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Many investigations are currently being conducted to 
obtain forced convection boiling heat transfer information 
for Iiquid metal systems; however only limited results have 
been published, and no information is available regarding 
a binary metallic system. 

This study was initiated to obtain the boiling heat trans- 
fer characteristics of M e r e n t  compositions of potasium 
amalgams. The information is required for the proper de- 
sign of a thermal regenerator in a liquid metal electro- 
chemical cell system (1 ) . Initial results of the first series of 
experiments with a 44.5% K (by weight) amalgam were 
previously reported (2). This paper presents, in addlition 
to the previously reported data, the results of a second 
series of experiments with a 44.5% K amalgam and the 
experiments with a 14.7% amalgam. 

Studies made with boiling binary systems of water and 
organic liquids (3, 4, 5) indicate that the critical heat flux 
for boiling binary mixtures may be higher than that of 
either component. In addition the boiling heat transfer 
coefficient of certain compositions reaches a miniirnum 
value lower than thdt of either component. This finding is 
in accordance with the theoretical prediction of Sciriven 
(6)  based upon an evaluation of the bubble growth coeffi- 
cients. It is therefore conceivable that the same phenome- 
non may exist in a binary liquid metal system, and the 
boiling characteristics of pure components can not be used 
as limits for mixtures of these components. 

EXPERIMENTAL APPARATUS AND MEASUREMENTS 

The experimental liquid metal loop used is shown schemat- 
ically in_ Figure 1. The amalgam flows clockwise from the elec- 
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Fig. 1. Schematic diagram for boiling liquid metal heat transfer Iloop. 

tromagnetic pump through the preheater, then into the test 
section where boiling occurs. From the boiler the amalgam 
flows through an enlarged section, where void fraction is 
measured, into an air-cooled condenser. After being condensed 
the amalgam flows through the downcomer and is returned to 
the pump. Mounted in the downcomer is a finned tube heat 
exchanger which can be supplied with either hot or cold air 
to obtain the desired preheater inlet temperature. 

The test section consists of a 3h-in. O.D. by 0.035-in.-wall 
stainless steel tube. The tube was inserted between the halves 
of eight 0.828-in.-thick copper disks spaced 0.063 in. apart. 
TO ensure a good thermal contact between the tube and cop- 
per disks the inside of each disk was silver plated before being 
mechanically bound with the tube by means of bands outside 
of the disks. These copper disks were 6.0 in. in diameter and 
contained as a heat source cartridge heaters with a maximum 
sheath temperature of 1,600"F. The boiler is capable of sup- 
plying 12.6 kw. to the inner diameter of the tube (Figure 2 ) .  
A similar design was used for the preheater which provided 
a maximum of 6.3 kw. 

Each disk was instrumented for calculating film coefficients. 
Four Ys -in. chroniel-alumel thermocouple probes were embed- 
ded in each copper disk for radial temperature profile meas- 
urements. This permitted the heat flux density to be calculated 
for each disk. In addition similar thermocouple probes were 
employed to measure the tube wall temperature between the 
disks of the boiler. By interpolation of the measured tube wall 
temperature profile the temperature of the tube wall at each 
plane of radial temperature probes was obtained. A typical 
temperature profile is shown in Figure 3. 

The inner tube wall temperature was evaluated by extrapo- 
lation across the stainless tube wall with the previously de- 
termined heat flux density. Owing to the heating characteristic 
of the heaters, the heat flux densities varied with the axial lo- 

Fig. 2. Cross section of the preheater and boiler test section. 
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Fig. 3. Radial copper block temperature profile. 

cation. To prevent tube wall burnout a rate-of-temperature- 
change indicator with a circuit disrupter was placed in series 
with a tube wall temperature probe. 

The pressure of the system was measured at  both the boiler 
inlet and boiler outlet. The pressure probes were designed for 
high-temperature operation and utilized nack (NaK) as a 
transmitting fluid from the aft side of the diaphragm to a 
remotely located bourdon gauge. The bourdon gauge signal 
was converted to a millivolt output. 

Flow measurements, necessary for calculation of the quality 
of the two-phase flow, were obtained by two different de- 
vices. The primary instrument for measuring flow rates was 
a heat-balance flow meter located just downstream of the 
condenser. It consisted of an electrical heating element im- 
mersed in the flow stream and thermocou les located at the 
inlet and outlet of the meter to measure tl% temperature rise 
of the fluid passing through the flowmeter. A secondary flow 
meter was also incorporated in the system to provide a more 
rapid response to changes in flow rate. This secondary device 
was an electro-magnetic flow meter which was calibrated with 
the heat-balance flow meter. 

A void fraction detector with attenuation of gamma radia- 
tion was installed immediately above the boiler outlet. The 
void detector was calibrated with mercury in the tube before 
installation. The 0 and the 100% points were adjusted at the 
beginning of each experiment. 

For heat transfer evaluations the following measurements 
were recorded: the temperature of the liquid metal a t  the 
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Fig. 4. Axial tube wall and fluid temperature profiles. 

boiler inlet and outlet mixing chambers, the four radial tem- 
peratures in each copper disk, the tube wall temperature be- 
tween disks of the boiler, and the pressure at the boiler inlet 
and outlet mixing chambers. 

