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ABSTRACT

Mounted on top of furnaces, laboratory viscometers
can be used for the rheological characterization of
high temperature melts, such as molten rocks (lava).
However, there are no instruments capable of
measuring the viscosity of large volumes of high
temperature melts outside the laboratory at, for
example, active lava flows on volcanoes or at
industrial sites. In this article, we describe a new
instrument designed to be easy to operate, highly
mobile, and capable of measuring the viscosity of
high temperature liquids and suspensions
(<1350°C). The device consists of a torque sensor
mounted in line with a stainless-steel shear vane that
is immersed in the melt and driven by a motor that
rotates the shear vane. In addition, a thermocouple
placed between the blades of the shear vane
measures the temperature of the melt at the
measurement location. An onboard microcomputer
records torque, rotation rate, and temperature
simultaneously and in real time, thus enabling the
characterization of the rheological flow curve of the
material as a function of temperature and strain rate.
The instrument is calibrated using viscosity
standards at low temperatures (20-60°C) and over a
wide range of stress (30-3870 Pa), strain rate (0.1-
27.9 s, and viscosity (10-650 Pa-s). High
temperature tests were performed in large scale
experiments within 25 1 of lava at temperatures
between 1000 and 1350°C to validate the system s
performance for future use in natural lava flows.
This portable field viscometer was primarily
designed to measure the viscosity of geological
melts at their relevant temperatures and in their
natural state on the flanks of volcanoes, but it could
also be used for industrial purposes and beyond.

I. INTRODUCTION

A. Motivation

Rheological properties govern the mobility of all
flowing media and are described within the stress-

strain rate space. The rheological properties of all
liquids are temperature dependent. As a result,
characterizing the thermo-rheological properties is
an essential component of geo- and material
sciences, and also the food, and other molten
material industries. Characterizing geological melts
requires working over a wide range of temperatures,
with maximum temperatures in excess of 1700 °C
for silicate melts, over which viscosity can vary by
several orders of magnitude. These variations are
even more pronounced for natural volcanic melts
and suspensions, such as lava, that have drastically
varying viscosities as cooling, degassing, and
crystallization occurs. Characterizing viscosity
variations is the key to wunderstanding and
forecasting volcanic eruption dynamics. Measuring
the viscosity as a function of temperature and
deformation rate has therefore been one of the major
challenges for earth scientists for decades! ™.
Measuring viscosity is a well-known science and a
large range of laboratory viscometers are available.
These laboratory viscometers are precise and highly
reliable instruments. They can reach an accuracy of
better than 0.01 Pa‘s and can measure very small
quantities of liquid (a few ml). For measuring the
viscosity of very high temperature melts (up to 1700
°C), viscometer heads can be placed above a furnace
and a heat resistant spindle inserted into the melt'®
12, However, laboratory measurements, cannot
always reproduce natural or industrial conditions,
especially in scale. Indeed, there is no commercially
available device that can measure the viscosity of
large amounts of molten material at volcanoes or in
industrial applications.
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B. Background on lava viscometry

The rheological properties of lava control lava flow
emplacement dynamics including trajectories,
velocities, and runout distances. These parameters
are used to calibrate numerical models providing
support to risk mitigation strategies '*"'7. Since the
late 1980s, viscometry in the laboratory has been a
common method that works with re-melted lava
under a well-controlled environment (temperature,
shear rate, oxygen fugacity) and allows for very
precise measurements (< 0.01 log Pa-s) 181 Over
the years these methods have improved to better
characterize the rheological properties of melts, but
there are still some unknowns. Laboratory
experiments are typically able to measure pure melt
or two-phase suspensions (melt + crystals). They are,
however, unable to completely replicate natural
conditions where the content and type of crystals,
presence, and size of bubbles, the quantity of
dissolved volatiles, and oxygen fugacity, all of
which vary both in time and space during
emplacement of lava flows. Therefore, a promising
approach to more accurately quantify the rheology
of lava is to measure it in its natural state via direct
field measurements by inserting a viscometer into
the lava while it is flowing. Such syn-eruptive, in-
situ measurements are notoriously difficult to
perform due to the lack of appropriate
instrumentation and the difficulty of working on or
near active lava flows.

In a recent review, Chevrel et al. (2019) summarized
the few studies that have been published on field lava
theology measurements’ =, Two types of
instruments have been used; both are derived from
methodologies applied in laboratory rheometry: 1)
penetrometers, where a penetrating body is pushed
into or onto the lava by applying an axial force; this
method is commonly used for relatively high
viscosity lavas (>10** Pa's), and 2) rotational
viscometers, analogous to the laboratory concentric
cylinder method, where a measurement body is
inserted into the lava and then rotated. This method
is commonly used for low viscosity lavas (<10*
Pa-s).

These previous studies showed how valuable
viscosity measurements in the field are 226283, In
particular, such measurements provide precise
values of lava viscosity in its natural state that could
be implemented into numerical models of actively
flowing lava to enable better near-real-time
simulation. When calibrated against well-controlled
laboratory measurements, results can help to
evaluate and quantify the effect of important factors
that cannot be reproduced in the laboratory (quantity
and size distribution of bubbles and crystals, redox
state, quantity of dissolved volatiles).

The device presented here is the continuation of
work that started in 2016 when the field viscometer
that was created in the 90s by H. Pinkerton from the

University of Lancaster’>® was recovered,

renovated, and tested in an active lava flow on
Kilauea in Hawaii*®. Following these measurements,
it became evident that for systematic field
measurements to be made, it was necessary to build
anew, more mobile, versatile, and lighter viscometer
that is equipped with modern data acquisition
equipment. Pinkerton’s prototype had a total length
of the assembled apparatus of 2.7 m, with a weight
of about 15 kg (without accounting for the computer
and the torque transducer). It required at least 2
people to carry it during measurement and one other
to monitor the recording. This proved to be not
practical and prevented the use of the device for
further investigations °.

