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AbstractPReproducible experimental data are presented on the pool boiling heat transfer from a 
horizontal plane heater to mercury under various system pressures and liquid levels in the presence of a 
magnetic field of which direction is parallel to the direction of gravity. With increasing the magnetic tlux 
density. both the incipient boiling heat flux and the burnout heat flux decrease in comparison with those 
for the non-magnetic field. However, when the liquid thickness above the heating surface is thin. the 
magnetic field affects little the incipient boiling heat flux and the burnout heat flux. Results of a visual 

study of mercury boiling are also discussed. 

B, 
H, 

H maxi 

L.L, 

4, 

qlB> 

4 I B B = Or 

NOMENCLATURE 

magnetic flux density [T] ; 
height of large bubble above liquid 
surface (see Fig. 16) [mm] ; 
maximum height of large bubble above 

liquid surface [mm] ; 
liquid level above heating surface [mm] ; 
surface heat flux [W m ‘I; 
incipient boiling heat flux [W m ‘I; 
incipient boiling heat flux under non- 
magnetic field [W m ‘1; 
burnout heat flux [W me21 ; 
burnout heat flux under non-magnetic 

field [Wme2]; 
system pressure [torr] ; 
liquid temperature [“Cl ; 
saturation temperature corresponding to 

system pressure [ C] ; 
heating surface temperature [“Cl ; 
saturation temperature corresponding to 
system pressure plus liquid level above 

heating surface [ C] ; 
heat-transfer coefficient [W rn-‘K- ‘1. 

INTRODUCTION 

IN GENERAL, the characteristic of pool boiling heat 
transfer is much dependent on the motion of liquid 
and bubbles adjacent to the heating surface. Such a 
motion of liquid is affected by the Lorentz force, if 
the electrically conducting liquid, for example liquid 
metal, moves under an applied magnetic field. 
Therefore, it is expected that the magnetic field 
affects the natural convection heat transfer, the 
inception of boiling, the velocity field generated by 
growing and moving bubbles, and thus the charac- 
teristic of heat transfer. Boiling in thin liquid layer is 
also an interesting problem. 

The literature survey with respect to the natural 
convection and pool boiling heat transfer in the 

presence of magnetic field was attempted by 
Michiyoshi et al. [l] in 1975. After that, an experi- 

mental study of pool boiling of potassium under a 

magnetic field (maximum intensity: 0.7T) was car- 
ried out by Fujiie ef al. [2]. They concluded that the 

nucleation in the wall cavity and the incipient boiling 
superheat are not influenced by the Lorentz force. 

Effects of magnetic field on the motion of a single 
nitrogen bubble rising through mercury were experi- 
mentally studied by Mori et u/. [3]. They concluded 
that the effect of magnetic flux density B on the rise 
velocity depends largely on the radius of bubble. 

When the bubble diameter is 3mm, the rise velocity 
decreases monotonously with the increase of B. 

However, for bubble of 1 mm dia. the rise velocity 
increases once, but it starts to decrease afterwards 

with the increase of B. Wagner et al. [4] and 
Lykoudis [5] dealt with an analytical study of the 
bubble growth under a spherically symmetric mag- 
netic field using a spherical bubble growth model, 

and Wong rt ul. [6] also attempted an analytical 
study by considering the growth of an ellipsoidal 
bubble. All of them connected the behavior of bubble 

growth with the pool boiling heat-transfer coefficient 
by accounting for the bubble Reynolds number 
which appears to be the most important factor in 
model of Forster and Zuber [ 171. 

The natural convection heat transfer under a 
magnetic field was studied by Dunn [7]. In his 
paper, the analytical model proposed by Lykoudis 
and Dunn [8] was examined by comparing with the 

experimental data of Michiyoshi rt LZ[. [I]. 
Many investigators have been studying about the 

pool boiling heat transfer, but a major unknown is 
the effect of magnetic field on the boiling character- 
istics of liquid metals, for lack of reliable experimental 
data. 

