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Akstraet--This paper presents a method for deducing dimensionless heat transfer correlations in liquid 
metals for natural and forced convection conditions. This method was applied to liquid metals with 
different Prandtl numbers, namely, aluminum and steel. Solid spheres of aluminum and steel, initially at 
room temperature, were immersed into liquids of aluminum and steel, respectively. In the first set of tests 
the spheres were immersed under natural convection conditions, and in the second, under forced convection 
conditions. The melting time of the spheres was carefully monitored and it was related to the average heat 

flux from the metal bath to the immersed sphere. 

INTRODUCTION 

There is a plethora of published research in the area of 
natural convective heat transfer to and from various 
objects, which are immersed in fluids. Yet, there is a 
scarcity of work involving liquid metals. Theoretical 
and experimental approaches have been applied to 
quantify the convective heat transfer in fluids. In one 
theoretical appreach, Raithby and Hollands [I] pro- 
posed that the local heat transfer in laminar and tur- 
bulent flow is controlled locally by a balance of viscous 
and buoyancy forces near the wall. With this hypoth- 
esis, an equation for the local conduction thickness 
was derived. For the case of spheres the following 
correlation was suggested : 

NUD = 2 +0.56(Pr/(O.846+ Pr) )°25*Ra~525. (1) 

However, the above equation was tested in fluids with 
a Prandtl number of only 0.72. 

Using a different theoretical approach Churchill [2] 
recommended the following correlation for laminar 
free convection from spheres : 

0.589"Rai~ 25 
NuD = 2 + (2) 

(1 + (0.43/ Pr)9/16 ) 4/9 " 

The same author [2] claims that equation (2) provides 
a good approximation for Gr < 10 9 and for all Prandtl 
numbers. The theoretical ramifications of the usage 
of liquid metals as coolants in nuclear reactors are 
reviewed by Steila [3]. A comprehensive review of rel- 
evant experimental work in liquid metals is given in 
refs. [4] and [5]. Most of this work has been done in 

low melting-point metals. Spheres as well as cylinders 
were used as immersed objects in liquid metals. 
Numerous research studies on convective heat trans- 
fer to or from spheres in fluids were carried out with 
fluids whose Prandtl number was not less than 0.7 [6- 
10]. Mass transfer work from spheres to various fluids, 
under natural convection conditions, has also been 
reported [11-15]. The fluids involved in these tests [6- 
15] have higher Prandtl numbers from those of liquid 
metals, which render their applicability to liquid 
metals inappropriate. 

In an effort to quantify the forced convective heat 
transfer to or from spheres immersed in fluids, both 
theoretical and experimental approaches have been 
undertaken. In one theoretical approach, the boun- 
dary-layer theory was used [16], but as the author 
acknowledged, the theoretical solution converges only 
as long as the Prandtl number is greater than 2. Hsu 
[17] and Sideman [18] have derived theoretical Nusselt 
numbers for the case of heat transfer to liquid metals 
flowing past a single sphere, their analyses were based 
on the assumption associated with inviscid potential 
flow. Equations (3) and (4) represent results by Hsu 
[17] and Sideman [18], respectively: 

NuD = 0.921*Re°5*Pr °5 (3) 

and 

NUD = 1.13*Re°5*Pr °'5. (4) 

It is noteworthy, that although both Hsu and Sideman 
address the identical problem and both use a theor- 
etical approach, their results differ by 22%. A few 
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NOMENCLATURE 

A average surface area of the sphere 
during its immersion in metal bath 
[in] 

Cp heat capacity [J kg-  ~ K -  l] 
D sphere diameter [m] 
At sphere melting time [s] 
AH heat required to raise the unit mass of 

the immersed sphere from room 
temperature up to its melting point 
plus the latent heat of fusion 
[kJ kg-  l] 

# gravitational acceleration 
[9.807 m s -2] 

hD average heat transfer coefficient for a 
sphere [W m -2 K -l]  

k thermal conductivity [W/m K] 
m immersed mass of sphere [kg] 
q~ average heat flux from liquid metal to 

sphere [kW m -2] 

V tangential velocity [m s-l] 
SPH metal bath superheat, Trap- Truest [K] 
Tf film temperature, (Trap+ Tmolt)/2 [K] 
Trap melting point temperature [K] 
Tmo~t melt temperature [K]. 