C. Specific requirements

A viscometer designed to be used for measuring the
viscosity of flowing lava on volcano flanks involves
some specific requirements. The device needs to be
portable enough to access remote places. It must be
autonomous in energy for a time long enough to
ensure several measurements. It must be compact
and light enough to be handled and operated by one
person so one can easily move around on uneven
terrain and approach the active lava stream. The part
that is to be immersed must be resistant to the high
temperature of around 1200 °C (maximum
temperature of currently erupting lava on Earth). The
rest of the device does not need to be as heat
resistant, as it can be protected by a thermal shield
that cuts the radiative heat. Additionally, the device
needs to be durable to undergo transport across
rough terrains and it must have a security system in
place that can easily free the shear vane from the rest
of the instrument if cooling lava entraps the
immersed vane. The rheometer must be able to cover
a large range of rotational speeds and torques to
investigate the potential non-Newtonian behavior of
lava. Finally, three fundamental parameters must be
recorded  simultaneously to  monitor  the
measurements. These are 1) the rotational speed, ii)
the torque imposed by the lava onto the rotating
vane, and iii) the temperature at the location of the
viscosity measurement. This enables calculation of
stress, strain-rate, and ultimately the viscosity of the
lava. To explore a large viscosity range, it is helpful
if the device can be fitted with a set of shear vanes of
various sizes (equivalent diameter and length).

Il. INSTRUMENT DESCRIPTION

A. Presentation of the device

The instrument presented here is a rotational
viscometer that is based on the principle of Couette's
rotating viscometer, as often used in laboratory!. At
one end there is a shear vane (the part immersed into
the molten material) and at the other end a motor
drives the vane rotation and a torque sensor, placed
between the two, records rotational speed and torque
(Fig. 1). The shear vane has four blades to 1) enable
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easy insertion into the material, 2) avoid slip along
the surface of a cylindrical spindle, and 3) achieve
the smallest possible spindle volume to minimize
cooling of the lava during insertion. The device
presented here weighs 12 kg (divided into 3 kg in a
backpack and 8 kg in hands) and can be held via two
handles, one placed at the front to direct the vane and
the other at the back to hold and control the motor.
The power supply and data acquisition system are
linked via cables and placed in a small backpack. It
is very easy to deploy and can be handled and
operated by a single person. A thermal shield (such
as aluminum foil) can be placed in front of the
forward hand to stop radiative heat if necessary (Fig.
1).
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FIG. 1. Overview of the rotational viscometer. Up: photo of the
device with the backpack carrying the battery and motor
microchip board. Middle: sketch highlighting the main elements
(see also exploded view in supplementary information 2). Bottom:
operator wearing a fire suit and holding the instrument in the field.

The entire system is controlled by a single board
computer Raspberry PI3 that communicates with the
various components as described in Figure 2. The
main components include a motor with its controller,
a torque and speed transducer, a temperature sensor,
a power supply, and a data acquisition system. The
device is controlled via inputs/outputs of the
Raspberry PI so that the software can process the
information and carry out the corresponding actions
(Fig. 2). The -centralized-on board computer
simultaneously records the three fundamental
parameters to determine the viscosity of the lava that
are the rotation speed, the torque, and the
temperature at the shear vane. All the details on the
different parts are given in the following sections.
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FIG. 2. Flow chart representing the whole system including
sensors around the main computer. In blue are the sensors and
actuator devices, in green are the development boards (motor and
raspberry), in red are the power supplies, and the grey box
represents the graphical interface.

B. Hardware description

1. Motor control and data acquisition

The main driver of the viscometer is the motor
control system. Despite the use of a precise torque
transducer (see next section), the measurements
must be done at a steady state (i.e., a constant speed)
while minimizing torque oscillations to effectively
characterize the viscosity. Another important
constraint of the application is to minimize the
weight of the instrument. These constraints led to the
choice of a Permanent Magnet Synchronous
Machine (PMSM). PMSM is more suitable than DC
motors or induction motors since the overall weight
and volume are significantly reduced for a given
output power and they have better efficiency 2.
Moreover, the control choice naturally turned to
speed regulation based on Field Oriented Control
(FOC) strategy. While six step control is very easy
to implement for this motor, FOC has the advantage
of controlling the motor currents and thus offers
better management of the produced motor torque .
This significantly reduces torque oscillations on the
motor drive shaft.

The chosen motor is a Hurst DMA0204024B101,
equipped with a 250 lines encoder, it has a nominal
speed of 3000 RPM and a torque constant of
56mN-m/A. To achieve the desired performance of
the application (in terms of rotational speed and
torque produced), the motor is equipped with a speed
reducer gearbox (IP57 planetary gearbox from
McLennan) which reduction factor can be selected
depending on the requirement. Here, we either use a
factor of 100:1 or 25:1, allowing for a range of
rotation per minute (RPM) up to 25 RPM and 100
RPM, respectively. The FOC strategy was
implemented using a SAMES54 micro-controller with
an MLCV2 (Motor Control Low voltage)
development board from Microchip Inc. Using
MPLAB Device Block for Simulink, the control
algorithm was implemented using rapid control
prototyping and high-level tools Matlab/Simulink>*.
This hardware performs two main functions which
are the motor speed regulation and the digitization of
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the analog signal from the torque sensor. Connected
to the PC with an RS232 serial communication, it
receives speed setpoints from the PC and sends back
well-conditioned speed and torque measurements.
Note that acquisitions on microcontrollers are
obtained from a 12-bit analog-to-digital converter
(ADC) that is used to digitize the torque meter
signal. The amplified signal from the torque meter is
connected to one of the analog channels of the ADC.

