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Abstract

The applicability of the often employed Faxén correction function for viscosity measurements of silicate melts at
high temperatures with the falling sphere method has been investigated. Dynamic neutron radiography was used for
the in situ and real time observation of spheres falling axially in a melt contained in crucibles with discontinuously
changing diameters. Ratios of sphere diameters,d, to crucible diameters,D, were 0.06–0.25, which covers most of
the relevant range in which falling sphere experiments are carried out. Experiments were conducted at temperatures of
1045–1110◦C resulting in melt viscosities of aboutη = 102 Pa s. Flow around spheres was fully laminar as maximum
Re numbers were 10−3. The widely used Faxén correction function was found to significantly over-compensate the
retarding effect of the crucible walls on the sphere velocity.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 61.12.Ex; 83.85.Cg; 83.85.Jn

Keywords: Falling sphere method; Faxén correction factor; Wall effect; Viscosity; Silicate melts

1. Introduction

The determination of melt viscositiesη with the falling sphere method is based on Stokes’ law[1]:

η = 2gr2(ρsphere− ρmelt)

9v
, (1)

whereg is the acceleration due to gravity,r the sphere radius,ρspherethe sphere density,ρmelt the melt
density andv the sphere velocity. Stokes’ law is valid for the case of a slow and steady fall of a rigid

∗ Corresponding author.
E-mail address: kahle@kristall.uni-frankfurt.de (A. Kahle).

0377-0257/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0377-0257(03)00098-3
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Nomenclature

C correction function
d sphere diameter
D crucible diameter
g acceleration due to gravity
r sphere radius
Re Reynolds number
v sphere velocity

Greek letters
η melt viscosity
ρmelt melt density
ρsphere sphere density

sphere through a Newtonian liquid of infinite extent. In practice, falling sphere experiments are usually
performed in cylindrical containers. To account for the retarding effect of the container walls on the
sphere motion (also known as wall effect) a correction factor, denoted asC, is therefore introduced.
Several correction factors were proposed in the past[2–4]. However, the theoretically derived correction
function by Faxén[5,6]:

C = 1 − 2.104

(
d

D

)
+ 2.09

(
d

D

)3

− 0.95

(
d

D

)5

, (2)

whered is the sphere diameter andD the container diameter, is the most widely used function in today’s
high temperature and high pressure falling sphere experiments of silicate melts[7–18]. This correction
function is derived on the assumption that thed/D ratio is sufficiently small compared with unity and that
the Reynolds number (Re = dvρmelt/η) approaches zero. The applicability of Faxén’s correction has been
tested for a variety of liquids[3,19]. However, we know of no experimental validation on the applicability
of this correction for silicate melts at high temperature conditions. Here, we do not intend to discuss
the derivation of correction factors, but want to report on the applicability of such a correction and on a
possible technique for their experimental determination.

Such an investigation requires in situ measurements of samples with a wide range ofd/D values. This
is possible by dynamic neutron radiography, where falling spheres can be observed in real time and in situ
at high temperature[20]. Dynamic neutron radiography is the time- and position-sensitive measurement
of the attenuation of a parallel neutron beam due to absorption of the neutrons. The possibility of using
large samples allows to discontinuously change the inner diameter of the sample container, and hence
changed/D within a single sphere fall. The influence of differentd/D ratios on the sphere velocity,
and correspondingly on the viscosity can then be observed. Therefore, neutron radiography can give
unique information about whether a theoretical correction function is applicable for certain experimental
conditions.

In some experiments with the falling sphere method, not only a correction for the effect of container or
capsule walls on the sphere velocity is employed, but also a correction accounting for the finite container
length, the so-called ‘end effect’, is used[12,21–23]. However, as other experimentators[7,9,16]do not
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correct their viscosities the application of such an end correction remains controversial. Here, it will be
shown that in our experiments this effect is irrelevant as a slowing down of spheres when approaching
the crucible bottom is not observed. Hence, this effect was not accounted for in the evaluation procedure.

2. Experimental details

2.1. Instrumentation

The experiments were performed at the neutron radiography facility associated with the Orphée reactor
and in co-operation with the Laboratoire Léon Brillouin (LLB), Saclay, France. The radiography station
is situated at the end of a neutron guide viewing a cold source. The neutron flux is 5× 108 neutrons
cm−2 s−1 and illuminates a sample area of about 60 mm× 95 mm. After the sample the transmitted
intensity is recorded with a position-sensitive detector. Images can be recorded either on photographic
films (static imaging) or on video tapes (dynamic imaging) along with direct storage on a hard disk of
a PC as used in our set-up. The video system is based on a NE 426 scintillator screen, Nocticon tube
type video camera without intensifier and a Sapphire image processor from Quantel Ltd. The spatial
resolution of the video equipment is significantly lower than that of photographic film or image plates
[20]. It is, however, sufficient to detect spheres with a diameter of 2.5 mm. The time resolution, which
may be chosen to be as small as 1/25 s, is much better than is required for our investigations. Part of the
experimental set-up is shown inFig. 1.