Greek symbols 
// Coefficient of thermal expansion [K- ~] 
p Density [kg m -3] 
kt Viscosity [kg s -1 m l]. 

Dimensionless groups 
NUD average Nusselt number for a sphere, 

hD D/k 
Re Reynolds number, D Vp/# 
Pr Prandtl number, Cplt/k 
GrD Grashof number, flgD3p 2 SPH/# 2 
RaD Rayleigh number, Pr*GrD. 

experimental investigations have also been under- 
taken in various attempts to quantify the forced con- 
vective heat transfer. The work by Kreith et al. [19] 
underscores the importance of a given fluid's Prandtl 
number for convective heat transfer. Kreith et al. [19] 
measured significant differences in forced convective 
heat transfer in spheres which were cooled in oil 
(Pr = 217), water (Pr = 4.52), air (Pr = 0.72) and 
mercury (Pr = 0.024). They suggested the following 
correlations : 

NUD = 0.43*Re °'5*Pr °4 

For [Gr < O.1Re2,Re < 5 × 105, 

0.7 < Pr < 217] (5) 

and 

NUD = 0.066*Re °'67*Pr °'4 

For  [Gr < O.1Re 2, 5 × 105 < Re < 7 × 10 6, 

0.7 < Pr < 7]. (6) 

In the same work, Kreith et al. [19] suggested a dimen- 
sionless correlation to describe the sphere cooling in 
liquid mercury, which is substantially different from 
the fluids having higher Prandtl numbers : 

NUD = O.178*Re °375 

for [7 × 104 < Re < 106, Pr = 0.024]. (7) 

In their experimental findings, Kreith et al. suggested 
that there is no difference between heating and cooling 
of spheres in water [19]. Witte presents another dimen- 
sionless correlation, which is based on experiments of 
forced convection heat transfer from a sphere to liquid 

sodium [20]. The following dimensionless equation 
was proposed : 

NUD = 2 + 0.386*(Re*Pr) °'5 

for[3.56 x lO4 < Re < l.525 x lOS,Pr ,~ O.O04]. (8) 

In the same work a very interesting comparison is 
presented. The results in liquid sodium are presented 
against results derived from a similar correlation 
introduced by Vliet and Leppert [21], which was 
derived from experimental work with water. The 
results in liquid sodium [20] were appreciably lower 
than those results derived from the suggested cor- 
relation of Vliet and Leppert [21]. Similarly, cor- 
relations reported by Kreith et al. [19] for liquid mer- 
cury were much lower than those obtained in oil, 
water and air. Consequently various comparisons of 
different fluids under forced convection conditions 
suggest that all liquid metals do not behave similarly. 

The present study has two main objectives: (1) to 
develop a method for studying natural and forced 
convection in the harsh liquid metal environment and 
(2) to develop semi-empirical correlations for various 
types of convective heat transfer in liquid metals. This 
objective was accomplished by applying this method 
developed to liquid metals with different Prandtl 
numbers. 

EXPERIMENTAL METHODOLOGY 

Two different liquid metals were used in this exper- 
imental work, aluminum and steel. There are many 
similarities in the experimental procedures used with 
both metals. First, the experimental procedure for 
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liquid aluminum will be presented. Then, only the 
points for which the experimental procedure of liquid 
steel differs from that of liquid aluminum will be pointed 
out. In addition the methodology for the natural con- 
vection condition will be presented in detail, and for 
the forced convection, only points of departure will 
be mentioned. 

