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Abstract-This paper presents experimental data of local properties and heat transfer of mercury-argon 
two-phase bubbly flow with small gas flow rate in a vertical annulus in the presence of transverse magnetic 
field. The two-phase Nusselt number decreases as well as single phase mercury heat transfer with increasing 
Hartmann number at the fixed Peclet number, but its decrease becomes smaller than the single phase as the 
quality is increased. Discussions are presented on contributions of effective thermal conductivity, eddy 

diffusivity of heat and liquid velocity to the two-phase heat transfer. 

NOMENCLATURE 

magnetic flux density [T] ; 
outside diameter of inner wall, Di = 2Ri 

[mm] ; 
inside diameter of outer wall, D, = 2R, 

[mm] ; 
equivalent diameter of annulus, d, = D, - 

Di [mm] ; 
Hartmann number calculated for mercury, 

M = )d,B(cr,/p,)“’ ; 
bubble number rate [count min- ‘1; 
Nusselt number, NM = qd,/[( T, - T&J ; 
Peclet number calculated for mercury, Pe = 
Pr. Re; 
Prandtl number of mercury; 

heat flux [W mm2]; 
Reynolds number calculated for mercury, Re 

= 4W,d,I[4D,2 - Dk]; 
radial coordinate [mm] ; 
temperature [K] ; 
superficial velocity of mercury, u, = 

~W,I[~V,(D,~ - #)I Cm s- ‘I ; 
velocity [m s- ‘I; 

mass flow rate [kg s- ‘I; 
distance from upstream extremity of heating 

section [mm] ; 
quality, xq = W,l(W, + WI.). 

Greek symbols 

Q, average void fraction [“A] ; 
alocr local void fraction p/o] ; 

CH, eddy diffusivity of heat [m2 s- ‘1; 

4 thermal conductivity [W m-l Km ‘I; 

PL. viscosity [kg m- ’ s- ‘1; 
0, electrical conductivity [mho mm ‘1; 

PV density [kg me31 ; 

XI13 Lockhart-Martinelli modulus. 

Subscripts 

B, magnetic field is present; 

b, bubble; 

bk, bulk of fluid ; 
G, argon (gas); 

L, mercury (liquid); 

TP, two-phase flow ; 

;’ 
wall ; 
no magnetic field is present, or single phase 
mercury flow. 

INTRODUCTION 

HEAT transfer characteristics of single phase flow of 

liquid metal in the presence of magnetic field have been 

studied theoretically and experimentally by many 
investigators. In this connection, Lielausis [l] has 
given a review on the liquid metal magnetohydro- 
dynamics (MHD) and discussed the MHD problems 
in relation to nuclear power including the cooling 
blanket of a nuclear fusion reactor. The effect of 
magnetic field, however, on two-phase heat transfer 

has scarcely been analyzed. 
On the other hand, when the magnetic field is not 

present, Mizushina et al. [2] have conducted the heat 
transfer experiments for mercury-nitrogen and mer- 
cury-helium two-phase flows in horizontal and verti- 
cal circular tubes, and also Ochiai ef a[. [3] for 
sodium-argon two-phase flow in a vertical tube, and 
they have shown the decrease of heat transfer 

coefficients. These results might be mainly due to the 
decrease of effective thermal conductivity because of 
the existence of gas bubbles near the heat transfer 

surface. This problem has been also theoretically 
treated by Hori et al. [4], Winterton [5] and Bishop et 
al. [6]. These papers, however, have not paid attention 
to the void fraction profile, bubble velocity, liquid 

velocity, and consequently the effect of agitation of 
bubbles, which arevery important factors of two-phase 
heat transfer [7,8]. 

This paper presents the experimental data of heat 
transfer of mercury-argon two-phase bubbly flow, of 
which gas flow rate is much smaller as compared with 
our previous report [9], in a vertical annulus in the 
presence of transverse magnetic field, together with the 
local properties of this two-phase flow. 
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FIG. 1. Experimental apparatus: (1) test section; (2) lower 
mixing chamber; (3) upper mixing chamber; (4) magnet; (5) 
heater; (6) separator; (7) electromagnetic flowmeter; (8) 
cooler; (9) flow rate measuring tank; (10) lower tank; (11) 
upper tank ; (12) accumulator; (13) pump; (14) rotameter; 
(15)constantpressureregulator;(16)argongas;(17)cooler; 

(18) check valve ; (19) pressure gauge. 