2. Torque Sensor

When the motor is running at a constant speed, the
viscosity of a material can be obtained from a
measure of the torque exerted by the material on the
rotating shear vane. This is done with a rotary torque
meter. For our purpose, we choose the RT22NMS5
from AEP TRANSDUCERS ® that can measure
torques from 10 mN'm to 2500 mN'm via a full-
scale voltage of 10mV and the output signal of
2mV/V with an accuracy of 0.2% full-scale. This
large torque range, which is proportional to the
expected stress, ensures that the instrument can
measure a wide viscosity range.

The torque sensor consists of a strain gauge bridge
that is arranged in an electrical circuit (Wheatstone
bridge) and attached to the drive shaft. When a
torque is applied, the resulting resistance of the
gauge bridge is converted into an electrical signal.
This electrical signal is then amplified, digitized, and
recorded by the acquisition card (supplementary
material 2).

For better accuracy, the measurement is scaled (from
a 5Vdc power supply to the 3.3V maximum scale of
the analog-digital converter (ADC)) knowing that
the full-scale voltage of the sensor is 10mV. A
differential amplifier is used (INA133) to amplify
the signal by 300 and to filter it thanks to a second
order low pass Butterworth filter. The precision of
the sensor is 0.2% of the full scale or SmN-m
representing a voltage signal after amplification of
6mV. The digitization must be able to detect this
minimum value. To do this, the digitization of the
signal is carried out by the acquisition card thanks to
a 12-bit analog-to-digital converter (supplementary
material 1).

The torque sensor is factory characterized and the
calibration certificate gives a non-linearity error of
0.2%. However, it is necessary to know the transfer
function from signal conditioning to digital
processing. For this, we checked the linearity of the
instrumentation amplifier and the low pass filter and
we validated that our processing chain is adapted to
the required measurement range.

3. Temperature Sensor

The temperature sensor is a type K thermocouple,
insulated with a stainless-steel sheath of 1.5mm
diameter and 600mm long, and allows a response
time of less than 100 ms. The thermocouple is placed

at the level of the shear vane between the blades and
inserted into the inner shaft attached to the axis of
rotation. The rotating sensor needs a wireless
connection to communicate the values. For this, we
built an emitter-receiver system with a rotating part
of the measurement system made of an electronic
digitization card and a processing card. These two
cards as well as the battery are integrated into a
thermocouple transmitter cylindrical box that is
attached to the rotating shaft (Fig. 1). The tolerable
absolute error of the signal should be a maximum of
1% and this is possible by using a high resolution
(24-bit) digitizer and by separating the digitizer and
the RF transmission boards (see supplementary
material 1) which could interfere with the
measurement. Data transmission takes place via a
wireless link. The transmission of measurements
taken on a rotating shaft is frequently done by sliding
collectors, but these systems are subject to wear and
fouling, which makes precise measurements difficult
and may affect the measured torque. The choice fell
therefore on a Zigbee system because it provides the
fastest hot connection. Energy consumption is
optimized because the transmission system goes to
sleep after the sending sequence, which lasts about
ten milliseconds every 100 ms. This makes it
possible to obtain a power consumption of 693uW.
An LS14250 type battery provides a battery life of 7
months. The two cards are integrated with a
cylindrical box fixed on the rotating shaft. The
temperature response has been verified within a
furnace using a calibrated thermocouple datalogger.

4. Power sources and acquisition timestamp
The instrument has two main power sources. The
onboard computer (Raspberry PI 3) is powered by an
external 5Vdc battery with a capacity of 7500mA-h
Li-Ton, which allows for one day of autonomous
usage. The second is a 24V NiMh battery that
powers the motor and the 24-to-5V convertor
powering the torque sensor. This type of battery was
favored due to its specific energy capacity (W/Kg)
which is 30% higher than NiCd batteries and 40%
higher than lead batteries. In addition, these NiMh
batteries are designed to receive strong transient
currents present when the motor is turned on. The
INA 230 sensor which measures the battery current
and voltage associated with a microcontroller
(Arduino nano) controls the state of charge of the
battery. An audible signal warns the user of the low
battery charge level. The battery can feed the system
for up to 8 hours.

The choice of data timestamping falls on a real-
time clock (RTC) of the DS3231 type which
consumes very little (0.2 mA) compared to a Global
Positioning System (20 mA) under 3.3V. The
DS3231 is a low-cost real-time clock that
incorporates a battery maintaining the time when the
main power is off. The RTC can drift by +2 minutes
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per year, but this can be updated by the user in the
software.

5. Software and graphical user interface

To visualize the data, we developed a freely
accessible software (ViscoMet) in Python that is
implemented in the Raspberry PI 3 running under
Linux. The PyQt module creates a graphical
interface integrating graphs, command buttons, and
a toolbar to interact with the viscometer. When
starting the software, it launches the initialization
sequence and searches for the names of the serial
ports to which the motor board and the temperature
sensor RF receiver module are connected
(supplementary material 1). When these steps are
valid, the user can execute data acquisition.
Otherwise, the user is warned by error messages. The
software allows to control the instrument's speed in
either manual or automatic mode. In the case of
manual mode, the user can set the motor speed by
entering the value in a display window or with the
joystick button to increase or decrease the speed. In
automatic mode, the program executes a speed cycle
as defined previously in a text file. A switch allows
the motor to be started or stopped at any time by the
user. The timing of the acquisition is carried out by
a timer which generates an data point every 100 ms.
At each point, the data arriving on the serial port is
displayed on the digital indicators, and plotted on an
updated graph. The data (time, speed, torque,
temperature) are saved in a text file on a USB key,
ready to be processed later (see details on software
architecture in supplementary material 1).