Part I, Natural convection experiments 
Aluminum was melted down in an induction 

furnace. Figure 1 (A) shows a schematic cross section 
of the crucible along with its dimensions. Solid spheres 
of aluminum were used. The sphere was attached to a 
stainless steel holder. The solid sphere and the stainless 
steel holder form the sphere assembly. Figure 2 dis- 
plays the various parts of the sphere assembly as well 
as the complete sphere assembly. The drilled portion 
of the cylindrical cavity of sphere represents 7% of 
its volume. As seen, a zirconia tube provided a link 
between the holder and the lower stainless steel part. 
The low thermal conductivity of the zirconia tube (2.5 
W m -  ~ K -  1) as well as its rather reasonable resistance 
to thermal shock, were the prime reasons for the selec- 
tion of this material. A very important feature of the 
sphere assembly was an internal thermocouple. The 
tip of this thermocouple was intentionally positioned 
within the cylindrical cavity without touching the 
walls of the cavity. This is shown in the schematic 
diagram of the complete sphere assembly shown in 
Fig. 2. This arrangement allowed a very accurate 
detection of the sphere melting time. The exact time 
of the sphere immersion in the bath was recorded 
with an external thermocouple. The sphere was always 
immersed at point P. The coordinates of this point are 
depicted in Fig. I(A). The liquid aluminum tem- 
perature was measured with two K-type thermo- 
couples which were positioned at different locations 
inside the alumin~L crucible. Measuring the bath tem- 
perature at two different locations allows for the detec- 
tion of any non-i:~othermal conditions in the alumi- 
num bath. The experiment proceeded only when 
isothermal conditi ons existed. 

Armco Iron was melted down in a similar crucible 
to the one used for aluminum. The nominal com- 
position of Armco Iron was 0.02-0.03 wt% C, 0.05 
wt% Mn, 0.007 w~:% P, 0.018-0.01 wt% S, 0.001 wt% 
Si and balance iron. Upon melting the Armco Iron 
was fully deoxidized. The steel bath preparation is 
outlined in more .detail in ref. [22]. The spheres were 
made of steel of approximately the same chemical 
composition as the steel bath. The sphere assembly 
for the experiments in liquid steel is similar to the 
aluminum sphere assembly. In this case, however, 
there is a difference in the selection of materials. The 
material that was selected for the sphere holder for 
these studies was boron nitride (HP grade supplied by 
Carborundum Corporation) instead of stainless steel. 
A schematic diagram of the steel sphere assembly is 
given in Fig. 3. It consists of a steel sphere with a 

diameter 2.5 cm (with a cavity identical to that of the 
aluminum sphere shown in Fig. 2), which is screwed 
to the threaded end of the boron nitride holder. The 
length of the boron nitride cylinder is 14 cm, while its 
diameter is 1.9 cm. A bore is drilled along the center- 
line of this part allowing for an R-type thermocouple 
to be inserted in the sphere cavity. A steel holder is 
screwed to the upper end of the boron nitride holder 
allowing for the other end of the steel holder to be 
connected to the immersion apparatus. The liquid 
steel temperature was measured with a DT-250 
thermoprobe made by Electro-Nite Corporation. This 
thermoprobe is specially designed for liquid steel, and 
provides an intermittent type temperature measure- 
ment. It has a long assembly and at the far end of this 
assembly a DipTip R-type thermocouple is inserted. 
It has been successfully applied in another research 
work which involved liquid steel [23]. In this work 
[23], it was found that the liquid steel temperatures 
measured with this DT-250 digital thermoprobe, were 
within 10°C of those measurements taken by a 
thermocouple assembly, which was continuously 
immersed in the liquid steel. The steel bath tem- 
perature was checked immediately before and after 
each experiment. The maximum temperature drop 
recorded was 10°C. In the presentation of the liquid 
steel results in the next section, the steel bath tem- 
perature reported is the average value of the tem- 
perature measurements performed as described pre- 
viously. 

In both liquid metals, the execution of a typical 
experiment included : 

(1) Bringing the metal bath to the desired tem- 
perature. 

(2) Turning off the induction furnace for a 
sufficient time, so that there is no flow in the bath due 
to the electromagnetic body forces. 

(3) Immersing the sphere assembly to the desired 
depth in the liquid metal. 

(4) Collecting the data from sensors with a data 
acquisition system. Figure 4 depicts schematically the 
data collection system used. 

