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Abstract—The production of high-quality steel requires purging with argon to remove impurities, degas the molten metal,
and optimize the alloying process. However, sealing challenges in steelworks result in variable argon losses. But accurate
mass flow measurements are crucial for process optimization. This letter investigates the feasibility of a ladle-based argon
flow sensor system to overcome these challenges. The system must address high gas velocities, wide fluid temperature
range, and limited power availability. The study focuses on a thermal anemometer with thermistors as sensing elements,
evaluating sensitivity, cross-sensitivity, and power consumption on a test rig.

Index Terms—Sensor applications, flow rate measurement, harsh environment, low power, thermal anemometry.

[. INTRODUCTION

The purging process with inert gases, particularly argon, plays a
crucial role in steel production [1]. It is carried out through bottom
blowing of liquefied metal with argon, which involves the use of a
porous purge plug [2]. The amount of purging gas being used is crucial
for the quality of the steel and the productivity of the process [3], [4].

This process occurs within steel ladles, which transport liquid steel
between production stages, as shown in Fig. 1. However, achieving a
secure and durable seal for the gas injection line on the ladles, subjected
to extreme conditions, proves challenging, leading to unknown argon
leakage. Hence, a reliable and accurate flow sensing system capable
of withstanding harsh conditions (in particular, the large temperature
variations—the gas temperature ranges from 0 °C to up about 150 °C—
and possible contamination of the gas stream with small particles due
to the dusty environment) and providing direct flow rate measurements
within the argon pipe is required. Furthermore, due to the lack of the
possibility to use wired connections from the ladle to some external
power supply, the measurement system has to be energy self-sufficient.
This significantly limits the maximum available sensor power.

In the industry, various flow measurement techniques are em-
ployed, each with specific advantages and limitations [5], [6]. Thermal
anemometry, particularly hot wire anemometry, stands out as a promis-
ing method due to its direct sensitivity to mass flow, suitability for
large flow rate ranges [7], and, depending on the design of the sensing
element, high mechanical robustness and low power consumption.

In a previous work [8], we have already shown that by using
a negative temperature coefficient (NTC)-thermistor -based thermal
anemometer, we can most probably satisfy the requirements on the
measuring system. However, the test rig at that time was very limited
(gas velocity limited to about 16 m/s, which is only a third of the
required velocity, only minimal heating capability—about 20 °C, and
no way to simulate back pressure as it occurs in the application), so that
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only a partial statement could be made with respect to the flow rate,
but not really with respect to temperature influence and backpressure.
Within the scope of this work we have solved this problem—the test
stand is now able to reproduce the complete working range as it occurs
in reality on the ladle (see also Table 1). We also reduced the thermal
coupling of the thermistor with the printed circuit board (PCB), which
significantly improved the behavior of the measurement system (see
also Fig. 2).

The rest of this letter is organized as follows. In Section II, we will
shortly review thermal anemometry, and the design of the sensor and
its model. Section III presents the test rig that is used to characterize
the sensor. Finally, in Section IV, we will present the characterization
of the sensor.

II. SENSOR CONCEPT

A. Thermal Anemometry

Thermal anemometry offers several advantages, such as high sensi-
tivity at low flow rates, a wide range of measurable flow rates, and the
ability to design a robust and durable sensor that can withstand harsh
environments [9], [10], [11]. Moreover, the conclusions derived from
the study conducted by Benincasa et al. [8] emphasize that thermal
anemometers employing thermistor-based sensing elements exhibit
high sensitivity to flow rate while consuming low power. This charac-
teristic makes them highly suitable for systems operating under energy
constraints, especially using the constant overtemperature mode.

B. Sensor Design

Thermistors as sensing elements present a sensor design that is
robust, offering advantages in terms of sensor dynamics and expected
power consumption [8]. They are available in compact sizes and can
operate effectively across a wide range of temperatures.