Fig. 1. Experimental set-up. The end of the neutron guide is shown at the right. The neutron converter, scintillator and video
camera are enclosed in the rectangular box behind the tube furnace. The height of the furnace is 300 mm.
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Table 1
Density and neutron cross-section data of elements used in our falling sphere experiments[28]

Element Gd Er Hf Ta

Density (g cm−3) 7.89 9.05 13.30 16.60

Cross-section (barn)
Absorption 48890 159.2 104.1 20.6
Scattering 192 9.3 10.2 6.0

Total 49082 168.5 114.3 26.6

1 barn= 10−28 m2.

2.2. Furnace

A custom-made vertical tube furnace was used for our experiments. This furnace was especially de-
signed for neutron transmission experiments. Therefore, only weakly absorbing and scattering materials
were used for the construction. It mainly consists of two ceramic tubes and a heating element of Kan-
thal wire. The height of the furnace is 300 mm, the diameter of the inner tube is 50 mm. The maximum
temperature is about 1250◦C.

2.3. Spheres

Useful materials from which spheres may be manufactured have to have a much larger neutron ab-
sorption cross-section than those elements of which usually a silicate melt is composed of, and a high
melting point. The large difference in the absorption cross-section is needed to obtain a sufficient contrast
between sphere and melt in the videos. This requirement is fulfilled by gadolinium (Gd), erbium (Er),
hafnium (Hf) and tantalum (Ta). Densities, absorption and scattering cross-sections of these elements are
listed inTable 1. Spheres with nominal diameters of 2.5–5 mm were machined, deviations from an ideal
sphere shape were less than±10�m.

2.4. Crucibles

The crucibles were made of graphite. Graphite was used because it is not wetted by the melt and
reasonably transparent for neutrons. The crucibles were 120 mm long and had an outer diameter of 47 mm.
These dimensions allowed to discontinuously change the inner diameter. Crucibles with three different
geometries were used. The difference between them was the number of steps (two, one or no steps) inside
the crucibles. This can be seen fromFig. 2, in which cross-sections of the three crucibles are shown.

Although graphite is oxidised at high temperature in the presence of oxygen, we achieve running times
of several hours as only very little air enters the furnace during the experiments.

2.5. Sample

A glass (trade name N-KF9 from Schott Company, Mainz, Germany) of optical quality was chosen for
this investigation to ensure homogeneity and the absence of bubbles and crystals. The room temperature
density of N-KF9 is 2.43 g cm−3 and the glass transition temperatureTg is 476◦C [24]. Cylindrical
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Fig. 2. Cross-sections of the three different graphite crucibles used in viscosity measurements: (left) two-step crucible; (middle)
one-step crucible; (right) no-step crucible. Dimensions are given in mm.

samples of appropriate dimensions were drilled from a large glass block. The composition of the glass
was determined by electron microprobe analysis (Table 2). The samples were inspected optically after
the experiments and were found still transparent and free from bubbles.

2.6. Experiments

In total, four viscosity experiments with crucibles of three different geometries (Fig. 2) were performed.
Spheres with diameters of 2.5–5 mm and the dimensions of the crucibles result in ad/D range of 0.06–0.25.
The two-step crucible was used at 1045◦C, the two one-step crucibles were used at 1055 and 1110◦C,
and the no-step crucible was used at 1070◦C. These experimental conditions resemble typical conditions
in which falling sphere experiments are usually carried out. After heating the samples to the desired

Table 2
Composition of N-KF9 glass determined by electron microprobe (JEOL, JXA-8900R)

Oxide Composition (wt.%)

SiO2 73.33 (43)
Na2O 19.28 (34)
TiO2 5.11 (30)
Al2O3 2.05 (7)
Sb2O3 0.27 (3)

Operating conditions were: 15 kV accelerating voltage, 8 nA beam current, 10�m beam diameter.
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Fig. 3. Extracted frames from a neutron radiography recording of a falling sphere experiment. The horizontal bars on the right
of each frame are 10 mm apart. The diameter of the strongly absorbing Gd sphere is 3.97 mm, the falling time about 7 min. The
inner crucible diameter in the upper part (lighter area) is 39 mm, in the lower part (darker area) only 20 mm. The lower part
appears darker than the upper part due to an increase in the neutron absorption and scattering caused by thicker crucible walls.
At the bottom of the crucible spheres used in previous measurements are piled up. Right: cross-section of the corresponding
one-step crucible used in this experiment.

temperature, they were held at this temperature for about 1.5 h to ensure thermal equilibrium. Experiments
were made with spheres of different materials (Gd, Er, Hf and Ta) covering a broad range of diameters
and densities. During an experiment and after the thermal equilibrium period spheres were successively
released into the melt. If one sphere had reached the bottom of the crucible the next one was put on top
of the melt. As the surface tension of the melt prevented the fall of the smaller spheres, they had to be
forced a few millimetres into the melt. Afterwards, the spheres accelerated due to gravity. In each of the
experiments, up to 12 different spheres were released into the melt.Fig. 3shows a typical sequence of a
video obtained with neutron radiography demonstrating the fall of a Gd sphere in an one-step crucible.
All videos were recorded with a rate of 4 frames s−1 except for the experiment at 1110◦C which was
recorded with 10 frames s−1 to ensure a large number of data points. Thus, a sphere fall of 5 min recorded
with 4 frames s−1 yields 1200 data points for the determination of the sphere velocity.