Part II, Forced convection experiments 
The same liquid metals and crucibles used for Part 

I were used in Part II. The liquid metal preparation 
as well as the sphere assembly were identical with Part 
I. For this set of experiments the sphere assembly 
was rotating inside the liquid metal with a specific 
tangential velocity, in contrast to the natural con- 
vection condition where it was stationary. For  both 
sets of conditions, the immersion point of the sphere 
was the same. Figure 1B depicts in a schematic way 
the rotating sphere in the metal bath. The exper- 
imental setup for stirring spheres in liquid metals is 
shown in Fig. 5. For  this set of experiments, the 
execution of a typical test includes the four steps, 
which were outlined in the experimental plan of Part 
I. The precise measurement of the sphere's tangential 
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(A) 

(B) 

~ c  crucible external radius=13.25 c m - - - ~  

cible internal radius= l 1.75 cm ~ [ 

(0,0) r 

P (6.5,7.0) 

6 5 

Fig. 1. (A) Cross-section of crucible used along with its dimensions. (B) Schematic cross-section of the 
container of liquid metal which shows the rotating sphere. 1, Sphere holder; 2, disc; 3, hollow shaft at the 

end of which the slip ring assembly was connected ; 4, crucible ; 5 and 6, bath thermocouples. 
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PARTS OF SPHERE ASSEMBLY 

threaded end for connection to 
.J2 i T r s i o n  apparatus 

10ram +- connection to measurement system IT I 
K type thermocouple 

~ ~ in stainless steel sheath 

450 mm -- t-- external diameter 12.0 mm 
internal diameter 9.0 mm 

t non magnetic stainless steel holder 

(for 3 mm length from lower end of holder) 
external diameter 12.0 mm 

_ - -  a--- internal diameter 9.5 mm 

20~_~m~ ~ ~ - ' ' ' -  zirc°nia tube 

9 8 mm 

L internal diameter 9.5 mm 
0 m m i ~  ] [ ~  (for 4 mm length from top, 

1 external diameter 10.0ram 
lower stainless t f , / . ,v  internal diameter 7.0mm 
steel part 

O ph-~emremradius aluminum s p h e r e  

S P H E R E  A S S E M B L Y  C O M P L E T E  

alumina cement - -  

( 
Fig. 2. Schzmatic diagram of various parts of assembly and a complete sphere assembly for aluminum 

experiments. 

velocity was carried out with an absolute encoder, 
model AR-23 [24], which was interfaced with the data 
acquisition system shown in Fig. 4. 

RESULTS FOR IPART I. NATURAL CONVECTION 

Aluminum 
Figure 6A prese, nts a typical experimental result for 

liquid aluminum. Two representative bath tem- 
perature readings are shown by curves (1) and (2), 
which clearly demonstrate that the difference between 
them is in the range of the accuracy of the K-type 
thermocouples that were used. Curve (4) is the tem- 
perature profile of an external thermocouple. It is 
initially suspended in air, segment AB, and it hits the 
surface of the hot water, segment BC, simultaneously 
with the immersion of the sphere into the liquid metal. 
Finally it stays at a constant temperature, segment 
CD, during the period the sphere is inside the alumi- 
num melt. Curve (3) is the temperature profile re- 

corded by the sphere thermocouple positioned as 
shown in Fig. 2. Segment EF records the temperature 
at the thermocouple tip location in the sphere cavity 
before the probe is immersed in the bath. Point F is 
taken as the immersion point [projection of point B 
on curve (3)]. Segment FG corresponds to the lag of 
the sphere thermocouple to record the immersion of 
the sphere in a high temperature environment. This 
occurs because the thermocouple tip is intentionally 
stationed in the air, inside the drilled cavity of the 
sphere. Segment FGH characterizes the heating period 
of the sphere. At point H the slope of the curve changes 
dramatically. The extremely large difference between 
the thermal conductivity of the air and of the liquid 
aluminum is responsible for this dramatic change in 
the slope. The slope change indicates that the liquid 
metal penetrates the sphere cavity. In an extremely 
short time interval the thermocouple records the melt- 
ing temperature of aluminum [660.2°C, curve (5)] at 
point I, the intersection point of curves (5) and (3). 
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PARTS OF SPHERE 
ASSEMBLY 

