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High temperature ultrasonic sensor for the simultaneous measurement
of viscosity and temperature of melts
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An ultrasonic sensor that simultaneously measures temperature and viscosity of molten materials at
very high temperature is described. This sensor has applications as a process monitor in melters. The
sensor is based on ultrasonic shear reflectance at the solid–melt interface. A delay line probe is
constructed using refractory materials. A change in the time of flight within the delay line is used
to measure the temperature. The results obtained from this sensor on various calibration glass
samples demonstrate a measurement range of 100–20 000 P for the viscosity and 25–1500 °C for
the temperature. ©1999 American Institute of Physics.@S0034-6748~99!01912-7#
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I. INTRODUCTION

Measurement of the viscosity and temperature of flu
using conventional and/or laser ultrasound techniques
been reported by several of the authors1–5 as well as by
others.7–11 In this article, the utility of anin situ/on-line ul-
trasonic delay line based technique for the simultane
measurement of viscosity and temperature of molten ma
als at very high temperatures~between 800 and 1500 °C! is
demonstrated. The repeatability of the data under labora
conditions has also been studied. One of the potential ap
cations of this technology will be to measure the viscos
and temperature of glass-like molten material just before
as it is being poured out of a vitrification melter. Therefo
the work described in this article has concentrated on m
suring the viscosity of glass under similar conditions.

Ultrasonic shear waves are affected by viscosity of
fluid.1 At a solid-to-fluid interface, the amount of ultrason
shear wave energy reflected back into the solid~the reflection
coefficient! depends on the operating frequency, the phys
properties of the fluid~viscosity and density!, and the solid
~density, shear modulus!. The effects of each of these param
eters on the complex reflection coefficient of an ultraso
wave incident on a solid–liquid interface have been d
cussed previously.1,2 It was also shown earlier that the influ
ence of density on the reflection coefficient~also referred to
as the reflection factor! was relatively very small compare
with the influence of the change in viscosity. This conclus

a!Electronic mail: balas@ae.msstate.edu
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was based on typical changes in the physical properties~den-
sity and viscosity! of a glass melting process.

A delay line capable of withstanding hostile enviro
ments acts as a conveyer of ultrasonic waves between
transducer~generator! and the liquid medium. The delay lin
also acts as the solid elastic medium in the solid–liquid
terface. Earlier experiments1–5 were carried out using dela
lines made from Plexiglas, graphite, and aluminum. Th
materials have low acoustic shear impedance and are re
available and easy to machine. However, they are not s
able for applications that require viscosity and temperat
measurements at high temperatures~those beyond 1000 °C!
in a potentially oxidizing environment.

II. BACKGROUND

Ultrasonic methods have been used to measure the
sity, viscosity, and temperature in liquids.6–10 Adequate
methods are not presently available for measurements at
temperatures. Currently, process control in high tempera
melters is achieved by inferring the viscosity from a te
perature measurement, usually by using a thermocou
This assumes a predetermined relationship between the
cosity and the temperature. Any slight change in composit
and/or errors in temperature measurement leads to signifi
errors in the viscosity measurement. As an alternative,
line sampling techniques have also been employed. H
ever, there are difficulties in obtaining samples and analyz
off-line causes delays.

Few sensor technologies11–15are commercially available
for on-line ~in situ! viscosity measurement of melts at ve
high temperatures~above 1000 °C!. Roger11 has demon-
8 © 1999 American Institute of Physics
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strated continuous monitoring of glass viscosity in a pl
over an extended period of time using a vibrational cera
rod that is immersed into the melt from the top. This sen
uses additional information on the glass melt level and in
nal temperature, both provided by other sensors, to mea
the average viscosity over the depth of the immersed
The dependence of this technique on density and the in
ence of the glass viscosity variation profile near the up
surface of the melt have not been discussed. Faberet al.12

discussed methods of measuring glass flow velocity, de
tion of bubbles greater than 0.2 mm, and also measu
glass temperatures using a 100 kHz wave transmitted
tween two immersed ceramic buffer rods in a glass melt
noncontact laser based technique for measuring the
quantity of melt, which has been poured through a fix
diameter orifice, and subsequently relating this to the visc
ity of the melt has been demonstrated in a glass mel
plant.13,14 This technique may require calibration of ea
type of glass, and may depend on the density and the va
tion in the constitution of the glass. Also, high temperatu
rotating viscometers15 and an oscillating-cup viscometer16

have found application in high temperature metal proces
The viscosity of a melt must be qualified with the corr

sponding temperature at which the measurement is ca
out. Although thermocouples have been used for the t
perature measurement, simultaneous measurement of
perature and viscosity from the same local region in the m
is sometimes required. The authors are not aware of
sensor that can do this. Current methods for measuring t
peratures using immersed thermocouples are sometime
desirable due to frequent breakage and inconsistent read
at high temperatures.

