation in
liquid metal natural convection heat transfer with gas
injection in the presence of a magnetic field. We there-
fore set out to investigate this experimentally.

In the sections to follow, the experimental appar-
atus and experimental procedure will be briefly
described in Section 2. Then the experimental results
are presented in Section 3. This is followed by a dis-
cussion of results in Section 4 and a conclusion in
Section 5.

2. EXPERIMENT

The experimental apparatus was previously
described in ref. [4] and a detailed description is given
in ref. [8]. A schematic of the experimental apparatus
is shown in Fig. 1. The apparatus measures 40 cm
in height x 7 ¢cm in width x 20 ¢m in depth (into the
figure). The heated plate is 40 cm x 20 cm. The coor-
dinate axes are as follows. The X- and Y-axes are,
respectively, parallel and perpendicular to the heated
wall while the Z-axis is into the figure. The lower
portion of the cooled wall is tapered in accordance
with a previous experiment conducted by Papailiou
[9]. In this experiment, Papailiou verified the existence
of a similarity solution developed by Lykoudis [15]
for magneto-fluid-mechanic natural convection with a
magnetic field intensity varying as X ~*. Gas injection
was provided by 11 equally-spaced hypodermic tubes
at the.bottom of the heated wall.

The experimental apparatus is inserted in a 20.3
cm gap between the pole faces of an electromagnet
powered by a tandem of DC generators. The appar-
atus is contained within the uniform magnetic field
region of the pole faces which are each 127 cm in
height by 30.5 cm in width. The magnetic field is
transverse to the heated and cooled walls of the exper-
imental cell. In the present experiment, four field
intensities of 0.07, 0.25, 0.35 and 0.50 T were applied.

The experiment was conducted by setting the wall
heat flux at a predetermined level and adjusting the
cooling rate on the opposite side so that the bulk
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Fi1G. 1. Schematic of natural convection cel.

temperature could be maintained near room tem-
perature. This was done to minimize heat losses and to
maintain a low volumetric concentration of mercury
vapor in the laboratory. The bulk temperature was
then monitored until a steady state condition was
established. Once the bulk temperature ceased to fluc-
tuate by 0.5°C over a 40-60 min period, steady state
was assumed to be attained. For laminar convection,
this took approximately 6-10 h whereas for turbulent
convection, 4-6 h. The magnetic field was then turned
on and the bulk temperature was monitored for
approximately one hour for the system to again
approach steady state conditions. When a steady state
condition was reached, the heater voltage, the heater
current, the wall temperatures and bulk temperature
were recorded. The raw temperature data were than
curve-fitted with a polynomial equation using the
Sigma-Plot [16] software package. After determining
AT(=T,—T,) and the input heat flux, the local
Nusselt and modified Boussinesq numbers were cal-
culated. The thermal properties were evaluated at the
average bulk temperature. Further details of the ex-
perimental procedures are provided in Tokuhiro [8].

3. RESULTS

The results for both single- and two-phase heat
transfer measurements, along with a representative
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F1G. 2. Ratio of single-phase magnetic to non-magnetic aver-
age Nusselt numbers vs the Lykoudis number for heat flux
rates W1.0 and W8.0.

set of void measurements, are shown in Figs. 2-7. The
void measurements consisted of measurements of the
bubble chord length, the bubble rise velocity and the
void fraction profile along the Y-axis for a given X-
axis location along the heated plate. Representative
error bars are indicated in Figs. 2-7. For errors
smaller than approximately 10%, the error bars were
smaller than the data symbols and are therefore
hidden.

In Fig. 2 we show the single-phase natural con-
vection heat transfer result in the presence of a mag-
netic field. Here, the data are expressed as ratios of
the average Nusselt number over the length of the
heated plate with a magnetic field to the Nusselt num-
ber without a magnetic field (B = 0). The Lykoudis
number Ly is used to describe the influence of the
magnetic field on the natural convection heat transfer.
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FiG. 3. Local heat transfer data, laminar regime, with gas
injection and magnetic field. Where error bars do not appear,
the error was less than 10% and hidden behind symbols.
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FIG. 4. Local heat transfer data, turbulent regime, with gas
injection and magnetic field.

This number is defined in ref. [17] as a ratio of the
‘free-fall’ time to the ‘roll-over’ time. The ‘free-fall’
time is the time associated with buoyancy-induced
motion in a gravitational field while the ‘roll-over’
time is the time it takes for a velocity fluctuation in
an electrically conducting liquid to be damped by the
magnetic field. The Ly number has been traditionally
interpreted (see ref. [18]) as the ratio of the pon-

deromotive force to the square root of the product of

the buoyancy and inertial forces. Also shown in the
figure are the theoretical solutions of Lykoudis [15]
and Wilks and Hunt [19] which begins at an approxi-
mate Lykoudis number of Ly, ~ 5. The data points
of Emery [20] are also shown in this figure.