threaded end for connection to 
immersi 7 apparatus 

n / connection to data acquisition 
~ '  system T !- ii 

t , 

300 mm 

150 mm 

g 

R type thermocouple 

non magnetic stainless steel holder 
external diameter 12.0 mm 
internal diameter 9.0 mm 

bore diameter 2.0 mm 

external diameter 19.0 mm 

4-- boron nitride 

diameter 9.5 mm 

SPHERE ASSEMBLY 
COMPLETE 

I 

f 

@ 
p ms 

steel sphere 

Fig. 3. Schematic diagram of various parts of assembly and a complete sphere assembly for steel exper- 
iments. 

Segment IJ corresponds to the heating of the thermo- 
couple tip above the aluminum melting point. It 
should be mentioned that the sphere thermocouple 
should finally record the local bath temperature, 
denoted by segment JK. The actual local bath tem- 
perature is presented by curve (6), and is recorded by 
an independent K type thermocouple at the end of the 
experiment. The reason for the difference (20-30°C) 
between the reading of the sphere thermocouple and 
the one shown in curve (6), was attributed to the 

slip ring assembly-temperature compensation system, 
through which the sphere thermocouple signal was 
transmitted to the data acquisition system. From the 
above analysis it can be seen that the time it takes for 
the sphere to melt can be determined by the projection 
of points B and I on the time axis, that is, segment 
RS. It should also be mentioned that there is a need 
for recording the temperature at the surface of the 
sphere before immersion. Such measurements were 
taken prior to each experiment using K-type thermo- 
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Fig. 4. Schematic diagram showing various sensors as well as the computer system used to capture the 
signals generated by these sensors. 

couples. The average surface temperature of the 
sphere was in the range of  40-50°C for the bulk of the 
experimental work reported in this study. 

Steel  
Figure 6(B) presents a typical experimental result 

for liquid steel. The liquidus temperature was esti- 
mated to be 1520°C [25]. The calculation of the melt- 
ing time is similar to the one presented in Fig. 6(A). 
In this case, the 6ifference is that the liquidus tem- 

perature is 1520°C, while at point K, the thermocouple 
tip is destroyed (the symbols used in Figs 6(A) and 
(B) are identical). 

Figures 6(A) and (B) illustrate how the melting time 
(At) was deduced from each experimental result. The 
amount of heat which is transferred from the metal 
bath to the sphere is equal to the heat which is required 
to melt the sphere, as expressed in a simple heat bal- 
ance : 

q'~*A*At = m*AH.  (9) 
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Fig. 5. Detailed picture of the experimental setup for stirring 
spheres in liquid metals : A motor ; B, absolute encoder ; C, 

chain ; D, gears ; E, hollow shaft and F, aluminum block. 
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AH values for the metals used are given in Appendix 
A. In the first stage, the data were reduced from tem- 
perature- t ime measurements to At. In the second 
stage, the heat transfer rate for each experimental run 
was estimated using the findings of  the first stage. The 
various thermal and physical properties used in the 
later stage are outlined in Appendix A. In calculating 
the estimate for the second stage, the drilled port ion 
of  the cylindrical cavity of  the sphere as well as the 
surface area of  the associated spherical cap were taken 
into account. For  the correct estimation of  the average 
heat fluxes the proper calculation of  the average sur- 
face area of  the sphere (i.e. A) is of  great importance. 
When the sphere is immersed in a liquid metal, a 
solidified layer (shell) f rom the bath is formed which 
surrounds the sphere, and therefore the surface area 
of  the sphere increases. However,  this shell melts back 
due to the convective heat supplied by the metal bath, 
exposing the sphere directly to the melt with sub- 
sequent complete melting of  the sphere. In this 
manner,  the surface area of  the immersed sphere 
increases, reaches a maximum value, and then 
decreases over time. 