The velocity and the attenuation of an ultrasonic wa
traveling in a viscous fluid are affected by the viscosity
the fluid9,10 and hence can be a very significant tool in me
suring viscosity. For Newtonian fluids, the relationship b
tween viscosity and the ultrasonic velocity and attenuatio
provided by the classical relationship12

h5
3

2

rc2

v2
a, ~1!

whereh is the viscosity in Pa s,r is the density in kg/m3, c
is the velocity of sound in m/s,v is the circular frequency in
rad/s, anda is the attenuation in nepers. The use of atte
ation for the measurement of viscosity has been well de
onstrated. These methods have traditionally been use
measure the viscosity of small quantities of samples in la
ratory experiments. However, due to the very high atten
tion of the sound waves in molten materials~especially at
high temperatures! such as molten glass, the scope of us
the velocity or the attenuation to measure viscosity is limi
for in situ measurements during material processing. For
stance, for a 1 MHz ultrasonic frequency, the attenuation
1000 dB/m at 1000 °C.12 Also, the attenuation and velocit
based methods measure average physical properties ove
wave travel path. Due to the presence of temperature gr
ents and consequently viscosity gradients, a localized m
surement technique is valuable.
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In contrast, at a solid–fluid interface, the amount of
trasonic shear wave energy reflected back into the soli
independent of the attenuation and velocity of the fluid. Al
the wave does not have to travel inside the molten mate
for the measurement to be made. Hence, by using a
characterized solid, the local fluid properties can be m
sured using the shear wave reflection characteristics at
solid–liquid boundary.

III. METHOD

The shear wave reflectance approach is used in this
ticle. This technique employs a delay line waveguide.
piezo-electric transducer generates a shear wave ultras
signal into one end of the delay line~see Fig. 1!. This shear
wave is reflected from two reflecting surfaces near the ot
end of the delay line:~a! a notch or slit or an interface be
tween two materials embedded into the probe and~b! the
other end of the probe which is in contact with the hot liqu
or hot melt. The reflected signals are detected by the s
transducer at the signal generating end, both after spe
time delays. Time and amplitude information from~a! is the
reference data and the time and amplitude from~b! represent
the parameters measured. The time delay between the
reflected signals will provide information on the temperatu
whereas the reflected amplitude ratio will provide measu
ment of the viscosity.

A. Probe description

This method employs an acoustical waveguide~delay
line! made of an appropriate high temperature material~such
as alumina, molybdenum, inconel, tantalum, etc.!. This delay
line was externally cooled, thus allowing the use of tra
tional piezoelectric crystals for both the generation and
ception of shear waves. Conventional off-the-shelf pie
electric transducers were used to launch and detect s
waves. These transducers have significant advantages
other means of generating had detecting ultrasound suc
laser ultrasound or electromagnetic acoustic transduc
~EMAT!. They are more efficient, sensitive, reliable, and le
expensive. The shear transducer used was Y-cut type
broadband specification with a central specified frequenc
10 MHz. However, these transducers cannot function at
evated temperatures and therefore the dooled delay line
duit was employed to convey the shear waves from the tra
ducer to the melt and back. Cooling the delay line leads
simultaneous temperature, velocity, and attenuation gr
ents, which are difficult to characterize quantitative

FIG. 1. Buffer rod sensor diagram with the notch as the reflecting refere
mechanism.
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Hence, the sensor was calibrated to compensate for the
gradients in the delay line. The experimental setup is sho
in Fig. 2 where an alumina (Al2O3) delay line acts as a solid
substrate. A copper cooling coil was bonded to the delay
using high temperature bonding paste~Omegatherm 201
Omega Engineering Inc.!. The flow rate of the coolant~wa-
ter! was regulated in order to determine the flow rate t
would bring down the temperature at transducer contac
room temperature. It was determined that a flow rate of 1
l /h was sufficient for melt temperatures up to 1500 °C. T
flow rate is available from most common faucets.

This method requires that the other end~the probing
end! of the delay line be wetted by the viscous liquid that
being examined. A notch was milled in the solid, close to
probing end, to provide a constant reference~see Fig. 1!. The
two faces~the transducer contact surface and the delay lin
liquid surface! as well as the reference notches are precis
machined so that they are all parallel to each other in orde
achieve normal incidence. Surface roughness was minim
by diamond grinding all the surfaces.