The data analysis of the video recordings with the falling curves is based on pattern-recognition software
(WINanalyze, Mikromak Company, version 1.4/2D). This software is capable of automatically tracking
the position of a sphere as a function of time by pattern matching, giving the desired velocity which is
then used for the determination of a viscosity fromEq. (1). The viscosity is subsequently multiplied by
a dimensionless correction factorC obtained fromEq. (2)with known sphere and crucible diameter.

The calculation of viscosities usingEq. (1)requires knowledge of sphere and melt densities. As the
thermal expansion of spheres and melt are both in the order of 10−5 K−1, the�ρ = (ρsphere− ρmelt)

term inEq. (1)will essentially be independent of temperature[17]. This justifies using room temperature
values for the densities of the spheres and the glass. The error introduced on melt viscosities by this
simplification is estimated to be less than 1%.

3. Results

Fig. 4shows typical falling curves of two spheres used in an experiment with a no-step crucible. After
a first phase, in which the sphere accelerates, it acquires a constant velocity, thereby demonstrating the
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Fig. 4. Raw data of two exemplary spheres falling in a silicate melt (N-KF9) in a no-step crucible at 1070◦C. Sphere material
and diameter are given in the plot. Video recording rate was 4 frames s−1. The slope of the curves gives the velocity. The spheres
reach their terminal velocity after an acceleration phase. The velocity determination is carried out at the steepest range of the
curve. These plots additionally would allow a detection of possible temperature gradients. From the curves it can be seen that
a slowing down of the spheres towards the crucible bottom is not observed, hence an end effect correction was not taken into
account. The first impression that there is an end effect in the Ta curve is due to an artefact. The Ta sphere, when approaching
the bottom, lands on top of a pile of spheres used in previous experiments and then slides down this pile slowly. Hence, these
data have to be disregarded.

absence of a thermal gradient. The constant velocity is evident from the linear position–time dependence.
In this respect it has to be mentioned that the slight scattering of the raw data is an artefact introduced by
the automatic evaluation procedure, as sometimes weak contrasts between sphere and melt (Fig. 3) lead
to small errors in the pattern matching procedure. However, this effect is negligible for the determination
of the sphere velocity.

The two curves inFig. 4exemplary demonstrate the precision with which the velocity can be determined.
A linear fit at the steepest range of the curves yields a velocity with an error of only 0.08% in case of the
Hf sphere and 0.24% in case of the Ta sphere.

In Fig. 5, a sphere fall in an one-step crucible is shown. When the Ta sphere reaches the height at which
the diameter, and hence thed/D ratio, changes, its velocity may decrease if the increase of the drag on
the sphere is sufficiently large. This would manifest itself in a change of the slope in the position–time
diagram. The apparent viscosities obtained from the velocities via Stokes’ law above and below a step
(ηtop andηbottom) then differ only due to the effect of the finite crucible diameter on the sphere velocity.
An optimal correction factor applied to both apparent viscosities should lead to a single viscosity value.

Fig. 6shows the observed fall of a Gd sphere in an one-step crucible plus a theoretical velocity (dashed
line in the figure) which will be explained below. As was described forFig. 5, when the sphere reaches the
step, its velocity decreases due to a larger drag on the sphere caused by a largerd/D ratio. Evaluation of
the two viscosities (ηtop andηbottom) from the observed velocities yield aηtop of 188.3 Pa s and aηbottom of
192.5 Pa s. If Faxén’s correction (Eq. (2)) is applied,ηtop decreases toηtop,Fax = 148.4 Pa s (C = 0.7880
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Fig. 5. Falling curve of a Ta sphere falling in a silicate melt (N-KF9) in an one-step crucible at 1055◦C. The enlarged part of the
transition zone around the step is shown in the right picture in more detail. Diameter of sphere and crucible and sphere material
are given in the plot. The curve is bent at the step. The horizontal line indicates the step height inside the crucible. The solid line
is a linear fit to data points in the upper part, but continued and visible only in the lower part, thereby demonstrating the influence
of the crucible diameter on the sphere velocity. The dashed line is an analogues linear fit to data points in the lower part, but
extrapolated and visible only in the upper part showing the time dependence of the sphere position to shorter falling times. The
scattering in the lower part of the curve is due to the increased wall thickness complicating the pattern matching applied in the
evaluation.

for d/D = 0.1018) andηbottomtoηbottom,Fax = 115.2 Pa s (C = 0.5984 ford/D = 0.1985). This significant
difference betweenηtop, Fax andηbottom,Fax which is beyond experimental uncertainties implies that the
Faxén correction is too large as the value obtained forηbottom,Fax from the lower crucible part is much lower
thanηtop,Fax. In other words, if Faxén’s corrections were appropriate both values would have matched.
Clearly, this is not the case as the values do not coincide. The theoretical velocity illustrates the velocity
with which the Gd sphere should have fallen in order to yield a viscosity of 148.4 Pa s which is the Faxén
corrected value obtained from the upper crucible part.