In Appendix B, a brief explanation is given based 
on a computat ional  study on the melting time of  2.54 
diameter spheres immersed in metal melts at different 
superheats. It seems that the use of  the initial surface 
area of  the sphere gives rise to not  more than a 10% 
error in the estimation of  the average surface area, 
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Fig. 6. (A) Typical experimental result for an aluminum natural convection experiment. Curves 1 and 2 : 
representative bath temperature readings at different locations in the aluminum bath. Curve 3 : temperature 
profile of aluminum sphere thermocouple. Curve 4 : temperature profile of external thermocouple that 
records immersion time. Curve 5 : aluminum melting point. Curve 6 : temperature reading of independent 
thermocouple at the sphere immersion point at the end of the experiment. (B) Typical experimental result 
for a steel natural convection experiment. Curve 1 : steel bath temperature. Curve 2 : temperature profile 
of external thermocouple that records immersion time. Curve 3 : temperature profile of steel sphere 

thermocouple. Curve 4 : melting point of the steel used. 
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and as a result the heat flux is estimated with an error 
of not more than 9%. It should also be mentioned 
that withdrawal tests were performed on spheres 
under natural and forced convection conditions [26]. 
These tests showed that the spheres were intact for 
most of the immersion period. The spheres started 
showing signs of melting (i.e. wrinkles at their surface 
together with mass loss) after 85-90% Of the melting 
time of the sphere had elapsed. From the com- 
putational as well as the experimental studies 
described above, it can be concluded that the initial 
surface area of the sphere provided a good approxi- 
mation of the average surface area during an actual 
experiment. Equafion (9) implicitly assumes that the 
heat losses from the sphere to the sphere holder are 
practically zero. In ref. [26] an analysis of heat losses 
through the sphere holder has found them to be very 
small and therefe.re can be ignored. The results of 
natural convection experiments are summarized in 
Table l. All the thermophysical properties are evalu- 
ated at the film temperature. In this case, the film 
temperature is the average of the bath temperature 
and the sphere surface temperature, which is at the 
melting point. 

RESULTS FOR PART U. FORCED CONVECTION 

Figures 7(A) and (B) show typical experimental 
result, for spheres rotating in liquid aluminum and 
liquid steel, respectively. These figures illustrate how 
the melting time (At) was deduced from each exper- 
imental result. In essence, the procedure is identical 
to the one presented previously for the natural con- 
vection experiments. For  this set of experiments, an 
additional parameter was recorded, which was the 
tangential velocity of the rotating sphere. Using simi- 
lar procedures which were outlined in the results for 
Part I, the average convective heat flux from the metal 
bath was estimated (q~). Table 2 presents these results. 
As seen from Table 2 for each experimental run the 
ratio of Grashofvs the square of the Reynolds number 
is computed. This ratio was found to be always less 
than 0.1. For experimental runs which met this 
criterion, the free convection effects become negligible 
[27]. Experimental runs for which this criterion was 
not met were discarded. This occurred in cases which 
the liquid metal had a very large superheat and the 
sphere was rotating at a low tangential velocity. 
According to the criterion introduced by Nordlie and 
Kreith [27], gravitationally induced free convection 
could be ignored !Ln all tests reported here so that the 
Nusselt, Reynolds, and Prandtl numbers were the only 
variable parameters. 

DISCUSSION 

Statistical analyses of the results presented in Table 
1 (i.e. natural convection) resulted in the following 
semi-empirical correlation : 

Nuo = 2+  lO(- 3746)*(Gr*Pr) 0878 

for0.014 ~< Pr <~ 0.219. (10) 

The coefficient of correlation was 0.901 with a stan- 
dard error of estimate 0.232 with 8 degrees of freedom. 
By using data from both liquid metals (aluminum 
and steel) to derive equation (10), its effective Prandtl 
range is much greater than considering either metal 
on its own. Therefore, equation (10) can be applied 
to metals with this wide range of Prandtl numbers. 