The shear wave transducer is connected to the ins
mentation that generates the electrical signal to excite
ultrasonic piezoelectric transducer and to receive and co
tion the received ultrasonic signal. The instrumentation
volves a pulse generator and a rf power amplifier. The s
nals received from the piezoelectric transducer are filte
and amplified by a high-fidelity amplifier. The amplified si
nal is then digitized using an analog-to-digital converter. A
ternatively, the amplified signal can be processed in ana
mode using peak detector and time detection circuits. Sev
off-the-shelf ultrasonic nondestructive evaluation inst
ments can be used for this measurement. The Paname
5052PR instrument was used to pulse the transducer, a
received and amplified the signal. A high precision time d
lay trigger ~SRS-DG35! was utilized to reduce jitter prob
lems. Analog-to-digital conversion was performed using
Tektronix TDS320 digital oscilloscope and the data we
transferred to a PC using a IEEE488.2 general purpose in
face bus~GPIB! interface. A schematic representation of t
instrumentation is illustrated in Fig. 2. The digital data we
analyzed and the travel time and amplitude data were
tracted for further processing by the algorithm that will
described below.

FIG. 2. Schematic representation of the instrumentation used for
collection.
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B. Probe calibration

For a given delay line material and geometry, calibrati
depends only on the operating frequency and needs to
carried out only once for a particular configuration. The ca
bration process consists of two steps: one for tempera
and another for viscosity.

Here, the subscript ‘‘A’’ represents the reference data s
with no melt material in contact with the solid~air!, ‘‘ C’’ is
the data set using a well characterized viscosity calibra
melt material, and ‘‘M’’ is the actual measurement data s
of an unknown melt. The symbol ‘‘P’’ represents the signa
reflected from the delay line–melt interface and ‘‘N’’ is the
signal reflected from the notch.

First the sensor was calibrated for temperature with
delay line in contact with air, inside an induction oven~as
shown in Fig. 3!. The temperature in the oven was slow
raised, allowing the delay line to achieve steady state.
temperature of the air inside the oven was measured usi
calibrated thermocouple. The temperature inside the o
was slowly increased from room temperature to 1500 °C
the echo arrival times in the shear ultrasound transducer w
measured. The travel time difference between the two refl
tions from the reference notch and the solid–air interfa
tA5(t12t0)A2(t22t0)A,where t0 , t1 , and t2 are the time
measurements shown in Fig. 1. The difference in time
tween thetA at current temperature and thetA at room tem-
perature~denoted bydtA) is plotted as a function of the ove
air temperature in Fig. 4. A polynomial fit of these da
provides the temperature calibration curve. The peak-to-p
amplitudes of the echoes reflected from the notch@NA(dtA)#
and the probe interface@PA(dtA)# in contact with air are also
recorded as a function of oven temperature.

In the second step, the delay line was calibrated for v
cosity. This was accomplished by repeating the above
periments with the probe interface in contact with a ca
brated glass~Fig. 3!. The peak-to-peak amplitudes of th
echoes reflected from the probe surface (PC) and the notch
(NC) were measured along with the time difference (dtC).
The calibration reflection coefficient (RC) was calculated
from

RC5
PC~dtC!NA~dtC!

NC~dtC!PA~dtC!
, ~2!

taFIG. 3. Laboratory based experimental setup to simulate a me
environment.
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wherePA(dtC) andNA(dtc) were obtained from the first se
of calibration curves. The relation between the glass visc
ity and the temperature for the calibrated glass was obta
from the manufacturer. This relation was used along with
temperature calibration data and the reflection coeffic
data to obtain a relation between the calibration reflect
coefficient@RC(dtC)# and viscosity@h(dtC)#.

These calibration curves depend only on the delay
selection. Hence, the calibration curves remained unchan
for a specific material~Coors AD-94 alumina in this case!
and for a particular geometry~length, diameter, notch loca
tion, and notch depth! and was used to obtain all the resu
presented in this article.

In a typical experiment on a sample with unknown v
cosity, the delay line sensor measured the time differe
(dtM) and reflected amplitudes from the notch (NM) and the
contact surface (PM). The time difference is related to th
temperature of the fluid using the first set of calibrati
curves and the reflection coefficient is then related to
viscosity of the melt using both of the calibration curve se
The measured reflection coefficient@RM(dtM)# is

RM~dtM !5
PM~dtM !NA~dtM !

NM~dtM !PA~dtM !
, ~3!

wherePA(dtM) andNA(dtM) are obtained from the calibra
tion data set at (dtM). Subsequently, using the viscosity ve
sus the reflection coefficient relationship obtained in the s
ond step, the viscosity@h(dtM)# of the unknown sample is
determined.