The two needed thermistors are placed next to each other, as
described in [12]. However, it is important to note that a larger
distance (longer wires) between the thermistors and the circuit board
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leads to better results. This can be explained by the lower thermal
coupling via the (longer) connecting wires of the thermistors to the
PCB. On one hand, this thermal coupling transfers power from the
heated thermistor to the PCB, which increases the power required to
reach the desired overtemperature of the (sensing) thermistor. At the
same time, this heat flow heats the PCB, which affects the transferred
power—so the transferred power is not constant, but changes over
time. In the experiment, time constants in the minute range were
found for the transient process until steady-state conditions were
established. On the other hand, the changed PCB temperature also
has an influence on the second thermistor, which should actually
only be sensitive to the gas temperature. The used design for the
test bench (with long connection wires) is shown in Fig. 2 to the
right.

In the constant overtemperature mode, one of the two thermistors is
heated to a given overtemperature in comparison to the fluid tempera-
ture measured by the second thermistor [13]. The power necessary to
maintain this overtemperature is the measurement value, which enables
the calculation of the flow rate of the medium [14].

C. Sensor Model

Due to the wide operating range of flow rates, it is not possible
to express the behavior in a single analytical equation [15], [16]. To
overcome this challenge, Bruun [17] suggested dividing the flow rate
range into two subranges.

1) Lower flow rate range of < 6.6 NT’”3 In this range, natural heat
convection is strong enough to affect forced heat convection,
and therefore, it is described as the mixed convection regime.

2) Upper flow rate range of > 6.6 NT"ﬁ In this range, the forced
heat convection dominates.

The physical meaning of an according sensor model is derived in

[17] and [18] for the upper flow rate range. This derivation leads to an
equation of the form

Pxe =A+B-gy (1

with the normal volumetric flow rate gy y, the convection power
Pyre that is needed to keep the sensing NTC-thermistor at a constant
overtemperature, and the three optimization parameters A, B and C.
The optimization variables are found by calibration with experimental
data. For the lower flow rate range, no derivation of an analytical
equation could be found in literature. Therefore, a model has to be
found by experimentation.

D. Power Limitations

Self-sufficiency is crucial for the given application. Therefore,
the system relies on a thermoelectric generator, which must gen-
erate enough energy for the measurement system. An energy stor-
age system is needed to supply the system during times with low
power generation. Tests in the field have shown that using a standard
40 x 40 mm? Peltier element, a mean power production of about
150 mW is possible. By considering the individual consumers, such
as microcontrollers and radio communication components, as well as
the time required for the purging process, maximum power available
for the thermal anemometer can be estimated to be approximately
350 mW.

lll. TEST RIG

In order to assess the performance of a thermal anemometer in a
steel production environment, a well-designed test rig is essential.

Steel spillover

Crane hook

Argon leakage

O Argon lance
—————

Injector nozzle

Argon pipe

Flow rate measurement

Porous plug

Fig. 1. Steel ladle during the argon purging process.

Fig. 2. Pictures of the sensor design (fluid direction from left to right).
Left—design used in [8]. Right—"improved” design with longer connec-
tion wires (used in this work).

Table 1. Operating conditions in the steel purging process

Quantity Operating range

0...150 °C

Temperature of the argon gas

Pressure within the pipe ~ 3 bar, short spikes up to 10 bar
6 ... 42 N.m*/h

5..50m/s

Volumetric flow rate

Gas velocity

This test rig accurately replicates the operating conditions outlined
in Table 1, enabling to thoroughly evaluate the behavior and accuracy
of the anemometer under specific process conditions. Fig. 3 illustrates
the incorporation of various sensors, control systems, and components
for this purpose.

By utilizing the test rig, the anemometer’s ability to precisely
measure flow rates across a wide range of temperatures and flow
rates can be verified. To simulate ladle conditions, the test rig
utilizes pressurized air and a heating control system. To deter-
mine the sensor’s behavior, a commercially available flow rate sen-
sor (Hontzsch': Thermal measuring tube TA Di with an internal
diameter of 21.6 mm and integrated transducer U10b; the mea-
surement uncertainty is about 2% over the considered working
range.) is positioned in front of the heater, providing reference
measurements.

The characterization of the sensor with air using the test bed provides
areliable baseline for comprehending the sensor’s behavior with argon.
Through the study of the sensor’s performance and response character-
istics in air, valuable insights can be gained into its expected behavior
and performance when exposed to argon gas. However, it is important
to note that for real-world applications in the argon purging process,
a calibration using argon should be performed to ensure accurate and
precise measurements.