In Fig. 8(A), equation (10) is presented by line 1 
along with the experimental points which were used. 
In addition, lines 2 and 3 present predictions from 
theoretically derived correlations made by Raithby 
and Hollands [1] and Churchill [2]. These predictions 
were derived by applying equations (1) and (2), pre- 
sented in the introduction of this paper, using the 
Prandtl number applicable for aluminum. As seen, the 
slopes of lines 2 and 3 are quite different from that of 
line 1. Both lines 2 and 3 overpredict the exper- 
imentally derived results for liquid aluminum. For  the 
range of Rayleigh numbers investigated, equation (1) 
derived by Raithby and Hollands [1], line 2 in Fig. 
8(A), over predicts the results obtained by applying 
equation (2) derived by Churchill [2]. 

Figure 8(B) displays similar findings as Fig. 8(A). In 
this case however, lines 2 and 3 represent predictions 
derived from equations (1) and (2) using the Prandtl 
number for steel. Lines 2 and 3 underpredict the exper- 
imentally derived results for liquid steel. Moreover, 
their slopes are different. In both Figs 8(A) and (B), 
results derived from equation (1) overpredict the 
results derived from equation (2). In addition, equa- 
tions (1) and (2) slightly deviate from the experimental 
results of aluminum [Fig. 8(A)]. In the case of liquid 
steel the deviation is much more pronounced [Fig. 
8(B)]. 

Statistical analysis on the results shown in Table 
2 (i.e. forced convection) resulted in the following 
correlation : 

NUD = 2 +  1.114*Re°'557*pr °914 

for0.014 ~< Pr <~ 0.219and4330 ~< Re <~ 20780. 

(11) 

The coefficient of correlation was 0.991, with a stan- 
dard error of estimate of 0.066 and 15 degrees of 
freedom. Figure 9 depicts equation (11) as it is applied 
to aluminum and steel (solid lines). As seen, the results 
for steel are higher than for aluminum. The main 
reason for this is the difference in Prandtl numbers, 
Pr for steel is 0.197, while Pr for aluminum is 0.014. 

In addition, Fig. 9 presents for both metals pre- 
dictions from theoretically derived equations by Hsu 
[17] and Sideman [18]. As seen, these predictions for 
the case of liquid aluminum are much higher than 
the experimental results. Predicted estimates based on 
theoretical analyses by Hsu [17] and Sideman [18] 
have been found to be higher than experimentally 
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Fig. 7. (A) Typical experimental result with aluminum sphere rotating in liquid aluminum. Curves 1 and 2 : 
representative bath temperature readings at different locations in the aluminum bath. Curve 3 : temperature 
profile of aluminum sphere thermocouple. Curve 4 : temperature profile of external thermocouple that 
records imraersion time. Curve 5 : aluminum melting point. Curve 6 : temperature reading of independent 
thermocouple at the sphere immersion point at the end of the experiment. (B) Typical experimental result 
with steel sphere rotating in liquid steel. Curve 1: representative bath temperature reading. Curve 3: 
temperature profile of steel sphere thermocouple. Curve 4 : temperature profile of external thermocouple 

that records immersion time. 

derived results by other investigators as well, exam- 
ining liquid mercury [19] and liquid sodium [20]. In 
the case of liquid steel, however, the theoretically and 
experimentally derived correlations are in relatively 
close agreement. In contrast to mercury, sodium and 
a luminum whose respective Prandtl  numbers (i.e. 
0.024, 0.004 and 0014) are not  very different from one 
another, liquid steel is distinguished by its appreciably 
higher Prandtl  number  (i.e. 0.197). It may be that the 
Prandtl  number  of liquid steel as well as the range of 
Reynolds number  which was considered in the present 
experimental work with liquid steel, provided the opti- 
mal combinat ion for a more accurate prediction from 
theoretically derived correlations. 

Liquid metals with a low Prandtl  number  (i.e. mer- 
cury 0.024, a luminum 0.014, sodium 0.004), compared 
to those with a high Prandtl  number  (i.e. steel 0.197), 
exhibit a greater deviation between theoretically and 
experimentally derived data. This appears to be true 
for natural  as well as forced convective heat transfer. 