In Fig. 7, a second example of the influence of differentd/D values on the velocity is shown. Here, a Ta
sphere reaches the step, changes its velocity, but not as much as is expected when the Faxén correction is
applied. This is, again, evident from the indicated theoretical velocity (dashed line) which is smaller than
the observed one. The viscosities from above and below the step were calculated to beηtop = 622.8 Pa s
andηbottom = 727.9 Pa s. After application ofEq. (2), ηtop decreases toηtop,Fax = 489.8 Pa s (C = 0.7865
for d/D = 0.1026) andηbottom to ηbottom,Fax = 433.5 Pa s (C = 0.5956 ford/D = 0.25). It is striking that
ηbottom,Fax is again too low compared withηtop,Fax so that both values do not coincide. One can conclude
that a smaller correction would be more appropriate to bring the two values in accordance. This behaviour
that values forηbottom,Fax are smaller than values forηtop,Fax is observed in all our experiments.

The temperature dependence of the N-KF9 melt (experimental results plus reference data) is shown in
Fig. 8. In this overview, one can see that all viscosities obtained from lower crucible parts (ηbottom,Fax)
lie below the viscosities obtained from upper parts (ηtop,Fax). Data points in this figure represent the
average viscosity values obtained from the fall of up to 12 spheres per experiment (see caption for
explanation of data points). This minimises the error in the viscosity to be about 0.015 log units. A
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Fig. 6. Falling curve of a Gd sphere falling in a silicate melt (N-KF9) in an one-step crucible at 1055◦C. Diameter of sphere
and crucible and sphere material are given in the plot. The curve is bent at the step. The horizontal line indicates the step height
inside the crucible. The dashed line represents the theoretical velocity at which the sphere should have travelled in order to give
the same viscosity value after Faxén’s correction is applied as can be determined from the upper sphere velocity. The observed
sphere velocity in the lower crucible part is 29% larger than the theoretical velocity. A slowing down of the sphere towards the
crucible bottom is not observed implying that an end effect is negligible.

Fig. 7. Falling curve of a Ta sphere falling in a silicate melt (N-KF9) in an one-step crucible at 1110◦C. The curve is bent at the
step. The horizontal line indicates the step height inside the crucible. The dashed line represents the theoretical velocity at which
the sphere should have travelled, so thatηtop,Fax andηbottom,Fax match each other after the application of Faxén’s correction. The
observed sphere velocity in the lower crucible part is again much larger than the theoretically expected velocity. Recording rate
in this experiment was 10 frames s−1.
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Fig. 8. Temperature dependence of the viscosity of the N-KF9 melt. The solid line represents reference data obtained by rotational
viscometry and supplied by Schott Company (no experimental errors were supplied). All data points show average viscosities
(all corrected with the Fax́en correction function) from the fall of up to 12 spheres per experiment. The data points for each of
the experiments have to be read vertically as is indicated by arrows. Corresponding to the number of steps inside a crucible we
have one viscosity value for the no-step crucible, two viscosities (ηtop,Fax andηbottom,Fax) for the one-step crucibles, and three
viscosities (ηtop,Fax, ηmiddle,Fax andηbottom,Fax) for the two-step crucible. The viscositiesηtop,Fax (ηbottom,Fax) of the one-step crucibles
are represented by the open circle (filled circle) and open triangle (filled triangle). In case of the two-step crucible the viscosity
ηtop,Fax (ηmiddle,Fax, ηbottom,Fax) is indicated by an asterisk (open square, filled diamond). For clarity, only representative error bars
are shown (for the no-step crucible), but these apply to all data.

second independent indication that Faxén’s correction is unsatisfactory in the present case comes from a
comparison of corrected viscosities with reference data obtained by rotational viscometry and supplied
by Schott Company[24]. The figure shows that all Faxén corrected values are well below the reference
data. This also indicates that a smaller correction than that due to the function by Faxén would have lead
to closer agreement between the two datasets.

4. Discussion

To the best of our knowledge, the present work is the first experimental attempt to check the assumption
whether the Faxén correction function is applicable for correcting silicate melt viscosities determined
with the falling sphere method. Experimentally demanding conditions together with the fact that the
melt viscosity varies by more than 10 orders of magnitude between the super-liquidus and the glass
transition complicate such experiments considerably. In contrast to other falling sphere experiments with
silicate melts, which are usually performed at extreme conditions (high temperature/high pressure) and
are therefore generally not checked for their intrinsic precision, neutron radiography is ideally suited to
give this information.

Our results imply that the Faxén correction function is not well suited for a correction of data ob-
tained from falling sphere experiments on silicate melts at high temperature. The experiments suggest a
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significant over-compensation of the effect of the finite crucible size on the sphere velocity if Faxén’s
correction is applied. The assumptions Faxén made in his theoretical work, lowRe number and low
d/D ratio, are well met by our experimental conditions. The maximumRe number in our experiments
(calculated for a heavy 5 mm Ta sphere at the highest temperature of 1110◦C) is in the order of 10−3. For
all other spheres,Re numbers were even lower. This means that flow around our spheres is fully laminar
and excludes any disturbance of the sphere fall by turbulence. This then poses the question whether the
present results are biased due to systematic errors, and possible source of errors will be discussed now.