![Online]. Available: www.hoentzsch.com
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Fig. 3. Components of the test rig to replicate real-world conditions and characterize the proposed sensor design.
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Fig. 4. Required power Pyrc to maintain the given overtemperature as
a function of flow rate gy . The pressurized air had a temperature of
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IV. SENSOR CHARACTERIZATION
A. Methodology

Measurements for varying flow rates, temperatures, and pressures
utilizing the test rig were conducted. For each measurement point, a
snapshot of 100 measurement values were taken, requiring approx-
imately 5 s to complete (Tiumpie =~ 50 ms). From these samples, the
mean value and standard deviation are calculated and represented in
an error bar plot.

B. Different Overtemperatures

In the first experiment, the behavior of the sensing power for
different flow rates was investigated. Therefore, the flow rate was
varied over the whole operating range, while measuring the sensor
power. The results for overtemperatures of 20 °C, 40 °C, and 80 °C
are shown in Fig. 4.

In order to assess the sensitivity of the sensor at different overtem-
peratures, the measured power was normalized to the highest power
measured for each corresponding overtemperature. The results of the
normalization have shown that the sensitivity of the measurement does
not change with different overtemperatures, as shown in Fig. 5.

For the upcoming sections, an overtemperature of 40 °C has been
selected based on several factors. First, this setting provides a promis-
ing SNR, which is critical for accurate measurements. In addition, this
overtemperature is still within the allowed power range given by the
energy harvester (see Section II-D).

C. Sensor Model

The result of the sensor model fit for both flow rate ranges is shown
in Fig. 6. For the lower flow rate regime, a linear model was used,
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Fig. 5. Normalized sensor power Pyrc to maintain the given overtem-
perature as a function of flow rate gy . The pressurized air had a
temperature of about 23 °C. The error bars denote three times the
standard deviation (£3 - o).
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Fig. 6. Sensor model compared to the measurements at an overtem-
perature of 40 °C. The error bars denote three times the standard
deviation (£3 - o).

whereas for the higher flow rate regime, the proposed form from (1)
was used.

The sensor model and the measurements agree well with each other
in both flow rate ranges. In addition, the transition of the flow rate
subregimes match the prediction in [17].

D. Cross-Sensitivity

To analyze the influence of varying fluid temperatures or counter-
pressures on the measurement result, a cross-sensitivity analysis was
conducted. The variation of the fluid temperature leads to a change of
the thermal properties of the fluid. This effect makes a variation of the
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< fluid temperature cross-sensitivity, and negligible cross-sensitivity to
= . .

o 36 counter-pressure. Overall, this research presents a reliable and accurate
E= — it . . . .

s flow rate sensing solution for the use in steel purging.
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heating power depending on the fluid temperature very likely [19]. For
that purpose, the flow rate was set to a constant value of 20 N,—‘l“ The
temperature of the air was then varied across a temperature range of
25 °C-150 °C. Fig. 7 shows the result of the flow rate measurement
for different fluid temperatures. To calculate the flow rates from the
power measurements, the model shown in the previous Section I'V-C
was used.

The influence of the temperature is significantly and has to be taken
into account when measuring the flow rate of fluids with varying
temperatures. However, as shown in Fig. 7, a simple linear model
is sufficient to compensate for this effect.

The cross-sensitivity of the flow rate measurements to counter-
pressure in the pipe was also investigated. However, varying the back
pressure in the range of 0-8 bar did not show any (measurable) effect
on the flow rate predicted by the sensor.

V. CONCLUSION

This letter introduces a thermal anemometry-based sensor system
designed for measuring flow rates during the argon purging process in
steel production. The sensor utilizes thermistors as sensing elements
and offers robustness, high sensitivity across a wide temperature range,
and accurate flow rate measurements. The study includes a sensor
model that combines an analytical equation and experimental data to
accurately measure flow rates. Furthermore, this letter describes a test
rig that simulates real-world conditions and validates the sensor’s per-
formance. Results indicate the sensor’s sensitivity to flow rates, a linear
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