C O N C L U S I O N S  

An experimental technique was presented to inves- 
tigate natural  and! forced convective heat transfer in 
the harsh environment  of liquid metals. Using this 

technique, the average heat flux from the metal bath 
to a stationary as well as to a rotating sphere can be 
measured. Experimental results under  natural  con- 
vection in liquid a luminum and liquid steel are 
reported. By regressing the experimental results, the 
following correlation was deduced : 

NUD = 2 +  lO(- 3746)*(Gr*Pr) °s7s 

for0.014 ~< Pr <~ 0.219. 

The theoretically derived correlations of other inves- 
tigators tend to overpredict the experimentally derived 
data for liquid aluminum. In contrast, the same cor- 
relations tend to underpredict the experimentally 
derived data for liquid steel. 

From the experimental results under forced con- 
vection conditions, the following correlation was 
deduced : 

NUD = 2 +  1.114*Re°'557*pr °'914 

for0.014 ~< Pr <~ 0.219 and4330 ~< Re <<, 20780. 

The theoretically derived correlations overpredict 
the experimentally derived results. This is especially 
true for metals with very low Prandtl  numbers,  like 
aluminum, mercury and sodium. 
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were derived by considering liquid steel (i.e. Prandtl number 0.197). 
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APPENDIX A 

The data collected on the thermodynamic, thermal, and 
physical properties of aluminum and steel, which were used 
in this study, are those reported in refs. [28-31]. To calculate 
the total heat required for melting (AH) the following values 
were used: for aluminum (AH) = 1059 kJ kg -~, for steel 
(AH) = 1360 kJ kg -1. Table A1 presents some data related 
to liquid aluminum and liquid steel. 

Table A1. Thermophysical properties used 

Property Aluminum Steel 

Thermal conductivity [W mK-~] 95.4 35 
Heat capacity [J kg- ~ K-  l] 1080 795 
Density [kg m -a] 2374 [973 K] 6941 [1893 K] 
Viscosity [kg s -l  m -I] 1.15 x 10 -3 [973 K] 5.13 x 10 -3 [1893 K] 
Coefficient of thermal expansion [K -l] 1.17 x 10 -4 1.26 x 10 -4 
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APPENDIX B 

A mathematical model was developed which numerically 
solves the heat conduction equation in spherical coordinates. 
This model simulates the shell formation when a solid sphere 
at room temperature is immersed in liquid metal. In addition, 
this model predicts C~e time required for the sphere to melt. 
This model was used to simulate the melting behavior of a 
2.54 cm diameter solid sphere immersed in identical metal 
baths. In making these predictions, experimentally measured 
convective heat transfer rates were used [4]. In Tables B1 and 
B2 some results of this computational work are presented. In 
both tables the average radius column indicates the average 
radius of the sphere during its entire melting period. The 
melting time column corresponds to the total melting time 

of the sphere. The error in average sphere radius is calculated 
from the following formula : 

Error = ((RAD-AVERAD)/Rad) x 100 (B1) 

where RAD, represents the initial sphere radius (i.e. 0.0127 
m) ; AVERAD, computed average sphere radius and Error : 
estimated error involved [%]. 

From Tables B1 and B2, for the liquid metal superheats 
examined, it is clear that the error involved, considering the 
initial sphere radius instead of the average sphere radius, is 
less than 10%. Thus, it was considered reasonable to base 
the calculations for the heat fluxes on the initial surface area 
of the sphere, since the underestimation of the lateral surface 
area in the shell period is compensated by its overestimation 
in the subsequent melting period of the sphere. 

Table B1. Computational work with a steel sphere 

Steel bath Average Melting time Sphere radius average 
superheat [K] radius [m] [s] error [%] 

50.0 0.01299 66.70 -2.35 
60.0 0.01269 51.80 - 0.03 
70.0 0.01236 41.81 2.66 

100.0 0.01183 26.88 6.84 

Table B2. Computational work with aluminum sphere 

Aluminum bath Average Melting time Sphere radius average 
superheat [K] radius [m] [s] error [%] 

40.0 0.01247 30.17 1.75 
50.0 0.01228 25.84 3.28 
60.0 0.01172 21.62 7.70 
70.0 0.01166 19.34 8.16 