EXPERIMENTAL APPARATUS AND PROCEDURES 

Experiments were carried out using the mercury 
loop of the Nuclear Power Experiment Facility in 
the Department of Nuclear Engineering, Kyoto 

University. 
The experimental arrangement is shown schemati- 

cally in Fig. 1. Distilled mercury is forced up by the 
diaphragm pump 13 from the lower tank 10 to the 
upper tank 11 where the liquid level is kept constant. 

All free surfaces of liquid mercury are covered by argon 
gas to prevent the oxidization of mercury. From the 
upper tank the mercury flows downwards and enters 
the mixing chamber 2, where the argon gas is injected 
through three 6 mm dia stainless steel tubes merging 
into the mercury. As shown in Fig. 2, each tube has 20 
holes of 0.8 mm dia. The mercury-argon two-phase 

mixture flows upwards in a vertical circular lucite tube 
1 of D, = 19 mm I.D., in which the 304 stainless steel 
sheathed electrical heater of Q = 6 mm O.D. is 
concentrically installed by using three spacers as 
shown in Fig. 3. Subsequently, the argon gas is 
separated in the phase-separator 6, and only the 
mercury returns to the lower tank 10. The upper tank 
and the separator are 4 and 3 m above the ground 

respectively, and therefore there is a head difference of 
1 m to circulate the mercury. The flow rates of both 
fluids are measured by the electromagnetic flowmeter 
7 and rotameter 14, respectively. 

The test section 1 is placed at the 30 mm wide gap 
between the magnetic pole pieces which are 50mm 
wide and 1OOOmm long as shown in Fig. 3. The 
distribution of the magnetic flux is uniform, and its 
maximum density is 0.7 T. The upstream extremity of 
the magnetic field coincides with that of the heating 
section, and this position is defined as x = 0. The 
equivalent diameter of this annulus is d, = 13 mm. The 
inconel sheathed alumel-chrome1 thermocouples of 

Ar 

Ar gas Inlet 

FIG. 2. Mixing chamber. 

0.3 mm O.D. are welded on the heater surface at the 
positions L,-L, corresponding tax/d, shown in Fig. 3. 
The L, thermocouple is welded just opposite side of 
L,. The fluid temperatures at the inlet and the outlet 
are measured by 316 stainless steel sheathed 
alumel-chromel thermocouples in the mixing cham- 
bers 2 and 3 respectively. 

The local properties of two-phase flow at the 

positions L, and L, are measured by using the same 
double-sensor probe (electrical resistivity probe) to- 
gether with the same electronic equipment as those 
developed for the investigation of water-air two-phase 
flow, which have been reported by Serizawa rt al. [lo]. 
In order to measure radial distributions of local void 
fraction, bubble number rate and bubble velocity, the 
double-sensor probe is radially traversed in sides A 
and B as shown in Fig. 4. Side B is just opposite A. 

The ranges of flow variables covered in this experi- 
mental study are : mercury flow rate W, = 0.42-1.25 kg 
s-‘,itsReynoldsnumberRe = 1.36 x 104-4.1 x 104, 
its Peclet number Pe = 372-l 100, its Hartmann 
number M=&llO, argon gas flow rate W,=2.63 x 
10m6-8.49 x 10m6 kg s-l, quality xg = 2.87 x 
10e4-1.72 x 10e3%, inlet fluid temperature 11.55 
18.8”C, and heat flux q = 1.33 x 104-2.21 x 
lo4 W m-‘. 

The physical properties of mercury were taken from 
Schmiicker [ 111. 

EXPERIMENTAL RESULTS AND DISCUSSION 

First of all, when no magnetic field is present, it is 
very important to confirm the heat transfer coefficient 



Mercury-argon two-phase heat transfer 1483 

FIG. 3. Test section. 