IV. RESULTS

Calibration experiments to evaluate the effects of te
perature gradients and the applicability of temperature c
pensation at very high temperatures were carried out u
an empty crucible to observe the effect of temperature g
dients on the ultrasound properties. The temperature (dT)
can be computed as the positive root of the second o
polynomial expression represented as

~ t rb2!dT21~ t rb12a!dT1@ t r~11b0!#50,

where

FIG. 4. Repeatability tests for temperature measurement using diffe
buffer rods made of the same material and geometry.
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whereb i are the coefficients describing the rate of change
the shear wave velocity@V(dT)5b2dT21b1dT1b0# as a
function of temperature assuming a second order relat
ship, anddT is the difference between the current tempe
ture ~T! and the initial ambient temperature (T0). Also, ts is
the travel time between the notch and the probing surf
@ ts5(t12t0)s# at T0 .

Figure 4 shows the experimental ultrasonic time diffe
ence (dtA) data plotted against the temperature of air ins
the oven measured by a thermocouple. The data repre
several repetitions using different delay lines of the sa
geometry and made from the same material. This test
conducted to examine the repeatability of the tempera
measurement. The data demonstrate precision of greater
2% in the temperature measurement. The solid line rep
sents the computed temperature using Eq.~4!. This was cal-
culated using the measured properties for alumina AD
(b2523.9711e28, b152.6394e26, and b054.3882e
26, a58.2031026/°C, density at room temperature53700
kg/m3, and shear wave velocity at room temperature55788
m/s!. The nonlinear relationship observed in this relations
is representative of two phenomena which simultaneou
influence the time measurement. The first effect is
change in distance of ultrasonic wave travel (dL) between
the reference notch and the probing interface and should
resent a linear relationship if the coefficient of thermal e
pansion (a) of the delay line material is assumed to be line
with temperature. The nonlinear behavior can be explai
as due to the nonlinear change in the ultrasonic velocity
the delay line material represented by the coefficientsb i . It
was observed that the effect of a change in velocity due
temperature on the measured time difference (dt) was more
significant than the effect of the change in length due to
coefficient of expansion.

Figure 5 compares the measurement of temperature,
melt glass, using ultrasonic delay line and a RTD tempe
ture sensor immersed in the melt. The range of measurem
in this case was 25–1200 °C. The data represent a hea
and a cool-down cycle. The two measurements comp
well. The resolution of the time measurement was de
mined to be 1 ns which corresponds to a temperature r
lution of 5 °C. Recently, affordable instruments that c
measure arrival time with less than 0.1 ns resolution h
become available. Hence, the accuracy in the tempera
measurement of 0.5 °C may in practice be feasible.

Figure 6 plots the reflection coefficient versus tempe
ture of the melt for several heat-up and cool-down cyc
using a glass sample manufactured by Ferro~IP-745!. Ac-
cording to theory,1 the reflection coefficient should be;1.0
for low viscosities~0.01 P or 0.001 Pa s! or for the solid–air
interface. It is observed from this plot that there is almo
perfect reflection~;1.0! during the initial portion~before
softening! of the heating cycle. A possible explanation f
this is that there is no transfer of shear waves from the de
line to the solid phase of glass. This was found to be true
using the initial frit form of glass in the first metal cycle an

nt
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4622 Rev. Sci. Instrum., Vol. 70, No. 12, December 1999 Balasubramaniam et al.
during subsequent melting-solidification cycles of the sa
sample. This also indicates that the glass, upon cooling a
a melting process, does not bond with the alumina wa
guide.

After the initial stage, at a particular temperature, a ra
change in the reflection factor is observed within a sm
temperature range. This phenomenon was repeatable
consistent for the various glass samples tested. It start
occur at 800 °C for glass sample IP-745. It is believed t
the apparent reduction in the reflection factor may be du
the glass phase transition. It could represent a key ph
transition point during the softening of glass. The ex
mechanism of the phase change in the glass and its rela
ship to the ultrasonic shear wave reflection coefficient is
yond the scope of this article.

Once the glass is sufficiently softened and complete w

FIG. 5. Temperature measurement comparison between the RTD senso
the ultrasonic buffer-rod sensor based on measurement in air. The
points represent the heat-up cycle, the closed points are the cool-down c
and the solid line represents a one-to-one correspondence.