A possible source of errors would be thermal or compositional convection. If thermal convection (due
to temperature gradients) occurs in the melt, it will undoubtedly affect the velocity of a sphere. As neutron
radiography allows a precise determination of the velocity, convection would be easily detected. Also,
the position–time dependencies we obtained from spheres are, apart from the acceleration region, linear
over nearly the whole falling distance, thereby demonstrating the absence of convection due to thermal or
compositional gradients. Additionally, we have experimentally already shown the absence of convection
in very similar conditions by doping part of a layered sample with strongly neutron absorbing Gd2O3

[25]. Therefore, we are confident that thermal convection is not a source of error.
Compositional inhomogeneities within the sample could also cause a variation of the sphere velocities.

However, as such a behaviour is not observed, this can be excluded as a source of error. Additionally, as the
samples were of optical quality, the occurrence of compositional changes is rather unlikely. Microprobe
analyses of the sample composition before and after the experiments revealed no compositional changes.

Silicate melts show Newtonian rheology at conditions under which we measured the viscosity in the
present study as non-Newtonian rheology is only observable just above the glass transition temperature
at very high viscosities and low strain rates[26]. Our experiments with the N-KF9 melt are performed
at much higher temperatures than the glass transition temperature (476◦C), and hence non-Newtonian
behaviour is unlikely. Furthermore, the intention was to investigate the applicability, not the validity, of
the widely used Faxén correction. Hence, if non-Newtonian flow was indeed the source of discrepancy
in our experiments this would also have to be considered in other falling sphere experiments with silicate
melts.

If the melt slips at the surface of the sphere this affects the resistance the sphere experiences in the melt.
From hydrodynamics it is known that for perfect slip the resistance is two-thirds lower than in Stokes’
theory[27], so that the sphere velocity would be increased by a factor of 1.5. But this effect certainly
applies to both the sphere fall in the upper crucible part as well as in the lower part. However, the order
of magnitude in the velocity change expected after Faxén would not be affected, it stays the same, ruling
out slip as possible explanation of the deviation from Faxén’s correction.

One important potential source of errors in falling sphere experiments is associated with the determi-
nation of sphere velocities[9]. In the present study, however, due to large samples and comparatively
long falling times combined with a high recording rate (as high as 25 frames s−1), the precision of the
velocity can be as good as 0.05%. Therefore, with neutron radiography the sphere velocity can be most
precisely determined and any temporal deviations from a linear sphere fall can be detected.

Our conclusion that Faxén’s correction function yields too low viscosities is based on two independent
observations. Firstly, if we compare two velocities or correspondingly the two viscosities (ηtop,Fax and
ηbottom,Fax for an one-step crucible) obtained from a single sphere fall they should match after Faxén’s
correction is applied. But, as has been shown, this is not the case. Corrected viscosities determined at
largerd/D ratios (ηbottom,Fax) are generally lower than corrected values determined at smallerd/D ratios
(ηtop,Fax). Now, two possibilities arise: either theηtop,Fax values are too large or theηbottom,Fax values are
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too low to match the other. However, it is physically implausible thatd/D variations at lowd/D cause
larger changes than variations at larged/D ratios, again supporting our finding that especially at larger
d/D ratios the Faxén correction over-compensates the data.

Secondly, a comparison with the independent reference data supplied by Schott Company shows that
all Faxén corrected values lie below the Schott Company data. A less rigorous correction would therefore
improve the agreement between the two datasets. This underscores that Faxén’s correction gives too low
viscosities.

In summary, we are confident that we have presented conclusive evidence that at least for experimental
conditions close to those employed here, the often applied Faxén correction over-compensates for the
effect of the crucible walls on the sphere velocity. It is therefore generally not justified to assume that the
application of Faxén’s function yields the correct viscosity. This finding is of importance to the conducting
of falling sphere experiments with silicate melts as it may indicate that previously measured viscosities
are systematically too low. This leaves the question why the Faxén correction function does not seem
to be applicable to silicate melts. We may speculate that a suitable correction is more complex and not
simply depending ond/D but may require the explicit inclusion of further experimental parameters.