With flow rates and heat flux densities used, vapor quality 
was calculated with the heat of vaporization data from the 
literature ( 7 ) .  Net boiling at the outlet was also indicated by 
the void fraction detector reading. The presence of net boil- 
ing in any disk was determined by the enthalpy change of 
the fluid, which in turn indicated that the fluid reached the 
saturation temperature corresponding to the pressure in the 
boiler. Since at  the boiler inlet the fluid was 100' to 300°F. 
below the saturation temperature, a portion of the boiler was 
required to provide the sensible heat necessary to reach satura- 
tion. The presence of surface boiling was assumed at that disk 
where the inner tube wall temperature exceeded the saturation 
temperature. When this occurred in a portion of the disk, the 
data point at that disk was excluded. The mean fluid tempera- 
ture a t  each disk was calculated with a heat balance for the 
individual disk. The typical temperature profiles of outer and 
inner tube wall and the liquid metal are shown in Figure 4. 
The change of saturation temperature with pressure variation 
was found to be negligible. The temperature difference be- 
tween the heating surface and bulk fluid was used for the cal- 
culation of heat transfer coefficients. The wall superheat A T  
is defined as the difference between Tw and TSAT in both net 
and surface boiling conditions. For comparing the boiling CO- 
efficients h~ with single-phase nonboiling forced convection 
coefficients ho nonboiling experiments with both compositions 
were also made. 

RESULTS AND DISCUSSION 

Net Boiling Data 

Values of heat flux density for the net boiling region of 
the test section are  plotted in Figure 5 as a function of the 
wall superheat AT = (Tw - TSAT). The results of both 
compositions (44.5 and 14.7% K by weight) are shown 
in Figure 5. A range of AT from 70" to 400°F. was cov- 
ered for 44.5% K amalgams at pressure levels of 1.5 to 
3.5 and 11 to 13 Ib./sq. in. abs. A summary of all experi- 
mental results is shown in Table lo. For 14.7% K amaI- 

0 Tabular material has been deposited as document 7975 with the 
American Documentation Institute Photoduplication Service, Library 
of Congress, Washington 25, D. C.: and may be obtained for $1.25 for 
photoprints or $1.25 for 35-mm. microfilm. 
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Fig. 5. N e t  boiling heat transfer data for amalgams. 
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gams about 70% higher wall superheat AT was required 
for net boiling at a given heat flux density. This phenome- 
non is similar to that experienced with pure mercury. The 
lines in Figure 5 represent the recommended correlations 
of ( q / A )  vs. AT for these two compositions. As shown in 
Figure 5 data points for each composition from two dis- 
tinct groups have been plotted, one group being from the 
second boiler disk from the outlet and the second being 
from all other disks where net boiling occurred. The varia- 
tion of heat transfer rate with axial location, especially on 
the second disk, could probably be attributed to two rea- 
sons: the heat transfer coefficient changes with the in- 
crease of vapor quality in the direction of flow, a trend 
similar to results reported for pure potassium (8) and 
conventional fluids such as water (9)  ; and the inaccuracy 
of tube wall temperature profile determination which 
reaches a peak at  the second disk from the boiler outlet. 

Surface Boiling 

In forced convection boiling of a subcooled liquid the 
fluid generally undergoes surface boiling before the start 
of net boiling (net vapor generation). This can occur at any 
location where the heating surface temperature (inner tube 
wall) exceeds the saturation temperature. A major pori ion 
of the test section for all experiments fell in this region. 
The heat flux density q / A  is again presented as a funciion 
of wall superheat AT in Figures 6 and 7. Although all data 
points are above the corresponding net boiling data as 
shown by the bottom line in each figure, these data exhibit 
considerable scatter. These data represent a partial boiling 
regime where both forced convection and boiling effects 
exist, No single correlation can be drawn owing to different 
degrees of subcool in forced convection contributions. The 
points for different axial locations are distinguished by dif- 
ferent symbols in Figures 6 and 7. As can be seen the local 
heat flux densities are higher near the boiler entrance than 
near the net boiling region. This trend indicates the vapor 
concentration near the surface influences the heat trans ter. 
The upper lines drawn in Figures 6 and 7 are indicative 
of the maximum values of heat flux density obtainable in 
these experiments. These heat flux densities for surface 
boiling are also found to be not higher than those for 
forced convection. This is considerably different from sur- 
face boiling of water ( l o ) ,  indicating that the boiling of 
amalgams requires high superheat and the improvement 
of heat transfer with surface boiling in tubes may be 
limited. Compaiison of Figure 6 with 7 indicates the rela- 
tive magnitude of surface boiling heat transfer rates to cor- 
respond to those for net boiling heat transfer; that is heat 
transfer rates for 14.7% K amalgams are consistently lower 
than those for 44.5% K amalgams. 
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Fig. 6. Surface boiling heat transfer data for 44.5% K amalgams. 
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Fig. 7. Surface boiling heat transfer data for 14.7% K amalgams. 