FIG. 6. Reflection coefficient vs ultrasonically measured temperature
IP-745 glass. The three different lines~solid and dashed! represent data
collected on different samples on different days.
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ting of the alumina probe surface is accomplished, at a p
ticular viscosity of the melt, a minimum in the reflectio
coefficient curve is observed. This occurs around 950 °C
IP-745. Here, the ratio of the shear impedance of the me
the solid is 2.4142 and the minimum in the reflection fac
curve is 0.41. It has been shown that the reflection facto
0.4142 is a characteristic of a Newtonian fluid17 based on the
plane wave impedance model.

As the softening process continues and the viscosity
the melt decreases, there is a gradual decrease in the en
transmitted to the melt and the reflection coefficient
creases. The relationship between the reflection coeffic
and the melt temperature was found to be nearly linea
temperatures beyond the minimum. It is in this region th
the sensor is capable of measuring viscosity.

Figure 7 shows the data for glass sample IP-745 in
temperature regime beyond the minimum in the reflect
factor. The reflection coefficient data were used, along w

and
en
le,

r

FIG. 7. Calibration viscosity data~the solid line is the best fit curve! as a
function of the temperature of the melt, with both parameters meas
simultaneously using the ultrasonic technique.

FIG. 8. Comparison between data obtained using ultrasonic buffer-rod
~UT! and independent laboratory data~Lab! for two glass samples, EA and
IP-745.
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the viscosity–temperature relationship provided by Fe
Glass~using a high temperature rotating type viscometer!, to
obtain a calibration curve of the viscosity. It must be not
that both the temperature~from dtM) and the viscosity~from
RM) are both measured simultaneously using the ultraso
delay line technique. The expected exponential relations
with temperature is observed in this calibration plot. T
range of calibration viscosity is between 100 and 20 000

Using the above calibration curve~Fig. 7! for the viscos-
ity two glass samples were examined. The results are
sented in Fig. 8. Another sample of IP-745 was used as
unknown glass sample. The second case was an environ
assessment~EA! standard cement based borosilicate gl
material obtained from Westinghouse Savannah River C
poration. The EA glass is a surrogate glass used in vitrifi
tion test melter systems. The results were then compa
with the data supplied by an independent laboratory~Corn-
ing Glass Laboratories! using a rotating viscometer ap
proach. Figure 8 shows an excellent comparison between
data obtained by the delay line technique and the indep
dent measurements for both of the glass samples consid

V. DISCUSSION

An in situ/on-line sensor to simultaneously measure
viscosity and temperature of molten glass at very high te
peratures~up to 1500 °C! has been developed and the pote
tial for application in the glass melt process has been d
onstrated. The experiments using the sensor were found
repeatable, and compared well with other independent m
surements of viscosity and temperature. Although the se
requires calibration for a given delay line type~material and
geometry!, it does not require re-calibration for differen
glass samples. The sensor is sensitive in a broad rang
viscosities~10–20 000 P!. It is believed that this sensor ca
also be used in lower temperature applications. The cur
work did not explore other melt processes involving met
and polymers, but it is anticipated that a similar process w
be applicable and will have comparable results. For appl
tions such as those in the viscosity measurements, in the
low viscosity ranges~0–10 P!, the sensitivity of the tech-
nique may not compare favorably with other known tec
niques.

The key advantages of the technique, over exist
methods for measuring viscosity and temperature can
summarized as follows:

~1! Prior on-line methods for viscosity measurements
limited to measurement at room temperature or at te
peratures that are not very high~up to 190 °C!.6–8 The
technique reported here has the capability to meas
viscosity in very hot liquids such as molten metals a
molten glass at high temperatures.

~2! This technique has the potential to be employed as
on-line and noninvasive device.
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~3! This sensor will provide both temperature as well as v
cosity measurements at a point location in the vicinity
the solid–liquid contact zone.

~4! The potential exists for using the reflection coefficient
determine other phase transition properties of the m
process.

It must also be noted that the delay line described in t
article was designed for incorporation into the wall of a v
rification melter. Modifications to the geometry of the del
line will allow this technique to fit into other components
a melter such as stop rods, pour ports, etc. Other mate
configurations like graphite coated with high temperatu
materials such as platinum, rhenium, iridium, zirconia, e
~using chemical vapor deposition methods! may yield delay
lines which can be used at temperatures higher than 150
and in high oxidation environments.

The technique may be modified for melters where
delay line may not have direct access to the melt. This can
accomplished by bonding the delay line~without the notch!
onto the wall or onto the melter component~pour nozzle,
stop rod, electrode, etc.!. In this case, the refractory materia
in the melt will become a part of the sensor. Here, the
flected signal between the delay line and the melter com
nent is used as the reference signal, for both time and am
tude measurement.
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