6. Design and mechanical conception

In the laboratory, rotational viscometers are
vertically placed to ensure alignment and avoid
frictional effects that interfere with the torque sensor.
For field application, the viscometer is held by hand
(Fig. 1) and hence will not be vertical but with an
angle that will vary depending on the operator’s
height to the material and the length of the rotating
shaft. Each connection between the different parts of
the device needs to be aligned with the least friction
possible. For this, the torque meter is attached on
both sides with a beam coupling. This allows any
misalignment to be absorbed. Downstream of the
torque sensor, we choose to fix a drill chuck that
allows rapid attachment of the rotating shaft. The
rotating shaft is a tube (15 mm outer diameter and 2
mm thick wall) to minimize weight and allow the
thermocouple wire to be fed through from the vane
to the transmitter fixed to the inner tube just before
the chuck. This rotating tube is placed inside an outer
tube (40 mm outer diameter and 1 mm thick wall)
that is fixed to the U-shape base. The rotating shaft
is held by the chuck on one side and guided through
a bearing assembly containing graphite rings to
minimize friction on the high temperature end of the
outer tube (Fig. 1, supplementary material 1). This

helps to maintain alignment at a distance of 1 meter
and low-friction rotation of the inner shaft. The shear
vane is then screwed to the inner shaft. The shear
vane, the inner rotating shaft and the outer tube, and
the bearing assemblies are all made using
temperature-resistant low carbon stainless steel alloy
(BS 321 S20 or Z6CNT18.10). As mentioned by
Chevrel et al. (2019) this material is resistant both
mechanically and to heat. Although its composition
(mainly iron) may contaminate the lava, the duration
of the measurements is on the order of minutes,
preventing significant chemical exchange that could
affect the viscosity of the material. Chevrel et al.
(2019) recommended that the degree of
contamination should be investigated in detail in
future experiments.

Repeat measurements in high temperature melts
(>1000°C) and successive quenching will weaken
the stainless-steel shear vane. Thus, the shear vane is
designed to be easily exchangeable and could be
made of other materials if required.

The rest of the instrument is made of aluminum to
minimize the weight. Some parts, like the handles,
the thermocouple holder the box for the joystick are
made of 3D printed plastic (see exploded view in
supplementary material 1).

lll. DATA PROCESSING AND CALIBRATION

The instrument software is not designed to deliver
direct viscosity values, instead, it records the raw
data of torque and rotational speed that can then be
converted by the user. Data processing must be done
after acquisition on an independent system and can
follow two different approaches: A) deducing shear
stress and shear rate from the measured torque,
rotational speed, and vane geometry or B) via
calibration of measured torque values to the
viscosity of calibration materials. Here we describe
both data reduction strategies.

A. Wide gap theory

The theory employed is that of the wide-gap
concentric cylinder theory of Couette's rotating
viscometer principle!®?3135, As we use a vane
instead of a cylinder, it is assumed that the vane and
the trapped fluid between the blades of the vane form
a virtual cylinder. The torque is converted into shear
stress (7 in Pa) via:

M
T=T—">
2ThR;]

(1)

where M is torque (given in mN-m by the
instrument), / is vane length and R; is the radius of
the rotating equivalent cylinder (or radius of the
vane). The strain rate (y in s!) is calculated from the

applied angular velocity of the rotating vane via '°:
20

14 =m (2)
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where R, is the radius of the container (outer
cylinder), n is the flow index (deviation from
Newtonian behavior) obtained by calculating the
slope of the measured In(t) against In(Q2) with €2, the

angular velocity in rad/s:
27 (RPM)

Q=—— 3)
60
where RPM is the number of rotations per minute
(motor speed) given by the device.

In equation 2, the radius of the container (R,) must
be known, and R/R, < 0.97°¢. However, in the case
of measurements of large volume, like in real lava,
the shear vane is effectively immersed into an
unconstrained medium (i.e., R, approaches infinity).
In that case, Barnes (1989) suggested that the
calculation of strain rate (for a range of 0.1 to 10 s™!)
can be reduced to:

y == 4)
This means that the rotational viscometer can be
used in any volume (sufficiently large for the shear
vane to be inserted).

To assess the material’s rheological behavior
(Newtonian or not), the stress can be plotted against
the strain rate to produce flow curves®’.

B. Calibration using certified viscosity
standards

For the measurements in lava presented later in the
manuscript, the instrument was calibrated using two
certified viscosity reference standards. One is the

N190000 from Cannon Instrument Company® that
covers a high viscosity range from 800 Pa-s at 20°C
to 32 Pa's at 60°C and the other is the N15000 from

Brant Industry® with a lower viscosity ranging from
62 Pa-s at 20°C to 5 Pa's at 50°C. To perform the
calibrations, 1L of viscosity standard was poured
into a cylindrical glass beaker of 10 cm diameter and
15 cm depth and we used a shear vane of 80 mm
length and 25 mm radius (SV 80/25). Before each
calibration run, the standard oil was either placed in
an oven at the desired temperature overnight to allow
temperature equilibration and removal of all air
bubbles or simply left at room temperature. During
the experiment, the container was placed into a water
bath at the desired temperature to maintain constant
thermal conditions.