It needs to be noted that the theoretical curve in
Fig. 2 of Lykoudis [15] is the result of a magnetic field
varying with X in the minus one-fourth power, and
therefore strictly speaking it would appear not to be
relevant to a study with a constant uniform and steady
magnetic field. In the experiment of ref. [9] where such
a field was created, the lower and higher points along
X where such measurements were made were roughly
at 15 and 35 cm. To the extent that the Ly number
varies with 82 and hence with the inverse square root
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FiG. 5. Bubble chord length variation along the Y-axis with
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F1G. 6. Bubble rise velocity variation along the Y-axis with
gas injection Q4.3 heat flux W1.0 and magnetic field.

of X, the percentage difference from a mean value of
Ly was computed to be about +10%. Therefore, the
single theoretical curve of ref. [15] in Fig. 2 should be
understood to be the mean of two curves plotted with
values of Ly +10%. In view of the scatter of the data
the relevance of the variable magnetic fields theory
with constant magnetic field data, seems to be reason-
able.

In Fig. 3 we show the local Nusselt number vs the
modified Boussinesq number for the low heat flux
rates W0.4 and W1.0. The heat flux rates, gas injection
rates and magnetic field intensities were, respectively,
coded with the letters W, Q and B followed by a two
or three digit number. The corresponding magnitudes
are listed in Table 1. In the presence of the magnetic
field and gas injection, one low (W1.0) and one high
(W8.0) heat flux rate were chosen as representative
of natural convection flow which was, respectively,
mostly laminar or turbulent along the heated plate.
In Fig. 3, the dark symbols show the non-magnetic
results in single-phase with gas injection at the two
smallest heat flux rates. In both Figs. 3 and 4, a ref-
erence line is shown which is the single-phase laminar
correlation based on a similarity solution. The laminar
correlation was verified to be valid up to Bo* ~ 5 x 10*
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FiG. 7. Void fraction variation along the Y-axis with gas
injection Q4.3, heat flux W1.0 and magnetic field.
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Table 1. A guide to heat fluxes, gas injections rates and
magnetic field intensities

o

Heat flux rates, kW m~-

w0.4 represents g" ~ 0.37
WI.0 q" ~0.97
W4.0 q" ~ 3.90
W3.0 g" ~ 8.10
W16.0 q’ ~ 16.00
Gas injection rates, cm® s~
Q0.9 represents Q=09
Q2.1 0=21
Q43 Q=43
Q9. 0=92
Magnetic field intensities, T
B.07 represents B =0.07
B.25 B=0.25
B.35 B=10235
B.50 B =0.50

Q0-no injection, B0-no magnetic field

by Uotani [21]. Figure 3 shows the heat transfer results
with gas injection and a magnetic field in open
symbols. Figure 4 shows the equivalent data for the
higher heat flux rate of W8.0. Here the non-magnetic
gas injected case is only shown for the highest gas
injection rate, Q9.2. This was chosen since the lower
gas injection rates (Q2.1 and Q4.3) showed no
enhancement with respect to the single phase result.
At the highest injection rate, however, there was a
small measure of enhancement. We, therefore, present
the magnetic case with the gas injection rate Q9.2.

A representative set of void data which include the
bubble chord length, bubble rise velocity and void
fraction profile along the Y-axis are, respectively,
shown in Figs. 5-7. A polynomial regression line has
been drawn through each set of data symbols for
visual guidance. These measurements were conducted
with a double conductivity probe with an offset dis-
tance between the lead probe and the recessed probe
of 1.8 mm and a separation distance between them of
2 mm. The measurements were taken at the location
X = 11 cm. This was a location where a statistically
meaningful number of bubbles could be counted.

4. DISCUSSION

4.1. Single-phase results

We first discuss the results of single-phase natural
convection in the presence of a magnetic field as shown
in Fig. 2. Besides our experimental data, the data of
Emery [20] are also shown along with the analytical
solutions of Lykoudis [15] and Wilks and Hunt [19].
The experiment of Emery was conducted with one
wall of an enclosure similar to our apparatus held at
constant temperature and for magnetic field intensities
in increments of 0.05 T upto 0.2 T.
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Figure 2 shows good agreement of Emery’s data
with the analytical solution of Lykoudis up to
Ly ~ 10 where Emery’s points begin to deviate away
from the theoretical solution. Unfortunately, an
explanation for this trend has not been given. As for
the analytical solutions, Lykoudis presented a simi-
larity solution which exists for a magnetic field varying
as X' along a semi-infinite plate held at constant
temperature. On the other hand, Wilks and Hunt
presented a solution which was a synthesis of per-
turbation and numerical analysis. Their solution did
not appear to extend to zero magnetic field but began
at approximately Ly, ~ 5. That is, we did not find in
their paper a statement that the B = 0 case was done
nor do we have any reason to suspect that this was
not the case.