FIG. 4. Double-sensor probes. 
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FIG. 5. Developed heat transfer of single phase mercury flow : 
B = 0; x/d, = 70. Curve 1, Nu = 6.8023 + 
O.O214(\y Pe)0.7956, \y = 1 - 1.82/Pr(e,/v);;, (a$~)~~~ = 
4.0 + 0.002897 Re0-9’9; Curve 2, Nu = 6.886 + 5.578 x 

10m3 (Pe)0.9427; Curve 3, Nu = 7.11. 

of single phase mercury flow in the annulus of which 
radius ratio RJR, is 0.315. Figure 5 shows the 
experimental data of Nusselt number Nu in the 
developed region (x/d, = 70) where Nu = qd,J 
[(T, - T,&,], and T,, T,, and 1, are the heater 
surface temperature at x, bulk temperature of fluid at x 
which is calculated by the linear interpolation between 
the inlet and the outlet fluid temperatures, and thermal 
conductivity of mercury, respectively. In this figure, 
curve 1 shows the theoretical results of Dwyer and Tu 
[12] and curve 2 the results of Michiyoshi and 
Nakajima [13], for developed turbulent heat transfer 
of liquid metal in the case of uniform heat flux at the 
inner wall and thermally insulated at the outer wall of 
the annulus of 0.3 15 radius ratio. Agreement between 
experiments and theories is satisfactory. Curve 3 shows 
the theoretical results of Michiyoshi [14] for de- 
veloped laminar heat transfer in case of the same 
conditions as mentioned above. For the turbulent heat 
transfer in the thermal entrance region, comparison of 
experiments with the theory of Michiyoshi and Na- 
kajima [15] is illustrated in Fig. 6. This figure also 
shows satisfactory agreement. These results imply that 
there is no fouling effect on heat transfer in the present 
experiments. 
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FIG. 6. Turbulent heat transfer in thermal entrance region of 
single phase mercury flow, B = 0. 
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FIG. 7. Effect of magnetic field on single phase mercury heat 
transfer, xJd, = 70, Pe = 440, Nu, = 8.25. 

One example of the effect of magnetic field on the 
heat transfer of single phase mercury flow at x/d, = 70 
is shown in Fig. 7, where Nu, and Nu, are Nusselt 

numbers, which are already defined, for B # 0 and B 
= 0 respectively. It can be seen that NuBdecreases with 

Hartmann number M and it becomes about 80% of 
Nu, at the fixed Peclet number Pe. When M is fixed, 

Nu, decreases once, but it recovers from the minimum 
value with increasing Pe for small M as shown in Fig. 8. 
This is caused by turbulenttlaminar-turbulent flow 
transition. Similar tendencies have been already poin- 

ted out by Gardner et al. [16] (broken line) and 
Michiyoshi et al. [17] (chain line) for a circular tube, 
and Kitamura et al. [18] for a rectangular 
channel. In [ 171, since the cover gas was not used the 
fouling affected the heat transfer coefficients. There- 
fore, the thermal resistance due to fouling obtained 
from the data of heat transfer for B = 0 was applied 
directly to the heat transfer for B # 0. Thus the chain 
line in Fig. 8 might involve an error due to such 

correction. However, there is no effect of fouling in the 
present experiments as mentioned above. 

Now we discuss the local properties of mercury- 
argon two-phase flow in the vertical annulus of 0.3 15 
radius ratio. One example of radial distributions of 
bubble number rate N,,, count min- ’ and local void 
fraction qac y/, measured at the position x/d, = 40 by 
eliminating the spacer at this position (Fig. 3) and also 

0.6 A II0 

FIG. 8. Effect of Peclet number on single phase mercury heat 
transfer under magnetic field; x/d, = 70. 
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FIG. 9. Radial distribution of bubble number rate, N,,,. xq = 
1.49 x 10e3%; Pe = 440; x/d, = 40. 