For the determination of a satisfactory new empirical correction, many more experiments are required
for which the in situ method of neutron radiography is well suited.
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An easy-to-build and comparatively inexpensive high-temperature graphite tube furnace has been
designed, fabricated, and tested for measuring physical properties of silicate melts with dynamic
neutron radiography up to temperatures of 2300 K. This furnace allowsin situ and real-time
observations of large melt volumes at these high temperatures. The furnace has been used for the
visualization of the interaction of two chemically distinct melts and for a determination of melt
viscosities of silicates with the falling sphere method. ©2003 American Institute of Physics.
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I. INTRODUCTION

Neutron radiography is a well-established technique
the nondestructive visualization of the interior of compl
objects, such as pyrotechnical components used in lau
vehicles for space crafts,1 and has also been used to stu
geological samples.2 In neutron radiography the attenuatio
of a parallel neutron beam due to absorption and scatte
of the neutrons by the sample is measured with a posit
sensitive detector. This method can be extended by the u
time-resolving detectors to real-time observations and is t
called ‘‘dynamic neutron radiography.’’ As the absorptio
and scattering cross sections of most elements are s
~Table I!, large sample volumes of several hundred cm3 can
be studied. Due to different absorption and scattering cr
sections of elements, neutron radiography allows us to de
mine their distribution in the sample. Hence, if the sample
chemically inhomogeneous, e.g., due to the presence of
eral phases, density differences, or macroscopic struc
inhomogeneities, these can be visualized. The applicab
of neutron radiography is mainly limited due to the reso
tion of the available detectors. Currently, these have a re
lution of about 100mm in static neutron radiographic exper
ments, while in dynamic neutron radiography the resolut
limit is about 0.5 mm.2

As dynamic neutron radiography allows thein situ ob-
servation of processes on a time scale of seconds to hou
can be used to determine silicate melt viscosities with
falling sphere method.3 This is an extension of a metho
developed earlier using synchrotron radiation.4–6 Both meth-
ods are related to otherin situ falling sphere techniques, in
which the position of a sphere is determined by conductiv
measurements,7 by ultrasonic measurements,8 or optically.9

All of these in situ methods allow us, at least in principle,
detect nonlinearities in the time dependence of the sph
position due to thermal gradients, convection, or adhesio
the sphere to the upper sample surface. They are, there

a!Electronic mail: kahle@kristall.uni-frankfurt.de
3710034-6748/2003/74(8)/3717/5/$20.00
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superior to techniques in which quenched samples
investigated.10 However, with the exception of neutron rad
ography, these methods only permit the use of relativ
small sample volumes in the order of a few tens to a f
hundred mm3. This may be problematic due to the influen
of the limited sample size on the sphere motion, the so-ca
‘‘wall effects.’’ 11 Additionally, in high pressure devices, it i
problematic that the time of the sphere release cannot be
controlled and that the sphere velocity can only be measu
during the heating up period where temperature gradie
can be expected. The determination of viscosities may, th
fore, be difficult. Furthermore, in those measurements wh
only a few data points can be obtained, thermal gradients
convection may not be detected.

By using neutron radiography, the length through whi
a sphere falls can be increased to approximately 100 m
allowing a precise measurement of the sphere velocity,
hence, the viscosity. The sample volume in such meas
ments is very large~.150 000 mm3! in comparison to other
methods. A further advantage of our method is that sev
thousand data points are available for the automated
evaluation which we employ. Also, the sphere release is w
controlled as a sphere is only put on the sample surface w
the sample is in thermal equilibrium. On the other hand, w
our setup pressure experiments are difficult to perform as
would require significant extensions such as the use o
large-volume autoclave. Therefore, currently we cannot
vestigate volatile-containing samples, as these would cha
their composition when heated.

The falling sphere method allows us to measure visco
ties in a range ofh approximately 100– 105 Pa s~intermedi-
ate viscosity regime!. Commercial Couette-type rheomete
usually operate in the low viscosity regime (1023

– 102 Pa s). High viscosity experiments (109– 1012 Pa s) are
generally carried out using methods such as fiber elonga
and micropenetration techniques. Principally, measurem
of viscosities larger than 105 Pa s may be performed with th
7 © 2003 American Institute of Physics
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falling sphere method, but would be impractical due to ve
long experimental times. The lower boundary of abo
100 Pa s is given by practical limitations such as the requ
ment of a high speed camera.

The in situ observation of large melt volumes with ne
tron radiography can also be used to study the mixing
mingling of melts. The interaction of two distinct magmas
of fundamental importance of modeling volcanic eruptio
as they are often associated with mixing or mingling of d
ferent types of magmas in the earth crust just prior
eruption.12,13As the in situ observation of a magma interac
tion is difficult, information are often inferred from texture
of mixed rocks14 or analog experiments with substanc
other than silicates.15 Clearly, the direct observation of suc
processes would be desirable to gain deeper insight into
melt dynamics.

In this article, details of the high-temperature furna
and neutron radiography are given and two applications
introduced. The first application describes the determina
of melt viscosities with the falling sphere method at eleva
temperature, the second demonstrates the visualization
tential of neutron radiography by observing partially dop
melts and a multiphase melt.

TABLE I. Neutron cross-section data of some elements typically presen
a natural melt and of elements that are used for sphere materials in fa
sphere experiments. The total cross section is the sum of the absorptio
scattering cross-sections. 1~barn!5100 fm2.

Element
Absorption

~b!
Scattering

~b!
Total
~b!