The N190000 experiments were performed at four
different temperatures (22, 25, 40, and 60 °C), while
the N15000 experiment was performed at two
temperatures (23 and 34 °C). Experiments were
conducted over a wide range of strain rates with
velocities from 0.5 to 25 RPM for the N190000 and
up to 100 RPM for the N15000. Given the geometry
of the cylindrical container and the shear vane the
rotational speed range corresponds to strain rates
ranging from 0.1 s! at 0.5 RPM to 27.9 s at 100
RPM. With the current torque sensor (max torque:
2500 mN'm) and the shear vane geometry, the

maximum stress is calculated to be 7800 Pa. In most
experiments, measurements were performed under
increasing rotational velocity steps followed by
decreasing velocity steps (Fig. 3). Note that we
observed slight viscous heating of the fluid (0.5°C,
Fig. 3b) during the measurements.
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FIG 3: Example of raw data acquisition using the shear vane

80mm long and 25mm in radius in the viscosity standards: a)

N190000 at 22.3°C and b) N15000 at 24.1 °C. Torque (dark red),

rotational speed (green dash), and temperature (blue) are

simultaneously displayed.

To test the instrument and for calibration purposes,
we extracted the flow index # from the relationship
In(t) - In(Q). This is to test that, over the applied
rotational velocity range, the recorded torque was
indeed proportional to the shear rate, corroborating
the Newtonian behavior of the standard oil. We
found that torque values below 10 mN-m (equivalent
to stress values below 30 Pa for the selected
geometry) deviated from the linear trend, indicating
that internal effects such as bearing friction started
to affect the measurement quality (Fig. 4).
Additionally, stress accuracy due to standard
deviation on the torque measurement was higher
than 10% for torque lower than 20 mN-m but is
systematically lower than 5% for torques higher than
30 mN'm. Thus, measurements below 10 mN-m
were discarded and the results indicated a flow index
n = 1£0.05 for the two standard oils under all
explored temperatures, validating the capabilities of
the viscometer (Fig. 4).
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linear fits is larger than 0.9 for all velocities except
for 0.5 RPM.

RPM a R?
0.5 31.01 0.825
1 14.81 0.999
2 6.92 0.996
3 4.42 0.997
5 2.61 0.999
10 1.28 0.999
15 0.85 0.999
20 0.64 0.998
25 0.51 0.999
40 0.38 0.933
60 0.25 0.924
80 0.18 0.948
100 0.14 0.955
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FIG 4. Data processing using a shear vane that is 80mm long and
25 mm radius. a) torque values lower than 10 mN-m are excluded
and values lower than 20 mN-m have errors as large as 10 %. b)
Estimation of the flow index n. Experiments at 22°C for N190000
and 24°C for N15000 are the ones presented in Figure 6. Error on
torque values and propagated to stress values are lower than
symbols.

Knowing the limit of the instrumentation (i.e. no
value lower than 10mN-m are used and linear
response of the torque sensor within increasing
rotation viscosity), and to extract accurate viscosity,
we follow a calibration procedure that is commonly
applied also in laboratory measurements® 2183839,
For this, the certified viscosity values provided for
the standard oils were used to define an exponential

relationship between viscosity and temperature.
These are: = 3703 ¢~ 9-08T (R2=0.99) for N190000

and 1 = 284 ¢ 0-08T (R2=0.99) for N15000. Since
the viscosity standard oils are Newtonian, stress
increases proportionally with strain rate according to
a factor equal to viscosity. Hence for a given
temperature (i.e, a given viscosity using the above-
mentioned equations), we calculate a torque—
viscosity relationship by finding the calibration
coefficient a for a given rotation rate (RPM; Table
1) and defined as:

n=aM (5)
Note that the intercept of this linear fit is defined at
0 although it is not always exactly the case in the
measurements due to frictional effects within the
instrument at low rotation rate and torque (i.e. there
is a minimum measurable viscosity). The R? of these

TABLE 1. Calibration coefficient for each applied rotational
velocity (RPM) and corresponding R? value.
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FIG 5: Certified standard viscosity for a given temperature (using
the standard 0il N190000 and N15000) versus measured viscosity
with calibration using the shear vane than 80mm long and 25 mm
radius. The solid line gives the 1:1 relationship and the dashed
lines delimit an interval of +10 Pa-s.

Following this calibration, viscosity is obtained for
any given rotational velocity (i.e. a given strain-rate)
by calculating the average torque recorded over the
period where the rotational velocity is constant.
Applying the calibration (Table 1), we extracted the
viscosity from our measurements and compare them
to the viscosity of the certified standard (Fig. 5).
Results indicate that the rotational viscometer
reproduces the viscosity values within 10 Pa's
accuracy for a large viscosity range up to 650 Pa-s.
This is considerably better in comparison to the
previous viscometer that had a confidence interval of
+ 50 Pa-s¥. Note that the calibration of the device
was validated through measurements at varying
immersion angles and results show that deviation in
measured torque between the vertical calibration and
angled hand-held measurements is smaller than
measurement noise.

IV. MEASUREMENTS IN LAVA

To further validate the use of the field viscometer
and evaluate potential unwanted effects that could
arise from the extreme conditions when measuring
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in active lava and when operating by hand, we
performed high temperature tests at the geohazards
field station of the University at Buffalo. Large-scale
experiments were carried out within a furnace with a
capacity of approx. 25 L lava volume at temperatures
ranging from 1100°C to 1350 °C. For these tests, the
operator is located above the furnace and holds the
viscometer which is then manually immersed in the
molten lava (Fig. 6). The quantity of lava, the size of
the container, and the angle at which the viscometer
is positioned are chosen to ensure the shear vane is
fullyvimmersed in the lava (Fig. 6b).