bubble velocity V, m s- ’ at x/d, = 70 is shown in Figs. 
9, 10 and 11, respectively. Large gas slugs were not 

observed through the transparent lucite tube so far as 
we observed gas bubbles flowing along the outer wall 
of the annulus. This fact appears in Fig. 10. The cqoC 
profile is similar to that of water-air bubbly flow in a 
vertical annulus [7], and it is not convex-shaped shown 
in the previous paper [9] for slug flow but saddle- 
shaped. Especially, the cqoC is smaller near the inner 
wall (heater surface) and it is large near the outer wall 
of the annulus. From these facts, the two-phase flow 
pattern might be bubbly flow. Effects of magnetic field 
on the qoC and N,,, are not significant in this experi- 
ment, but a little decrease in them can be seen near the 
inner wall. This tendency is the same as that reported 
in the previous paper [9]. The radial profile of clloC in 
the direction perpendicular to the magnetic field (Fig. 
4) is almost symmetric with respect to the channel axis. 
Although the radial profile of aloC in the direction 
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FIG. 10. Radial distribution of local void fraction, aloC. xq = 
1.49 x lo-‘%; Pe = 440; x/d, = 40. 
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FIG. 11. Radial distribution of bubble velocity, V,. xq = 7.15 
x 10e4%. Pe = 440; x/d, = 70; u, = 14cms-r. 

parallel to the magnetic field was not measured it 
might be almost identical with that in the direction 
perpendicular to the magnetic field according to the 
previous paper [9]. 

The bubble velocity V, is much larger than the 
superficial velocity of mercury u, (Fig. 11). Such 

characteristics result from the large density ratio of 
mercury to argon gas as derived from the equation of 
slip ratio, 

VG % 1-a PL -= 
VL 1 - xq u PC 

and it will cause the agitation of bubbles, and hence an 
increase in the eddy diffusivity of heat eHTp of two- 
phase flow [7, 8, lo]. It can be also seen that the 

magnetic field causes a little increase of V,, especially at 
lr/R,I > 0.6-0.7. h T ese results show the same tendency 
as that in the ref. [9] but the eddy diffusivity cHTp does 
not seem to be increased further under the magnetic 
field in the present experiments. Mori et a[. [19] have 
studied experimentally the effect of magnetic field on 
the motion of a single nitrogen bubble rising through 
still mercury, but their data can not be applied directly 
to the two-phase flow which contains many bubbles in 

flowing mercury. Dunn [20] discussed the effect of M- 
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n 1100 

0 2 4 6 8 IO 12 14 

Quality, x 104% 

FIG. 12. Two-phase heat transfer; B = 0; xJd, = 70. 

shaped velocity profile on the two-phase pressure 
differences. While the local velocity of liquid (mercury) 
also increases in this present two-phase flow, its large 
increase will not be expected since the local void 

fraction is small (Fig. 10). 
When no magnetic field is present, the two-phase 

heat transfer data obtained at x/d, = 70 in this 
experiment are shown in Fig. 12, where Nu,, and Nu, 
are Nusselt numbers for two-phase flow and single 

phase mercury flow respectively, and their definition is 
the same as aforementioned. When Peclet number Pe 
is small, Nu,, becomes larger than Nu, with increasing 

quality X~ This tendency is similar to that obtained 
for the water-air two-phase flow in vertical annulus 
[7]. When Pe is large (Pe = 1100) however, Nu,,/Nu, 
is nearly equal to unity and Nu,, becomes smaller than 

Nu,. Since the local void fraction tlloC is small near the 
heater surface as already pointed out in Fig. 10, the 
effective thermal conductivity of two-phase flow 

scarcely decreases if we adopt the Maxwell equation 

&. = i”, 1 - %C 

1 + oscr,,, 

Thus the enhancement of Nu,, might be contributed 
mainly by the increase of cHTP as already mentioned. 
On the other hand, when Pe is large (Pe = 1 lOO), since 
the eddy diffusivity of heat of mercury flow is large in 
itself, it might be said that the agitation of bubbles 

scarcely contributes to the heat transfer enhancement. 
Mizushina et al. [2] and Ochiai et al. [3] made use of 
circular tube, and they did not measure radial distri- 
butions of local void fraction, bubble velocity and so 

on. Since bubbles are apt to gather near the tube wall 
(heating surface), the decrease of heat transfer 

coefficient in their experiments might be eminently due 
to the decrease of effective thermal conductivity. In this 
connection, Winterton’s theory [5] has shown that a 

layer of gas bubbles covering the wall surface (heating 
surface) ofcircular tube, in which the liquid metal flows 
with uniform velocity profile, lowers the heat transfer, 
by considering only the heat conduction. Recently 
Bishop er nl.‘s [6] analysis also shows the reduction in 
heat transfer of sodium-gas two-phase flow with 
similar considerations. It should be noted, however. 
that the two-phase heat transfer is affected by various 
local properties of two-phase flow as mentioned above. 