This paper presents the reproducible experimental 
data of pool boiling heat transfer from a horizontal 
plane heater in pure mercury pool under various 
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system pressures and liquid levels in the presence of steel tank of mercury having rectangular cross 
an applied magnetic field of which direction is section of 50 x 13Omm’ and 5Omm high. Mercury 
parallel to the direction of grav,ity, and it is another vapor freed at the liquid vapor interface streams 

purpose of this paper to get a key to understand the into a water condenser and returns to the boiling 

mechanism of boiling heat transfer and to apply the vessel after a change of phase. Heat input is 

boiling phenomena to nuclear power system. by conducted to mercury through the flat plate (type 
considering the action of magnetic field. 316 stainless steel) A bonded with the copper plate B. 

There is an electrical insulated plate (boron nitride) 
~~P~RI~~~TAL APPARATt!S c’ between the plate N and the heating element D 

AND PROC~D~iRES which is made use of a nichrome plate and heated by 
The schematic diagram of cxperitnet~tai apparatus supplying DC. current. An outside heat loss from 

is shown in Fig. 1. which consists of pool boiling the heating element can be calculated by measuring 
vessel (test section), condensers. surge tank, vacuum the temperature difference of the two ends of 

FK;. i. Schematic diagram of experimental apparatus 

Sliding 

FIG. 2. Boiling apparatus. A. 316 stainless steel boiling surface. B. Copper heat conductor. C. Electric 
insulation (boron nitride). D. Nichrome heater. E. Copper electrode. F. Mica sheet. G. 316 stainless steel 
plate. H. Mica sheet. I. 304 stainless steel boiling tank. J. Connecting tube to vapor condenser. 

K. Connecting tube from vapor condenser. 

systems and magnet. The surge tank is a large tank 
which may smooth down any large pressure fluc- 
tuations in the pool boiling vessel, and it is about 
forty times as large as a volume of the vessel. The 
diffusion pump is used to evacuate all contaminating 
gases from the system in addition to the rotary pump 
and then the system can be charged with pure argon, 
For the pressure gauge we use a mercury manometer 
and a pirani gauge. The dimension of magnetic pole- 
piece is 200 x 1000mmz. and the maximum intensity 
of magnetic field of O.YT can be obtained between the 
pole-piece gap of 150 mm wide. 

Figure 2 shows the pool boiling vessel which 
consists of a heating section and a type 304 stainless 

stainless steel plate C.3 provided between two thermaf 
insulators F and H. A sliding thermocouple (stainfess 
steel sheathed chromel---alumel thermocouple of 
0.25mm O.D.) is utilized to measure the vertical 
temperature distribution of liquid mercury. A wave- 
guide method and a stethoscope are used for the 
purpose of boiling detector. However, boiling dc- 
tection for a liquid level above the heating surface 
less than 5 mm is carried out with a visual method, 
because the waveguide rod becomes a nucleation 
site. As to a waveguide method, the propagation of 
acoustic and ultrasonic waves through a stainless 
steel rod of 5 mm O.D., which is immersed in 
mercury. is detected with a piezo microphone 
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FIG. 3. Details of heating section (dimension in millimeter). A. 316 stainless steel boiling surface. B. 
Copper heat conductor. C. Copper element for thermocouple. D. Thermocouple. E. 304 stainless steel 

plate. F. 304 stainless steel boiling tank. 

(barium titanate) connected with a tip of rod outside 
the boiling vessel. A mercury level above the heating 

surface is set with an electrical resistance type probe. 
Moreover, three glass windows are equipped at two 
sides (20 x 50mm’) and one upside (50 x 130 mm*) 
of the vessel for the purpose of the observation of 
free surface of mercury. 