C 0.0035 5.551 5.555
O 0.00019 4.232 4.232
Na 0.53 3.28 3.81
Mg 0.063 3.71 3.773
Al 0.231 1.503 1.734
Si 0.171 2.167 2.338
K 2.1 1.96 4.06
Ca 0.43 2.83 3.26
Fe 2.56 11.62 14.18

Gd 48890 192 49082
Hf 104.1 10.2 114.3
Er 159.2 9.3 168.5
Ta 20.6 6.0 26.6
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II. INSTRUMENT DESIGN

The new high-temperature graphite tube furnace to
used with neutron radiography at temperatures up to 230
for the study of physical melt properties is presented in F
1. Here, the furnace setup within the radiography facil
associated with the Orphe´e reactor and in cooperation wit
the Laboratoire Le´on Brillouin ~LLB, Saclay, France! and a
schematic cross section is shown.

As the furnace was especially designed and constru
for neutron transmission experiments only weakly absorb
and scattering materials such as graphite, ceramic, and
ramic wool have been used. The corresponding neu
cross-section data of carbon, aluminum, and oxygen
given in Table I.

The furnace itself consists of three concentric verti
tubes, two graphite tubes and one ceramic tube. To red
the absorption to a minimum all parts were made as thin
possible. The outer ceramic~sillimantin! tube acts as a hea
shield and minimizes air exchange. The middle graphite t
is inserted in order to slow down the oxidation of the inn
graphite tube which is the actual heating element. This t
is machined in such a way that the middle part is thinner th
the ends with a hot zone of about 15 cm length. By testing
wall thickness of 3–4 mm was found to be sufficient
obtain a stable hot zone and also to warrant the mechan
stability of the tube. The space between the ceramic
middle graphite tube is initially filled with ceramic wool t
reduce thermal radiation and also to minimize air excha
within the furnace. At very high temperature this insulati
sometimes sinters together, but that was found to be unp
lematic as in the next run further insulation can be add
The top and bottom openings of the furnace are closed
disks of pyrophylite.

Massive copper connectors are attached to both end
the heating tube. These are connected via thick copper ca
to a 20 kW transformator, which supplies a current of eith
2000 A at 10 V or 1000 A at 20 V. The primary circuit of th
transformator has a voltage of 400 V, the secondary a volt
of 2310 V per 1000 A in parallel connection. In our setu
the transformator was switched to the 2000 A and 10
mode. The programmable temperature controller is
DICON-500, which can be used for various types of therm

in
ng
nd
p.
so
ed
tal
ble
e.

e-
r-
tor
FIG. 1. Left: Photograph of the experimental setu
The graphite furnace is placed on a positioning table
that the vertical and horizontal position can be adjust
relative to the fixed neutron beam. Part of the horizon
neutron guide is seen on the left. The graphite cruci
plus sample is placed in the middle of the ceramic tub
At the right a small part of the rectangular neutron d
tector is visible. Right: schematic illustration of the fu
nace. The technical equipment includes a transforma
and a temperature controller~not shown here!. With t
the thickness of the used parts is indicated.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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couples. The thyristor controller works with a current of 75
at a nominal voltage of 400 V. In principle, due to the lar
power of 20 kW we could achieve an extremely high heat
rate of about 100 K per second. But with respect to the l
thermal shock resistance of the outer ceramic tube the
nace is usually operated with a moderate rate of 20–40 K
minute.

The temperature is measured by a tungsten–rhen
~W5Re–W26Re, sheath material: molybdenum, outer dia
eter: 6.35 mm, length: 400 mm! sheath thermocouple. Th
thermocouple is inserted from below into the furnace and
tip is placed slightly underneath the graphite sample c
tainer. The thermocouple is partly enclosed by a thin cera
tube of alumina avoiding direct contact of thermocouple a
graphite. The vertical temperature gradient in the hot z
has been measured at several temperatures and is
620 K.

The copper connectors and the ends of the heating
are water cooled. This construction is sufficient to keep
temperature of the copper at room temperature even if
furnace is operated at 2300 K.

Due to the fact that no special precautions are taken
graphite parts are oxidized at high temperature during op
tion. However, due to a relatively efficient shielding again
air exchange, we achieve experimental durations of sev
hours at temperatures of 2000 K. All parts are, therefo
reusable up to four or five times, which significantly reduc
the costs. An additional feature is that the furnace is desig
in such a way that all graphite parts can easily and quickly
exchanged if the tubes get too brittle after some time. If
furnace was flushed with an inert gas, oxidation of the gra
ite could certainly be reduced even further. But this wou
have inevitably increased the complexity of the furnace se
and was, therefore, thought not to be desirable.

The actual atmosphere under which experiments are
formed is, in fact, as many parts are made of graphite
reducing atmosphere with a very low oxygen fugacity. T
is favorable for the investigation of pure metal melts, b
may be problematic for transition metal-containing silica
melts.

Possible future developments of the furnace setup
clude a window for neutron diffraction and spectroscopy
periments at high temperature. Currently, we are addin
mechanism to mutually rotate two large samples, ther
accelerating the mixing process of the two melts, so t
‘‘magma mingling’’ can be observed.