The agreement between the theoretical solutions
and the data is generally good at the lower heat flux
rate W1.0. At the higher heat flux rate, W8.0, the
experimental data are much higher than the theor-
etical predictions. The explanation for this dis-
agreement could be sought in three-dimensional
effects at higher Ly-numbers. It is well known that
in finite enclosures there are regions of secondary
motion. It is conceivable that these regions are
enhanced in the neighborhood where the induced cur-
rents turn around to become parallel to the magnetic
field along the enclosure’s four corners. In such a case
the ponderomotive forces are zero and the local heat
transfer remains unaffected by the presence of the
magnetic field. Only three-dimensional local measure-
ments could confirm the validity of this speculation.

4.2. Magnetic results with gas injection

In the presence of both gas injection and a magnetic
field, heat transfer measurements revealed the results
presented in Figs. 3 and 4. It is important to note here
that, even in the presence of bubbles, mercury is the
sole electrically conducting medium interacting with
the magnetic field. In addition, the liquid motion is
generated not only by the thermal convection but also
by the bubbles rising through the fluid.

We first discuss the data at heat flux W1.0, where
the thermal boundary layer is predominantly laminar
and thick. Here as noted in ref. [4], in the non-mag-
netic case the bubbles swim inside the thermal bound-
ary layer and generate turbulence along their paths.
When small magnetic fields were applied (B ~ 0.07
and 0.25 T), the local Nusselt number dropped more
than six-fold in comparison to the non-magnetic,
gas injected case (WI1.0, Q4.3, B0). We attributed
this dramatic decrease to the suppression of both the
thermally-induced and  bubble-induced  liquid
motion by the ponderomotive force. Similar behavior
was observed by Papailiou and Lykoudis [9] in
single-phase laminar convection where beginning
at B ~0.042 T, temperature profiles indicated the
increasing influence of conduction heat transfer.
Additionally in two-phase (bubbly) forced convection
flow Gherson and Lykoudis [22] noted a significant
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drop in the turbulent intensity for a magnetic field
intensity of B~ 0.25 T from hot-film anemometry
measurements. As the field intensity increased to
B~0.35 and 0.50 T we observed a continuing
decrease in the Nusselt number. Temperature profile
measurements at these field intensities reported by
Tokuhiro [8] revealed an increasing linearity in the
profile characteristic of conduction-dominated heat
transfer. Although not shown here, these profiles were
similar to those measured by Papailiou [23].

At the higher heat flux rate, W8.0, the flow along
the plate was predominantly turbulent and most of
the bubbles rose outside a thin thermal boundary layer
as discussed in ref. [4]. With the application of the
magnetic field, the local Nusselt number hardly
decreased for B ~ 0.07 T as shown in Fig. 4 (blank
circles). We attributed this behavior to the incomplete
suppression of both the thermally and bubble-induced
turbulence at this field intensity. Papailiou and
Lykoudis [11] found that for turbulent single-phase
natural convection, the turbulent fluctuations were
completely suppressed and the flow was laminarized
for a field intensity of B ~ 0.085 T. The Nusselt num-
ber decreased further at B~ 0.25 T but remained
relatively constant at B ~ 0.35 T. This trend was attri-
buted to the change in the bubble size and bubble risc
velocity for these field intensities as indicated by void
measurements. These trends are discussed in the fol-
lowing section. Further increase of the field intensity
to B~ 0.50 T decreased the Nusselt number three-
fold with respect to the non-magnetic enhanced value
(Q9.2, B0). Temperature measurements here revealed
a linear profile characteristic of conduction-domi-
nated heat transfer.