Figure 3 shows a detail of the heating surface. The 

effective heating area is 20 x lOOmm* within a 
polished surface 30 x 1 10mm2 of a type 316 stainless 
steel A. The framed plate E is set for preventing the 

mercury from being separated into droplets. The 
stainless steel plate A and the copper B are bonded 
with the explosion-bonded clad method to keep the 
uniformity of heat flux across the heating surface. 
Unground type sheathed chromel-alumel thermo- 

couples (0.25mm O.D.) are used for measurements 
of internal heater temperature. These thermocouples 
are arranged at three points near the midpoint and 1 
point near the end of the heater. The temperature of 
the heating surface (boiling surface) is determined by 

evaluating the position of thermocouples embedded 

in the copper plate B. 
The heating surface is first polished with emery 

paper of fine grade every experiment and cleaned 
with acetone and distilled water, and then a certain 
quantity of distilled mercury is poured onto the 
heating surface. To begin a run, the auxiliary heater 
is turned on. As the mercury pool temperature 
approaches the saturation temperature corres- 
ponding to the system pressure, the power to the 
auxiliary heater is decreased to a very small heat 
input in comparison with a heat flux of the test 
heater. 

The physical properties of mercury were taken 
from Schmiicker’s report [ 161. 

RESULTS AND DISCUSSION 

A preliminary test was performed with distilled 
water as the test fluid and the results were compared 
with those obtained by other investigators [9, lo], as 
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FIG. 4. Boiling curve of water for 40mm liquid level and 
760 torr system pressure. 

shown in Fig. 4. The present boiling curve agrees 
well with Nishikawa’s correlation 191. Since the three 
thermocouples near the midpoint of the test heater 
showed similar tendency, one of the three thermo- 
couples is used for arrangements of data. 

Figures 5(a) and (b) show the vertical distributions 
of mercury temperature under boiling upwards from 
the heating surface, which were obtained by using 
the sliding thermocouple. The liquid level above the 
heating surface is 35mm under the surface heat flux 
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Frc;. 5. (a) Vertical distribution of liquid temperature for 
35 mm liquid level and 50 torr system pressure. (b) Vertical 
distribution of liquid temperature for 6mm liquid level and 

50 torr system pressure. 

of 2.1 x IO’Wm ’ in Fig. 5(a), and 6mm under 
8.0 x IO’W m ’ in Fig. 5(b). In both figures, the 
liquid and the heating surface temperature in the 
presence of magnetic field are higher than those in 
the case of B = 0. This is due to the suppression of 
flow by the Lorentz force. The liquid temperature is 
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FIG. 6. Boiling curve of mercury under magnetic field for 
?Smm liquid level and 50 torr system pressure. Incipient 

boiling is generated at a $oint marked with an arrow. 

almost uniform everywhere except near the heating 
surface. 

Boiling curves for 35mm liquid level and 50 torr 

system pressure are shown in Fig. 6. The surface heat 
flux q is defined by dividing the heat input into the 
heater eliminated the outside heat loss by the heating 

surface area. The liquid temperature ‘r, represents 
the temperature measured at the fixed position of 
20mm above the heating surface where the liquid 

temperature is almost constant as shown in Fig. 5(a). 
This definition of r, is the same as that in Figs. 7(a) 
and (b) 

It can be seen that in both natural convection and 

boiling regions the presence of magnetic held, as a 

whole, reduces the heat-transfer coefficient as com- 
pared with the case of R = 0 at the fixed surface heat 
flux. The tcndcncy of the effect of magnetic field on 
the heat transfer by natural convection is the same as 
Michiyoshi c’t c(/.‘s result [I] for a horizontal 
cylinder. 