It should be mentioned that this instrument has been
ricated largely with off-the-shelf components, which is
obvious advantage in the development, and less expen
The most expensive parts are the transformator~1200 Euro!,
the thyristor ~800 Euro!, the temperature controller~500
Euro!, thermocouple~500 Euro!, and costs for the graphit
tubes~50 Euro per tube!. Costs for the whole furnace are
therefore, well below 5000 Euros and only very limite
workshop resources are required.
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III. APPLICATIONS OF NEUTRON RADIOGRAPHY

A. Experiment

The neutron radiography station at the LLB is located
the end of a neutron guide viewing a cold source. The n
tron flux is 53108 neutrons cm22 s21 and illuminates a
sample area of about 60395 mm2. After the sample the
transmitted intensity is recorded with a position-sensitive
tector. Data collection is managed in two ways. Images
either recorded on photographic films~static imaging! or on
video tapes~dynamic imaging! along with direct storage on a
hard disk of a PC. The video system includes a NE 4
scintillator screen, Nocticon tube type video camera with
intensifier and a sapphire image processor from Quantel,

B. Viscosity measurements

The determination of melt viscositiesh with the falling
sphere technique is based on the well known Stokes’ law
conjunction with an additional wall correction factorC cor-
recting for the retarding effect of the walls on the sphe
motion:

h5
2gr2~rsphere2rmelt!

9v
C. ~1!

Here,g is the acceleration due to gravity,r the sphere radius
rsphere the sphere density,rmelt the melt density, andv the
sphere velocity. Gadolinium~Gd!, hafnium ~Hf!, erbium
~Er!, and tantalum~Ta! are used as sphere materials beca
they have a large neutron absorption cross-section~Table I!,
and a high melting point. Figure 2 shows a sequence of n
tron radiography recordings of a falling sphere experimen
high temperature. These pictures illustrate that neutron r
ography allows a real-time andin situ observation of a
sphere falling in a viscous melt.

Figure 3 shows typical falling curves of spheres differi
in diameter and density. The slope of the curves gives
sphere velocity. From these curves any non-linearities in
sphere motion can be immediately detected, and poss
misleading viscosity calculations can be avoided.

The velocities were obtained by applying the patte
matching software WINanalyze,16 which is capable of track-
ing a sphere falling in a melt, and simultaneously determ
its velocity. The sphere fall can be recorded with a tim
resolution of 1/25 s, which is much higher than required

FIG. 2. Extracted video frames of a neutron radiography recording o
falling sphere experiment at about 1600 K performed at the LLB. The 3
Hf sphere has a large neutron absorption cross section, and can therefo
clearly traced. The fall duration from left to right takes several minutes. T
melt is contained in a graphite crucible. The horizontal bars of each of
frames serve as a scale and are 10 mm apart.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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such experiments. For a usual recording rate of 5 frame
we obtain 3000 data points from a 10 min sphere fall for
velocity determination. This demonstrates the precision w
which the velocity can be measured. The error of the sph
velocity is only about 0.05%. As the velocity is the key p
rameter in Eq.~1! and only poorly measured in other types
falling sphere experiments, this development considera
improves the quality of melt viscosity data.

C. Visualization of melts

A question often raised in falling sphere experiments
whether the sphere fall is disturbed by the onset of conv
tion. This can be clarified by anin situ experiment in which
partially doped melts are visualized with neutron radiog
phy to eventually detect convection currents in the melt~Fig.
4!. The dark layers in Fig. 4 represent a silicate melt p
strongly absorbing gadolinium oxide which is added to e
hance the contrast whereas the white layers are not do
During the experiment the boundaries between those d
and white layers remain sharp demonstrating that no con
tion occurs. This is exemplary of how information can
extracted from a neutron radiography experiment by visu
ization of a partially doped melt.

The visualization potential of this technique for me
can also be shown with brass and a silicate melt. Figur
illustrates that both melt samples give a significant cont
when illuminated with neutrons. In this experiment, t

FIG. 3. Falling curves of spheres in a viscous silicate melt. After an ac
eration phase, the spheres acquire a constant velocity. The sphere ve
obtained at the steepest region of a curve is used to determine a mel
cosity via Eq.~1!.

FIG. 4. Real-time demonstration of the absence of convection in a fa
sphere experiment~diameter of Hf sphere is 3 mm! with a silicate melt at
1300 K. The black and white layers are of equal density apart from tha
black ones are doped with gadolinium oxide. The experimental dura
from left to right is about 2 h. The boundaries between the layers stay sh
indicating that convection does not occur while the sphere falls.
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heavier brass disk~30 mm in diameter and 7 mm thick with
a density of 8.4 g/cm3! was put on top of a silicate glass. Th
glass has a room temperature density of 3.22 g/cm3, and the
glass transition temperature isTg5686 K.17 Both samples
were heated up to a temperature of about 1450 K, and
video recording was started. From Fig. 5 it can be seen
as soon as the brass disk melts it begins to form a sin
drop, falls through the melt and finally covers the bottom
the graphite crucible. Due to the large difference in dens
and viscosity a mixing is prevented. Such a visualization c
be used to constrain finite-element calculations of melt
namics.

In summary, we have presented a new furnace for n
tron transmission measurements and have shown pote
applications. Especially the real-time observation of a la
melt volume provides a new opportunity to study proces
such as mixing or mingling of magmas.
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