Heat-Transfer Coefficient Ratio (he/h,) 

The ratio of the boiling heat transfer coefficient to the 
nonboiling coefficient is commonly used for the correlation 
of data on forced convection boiling experiments. I t  indi- 
cates the improvement of heat transfer due to the boiling 
process. Wright, in correlating a large number of forced 
convection boiling water data, suggested that this ratio 
varied with a parameter which combined a modified boil- 
ing number N ' B ~  and a function of Martinelli parameter 
X (11 ) .  The modified boiling number is expressed as 

N B ~  = ( p ~ / p v )  ( N B ~ )  = ( p d p v )  (q)/ (AGh) 

which is a measure of the effect of nucleate boiling in flow 
systems. The Martinelli parameter function ( X )  -0.5 con- 
tributes the two-phase forced convection effect. The ratio 
( h ~ / h o )  increases as the Wright parameter increases for 
boiling heat transfer with water. In the present experi- 
ments it was found that the boiling process in the tube 
generated a large per cent of vapor volume such that in- 

0.20 
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Martinelli Parameter Function, (X) -" 
Fig. 8. Variation of ratio of heat transfer coefficients with Martinelli 

parameter function (N'Bo = 2.1 to 3.3). 
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Fig. 9. Comparison of boiling heat transfer data for amalgams, 
mercury, and potassium. 

creasing ( X )  -0.5 beyond a certain point hindered the heat 
transfer. Figure 8 shows this effect for experiments with 
44.5% K amalgams for a range of boiling number from 
2.1 to 3.3 (near the boiler outlet). The trend is represented 
by the band indicated. Notice the boiling process actually 
reduced the heat transfer coefficient below the coefficient 
for single-phase forced convection. This vapor blanketing 
condition was conceivably aggravated by the size of the 
tube used. The influence of void fraction can not be over- 
emphasized in the forced convection boiler design with 
liquid metals. 

Comparison of Present Results with Pure Component Data 

The net boiling heat transfer data for potassium amal- 
gams are compared with those for pure potassium (8, 12)  
and mercury ( 1 3 )  reported in the literature (see Figure 
9). Some discrepancies were noted in the literature con- 
cerning forced convection boiling mercury data. These 
were presumably due to the difference in wetting condi- 
tions. The present data for amalgams is bracketed between 
the data for these pure components, as indicated in Figure 
9, with the boiling heat flux densities for the same AT in- 
creasing with potassium content. Also shown in Figure 9 
are reported values for pool boiling with potassium and 
mercury (14 ) .  The difference in slope for the nucleate 
boiling curve vs. the film boiling curve suggests that the 
present data represent the mechanism of film boiling. 

CONCLUSIONS 

From the results presented in this paper the following 
conclusions can be drawn: 

1. Net boiling heat transfer data in a vertical tube for 
44.5 and 14.7% K amalgams are reported in a conven- 
tional correlation of ( q / A )  vs. (Tw - TSAT) . These data 
indicate that film boiling prevails. Comparison was made 
with forced convection boiling data for pure potassium and 
mercury from recent literature. Present data for amalgam 
lies between the two pure components with the heat flux 
density increasing with increasing potassium content. 

2. Surface boiling of potassium amalgams in the vertical 
tube results in a heat transfer rate not significantly larger 
than the rate for net boiling or even forced convection heat 
transfer. Void fraction in the tube influences the rate of 
heat transfer. 

3. Because of the void fraction effect on the forced 
convection boiling the critical heat flux depends on the 
size of the flow channel. Correlation of forced convection 
boiling data of amalgams in the range of present investiga- 
tion require void fraction information. The method of 
correlation suggested by Wright for water systems (11) 
can not be applied. 

NOTATION 

A 
D 
G 
h B  

ho 

L = total length of test section, ft. 
N B ~  = boiling number = q/AGk, dimensionless 
N ’ B ~  = modified boiling number =NBO ( P L / P V ) ,  dimen- 

P = pressure, lb./sq. in. 
q = heat flux, B.t.u./hr. 
T 

AT 
x = vapor quality, Ib./lb. 
X t t  = Martinelli parameter = ( p v / p ~ )  0.5 ( p ~ / p v )  O.’ 

Greek Letters 

PL = liquid density, lb./cu. ft. 
pv = vapor density, lb./cu. ft. 
p~ = liquid viscosity, lb./(hr.) (ft.) 
pv = vapor viscosity, lb./(hr.) (ft.) 
a = void fraction, dimensionless 
A = heat of vaporization, B.t.u./lb. 

= heat transfer area, sq. ft. 
= diameter of test section, sq. ft. 
= mass flow velocity, lb./(hr.) (sq. ft.) 
= boiling heat transfer coefficient, B.t.u./ (hr.) (sq. 

= nonboiling heat transfer coefficient, B.t.u./ (hr.) 
ft./”F.) 

(sq. ft./”F.) 

sionless 

= temperature, TW tube wall temperature and TSAT 

= wall superheat = (Tw - T S A T ) ,  O F .  

saturation temperature, O F .  

( 1 - x/x) ‘3.9, dimensionless 
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