P i)

FIG 6: Measurements in a large-scale furnace. a) general view; b)
view from the operator angle.

We performed tests using two different re-melted
basaltic lavas, one from Chengwatana, Wisconsin
(same material as used in***!) and another basanite
lava from the Balcones Igneous Province in
Texas*>*. Six experiment runs were performed,
three for each lava type. Each run lasted between 1
to 2 minutes. Akin to the calibration procedure
described above, we followed a speed step protocol,
where the rotational velocity increased in steps of 20
RPM from 20 to 100 RPM and then decreased
following the same ramp.

As to be expected when moving from a controlled
laboratory setting with a fixed stand to a high
temperature environment and manual operation, the
data recorded in the lava measurements are not as
smooth as the calibration measurements presented in
Fig. 3 (see supplementary material 2). There are
two main factors to be considered: First, the
movement of the operator that might lead to the
deviation of the immersed shear vane from the center
of the furnace toward the wall may have an impact
on the data (increasing wall effects). Second, the

Apparent Viscosity (Pa s)

entrainment of cooler material from the crust and/or
textural heterogeneities within the melt that can
affect the measured torque value. The temperature
measurement is very responsive to changes, and we
can observe variations during the experiment that
indicate the presence of cooler material within the
melt (see supplementary material 2). Other
heterogeneities include temperature gradients from
the sides, bottom, and top of the crucible, as well as
intermittent chunks of cooled crust that remain
immersed in the melts and, at times, interact with the
spindle during rotation — causing spikes in the
measured torque. One of the fundamental strengths
of the device presented here is that all relevant data
are recorded simultaneously. This enables the user to
scrutinize every part of the measurements and make
informed decisions on which data are an accurate
representation of the viscous properties of the
material and which data are to be discarded because
they are affected by external factors. We find that
instabilities in the torque readings can frequently be
directly correlated to the entrainment of cooler (more
viscous to rigid) material from the crusted surface.
We evaluate the data from these lava measurements
and only selected the steps for which the torque and
temperature was stable. This is done following the
approach detailed in supplementary material 2,
where we present the data validation procedure
together with examples of how to identify both valid
and invalid measurements. During this validation
step, the raw data is filtered, and only stable reading
portions are considered. To the data that passed the
quality assessment step, we applied the calibration
(Table 1) and extracted the viscosity from our
measurements at each velocity step. These data are
plotted in Figure 7.
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FIG 7: Viscosity of the re-melted basaltic lava from
Chengwatana, Wisconsin, and basanite lava from the Balcones
Igneous Province, Texas. Dashed lines represent the theoretical
temperature-dependent viscosity curves calculated for the bulk

rock composition via an empirical model®. Data from three
separate runs of each rock type are plotted over the model curves.
Each marker represents the mean viscosity from a specific speed
step in the measurement. Solid-filled markers show data
calculated from steps with relatively stable torque and
temperature readings, and open-filled markers show data
calculated from steps with stable torque but unstable temperature
readings. When the individual step standard deviations are larger
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than the size of the marker, 2c bars are shown. The error bars
represent the viscosity variation due to torque noise and
temperature range during the measurement time calculated over
270 to 488 data points depending on the experiment (see
supplementary material 2).

After each measurement, the shear vane was
extracted from the lava and quickly immersed in
water to quench the material for subsequent textural
and compositional analyses. Bulk rock major
element analysis of the sample was carried out with
inductively coupled plasma—atomic emission
spectroscopy at the Laboratoire Magmas et Volcans
(LMV, Université Clermont-Auvergne, France). The
viscosity of each rock type (i.e., Wisconsin Basalt
and Texas Basanite) was modelled at the measured
average temperature and using the bulk rock
chemical composition following an empirical
model®.

Results indicate that the measured viscosity agrees
with the theoretical viscosity of two different rock
compositions (7). The Texas basanite sample is
extremely low in viscosity (< 40 Pa-s), and at high
temperatures, it represents the lower measurement
limit of the device based on the torque sensor
capabilities (see further discussion below). Despite
the low viscosity of the basanite, the measured
viscosities spanning ~200° C (1150-1350° C) is
consistent with the empirical model curve. Likewise,
the measured viscosity of the Wisconsin Basalt,
which has a slightly higher viscosity than the
basanite, fits the empirical model curve over ~80°C
(1100-1180°C). A detailed data validation procedure
can be found in supplementary material 2.

The instruments resisted the high
temperatures of the lava measurement very well. The
steel spindles that were immersed in lava up to 1350°
C incurred no deformation and could be reused in
subsequent measurements.  Additionally, the
thermocouples, which were also immersed in the
high temperature lava were not damaged, and all
other electronic components (i.e., torque sensors,
Raspberry Pi, etc.) were adequately shielded from
the high heat and suffered no damage or failure of
efficacy.

V. PERSPECTIVES

A. Advantages and limitations of the
instrument

The field rotational viscometer has been calibrated
to viscosity ranging from 10 to 650 Pa-s. It is tried
and tested to measure large volumes of high
temperature material, such as lava (<1350°C). One
of the main advantages of this instrument, thanks in
part to improved wireless transmission and an
acquisition speed of 100 ms, is near real time
synchronized measurements of temperature, torque,
and rotational velocity, enabling detailed data
validation post measurement. This was not the case

in previous versions of field viscometers®’. Although
this field rotational viscometer has been designed for
volcanology, it can be operated in different contexts
such as industrial melt production processes.