The reduction of heat transfer in the boiling region 

seems due to the suppression of liquid being agitated 
by bubbles. if we may apply Mori elf u/.‘s result [3] 
which showed that the rise velocity of bubble 
decreases monotonously with the increase of B. The 
effect of system pressure on the boiling curves is 
shown in Figs. 7(a) (B = 0) and 7(b) (B = 0.7T). The 
boiling curve may be divided into the following 
classes: (I) natural convection region. (2) low heat 
flux boiling region (intermittent boiling), and (3) 
high heat flux boiling region. In the natural 
convection region, the slope of curve ~1 vs 7;,, - T, is 
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FIG. 7. (a) Effect of system pressure on boiling of mercury 
under non-magnetic field (B = 0). (b) Effect of system 
pressure on boiling of mercury under magnetic field 

(B = 0.7T). 

about S/4, and the system pressure affects much 
more the heat transfer under magnetic field than 
non-magnetic field, because the Lorentz force be- 
comes stronger as the system pressure is lowered 

since the electrical conductivity of liquid metal increases 

with decreased liquid temperature (= saturation 

temperature corresponding to the system pressure). 

In the low heat flux boiling region, the slope of 
boiling curve 4 vs T,- 7” shows negative regardless 
of the presence of magnetic field, because the 
agitation of bubbles becomes more violent with 
increasing the heat flux. In the high heat flux boiling 
region, the boiling curve looks like that of film 
boiling for ordinary liquid such as water. As the 
system pressure is raised. the curve comes down 
under magnetic field as well as non-magnetic field. 

This represents the reduction of burnout heat flux. In 
this region the boiling curve, in general, differs from 

that of water and also sodium. This may be due to 
that the boiling curve is different by wetting and 
nonwetting degrees of the heating surface (see [ 111). 

Figure 8 shows the effect of magnetic flux density 

on the incipient boiling heat flux in the case of 
35mm liquid level. The incipient boiling heat flux 

decreases with increasing the magnetic flux density, 
because the heating surface temperature and the 
thermal boundary layer thickness adjacent to the 
heating surface increase by virtue of the Lorentz 

force at the fixed surface heat flux (see [I]). Two 
curves of q,e/qleB=o are drawn for 1OOtorr and very 

small system pressure to see easily this diagram. 
Figure 9 shows effects of liquid level above the 
heating surface and magnetic flux density on the 
incipient boiling heat flux at 1OOtorr system pres- 
sure. The effect of magnetic flux density becomes 

much smaller when the liquid level is less than 7 mm. 
From these experimental results it should be noted 
that the magnitude of the Lorentz force is different 
for different thickness of liquid layer which changes 
the flow circulation pattern. Figure 10 shows effects 

of magnetic fux density on the magnitude of the wall 
superheat T,, - T, ,.,, of heating surface when the 

incipient boiling is generated. Although attention 

was paid to detect the incipience of boiling, the 
experimental data scatter in some degree. This may 
be due to the fact that an incipient boiling is not 
always generated at the point imbedded the thermo- 
couple. Nevertheless, it can be seen from this 

figure that the incipient boiling wall superheat under 
the magnetic field (B = 0.9T) is, as a whole. a little 
larger than the case of B = 0. 

Relationship between the boiling heat-transfer 

coefficient CI and the liquid level is shown in Fig. 11, 
where M is the heat flux q divided by ‘&,,- T,,,. When 
the liquid level was kept at 3mm and 5mm, a large 

bubble of about 25mm dia was observed on the 
heating surface under magnetic and non-magnetic 
fields [see Fig. 15(a)]. The heat-transfer coefficient 
takes the maximum value at the surface heat flux 
which starts to generate large bubbles for the 3mm 
liquid level, but a number of large bubbles reduce 
the heat-transfer coefficient as the heat flux is 
increased. Results of Nishikawa et al. [12]. Kusuda 
rt ul. [ 131, Patten [14] and Tolubinsky [ 151 with 
ordinary liquids (water etc.) indicate that the boiling 
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FIG. IO. Incipient boiling wall superheat of mercury. 