Except for Pe = 1100, Fig. 13 illustrates the 
correlation of Nu,r/Nu, against Lockhart-Martinelli 
modulus x,,, 

and 

Nu,, = Nu,[l + 118~n~.~i~]. (1) 

This correlation obtained at x/d, = 70 covers the 
range of Peclet number of 400~900, or Nu,,/Nu, > I. 
It is similar to the water-air two-phase heat transfer 

c71. 
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FIG. 13. Correlation of two-phase heat transfer against 
Lockhart-Martinelli modulus, 400 < Pe < 900, x/d, = 70, 

B = 0. 

Last of all, we discuss the effect of magnetic field on 

the two-phase heat transfer. In Figs. 14 and 15, Nu, TP 
and Nu,,, are Nusselt numbers for two-phase flow’in 
B # 0 and for single phase mercury flow in B = 0, 
respectively. Thus Nu,,, is identical with Nu, shown in 
Figs. 12 and 13. With increasing Hartmann number M 
at the fixed Peclet number Pe, the two-phase Nusselt 
number decreases as well as single phase mercury heat 
transfer, but its decrease becomes smaller than the 
single phase as xq is increased. This is clearly shown by 
the following correlation obtained from Fig. 14 : 

For single-phase mercury flow ; 

Nu, = NM, exp 

For two-phase flow ; Nu,,,, = Nu,, exp (-0.23;); 

1075 < x,, < 2100, M < 83. (3) 

In this correlation, Nu,, is the two-phase Nusselt 
number for B = 0 and the same as that in equation (1). 
Thus we can derive Nu,,,,/Nu, from equations (3) and 
(1 ), where Nu, = Nu,,.~. These correlation curves are 
shown in Fig. 14. 

These facts indicate that since further increase of 
cHTp due to the agitation of bubbles is not expected 
under the magnetic field in the present experiment as 

0 20 40 60 60 100 I20 

M 

FIG. 14. Effect of magnetic field on two-phase heat transfer, 
x/d, = 70, Pe = 880, Nu,,~ = 9.34. 
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FIG. 15. Effect of quality on two-phase heat transfer under 
magnetic field, M = 110, x/d, = 70. 

aforementioned, the suppression of mercury flow 
velocity caused by the Lorentz force mainly contri- 
butes to the reduction of heat transfer even in the two- 
phase flow, and it is weakened in the two-phase flow 
because the void fraction lowers the effective electrical 
conductivity. 

The relationship between Nu,,,,/Nu,~, and quality 
x,, at the fixed M is shown in Fig. 15. From Figs. 15 and 
14, it can be seen that the heat transfer of single phase 
mercury flow decreases because of the effect of mag- 
netic field, but the heat transfer under magnetic field 
recovers to that under non-magnetic field by introduc- 
ing some small quantity of gas into the liquid when Pe 
is small. However, this is not the case when Pe is large. 

CONCLUSIONS 

Experimental data of local properties and heat 
transfer of mercury-argon two-phase bubbly flow 
with small gas flow rate in vertical annulus in the 
presence of transverse magnetic field have shown that 
the two-phase Nusselt number decreases as well as 
single phase mercury heat transfer with increasing 
Hartmann number at the fixed Peclet number, but its 
decrease becomes smaller than the single phase as the 
quality is increased. Empirical correlations (l)-(3) 
clearly show these characteristics. Taking into con- 
sideration the local void fraction, bubble velocity and 
so on, we have discussed the effective thermal con- 
ductivity, eddy diffusivity of heat and liquid velocity to 
clarify their contributions to the heat transfer of two- 
phase flow with and without magnetic field. Future 
study should be conducted to widen the range of flow 
variables. In this connection, alkali metal-gas two- 
phase heat transfer is an interesting subject since the 
alkali metal holds high thermal and electrical con- 
ductivities and low density as compared with mercury. 
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TRANSFERT THERMIQUE DUN FLUIDE DIPHASIQUE MERCURE-ARGON DANS UN 
ESPACE ANNULAIRE VERTICAL AVEC CHAMP MAGNETIQUE TRANSVERSE 