In its current state, the viscometer is limited to a
viscosity higher than 10 Pa-s. Tests at lower
viscosity (e.g. using the N15000 at 48°C and Texas
lava at 1350°C) showed that the instrument retrieved
a viscosity that falls within 10 Pa-s (Sb) but with a
deviation from the calibrated viscosity of up to 40 %.
This large deviation is mainly due to the torque
sensor accuracy (5 mN-m) and friction within the
mechanical assembly that limits accurate
measurements below 10 Pa‘s. Given the current
maximum torque that the torque sensor can measure
(up to 2500 mN-m.), the minimum speed (1 RPM),
the maximum viscosity that could potentially be
measured is as high as 3x10* Pa‘s using the given
vane geometry of 80mm long with a radius of 25
mm.

B. Future application to lava flows

The use of the viscometer to measure the viscosity
of lava flows is challenged by the difficulty of
approaching active lava on volcanoes. Working at an
active volcanic site is not an easy task and required
great knowledge of the environment. However, in
the case of basaltic lava effusion, which typically has
viscosities ranging from 10'-10% Pa-s and can usually
be approached, measurements are possible as
already done by previous studies?*25-,

To deploy the instrument on an active lava flow, we
have several recommendations. Approaching a lava
flow has to be made up-wind to avoid being exposed
to the heated air and volcanic gasses blown from the
lava. To perform the measurement, the operator
needs to be as close as | m meter (the length of the
rotating shaft and vane) to the active lava. Due to the
proximity to the lava, the operator must wear a
complete fire suit (clothes + helmet) to be protected
from the radiative heat emitted by the lava (Fig. 1).
All exposed skin will be burned by the radiation if
not well covered. The measurement must last until
the torque reading is stable at a given rotational
velocity but cannot be longer than a couple of
minutes because of the extreme heat inflicted on the
operator, despite the fire suit. Indeed, it is most likely
that the human operator will no longer be able to
withstand the heat before any part of the instrument
is damaged.

When inserting the shear vane into hot material, the
temperature contrast between the cold metal shear
vane and the hot material may form a cooler layer at
the contact with the metal. Care should be taken that
the thermocouple tip is sticking out of the shear vane
(Fig. 1) to avoid becoming entrapped into this cooler
crust and hence isolating it from the molten material
(resulting in inaccurate temperature readings). To
reduce the effects of crust formation (that may
disturb both torque and temperature measurement),
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the shear vane, therefore, must be pre-heated”. Pre-
heating can simply be done by exposing the vane to
the lava (a few centimeters above the radiating lava
over a couple of minutes has proven to be sufficient),
before immersion.

To insert the viscometer into the lava and obtain a
stable reading, the operator must stay still over the
time of the measurement. For this, standing on the
stable ground must be ensured. Care should be taken
to keep the vane location stable within the lava
without touching the cooler flow base or sides. The
shear vane must be completely inserted within the
fluid interior emerging through breaches in the crust
or at the breaking point of pahoehoe lobes, where
little-to-no crust is present and not in the cooler
visco-elastic crust®”.

Once the measurement is done, the shear vane
should be quickly withdrawn from the lava and
quenched in a bucket of water to ensure the sample
best represents the lava during measurement. This
will freeze-in the lava’s physico-chemical and
textural properties before any modifications due to
slower cooling (microcrsystallization, element
diffusivity, post-sampling vesiculation, and
expansion)”’, Such a sampling method ensures
retrieval of the proportion of phases, glass
composition, and redox state®.

The present viscometer can measure the viscosity of
fully molten lava, as well as multiphase suspensions
(crystal and bubble bearing lava suspension).
Applications to active lavas should include
measurement at various locations and times along
the same lava flow or flow field. This would allow
us to fully describe the lava rheological evolution
downflow as cooling and degassing occur. Results
could then be used to develop, run or calibrate
numerical models that lack field-validated values of
lava viscosity. The success of such in-situ field
measurements ~ will  greatly improve  our
understanding of evolving lava viscosity as a
function of cooling rate, degassing, and
crystallization, which has been so far limited due to
the lack of adequate instrumentation®®. With this new
rotational viscometer, this is now achievable and it
is therefore now time to deploy it on active volcanic
systems.

V. CONCLUSION

We present a new field rotational viscometer that is
completely transportable, does not require any
external energy source, and can be handled by a
single person. The field rotational viscometer
simultaneously acquires and displays the three
fundamental parameters in real time to determine the
viscosity of a medium: i.e. rotation speed, torque,
and temperature. Viscosity measurements can be
performed at very high temperatures (up to 1350°C)
and over a wide range of stress (30 - 10° Pa), strain
rate (0.1 - 28 s1), and viscosity (10 — 10* Pas),
depending on the vane geometry. The rotation speed

of the shear vane can be varied manually or pre-
programed. The instrument is versatile and key
functional components can be changed to adapt to
the environment (any shape and size of shear vanes
can be used; speed reducer gearbox and torque
sensor can also be changed for different purposes).
The instrument has been calibrated against certified
viscosity standards over a viscosity range of 10 to
650 Pa-s and tested in the lava at up to 1350°C. This
unique field rotational viscometer is now ready to be
used in real conditions either in lava flows on
volcanoes or in industry.

VI. SUPPLEMENTARY MATERIAL
Supplementary material 1: the exploded view of the
rotational viscometer, the conditioning and
processing of the torque signal, the flow chart for
temperature transmission system and the software
class diagram.