heat-transfer coefficient for thm liquid layers less The boiling test was also carried out over a long 
than Smm is larger than that of pool boiling for period to investigate effects of surface aging, which is 
much thicker liquid layers at the fixed heat flux, but especially important for thin liquid layer in the case 
this is not the case for thin layers of pure mercury as of which the system gas (cover gas) often directly 
shown in Fig. I 1. This may be due to the effect of contacts the heating surface. After a long running test, 
the degree of wetting of the heating surface. the heat-transfer coefficient decreased much 
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compared with that obtained by a short running test, 
for example the incipient boiling heat flux for 3mm 

liquid level caused burnout after a long running test 

and the heating surface became semi-dark. 
The effect of magnetic flux density on the burnout 

heat flux for 3.5mm liquid level is shown in Fig. 12. 
The burnout heat flux was determined when the 
heating surface temperature rose rapidly and mon- 
otonously (rising rate is about 5 K/s) at constant heat 

flux, and if the power input was not cut off. the 
heater went to burnout. The burnout heat flux qcr,, 

decreases with increasing the magnetic flux density, 
and q,-rit/qcritB=o becomes about 75”,,, when B = O.YT. 

This result is caused by the suppression of liquid 
flow toward the heating surface by virtue of the 
Lorentz force after the bubble departed from the 
heating surface. From scattered experimental data, 

the effect of system pressure on q,,itl’q,,,tB=~~ is not 
5 I05 5 clear. Figure 13 shows effects of magnetic flux density 

q, W/m* and liquid level on the burnout heat flux. The 
burnout heat flux decreases with decreasing the 

FIG. 11. Heat transfer for pool boiling of mercury. liquid level. and the effect of magnetic field on the 
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FIG. 12. Effect of magnetic flux density on burnout heat flux for 35 mm liquid level. 
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FIG. 13. Effect of liquid level on burnout heat flux. 
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FIG. 14. Photograph of large bubble (top view). q = 1.0 x IO5 W m 2. system pressure = 50 torr, liquid 
level = 3 mm and R = 0. 

burnout heat flux becomes much smaller as the 

liquid level is lowered. 

Figures 14 and 15 show photographs of typical 
large bubble mentioned above, which are X-30 mm 
in diameter and generated only when the liquid level 
above the heating surface is less than 5mm. Results 
of visual study are as follows: (I) Shape of bubble 
under magnetic field (B < O.YT) is similar to that of 

B = 0. (2) Dry part of heating surface appears after 
the disappearance of large bubble [see Fig. 14(b)J. 
(3) Surface wave due to the bubble gener~~tion is 
suppressed under magnetic field. (4) When a thermo- 
couple and a waveguide rod are immersed in 

mercury layer, they become a nucleation site. (5) As 
for a behavior of bubble disappearance. some 
bubbles shrink and some split open to liquid 
particles in all directions for B = 0 [see Fig. 15(b)]. 
but almost all shrink for B # 0. (6) Bubble growth 
rate measured by using a high speed camera under 
magnetic field is a little small compared with that 
of B = 0, as shown in Fig. 16. This fact seems due to 
the motion of liquid adjacent to the root of large 
bubble being suppressed by the Lorentr force as 
compared with the case of 8-O. 

CONCLUSION 

Pool boiling heat transfer was experimentally 
studied on a horizontal plane heater immersed in 

mercury pool under various system pressures and 

liquid levels in the presence of magnetic field. With 
increasing the magnetic flux density, both the 
incipient boiling heat flux and the burnout heat Nux 
decrease in c(~mparison with those for the non- 
magnetic field. When the liquid thickness above the 
heating surface is thin. however. the magnetic field 

affects little the incipient boiling heat flux and the 
burnout heat Rux. When the liquid thickness is less 

than 5 mm, the formation of large bubbles of a bout 
25mm dia is observed. The bubble growth rate of 
large bubble is a little smali under magnetic field 
compared with that of B = 0. 
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TRANSFERT THERMIQUE AVEC EBULLITION EN RESERVOIR POUR UN CHAUFFOIR 
PLAN ET HORIZONTAL ET DU MERCURE SOUS UN CHAMP MAGNETIQUE 