R&urn&-On presente des experiences sur les proprietes locales et sur le transfert thermique dun ecoulement 
diphasique mercure-argon avec un faible debit de gax, dans un espace annulaire vertical en presence dun 
champ magnetique transverse. Le nombre de Nusselt decroit comme dans le cas de la phase unique de 
mercure, lorsque le nombre de Hartmann augmente a nombre de Peclet fixi, mais sa decroissance est de plus 
en plus faible quand la qualite augmente. On discute les contributions sur le transfert de chaleur des 

conductivitds thermiques, de la diffusivite thermique turbulent et de vitesse du liquide. 

ZWEIPHASEN-WARMEUBERTRAGUNG ZWISCHEN QUECKSILBER UND ARGON IN 
EINEM VERTIKALEN RINGSPALT-UNTER DEM EINFLUSS EINES QUER ZUR 

STR~MUNGSRICHTUNG VERLAUFENDEN MAGNETFELDES 

Zusammenfassung-In dieser Arbeit werden experimentelle Ergebnisse iiber Grtliche Stoffeigenschaften und 
den Warmetransport in einer Quecksilber/Argon- Zweiphasen-Blasenstromung mit kleinem Gasstromungs- 
anteil in einem vertikalen Ringspalt unter dem EinfluB eines quer zur Stromungsrichtung orientierten 
Ma~netfeldes mitgeteilt. Sowohl die Nus~lt-Zahl der Zweipha~nstr~mung als such der Einphasen- 
Wbrmeiibergang des Quecksilbers nimmt mit zunehmender Hartmann-Zahl fiir eine bestimmte Peclet-Zahl 
ab, aber diese Abnahme ist geringer als die der flussigen Phase bei VergrGRerung des Dampfgehaltes. Der 
Beitrag der effektiven thermischen Leitfrihigkeit und des turbulenten Wlrme- und Impulstransportes zum 

Zweiphasen-W5rmeiibrgang werden erdrtert. 

TEIIJIOIIEPEHOC IIPW ABYXQtA3HOM TE9EHMH CMECM PTYTb-APTOH B 
BEPTMKAJIbHOti KOJIbHEBOR TPY6E C IIOIIEPEYHO IIPHJI03KEHHbIM 

MAIHMTHLIM IIOJIEM 

AHHOTalnm-HpeACTaBneHhI 3rcnepuMeuranbnbre aatmble no noxa.rtbnbtM xapaxrepecrsxaM u 
Ten,‘tOO6MeHy npU ,nByX@a3HOM ny3MphKOBOM TeYeHNW CMeCW pTyTb-aprOH n0 BcpTuKa~bHO~ 
tconbuesog rpy6e 8 noneperuoM MarfiurnoM none npa Manbix cKopocrax reaenea ra3a. IIoxa3afr0, 
YT~ c yeenureuueM Yucna Xaprh4aua npu c@ocapoiiauuobr acne IleKne 3uaqeiine qucna HyCceJibTa 
n.rtn nsyx+aseoro noroxa, xax u arrs onuo~a3noro reqemis p~yre, cmi~aercs, onuaxo npu 
yeenmesm conepmausn ra38 3~0 cmixceuue cranomirca Meubtmibr, Yeh4 ana oano@a3uoro noroxa. 
PaCCMaTpuBaeTCR B,tuRHue “a nByX@a3HbIii TennOO6MeH 3$,+eKTHBHOii Ten,iOnpOBOnHOCTH, BuXpeBOii 

mi~~y3ua renna u cxoponu xcunicocru. 