4.3. Void measurements

The result of the void measurements shown in Figs.
5-7 of the bubble chord length, bubble rise velocity.,
and void profile aided our understanding of the heat
transfer results. The figures included here are rep-
resentative of similar trends measured at the higher
heat flux rate of W8.0. We first consider the change
in D, and V,,, along the Y-axis. Figures 5 and 6
indicate that D, and V,,;, remain approximately con-
stant at most magnetic field intensities within the scat-
ter of the experimental data but not in all cases. The
representative error bar is relatively large due to the
wide distribution of bubble sizes (D ~ 1-10 mm)
and the small number of bubble events (detected by
the double conductivity probe) especially at larger Y-
distances. Given these constraints, a compromise was
made in selecting the lead tip to recessed tip distance
on the double-conductivity probe. In addition, we
note that the void profile as shown in Fig. 7 is not
normalized because the probe was not traversed along
the Z-axis in order to compute spatially and time-
averaged void fractions. Therefore, beyond the rec-
ognition that the bubble boundary layer structure
consists of three layers, detailed information could
not be extracted from the void profiles. The layers
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F1G. 8. Qualitative plot of the bubble chord length variation
with magnetic field intensity at low and high heat flux rates
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themselves are the inner single-phase layer next to the
heated wall, the middle layer in which most of the
bubbles rise and the outer single-phase layer. Further
details on the void measurement method are given in
Tokuhiro [8]. At this point, in order to facilitate the
discussion, we present qualitative graphs of D, and
Viouo in Figs. 8 and 9, respectively, as functions of the
magnetic field intensity. We do this by taking the
average of the maximum and minimum values shown
in the corresponding graphs in Figs. 5 and 6.
Additionally, in Fig. 10, we present the mean Nusselt
number as a function of B taken from Figs. 3 and 4.
We continue our discussion of Dy, and V,,, through
Fig. 10. We first note three regions in Figs. 8 and 9
based on varying trends. Region I marks the initial
application of the magnetic field. Here the bubbles
remain relatively small and of constant chord length.
The bubble velocity, in contrast, decreases due to the
immediate suppression of the liquid motion by the
ponderomotive force. Here, as in single-phase natural
convection, the suppression of the liquid motion is
reflected in the Nusselt number which decreases for

V] 0.1 0.2 0.3 0.4 0.5
B [Tesla]

F1G. 9. Qualitative plot of the bubble rise velocity variation
with magnetic field intensity at low and high heat flux rates
W1.0 and W8.0.
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small field intensities. However, at the high heat flux
(W8.0) the initial decrease is smaller since there is
both thermally- and bubble-induced turbulence prior
to the application of the magnetic field. In addition,
the suppression of liquid motion thickens the thermal
boundary layer and some of the bubbles which were
outside the thin turbulent thermal boundary layer
in the non-magnetic case now rise through it. This
supplies the thermal boundary layer with additional
bubble-induced turbulence. As we proceed to region
I1, the bubbles’ chord length increases as well as their
rise velocity. Here, the presence of larger bubbles con-
tributes to bubble-generated turbulence making the
effectiveness of the ponderomotive force less forceful.
As we proceed to region III, the chord length and
bubble rise velocity reach a maximum value. Beyond
this point, we observe the breakup of bubbles because,
presumably, the surface tension cannot sustain them.
The breakup of bubbles was also observed and dis-
cussed by Gherson and Lykoudis [22] at a magnetic
field intensity of B ~ 0.3 T. In their forced convection
case they reported that the bubble breakup increased
the turbulence intensity. Such an increase would con-
tribute to an increase in the heat transfer coefficient.
In the present case, temperature profile measurements
indicated that the heat transfer was already con-
duction-dominated. Hence, the breakup had no
influence on the heat transfer coefficient.

5. CONCLUSIONS

An experimental investigation of laminar and tur-
bulent natural convection heat transfer from a vertical
plate in mercury with gas injection and the presence
of a magnetic field was undertaken. The experiment
was conducted with the plate held at constant heat
flux. Gas was injected to form bubbles from hypo-
dermic tubing at the bottom of the heated section. A
uniform transverse magnetic field was imposed on the
experimental apparatus. Local heat transfer and void
measurements (bubble chord length, bubble rise
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velocity and void fraction) were taken with the
thermocouple and double-conductivity probes.

The heat transfer measurements indicated that in
general, the magnetic field decreases the local Nusselt
number as a direct consequence of the suppression of
the liquid motion by the ponderomotive force. The
initial decrease at small magnetic field intensities was
more significant in the low heat flux case where the
flow was laminar than in the case when the flow was
mostly turbulent. The difference was attributed to
the presence of both thermally-induced and bubble-
induced turbulence at the higher heat flux rate whereas
only bubble-induced turbulence was present at the
lower heat flux rate. For increasing magnetic field
intensities, the local Nusselt number continued to
decrease although for the field intensity range,
B ~ 0.25-0.35 T, the decrease was stabilized. We sub-
sequently found that in this range, both the bubble
chord length and bubble rise velocity increased and
by giving rise to bubble-induced turbulence, dimin-
ished the effectiveness of the ponderomotive force.
Beyond B ~ 0.35 T there was an indication of bubble
break-up and temperature measurements revealed a
linearity in the profile (along the Y-axis) characteristic
of conduction-dominated heat transfer even in the
presence of gas bubbles.

In conducting the experiment we recognized that
the bubble parameters are difficult to precisely deter-
mine using one double-conductivity probe. It is, there-
fore, recommended that, in order to further elucidate
the influence of bubble dynamics on the heat transfer
process, a muitiple number of probes be used.
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