R&+um& On prisente des r&sultats exp~rimentaux reproductibles pour l’~bullition du mercure en 
riservoir, en prksence d’un champ magnCtique de direction parallkle li celle de la pesanteur, sous 
diffttrentes pressions et avec un chaulloir plan et horizontal. Lorsque la densitt du flux magnitique 
augmente, l’apparition de I’tbullition et le flux critique diminuent en comparaison du cas oil le champ 
magnkique est nul. Ntanmoins cette diffkrence est tri-s r&d&e iorsque I’kpaisseur du liquide au dessus de 

la surface est mince. On discute aussi les r&hats d’une &ode visuelle de l’~bullit~o]i du mercure. 

W~RME~BERGANG AN QUECKSILBER BEIM BEH~LTERSI~D~N AN 
EINER HORIZONTALEN PLATTE UNTER EINWIRKUNG EINES MAGNETISCHEN 

FELDES 

Zusammenfassung----Fiir den Wiirmeiibergang an Quecksilher beim Behaltersieden an einer horizontalen 
Platte werden reproduzier~re MeRergebnisse mitgeteilt. In Gegenwart eines dem Schwerefeld ~rallelen 
magnetischen Feldes wurden Systemdruck und Fliissigkeitsstand variiert. Mit zunehmender magnetischer 
FluDdichte nehmen sowohl die WBrmestromdichte ab, bei der das Sieden einsetzt, wie such die kritische 
Wtirmestromdichte (im Vergleich mit den Werten ohne magnetisches Feld). Bei geringer Fliissigkeitshiihc 
iiber der HeizflBche ist der Einfufi des magnetischen Feldes auf die beiden vorerwahnten 
W~rmestromdichten gering. 

Weiter werden die Ergebnisse einer visuellen Studie des Quecksilber-Siedens diskutiert, 

TEFLJIOFIEPEHOC OT ~OP~3OHTA~~HOrO I’UIOCKO~O HAI-PEBATE.JIX K PTYTM 
B MAI-HMTHOM IIOJ’IE FIPM KMI’IEHMM B 6OJIblUOM OGT&ME 

AwoTaunn -- &3e~CTdBJleHbl BOCIIpOM3BOPAMbIe 3KCIIepHMeHT~JIbHbIe E4HHbIe 110 ~eIl:IOIl~peH~y II&W 

KUIIeHEifi B 60,VblUOM 06%&e OT I-OP1130HTdjfbHOI-0 IUIOCKOrO HarPeWTe.!!% K PTyTH lIpi !ZU3.?W,Hblx 

naBneHfIIix H ~POBHSX -wi,wocTsi B cwrebfe. HaXOZViLL&C5I B M~~~~~THoM rro;le. H~~p~B~le~i~e ro~opor0 

co9nanaeT c HanpaaneHweM cHnbI TxxecTH. npti yeeneqenuw r]noTHocTH M~THNTHOI‘O nofoKa KBK 

6enaguHa Tennoaoro noToKa. npa KoTopoW ao3tIXKaeT KHnellHe. TaK N Bc:IH’IHHa KpHTHYeCKOrO 

TeIlJIOBO~O llOTOKa yMeHblUitOTC5l 110 CpaBHeHHKl CO CJlyWeM OTCyTCTBHR MZlrHHTHOI’O IIO:lR. 01HaKO. 

B C.Ff%ie He6OEbUOii TO,U,LlNHbI C;IOR ~KfiKoCTH Ha I~OBepXHOCTM HarpeEl Mal’HHTHOe IlOne OKd3blB;lrl 

cna6oe BnHRHlle Ha yKa3awbIe BeJIMYWHbI. npOBerieH0 TaKiKe 06cymaeHtie p?y-TbWTOB Bfi’fyanbHOTO 

H3yveHnfl npollecca uineHwI p~y~ti. 