Supplementary material 2: A detailed description of
the data validation procedure.
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This Supplementary Material contains four figures:

1) Figure S1: An exploded view of the rotational viscometer

2) Figure S2: Conditioning and processing of the torque signal

3) Figure S3: Flow chart representing the temperature measurement
transmission system

4) Figure S4: Software class diagram describing the various functions
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Figure S1: An exploded view of the rotational viscometer

Number |Description Material Quantities
1 U-shape base bottom Aluminium 1
2 U-shape top Aluminium
3 Holder external tube to base Aluminium 2
4 Holder ball bearing to base Aluminium 1
5 Cap to holder ball bearing Aluminium 2
6 Holder motor to base Aluminium 1
7 Motor+reductor 1
8 Coupling Aluminium 2
9 Torque sensor

10 Holder torque sensor to base Aluminium 1
11 Cap for inner ring for ball bearing Aluminium 1
12 Inner ring for ball bearing Aluminium 1
13 Ball bearing Stainless steel |2
14 Dirill chuck Metal 1
15 Box of thermocouple emiter Plastic 1
16 Connector shaft-chuck Stainless steel |1
17 Rotating shaft Stainless steel

18 Connector shaft-shear vane Stainless steel |2
19 Shear vane Stainless steel |1
20 Cap graphite ring Stainless steel |1
21 Ring Graffite 1
22 Holder grafite ring Stainless steel |1
23 Outer tube Stainless steel |1
24 Handle Plastic 1
25 Handle Plastic 1
26 Top handle Aluminium 1
27 Ton/off button Plastic 1
28 Joystick on/off Plastic 2
29 box joystick Plastic 1
30 box joystick Plastic 1
31 touch screen holder Plastic 1
32 Touch screen with Raspberry Pi 1
33 Handle holder Aluminium 2
34 Handle Plastic 1
35 Frame holder to thermal shield | Aluminium 1
36 Thermic shield Aluminium 1
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Figure S2: Conditioning and processing of the torque signal

Vsensor =10 mV - T, = 2.5N.m
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Figure S3: Flow chart representing the temperature measurement transmission system
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This supplementary material contains the data selection and validation procedure for high-
temperature measurements including explanation and a figure.

Data Selection and Validation Procedure for High-Temperature Measurements:

We performed high temperature tests at the geohazards field station of the University at
Buffalo. Large-scale experiments were carried out within a furnace with a capacity of about 25 L
lava volume at temperatures ranging from 1100°C to 1350 °C. Measurements were not as smooth
as those of the lower-temperature standard oil calibrations (i.e., Fig. A1). These irregularities may
be due to heterogeneities within the molten material. Heterogeneities include temperature
gradients from the sides, bottom, and top of the crucible, as well as intermittent chunks of cooled
crust that remain immersed in the melts and, at times, interact with the spindle during rotation —
causing spikes in the measured torque. While these conditions cause the recorded data to be
‘noisy’, they are realistic in the sense that when the viscometer is deployed in active lava, thermal
and physical (i.e., melt and solid crust) heterogeneities will always exist to some extent throughout
these field measurements. Thus, a meticulous inspection of the data must be conducted to obtain
the most reliable apparent viscosity of the material that is measured. In some cases, the torque
and temperature readings may be stable for parts of the measurements but not always for the
entire duration of the imposed speed ramp. One of this new device's core strengths is that all data
required to scrutinize the measurement quality are recorded simultaneously and, combined with
observations made during the measurements, enable carefully separating valid data from those
affected by material heterogeneities. In fact, we find that there are often large portions of the
measurements where no reliable data can be recovered (i.e., Fig. A1).

We plot and visually inspect the data collected using the matplotlib for each measurement.
This is done to identify regions of moderately stable torque and temperature readings and to allow
us to discard sections that display highly variable torque, and/or rapidly changing temperature
because they represent non-homogenous measurement conditions. Take the data recorded for
TXB run 2 (Fig A1B) as an example: During the entire “up” ramp in speed (green dash lines in
Fig A1B), the data show highly unstable torque readings (red lines in Fig A1B) as well as
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unstable, gradually increasing, temperature readings (blue lines in Fig A1B). Towards the end of
the fastest rotation rate interval (100 rpm), both the temperature and torque readings stabilize.
This is consistent with visual observations of crust becoming entrained during the insertion of the
spindle (shielding the thermocouple from the “fresh” melt and creating an irregularly shaped
rotating body) at the start of the measurement, which was liberated from the spindle during the
fast rotation step (exposing the shear vane to “fresh” melt and reverting the rotating geometry to
cylindrical). Scrutinizing the data in this way enables the user to identify and discard the early
sections of the run that represent crustal spindle interactions and therefore cannot be used for
reliable viscosity determinations of the lava while keeping the valuable data generated during the
latter parts of the measurement.

Next, we use the matplotlib SpanSelector function to select the run regions that we deem
stable (i.e., grey fields Fig. A1). The selected regions (between 270 and 488 data points) are then
visually inspected again (bottom of each subplot) and, if satisfactory, the data is exported as a
new .txt file and the viscosity is derived based on the calibration parameters established in Table
1. In some cases, the temperature gradients are never fully stable (i.e., Fig. A1C) despite
moderately stable torque readings. The viscosities recovered from these segments of the
measurements are denoted with an open-filled marker rather than a filled marker in Figure 7.

Figure A1: A compilation of raw data plotted for each of the six measurements conducted in
the high-temperature furnace at the UB Center for Geohazards. Torque (dark red), rotational
speed (green dash), and temperature (blue) are simultaneously displayed in the top portion of
each subfigure. The grey fields denote the regions of selected data, based on stable reading
criteria (see text). The lower portion of each subfigure shows the zoomed-in portion of raw
selected data, with the same parameters and colors shown as in the top subplots.
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